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Abstract

Vestibular information is critical for the control of balance, posture, and eye movements. Signals
from the receptors, the semicircular canals and otoliths, are carried by the eighth nerve and
distributed to the four nuclei of the vestibular nuclear complex, the VNC. However, anatomical
and physiological data suggest that many additional brainstem nuclei are engaged in the
processing of vestibular signals and generation of motor responses. In order to assess the role of
these structures in vestibular functions, we have used expression of the immediate early gene c-
Fos as a marker for neurons activated by stimulation of the otoliths or the semicircular canals.
Excitation of the otolith organs resulted in widespread c-Fos expression in the VNC, but also in
other nuclei, including the external cuneate nucleus, the postpyramidal nucleus of the raphé, the
nucleus prepositus hypoglossi, the subtrigeminal nucleus, the pontine nuclei, the dorsal tegmental
nucleus, the locus coeruleus and the reticular formation. Rotations that excited the semicircular
canals were much less effective in inducing c-Fos expression. The large number of brainstem
nuclei that showed c-Fos expression may reflect the multiple functions of the vestibular system.
Some of these neurons may be involved in sensory processing of the vestibular signals, while
others provide input to the vestibulo-ocular, vestibulocollic and vestibulospinal reflexes, or
mediate changes in autonomic function. The data show that otolith stimulation engages brainstem
structures both within and outside of the VNC, many of which project to the cerebellum.

INTRODUCTION

Signals from the vestibular receptors, the semicircular canals and otolith organs, are
essential for the control of balance, posture and eye movements. Vestibular information is
carried by the eighth cranial nerve and distributed to the four nuclei that comprise the
vestibular nuclear complex (VNC), and to the cerebellum (Barmack, 2003; Biittner-Ennever
and Gerrits, 2004; Carleton and Carpenter, 1984; Gerrits, 1990; Korte, 1979; Korte and
Mugnaini, 1979). The connections and response properties of the nuclei of the VNC have
been extensively studied in many species (reviews in Barmack, 2003; Bittner-Ennever and
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Gerrits, 2004; Biittner-Ennever, 1992). The vestibular nerve projects to nuclei outside of the
VNC, for example the external cuneate nucleus (ECu), the subtrigeminal nucleus (Sub;
Carleton and Carpenter, 1984; Korte, 1979) and possibly both the nucleus prepositus (PrH)
and the paravestibular nucleus (PaVe; Kevetter et al., 2004). In addition, there are
projections from the VNC to other brainstem nuclei, for example PrH, the nucleus of the
seventh cranial nerve, and reticular and pontine cell groups (Belknap and McCrea, 1988;
Gerrits et al., 1985a; Ladpli and Brodal, 1968; Shaw and Baker, 1983).

We wished to determine which of these structures were activated by different vestibular
inputs. One way to assess neuronal activation is to look for the expression of the immediate
early gene c-Fos (Morgan and Curran, 1991). c-Fos expression has been widely
demonstrated in the vestibular brainstem in response to deafferentation (vestibular
compensation; references in Cirelli et al., 1996; D’Ascanio et al., 1998; Darlington et al.,
1996; Darlington and Smith, 1996; Duflo et al., 1999; Jensen, 1979; Kaufman et al., 1993;
Kaufman et al., 1999; Kitahara et al., 1995; Kitahara et al., 1997; Vibert et al., 1999) and
vestibular stimulation, both in the laboratory and also in the microgravity conditions of
space flight (Kaufman et al., 1992; Kaufman et al., 1993; Kaufman, 1996; Kaufman et al.,
1999; Kaufman et al., 2003; Lai et al., 2004; Marshburn et al., 1997; Saxon et al., 2001;
Shinder et al., 2005a; Shinder et al., 2005b). Most of the studies of c-Fos expression in
vestibular compensation, and all of the studies using vestibular stimulation, have been done
in rodents. The cat and the squirrel monkey have been used extensively in studies of
vestibular physiology and anatomy. Here we have used otolith organ and semicircular canal
stimulation paradigms and examined c-Fos expression in the medulla and pons of these
animals. We wished to do an initial comparison of the effectiveness of otolith and
semicircular canal stimulation in causing c-Fos expression. Accordingly, we used earth-
horizontal axis, continuous rotation stimuli at a constant velocity, because constant rotation
about non-vertical axes provides strong, modulated excitation of the vestibular otoliths
(Angelaki and Hess, 1995; Pettorossi et al., 2001; Raphan and Schnabolk, 1988) with only
brief, initial stimulation of the semicircular canals (time constant ~5 s. (Blanks et al., 1975;
Goldberg and Fernandez, 1971). These stimuli allowed us to test otolith-mediated c-Fos
expression independently from canal-mediated c-Fos expression.

The pattern of c-Fos expression in the vestibulocerebellum in these animals has been
reported (Sekerkova et al., 2005); some of the results for the brainstem have been reported in
an abstract (Baker and Baizer, 2000). Brains from these animals have also been used in
anatomical experiments on the neurochemical organization of the vestibular brainstem
(Baizer and Baker, 2005a; Baizer and Baker, 2005b; Baizer and Baker, 2006a; Baizer and
Baker, 2006b; Baizer, 2009).

We analyzed sections through the entire extent of the VNC, as well as more anterior sections
through the level of the pontine nuclei (Pn). The number and distribution of Fos-
immunoreactive nuclei in the brainstem varied with stimulation paradigm. The otolith
stimulation paradigms resulted in greater c-Fos expression than did the semicircular canal
stimulation paradigms. All cats (CAT2, 3, 4, 6, 7, and 9) that were subjected to stimulation
of the otolith organs in conditions that engaged vestibulo-oculomotor reflexes (Methods,
conditions 1-4) had widespread c-Fos expression. Fewer labeled cells in the same structures
were seen in cats that were subjected to stimulation of the semicircular canals (conditions 5
and 6; CATS, 10).
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OTOLITH STIMULATION

Figure 1A is a photomontage illustrating the distribution of labeled cells on a section at
about P10.0 in CATZ2; this animal experienced continuous rotation of the otolith organs in
the test session. Figure 1B shows a plot of this same section. The inset identifies the outlined
nuclei at this stereotaxic level. Comparison of the two panels illustrates our criterion for
labeled cells. In the VNC, there are many labeled nuclei in both the medial (MVe) and
inferior (SpVe) vestibular nuclei (Fig. 1A, B). The distribution on the two sides of the brain
is similar. Cells with labeled nuclei are distributed throughout SpVe but are denser dorsally
than ventrally in the MVe. There are also labeled cells in the nucleus prepositus hypoglossi
(PrH). Outside the VNC, there was a high density of labeled cells in the subtrigeminal
nucleus (Sub), a small roughly triangular nucleus just ventral to the spinal trigeminal tract
(5ST). Labeled cells are scattered throughout the external cuneate nucleus (ECu); there are
many labeled cells in the postpyramidal nucleus of the raphé (RPa; PPR in the Berman
atlas), and labeled cells are scattered throughout the reticular formation (RF). There is only
an occasional cell labeled in any subdivision of the inferior olive (10). There are labeled
cells throughout the anterior-posterior extent of each structure in which labeled cells are
present at P10.

Figure 2A shows the distribution of labeled cells from the same case on a section about 1.5
mm anterior to the one shown in Fig. 1. Labeled cells are again seen in PrH, MVe, SpVe,
Sub, RPA, RF and ECu. In addition, there are labeled cells in the facial nucleus (7). There
are almost no labeled nuclei in the lateral vestibular nucleus (LVe). At a more anterior level,
there are labeled cells in the superior vestibular nucleus (SuVe; Fig. 2B). At about P4.0, a
level anterior to PrH and the VNC, there are many labeled cells in the dorsal tegmental
nucleus (DT; Fig. 2D). At about P1.5 there is a very high density of labeled cells in the
pontine nuclei (Pn), in all divisions (Fig. 2C). This general distribution of labeled cells was
seen in all five other cats (CATS3, 4, 6, 7, 9) experiencing otolith stimulation during the test
session. Figure 3 shows the distribution of cells on sections at about the same A-P level as in
Figure 1 from CAT4 and CAT7, which had identical stimulation parameters, and CAT3 for
which the stimulus duration was longer (180 min) and the speed was higher (100° s ~1. In
all three animals, there are labeled cells in the same structures as in CAT2. The lower Fos-
immunoreactivity in CAT3 may reflect the limited time course of c-Fos gene expression
(Hughes and Dragunow, 1995), rather than a lower effectiveness of the high velocity of
rotation; a recent study found a reduction in Fos-immunoreactivity in somatosensory cortex
beyond two hours, despite the persistently painful stimulation of bee venom (Chang et al.,
2008).

There were two additional otolith stimulation paradigms that also resulted in labeled cells in
the same set of nuclei. CAT6 was subjected to sinusoidal oscillation of otoliths, and CAT9
was subjected to constant velocity rotation about an earth-horizontal roll axis (Fig. 4). Thus,
Fos-immunoreactive cells were found in the same set of brainstem structures for all otolith
stimulation paradigms. The label in CAT6 shows that rotation need not be the constant
velocity stimulus chosen for the first three stimulation paradigms; oscillatory stimulation
results in similar Fos-immunoreactivity. The label in CAT9 confirms that stimulation of
horizontal oculomotor systems, present under all the other stimulus conditions, is not a
requirement for Fos-immunoreactivity.

SEMICIRCULAR CANAL STIMULATION

In the two animals, CAT8 and CAT10, that experienced semicircular canal stimulation
alone, labeled cells were found in the same set of structures, but there were many fewer of
them than in the otolith stimulation cases (Fig. 5). Table 1 summarizes the numbers of
labeled cells found in the different cats.
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SQUIRREL MONKEYS

In the squirrel monkey, labeled cells in the VNC and throughout the brainstem were also
seen following otolith stimulation. The three dimensional layout of the VNC is different in
cats and squirrel monkeys, so that different sets of structures are seen on single coronal
sections in the two species. Figure 6A shows the distribution of cells on a plot of a section
from SM5 at about P3.5. At this level, labeled cells are present in the SpVe, MVe, PrH and
the RF. In contrast to the cat (Fig. 2A), there are very few labeled nuclei in the DCN. More
anteriorly, there were virtually no labeled cells in the LVe and only a scattering in the SuVe.
At still more anterior levels, there were many labeled cells in the ventral raphé, in the DT
and in the Pn (not shown). The highest density of labeled cells in any brainstem structure is
in the mesencephalic nucleus of the trigeminal (Me5, Fig. 6B). The distribution of cells in
the other two animals subjected to this paradigm is similar, but the density was not as great.
In the squirrel monkey subjected to vertical axis rotation during the test session (condition 5,
see Methods) there were very few labeled cells anywhere in the brainstem.

DISCUSSION

VNC, PrH

In response to otolith stimulation we found expression of the Fos protein in many neurons in
multiple brainstem structures. Some labeled neurons may be involved in sensory analysis,
while others may be more directly involved in mediating reflex responses either directly or
via cerebellar relays. We will consider the structures in which we saw labeled cells with
respect to their potential roles in vestibulo-motor circuitry. We will also compare the
distribution of labeled cells that we see with that reported in other studies using vestibular
stimulation or vestibular deafferentation.

Labeled cells were seen in three of the four nuclei of the VNC and in PrH. Vestibular
stimulation provides input to the vestibuloocular, vestibulocollic and vestibulospinal
reflexes (references in Gerrits, 1990), as well as affecting cardiovascular control and blood
pressure (Jian et al., 1999; Yates et al., 2000). Labeled cells are found throughout the region
of the VNC from which projections to the oculomotor cranial nerve nuclei arise (Gacek,
1977; Graybiel and Hartwieg, 1974; Hoddevik et al., 1991; Spencer et al., 1989), consistent
with a role in the control of the vestibuloocular reflex. PrH projects to the cranial nerve
nuclei and to the cerebellum (Belknap and McCrea, 1988; McCrea et al., 1979; McCrea and
Baker, 1985). PrH could have a role in processing the storage (Raphan et al., 1979) and
estimation of head velocity (Raphan and Cohen, 1988; discussion and references in
Sekerkova et al. 2005). It also has a role in the oculomotor integration that generates a gaze-
holding orbital position signal (Cannon and Robinson, 1987; Fukushima and Kaneko, 1995;
Sylvestre et al., 2003).

Sub, ECu, Pn

We saw labeled cells in two cerebellar relay nuclei, the Sub and the ECu. While not
included in the VNC, the ECu receives direct input from the vestibular nerve (Carleton and
Carpenter, 1984; Korte, 1979) and projects to the cerebellum (Gerrits et al., 1985b; Somana
and Walberg, 1980). The Sub may also receive direct input from the vestibular nerve,
although such a projection is not consistently found (Carleton and Carpenter, 1984; Korte,
1979). The Sub projects to the same region of the cerebellum as the vestibular nuclei and
PrH (Sato et al., 1989). There are also anatomical data that suggest that the caudal Sub may
be important for the control of respiration (Lois et al., 2009; Panneton et al., 2000).
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There was a very high density of labeled nuclei in another cerebellar relay, the pontine gray.
Pontine cells may receive vestibular information either directly from the vestibular nerve
(Gerrits et al., 1985a) or indirectly via the vestibular cortex.

Otolith vs. semicircular canal stimulation

There were many fewer labeled cells in the animals that were subjected to stimulation of
only the semicircular canals (CAT8, 10). This might reflect the lack of engagement of the
“velocity estimation” central circuitry that underlies continuous nystagmus (Raphan and
Cohen, 1988) and the absence of the prolonged vestibular nystagmus that occurred in the
animals subjected to continuous rotation in yaw or roll. The acclimatization sessions were
intended to minimize general factors such as autonomic effects or anxiety (Balaban, 2002),
but another stimulus for Fos expression could have been the repeating pattern of vestibular-
autonomic activation by those continuous rotations. For example, blood pressure regulation
mechanisms were modulated at the rate of rotation by the changing gravitational position of
the head and body (Kerman and Yates, 1998). In the acclimatization sessions this
modulation was much more gradual, determined by the ~1°/s offset velocity. There are
projections from a utonomic nuclei to vestibular nuclei (Balaban and Beryozkin, 1994;
Balaban and Porter, 1998) that could have been responsible for Fos expression, and
projections from vestibular nuclei to autonomic centers (Balaban, 2004) that could have
resulted in Fos expression in other brainstem areas.

Comparison with other studies

The MVe, SpVe, and SuVe and PrH are the nuclei in which c-Fos expression is reported
after various vestibular stimulation paradigms and with short or long-term lesions of the
vestibular nerve or labyrinth (Kaufman et al., 1992; Kaufman et al., 1999; Shinder et al.,
2005b). The scarcity of labeled cells in the LVe that we see is in agreement with several
studies in rodents, and one study in the cat (Duflo et al., 1999). That study suggested that the
scarcity of Fos-positive cells in the LVe was related to the reduction in LVe neuron activity
following labyrinthectomy. However, our stimulation paradigms almost surely increased
LVe neuron activity. Cells in this nucleus may express other transcription factors in
response to activity. Different transcription factors may be expressed in different structures
or in the same structure in different conditions. For example, cells in the facial nerve nucleus
express c-Jun but not c-Fos in response to axotomy (Haas et al., 1993; Moran and Graeber,
2004), but express c-Fos in our paradigm (Fig. 2A).

Fos expression in the pontine nuclei was also seen in rats exposed to low gravity conditions
(d’Ascanio et al., 2003), and in cats after section of the vestibular nerve (Duflo et al., 1999).
Marshburn et al. (1997) found cells in the dorsomedial and dorsolateral tegmental nuclei of
the gerbil after hypergravity stimulation, and cells were seen in these nuclei in the cat after
neurectomy (Duflo et al., 1999). Studies in rodents report labeled cells in LC both from
stimulation (Kaufman et al., 1992; Lai et al., 2004; Marshburn et al., 1997) and lesion
paradigms (D’Ascanio et al., 1998). Labeled cells in this region were seen after vestibular
neurectomy in the cat (Duflo et al., 1999).

We saw very few labeled cells in the 10. c-Fos expression is seen in the 10 of rodents with
vestibular stimulation (Chen et al., 2003; Kaufman et al., 1992; Marshburn et al., 1997;
Shinder et al., 2005b), as well as during vestibular compensation (Cirelli et al., 1996; Duflo
etal., 1999; Kaufman, 2005; Kitahara et al., 1995). These data raise the possibility of
species differences in the vestibular role of the olivocerebellar system.

Our label patterns were all bilaterally symmetrical. Asymmetry in changes in gene
expression is reported after temporary or permanent unilateral deafferentation (Duflo et al.,
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1999; Kaufman et al., 1993; Kaufman, 2005; Saxon, 2003; Shinder et al., 2006). However,
bilateral symmetry in the numbers of Fos-immunoreactive neurons has been reported in
intact animals (Kaufman et al., 1992; Kaufman, 2005; Lai et al., 2004).

Significance of c-Fos expression

c-Fos expression is sometimes interpreted as a marker for activity (Alger et al., 2009; for
examples see Guo et al., 2005; Muigg et al., 2009; Snyder et al., 2009). In other studies, for
example studies of vestibular compensation and studies of the effects of addictive drugs, the
emphasis is on changes in cell structure or function that occur as a consequence of the
experimental treatment, with expression of the c-Fos gene a first step (reviews in Kaufman,
2005; Nestler, 2008). We are using expression of the Fos protein as an indicator of activity
but the c-Fos expression we see may well be a marker for plasticity elicited by our stimulus
paradigms. The vestibular paradigms we used provided activation outside the normal
physiological range, with the potential for inducing plastic changes in both sensory and
motor components of the circuitry. What might those plastic changes be? Since cells
immunoreactive to the Fos protein were found in multiple structures with different
connections and functions it is likely that there is a diversity of subsequent neuronal changes
that vary as a function of the neurochemistry of the different cells.

In summary these experiments have shown that vestibular input activates, and has the
potential for driving plastic changes in, a large set of brainstem nuclei that extends well
beyond the traditionally defined four vestibular nuclei. Some, but not all, of these nuclei
have well-established roles in vestibular function. The roles of the subtrigeminal and
external cuneate nuclei have yet to be defined.

EXPERIMENTAL PROCEDURE

Animals and surgical procedures

We used eight domestic cats and four squirrel monkeys. The animals were purchased from
commercial breeders and housed in the animal care facility of Northwestern University. All
experiments followed the principles of laboratory animal care set forth by the National
Institutes of Health in the Guide for Care and Use of Laboratory Animals, and were
approved by the Institutional Animal Care and Use Committee of Northwestern University.
Animals were fitted with a head restraint fixture under isoflurane anesthesia using sterile
surgical procedures. Animals were intubated after a restraining dose of Ketamine (20 mg/kg,
i.m.), and then maintained on isoflurane (1-1.5%) in oxygen. EKG, respiration, blood
oxygen saturation, and end tidal CO, were monitored. Eight evenly spaced holes (1.05 mm
diam.) were tapped across the dorsal surface of the skull. Small stainless steel screws (0-80)
were carefully threaded through these holes without puncturing the dura mater. The screws
and dental acrylic were used to secure a rectangular metal fixture aligned with the
stereotaxic planes, so that the head could be fixed in our rotation apparatus at a known
stereotaxic posture. Animals were allowed at least a week to recover from surgery before
they were brought to the laboratory for behavioral acclimatization and test sessions.

Behavioral sessions

The experimental conditions have been described previously (Sekerkova et al., 2005).
Animals were securely restrained in a servomotor powered vestibular rotation apparatus,
with the head fixed either in the stereotaxic plane (squirrel monkeys, Killian and Baker,
2005), or at a 27° downward pitch from t he stereotaxic position (cats, Baker and Peterson,
1991), the downward pitch chosen to minimize vertical canal stimulation by yaw rotation
(Curthoys et al., 1977). In every stimulus condition the axis of rotation was centered on the
C1-C2 neck joint, approximately the axis of voluntary head rotation of cats. All but one of
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the animals were subjected to five or more days of 90 min ““acclimatization sessions” in
order to minimize brainstem c-Fos expression in response to novelty or stress (Melia et al.,
1994; O’Hara et al., 1993), and to allow adaptation to the novel somatosensory stimulation.
The same vestibular stimulus waveform was used for each day of acclimatization. The
stimulus axis was always oriented to be the same as for the test run. For all but one animal,
yaw axis rotations about the animal’s dorso-ventral axis were used, in order to activate
horizontal vestibular reflexes. In one cat, roll rotations about the animal’s rostro-caudal axis
were used, to activate vertical vestibular reflexes. All sessions were held in complete
darkness with the only additional stimulation being noises made by the experimenters to
encourage alertness of the animals. The stimulus waveform during acclimatization sessions
was a 0.2 Hz, 30° amplitude sinusoid (38° s ~1 peak velocity) with an added constant offset
velocity of about 1° per second (s ~1) that resulted in a gradual progression through all
positions around the rotation axis. This stimulus provided semicircular canal activation and
exposed the animal to all the body orientations encountered during the test session. The low
offset velocity did not produce a measurable bias velocity of vestibular nystagmus. On the
sixth day, the animal was subjected to a test session, which was either one of four
procedures (1-4) for otolith organ stimulation, three of which encouraged prolonged
vestibular nystagmus (1-3), or one of two procedures (5, 6) that instead stimulated
semicircular canals and not the otolith organs.

Otolith Stimulation Paradigms

1. Continuous rotation, yaw, 90 min (CAT2, 4, 7; SM2, 3, 5)—In each session, the
animal was subjected to 90 min. of rotation about an earth-horizontal yaw axis.
Acclimatization sessions were 0.2 Hz, 30° amplitude rotations with a 1° s ~1 offset velocity.
The test session was 90 min of 60° s ~ constant offset velocity rotation about an earth-
horizontal yaw axis, rotation to the animal’s left. The test session provided a strong and
prolonged stimulus to the otolith organs and elicited the continuous horizontal vestibular
nystagmus characteristic of head angular velocity estimation (Raphan and Schnabolk, 1988).

2. Continuous rotation, yaw, 180 min (CAT3)—Acclimatization sessions were 90 min
of 0.2 Hz, 30° amplitude rotations with a 1° s ~1 offset velocity. The test session was 180
min of 100° s ~1 constant velocity rotation about an earth-horizontal yaw axis, rotation to the
animal’s left. Thus, the test session provided a strong and very prolonged otolith stimulus
for continuous horizontal vestibular nystagmus.

3. Continuous rotation, roll, 90 min (CAT9)—AlI rotations were about an earth-
horizontal roll axis for 90 min. Acclimatization sessions were 0.2 Hz, 30° amplitude, 1°s 71
offset velocity rotations. The test session was 90 min of 60°s 1 constant velocity rotation
about an earth-horizontal roll axis, rotation to the animal’s left (left ear down rotation). The
test session provided a strong and prolonged otolith stimulus for continuous torsional
vestibular nystagmus.

4. Sinusoidal oscillation of otoliths, yaw, 90 min (CAT6)—AlIl rotations were about
a horizontal yaw axis for 90 min. Acclimatization sessions were 0.2 Hz, 30° amplitude, 1°
s71 offset velocity rotations about an earth-horizontal yaw axis. The test session was the
same as the acclimatization sessions. There was the same gradually shifting pattern of
otolith stimulation during acclimatization and test sessions, without a strong stimulus for
continuous vestibular nystagmus.

Semicircular Canal Stimulation Paradigms

5. Sinusoidal oscillation of canals, yaw, 90 min (CAT8, SM4)—All rotations were
about a vertical yaw axis for 90 min. Acclimatization sessions were 0.2 Hz 30° amplitude,
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1° s ~1 offset velocity rotations about an earth-vertical yaw axis. The test session was the
same as the acclimatization sessions, with no significant otolith stimulation during either
acclimatization or test sessions. These animals provided a control for comparison to the
animals subjected to otolith stimulation and more intense canal stimulation.

6. Rapid sinusoidal oscillation of canals, yaw, 90 min (CAT10)—All rotations
were about a vertical yaw axis for 90 min. Acclimatization sessions were 0.2 Hz, 30°
amplitude, 1° s ~1 offset velocity rotations about an earth-vertical yaw axis. The test session
was 90 min of 0.2 Hz rotations about an earth-vertical yaw axis, 180° amplitude (226° s ~1
peak velocity), providing strong stimulation to the horizontal canals, without an otolith
stimulus for continuous vestibular nystagmus.

Tissue preparation—At the end of the experimental vestibular stimulation, animals were
deeply anesthetized with intravenous Sodium Pentobarbital (40 mg/kg i.v.), as quickly as
possible, and then perfused through the aorta with 0.9% saline followed by 4%
paraformaldehyde in phosphate-buffered saline (PBS).The brains were removed and the
brainstem was dissected from the rest of the brain at a level between the pons and midbrain.
The anterior limit of the dissection, and the amount of the midbrain available for study
varied among the cases. The cerebellum was dissected free in all animals for use in other
experiments (Sekerkova et al., 2005), causing some damage to the superior vestibular
nucleus. The brainstems were then cryoprotected in graded concentrations of sucrose in PBS
(10%, 20% and 30%), quick frozen in —70° C isopentane or in a cryoprotectant solution
(30% ethylene glycol and 30% glycerol in phosphate buffer, PB). The tissue blocks were
covered with that solution and stored in a —=70° C freezer until cutting. The brainstem of one
case was embedded in an albumin-gelatin matrix. Frozen frontal sections 33 um (squirrel
monkey) or 40-50 um (cat) of the brainstems were cut on an American Optical sliding
microtome. All sections were collected and stored at —20° C in tissue culture wells in the
cryoprotectant solution.

Immunohistochemistry—Sections were processed for immunoreactivity to the Fos
protein using standard immunohistochemical techniques and the Vector ABC method.
Briefly, sections were removed from the cryoprotectant, rinsed in PBS (all rinses were 3x10’
each), and incubated in a solution of PBS with 5% nonfat dry milk, 0.3 %Triton-X100, 1.5%
normal serum, and an antibody to Fos (Oncogene, Ab5, 1:5000 cats; 1:10,000 squirrel
monkeys) overnight on a tissue shaker at 4° C. Sections were then rinsed in PBS and
incubated in an anti-rabbit 1gG secondary antibody (Vectakit, Vector Laboratories) in PBS
with 0.3 % Triton X-100 and 1.5 % normal serum for one hour at room temperature on a
shaker, rinsed again, and incubated for one hour in the Vector ABC solution (according to
manufacturer instructions) on a rocker at room temperature. Immunoreactivity was
visualized by incubating sections in 3,3’-diaminobenzidine (DAB, Sigma) with .0015-.003%
H»0, in 0.01M PBS. Staining on some sections was enhanced with the addition of nickel
ammonium sulfate (NAS) and cobalt chloride, or NAS alone to the DAB solution (Adams,
1981). Control sections from each case were processed with the primary antibody omitted
from the initial solution. No immunostaining was seen when the primary antibody was
omitted. Sections were then mounted onto gelled glass slides, dehydrated in graded alcohol
concentrations, cleared in Histosol (National Diagnostics) and coverslipped with Permount
(Fisher Scientific).

Data analysis and photography—We used the Berman (1968) atlas of the cat
brainstem to determine the approximate stereotaxic anterior-posterior (A-P) levels of the cat
sections, and the atlas of Emmers and Akert (1963) for the squirrel monkey sections. We
follow the terminology and abbreviations of Buttner-Ennever and Gerrits (2004) for the four
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nuclei of the VNC and other brainstem structures, with the exception of the subtrigeminal or
infratrigeminal nucleus, for which we use “Sub”. We examined the sections with a Leitz
Dialux 20 light microscope. Immunoreactivity for the Fos protein was seen as darkly stained
round or oval nuclei. Cell nuclei varied in darkness from light brown to dark brown to
almost black. We used MDplot software (Accustage, Shoreview, MN) to plot the
distribution of labeled cells on outlines of sections through the brainstem at the same
stereotaxic levels for each case, P10 for the cats and P3 for the squirrel monkeys. For cat2,
we made an additional plot at a level between P8.5 and P9.2 (Fig. 2A). The person who did
the plots was blind to the conditions of each case, and the same person did all of the plots.
To make the plots, we first drew an outline of the entire section, then outlined the MVe,
SpVe, PrH, Sub, RPa and ECu and finally marked all cells with darkly stained nuclei. The
plots were printed with MDplot software, scanned, and the images incorporated in figures
using Adobe Photoshop software. We used the MDPIot software to count the number of
labeled cells in the different outlined structures. Instead of a quantitative analysis comparing
the numbers of labeled cells across many animals subjected to a single paradigm, we chose
to focus this study on qualitative identification of brainstem nuclei that are involved in the
analysis of vestibular input and elaboration of motor responses, and so animals were
subjected to several different stimulation paradigms intended to encompass a wide variety of
vestibular stimuli.

For the photomicrographs, digital images were captured using a SPOT Insight Color Mosaic
camera (1200 x 1600 pixels) mounted on a Leitz Dialux 20 microscope. The photomontage
(Fig. 1A) was made using the “panorama” feature of a Zeiss Axioimager Z1 microscope,
and Zeiss software.
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OTOLITH STIMULATION

Figure 1.

A. Photomontage of a section at about P10 from CATZ2; this animal was subjected to otolith
stimulation. Scale bar 1 mm. B. Plot of labeled cells on the section shown in A. C. The inset
identifies the structures that are outlined in B. Each dot represents one labeled cell. The
Bregma level is indicated in the upper right. Scale bars 1 mm. Abbreviation icp, inferior
cerebellar peduncle.
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Figure 2.

A. Distribution of cells with labeled nuclei on a section at about P8.5 from CATZ2, the same
case illustrated in Fig.1. Note the paucity of labeled cells in the LVe. Scale bar 2 mm. B.
Labeled cells in the SuVe on a section from CAT2 on a section at about P7.0. Scale bar 500
um. C. Labeled cells in the dorsal tegmental nucleus, (DT), CAT2, on a section at about
P4.1. D. Labeled cells in the pontine gray, Pn, of CAT2, section at about P0.1. Scale bar (C,
D) 500 pm.
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Figure 3.
Plots showing the distribution of labeled cells on sections at about P10.0 in CAT4, CAT7
and CAT3 (otolith stimulation). Conventions as in Fig. 1A. Scale bar 2 mm.
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Figure 4.
Plot showing the distributions of labeled cells on sections at about P10.0 in CAT6 and
CAT?9 (otolith stimulation). Scale bar 2 mm.
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Figure 5.
Plots showing the distributions of labeled cells on sections at about P10.0 in CAT8 and
CAT10 (semicircular canal stimulation). Scale bar 2 mm.
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A OTOLITH STIMLATION , P35

Figure 6.

A. Plot of the distribution of Fos-labeled cells in a section from squirrel monkey SM5, at
about P3.5. Conventions as in Fig. 1A. Scale bar 2 mm. B. Photomicrograph of Fos-
immunoreactivity in the nucleus of the mesencephalic tract of the trigeminal (Me5) on a
section at about P0.5. Scale bar 500 um. Abbreviations DCN, dorsal cochlear nucleus, me5,
mesencephalic tract of the trigeminal, scp, superior cerebellar peduncle.
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