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. N ABSTRACT

LY

a

The 'res.pt_)nse of single neurons to sinusoidal linear acceleration at
physiologically important frequéncies was studied in Deiters’ nucleus of

the cat. ’ . .

'

Roughly equal numbers of units were sensitive to static ,(14/27) and
dynamic (11/27) tilt (2/27 tilt unknown), with most of these units excited
by ipsilateral side down tilt. Axons of 2/27 units (possibly 3/27)
projected directly to spinal levels via the lateral vestibulospinal tract.

The orientation of functional polarizatiori vectors (direction along
vhich ecell 1is most responsi\;e) appeared to-‘ be broadly distributed.
Threshold of all units was approximately 0.004 ‘g’. Mean bias (resting
firing rate) was 24 * 2 AP/sec, S.E. °‘There was no significant difference
in threshold or bias between uni)t;s responding preferential‘]_.y in the X, Y,
or Z axes.

| The response to dynamic stimulation was not dependeg{ on the
acceleration amplitude (studied. at 0.2 Hz). Plith increasing stimulus
frequency (range 0.1-4.0 Hz), a significant attenuation li‘ﬁ rxesponse gain
was observed (? <k 0.05). Phase behaviour, howeve??i remained relatively

\ i .

flat. ; v

The present results indicate that at frequencies whic):h can be
experienced “during locomotion, meaningful otolith signals are represented
at least at the level of the vestibular nuclei. In some cases, these
signals can t‘r;en"be transmitted directiy to spinal levels. The full extent

of otolith contribution to locomotor control, 'however, remains to be

determined. .
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’ | C RESUME _
La réponse de simples neurones situés dans le cortex de Deit‘:er, chez
. le chat, exposés 4 des accélérations sinusovi‘_dales dont les fréquences sont
~physiolo.giquement significatives fat étudiée.
Un nombre approximativement égal d'unités Ffurent troﬁvées sensibles

aux inclinaisons statiques (14/27) et dynamiques (11/27) (2/27 inclinaison

| inconnue), la majorité de ces unités furent stimulées par une inclinaison.
Ay R

¥ ‘ipsilatérale. Les axones de 2/27 des unités_ (possiblement 3/27)
projetérent. directement aux niveaux spinaux via la trachée vestibulospinal
1atéré'fe.ﬂ:

. . : L’orientatio‘r; des vecteurs de polarisation fonctionnelle (direction 1le

long de laquelle la réponse cellulaire est la plus grande) semble avoir une

_distribution étalée. Le seuil de sensibilité pour toutes les unités était

d'environ 0.0b4 ‘g’. La polarisation moyenne (taux d'activité au repos)

était de 24 * 2 AP/sec, S.E. Le seuil et la polarisation des unités ne
différel'lt pas de fagon significative et ne semblent pas étre affectés par

leur réponse préférentielle le long des axes X, Y, ou Z.

La réponse a\ un stimulus‘ dynamique fit indépendante de l'amplitude de
1’accélération (étudiée a 0.2 Hz), Une atténuation significative du gain
de la réponse (P < 0.05) fat observée lors de 1'augmentation de la
fréquence du stimulus (gamme 0.1-4.0 Hz)‘. Le comportement de.la p}'lase, par
o contre, demeura inchangé. ,

Les résultats indiquent que, .lors de fréquences apparentées a la
locomotion, des signaux otolithiques significatifs sont présents au moins

o

Q " au niveau des noyeaux vestibulaires. - Ces signaux, dans certains cas,
4 3
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I INTRODUCTION ) ¢

\

The otolith organs are the component of the vestibular labyrinth that
~ .

sense linear motiion and gravity, and have-been described as low threshold

linear accelerometers (Young, 1974; Wilson and Melvill Jones, 1979). This

makes them well suited for a role in the cdpntrol and maintenance of static
'
posture.
Far less is’understood,'however, of the possible otolith contribution

to locomotor control. Second and higher order  neurons located in the
vestibular mnuclei have been ' shown to respond to dynamic linear
accelerations (Me1\'7111 Jones and Milsum, 1969; Schor, 1974; Orlovsky,
1972b)'. ) Orlovsky (1972a) has shown that the activity 'of some cells in
Deiters’ mnucleus is modulated duriﬁg walking of a cat on a treadmill (with
head fixed), with a peak during each stance phase of stepping. This
indicates a close 1link bhetween these cells and locomotor activity.
Otolith-spinal reflexe_s 2 generated by sudden falls or possibly by hopping,
have been shown to initiate and adjust muscular responses prior to contact
of the animal or man with the ground (M/elvill Jones and Watt, 197la, b;
Melvill Jones et al., 1973; Wat;., 1976). Other studies byp Watt (in cat:
1974, 1981a, b; in human: 1977), through the use of H-reflex testing, have
investigated changes in spinal cord excitability J‘_ncliuced by vertical linear
acceleration. It was found that sﬁinal cord excitability was

systematically modulated by the acdelerative stimulus. Finally, during

no;mal locomotion, the linear accelerations resulting from vertical head

4

movements are well above threshold for the otolith organs (Jongkees and
1

Groen, 1942; Stuart et al., 1973; Watt and Wetzel, 1977). These findings




“

. -

o N -

support the notion of' a significant otolith contribution to locomotor

control. v ‘

N

However, in order to fully understand how linear accelerations lead to

! a

motor optputs‘q in limb muscles, it . is often beneficial to first have an
understanding of the workings of the individual components of the system
being studied. There is therefore a need to characterize the respoi}§e of

individual neurons lying along this pathway before the vestibular component

of the response in spinal motoneurons can be rationally interpreted.

The experiment de,sc;ribed in this thesis was one step towards that
goal. The aim was to quantify the response characteristics of mnelrons
Si{ocated in Deiters’ pucleus of the cat, studied' during sinusoidal ltinear
acceleration. Relating this natural input to vestibular neuronal t;l;tput
allows an estimate of the extent'to which the acceleration signal has been
modified by central processing at this point in the chain of. neurons

leading eventually to limb muscles.
4 +




II LITERATURE SURVEY

1. Introduction

To put the present work into its proper context, it is necessary to
begin with a general review of vestibular anatomy and physiology. This
survey will be limited to the otolith prgans, making reference to studiecg

of the semic‘ircular canals only when it helps clarify matters being
discussed. In keeping with thebemphasis on otolith contributions to
locomotor control, studies dealing with static postural control will not b#
reviewed. As well, otolith interactions with the visual syétem (i.‘e. , the
vestibulf)-ocular reflex, VOR) will not be discussed, nor will the cons?ious
perceptgion of linear acceleration in humans.

As the role’ and function of the vestibular system c;ontinue to be
explored by many investigators, several excellent review articles a';nd books
have} been w;:it:ten on this topic. These include publications by Kornhuber
(1974a, "b); Young 6(1974); Naunton (1975); Wilson: & Peterson (1978)5 Wilson
(1979); Wilson & Melvill Jones (1979); Goldberg & Fernandez (198‘4). Much

of the material for the following sections was provided by these

*

publica\tions .
|
2. Anatomy
A) Otolith Organs ' . ’

" The otolith organs make up part of the'fﬁonaudit:ory portion of each

v

inner ear. They are located in two 1ntércohnect;ing endolymph-filled ~

sacg, the utricle and saccule, that are part of the membranous labyrinth

(Fig. la). The membranous labyrinth is bathed in perilymph and is \




.

.
v r

b

-
-

otolithic membrane (from Iurato, 1967),

* - Te WA T 1y 0, !
PR ¢ o v
£ i h
. :
1
.
s
.
e
3
L I
.
.
A
- )
,
' \

1aby1§inth and its

- s

»

’ s *
;;‘ [
L] ’ = , ' )
) .
\ I'd
* , '
Figure 1 i
. . \
A, Anatomy of human membranous
i '
innervation (from Hardy, 1934).
o~ 3
B. Schematic drawing of macular epithelium with the

g

—
S
poth

¥
§
o F
o *
o 1 Al
.
.
.
v .
. Lo :
?
. -
_—(—
.
.
.
L}
.
Yoy
L
—
3RY -
3
-
‘
-
.
.
A}




AR ) ;oW B . N PO v v - . ERtd R
i : : : ) 2 o
¢ . . v o , .
1 ! . N , .
A . .
. i
i . .
» . »
.
’ _ .
y
L]
1 ‘ 2
. / -
. .
- °
\
, -
~ 4 ! '
.
; c L
-
s
. .
. . ' FR
\2‘ B ' "
\ .
J
P = “
1
.
s . ;
v ‘ a
ac maj. .
R.vest. ~cochl. (Qort) -
,
}Gongl Scarpes
- .
.
. 3
.
.
.
!
‘ _—
|
|
N
[} i -
.
.
- .
b 4
i \
{
,
.
) .
I
R
. N
B ] .
. .
, -
o
, - -
L S
. \
.
.
.
.
* —
.
.
o 1
” . .
-
,
’ . '
.
\ 1
A
\ - i
\
:
O ““
T
' ]
P
\ ' sy
"'y

i -
R R ) e v & P ' - . ) - k
&ﬁifw&z A MoaeesRbr, v 097 3 P P VAT \ ¢ v - B P . N . P




contained within the bony labyrinth (Young, 1974; Goldberg and Fernandez,
1984).

A specialized sensory region within each saccule and utricle is known
as the macula. The utricular macula lies on the floor of the utricle, in
approximately the same plane as that of the horizontal semicircular canals
(Lowenstein, 1974; Wilson and Melvill Jones, 1979; Goldberg and Fernandez,
1984). The sacgular macula lies in an approximately orthogonal plane to
the utricular macula on the medial wall of the saccule. The sensory
epithelium of each macula consists of\sensory hair cells and supporting
cells. The otolithic membrane, which is a thin fibrous structure, overlies
each macula {Wilson and Melvill Jones, 1979; Goldberg and Fernandez, 1984).
Sensory hairs (cilia) from the hair cells project into the lower’surface of
the membrane. Embedded in the upper surface of the mimbrane are the
otoconia, which consists of crystals of calcium carbonate SFig. 1b). These
crystals form the otoliths. 7

Two types of cilia‘are)found in the hair bundles which are located on
fhe surface of the sensory hair cells, the stereocilia and a single

3

kinocilium. The kinocilium has a basal body and tubular ‘structure similar
to motile cilia in other cells (Spoendlin, 1966; Lowenstein, 1974). ’ The
stereocilia have a much simpler structure consisting of a central filament
surrounded by cytoplasm and a typical cellular membrane. The stereocilia
are arranged in rows of increasing length, terminating with the kinocilium.
The kinocilium is always located on one s;de of ghe hair bundle (Young,
1974; Wilson and Melvill Jones, 1979). Bending‘ of the hair bundles towards.

the kinocilium is associated with a depolarization (excitation) of the

cell, while bending away from the kinocilium is associated with




hyperpolarization (inhibition or suppression? of the cel} (Fig. 2a). The
eccentric location of the kinocilium and the “staircase arrangement of the
stereocilia define a morphological‘ polerizat;ion of each hair cell
(Spoendlin, 1966; Wilson and Melvill Jones, 1979). Figure 2b

diagrammatically shows the orientation and  distribution of this

.
Y
&

[

polarization in the utricular and saccular maculae. The striola is a

, slightly curved band going through the middle of the maculae, where the

sensory cells are especially large (Spoendlin, 1966). The striola also
marks the dividing line of sensory hair polarization in the maculae. In
the utricular macula, the p\olarization vectors point toward the striola,
while in the saccular macula the polarization vectors point away from the
strio‘la (Spoendlin, 1966; Wilson and Melvill Jones, 1979; Goldberg and
Fernandez, 1984).

' The orientation within the skull and the distribution of polarization
vectors within the maculae should enable both of the otolith organs

together to detect inertial acceleration or gravity in any direction in 3-

dimensionai space (Wilson and Melvill Jones, 1979). .

B. Innervation of the Otoliths

Two kinds of sensory hair cells can be found within the vestibular
sensory epithelium (Spoendlin, 1966; Wilson and Melvill Jones, 1979;
Engstrom and Engstrém, 1981; Goldberg and Fernandez, 1984). Type I cells
are typically flask-s;haped and surrounded by an afferent terminal in {§he
form of a nerve chalice. Type II cells” are cylindrical in shape and

receive pud-shaped afferent terminals at their basal ends (Fig. 2a). Type

I hair cells are more numerous within the macular striola, though both

ik




Figure 2 ‘

A. Ultrastructural organization of type I and type II hair
cells ané their innervation, with typical arrangement of
stereocilia and kinocilium. Bending the cilia in the direction
of the arrow is excitatory (adapted from Brodal, 1969).

B. Schematic re;presentation of hair cell polarization
vectors in the utriculér macula (top), and(ﬂsaccular macula
(bottom). For adjacent hair cells, each vector points to the
side of thé cell vwhere the kinocilium is located‘. Note that in
the utricular macula the polarization vectors face each other,
while in the sacs:ular macula §he polarization vecto?s face away
from each other. The dotted line on each macula where the

-

polarization reverses corresponds with the striola (from

Spoendlin, 1966). ¥
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types are found in relatively equal proport‘:ion within the rest of the
macula {(Goldberg and Fernandez, 1984). |

The afferent innervation of the labyrinth comprises bipolar™ neurons
which make up most of t:he vestibular branch of the eighth cranial nerve. ‘ :
Tl';ese fibers are distributed in roughly\xlual proport;idns “to the three
canals, with sSomewhat larger and smaller proportions distributed to the
utricular -and saccular maculae, respe”ctively (Gacek, 1975). Centrally,
the fibers terminate in the vestibular nuclei and the vestibglocerébellum.

A small branch of the vestibular nerve consists of efferent fibers

/1 # »
wh\ se cell bodies are located near the central vestibular nuclei. Efferent

(4}

°fibers branch extensively and terminate on both the nerve chalice of Type I

hair cells and the‘:cell body of Type II hair cells in all vestibular end

organs (Gacek, 1975; Goldberg and Fernandez, 1984). ° —
] . - , ) ' ]
C. b nthine ut to Vestibular Nuclei .

3

\»

.

The céntral vestibular nuclear complex consists of‘ four principal

o

v

.vestibular nuclei as well as some smaller groups of cells, and is located
in the pontomedullary region of the brainstem (Wilson and,Melvill Jones,
1979; Gacek, 1981). The four principal vestibular nuclei are: the superior

. (SVN), lateral (LVN) or Deiters’, descending (DVN) or inferior, and medial

(MVN)..vestibular nuclei. Ma;:ular afferénts project to the LVN, DVN, and

'the MVN, with the LVN and then the DVN recelving the largest porti:an of

these Fibers (Fig. 3), (Gacek: 1969; Goldberg and Fernandez, 1984). Canal

LA e .

i@}.‘}'erents project primarily to-the MVN, as well as to the SVN, DVN, and .

LVN. Primary afferent:s terminate largely ,rostroventrally in t:he LVN,

'rostrolaterally in the MVN rostrally in the DVN, and centrally in the SVN.

0 . ‘o
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The small groups of cells i:nclude the interstitial nucleus and the
cell groups £, 1, x, y, and z (Brodal, 1974). Of the small groups of cells
only the‘y group and  the interstitial nucleus receive direct vestibular
nerve inputs (Gacek, 1969, 1981; Brodal, 1974; Goldberg and Fernandez,

1984), with the y group receiving input primarily from the saccular macula

. while input to the interstitial nucleus derives from the canals and '°

possibly the otoliths as well (Gacek, 1975, 1981). Cells responding
polysynaptically to vestibular stimulation are found throughout the central
. < ‘

vestibular nuclel.

D. tions of the Vestibu uc

Signfals from the vesti:bular nuclei can be relayed to v;rious 1ev.e1s of
the spinal cord via a number of pathways. ‘The two major d}fect pathways
are the lateral vestibulospina tract. (LVST), ' and the medial
vest;ibulospinal tract (MVST), (Brodgl, 1974; Wilson, 1979). A third is the
caudal ves_til;ulospinal tract (CVST), while\ a less ‘direct pathway is the
reticulospinal “tract (RST), (Wilson and Melvill Jones, 1979).

The LVST originates largely in Deiters’ nucleus (Fig. 4), with a minor
contribution from the DVN (Wilson and Melvill Jones, 1?79; Goldberg and
Fernandez, 1984). It proj‘ects primarily 1{)7silatera11y to all levels of the
spinal cord, |and single axons‘ may branch to widely separate spinal levels
(Wilson and Peterson, 1978; Wilson and Melvill Jones, 1979). Studies have
‘shown( that Deiters’ nucleus 1s organized somatotopically (Wilsor; ?t al.,
1967, Peterson, 1970): cells projecting to the lumgpsacral cord are

generally located in the dorsocaudal region of the nucleus,\?\hile cells
~ar

projecting to the cervical cord are generally located in the rostroventral

region of thz nucleus.

had -7 rE A
RN 3 R v et
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Origin of LVST and MVST in the vestibular nuclef and their
projections to different levels of the spinal cord DVN input
to _LVST not shown, nor is ‘the lateral RST and CVST (from Wilson

"y
and Melvill Jones, 1979).
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The MVST  originates largely in the MVN -and in the DVN, with some
axonal input from Deiters’ as well (see Fig. 4), (Wilson and Peterson,
1978; Wilson and Mnelvill Jones, 1979; Goldberg and Fernandez, 1984). It
projects both ipsilaterally and co;xtralaterally down the spinal cofd, and
terminates largely in the cervical spinal :cord.

The CVST originates in the caudal regions of the MVN, DVN, and«az the
f group, and projects as far as the lumbar cord (hPeterson and Coulter,
1977; Wilson and Melvill Jones, 1979). Little is known, however, of its
functional properties.

The RST originates in th‘e pontomedullary reticular nuclei, which
receive input from the vestibular nuclei (Wilson, 1979; Wilson and Mélvill
Jones, }979). There are two tracts, one media71 and the otimer lateral, and
they project bilaterally to all levels of the spinal cord. As with the

LVST, single axons of RST fibers may branch to widely separate spinal

levels (Wiison and Peterson, 1978; Wilson and Melvill Jones, 1979).

E. Spinal fonnections of the Descending Tracts

Axons of the LVST and MVST terminate primarily in the medial part of
the ventral horn of the spinal cord ('Goldberg and Fernandez, 1984). While
there is no‘anatomical evidence of direct synaptic linkage of these axons
with motoneuron cell bodies, physiological studies have demonstrated mono
as well as polysynaptic connections. —Activation of the LVST results in
excitation of extensor motoneurons and inhibition of flexers in 1limb and
some neck and back muscles (Wilson, 1979; Wilson and Melvill Jones, 1979;
Goldberg and Fernandez, 1984). Activation of MVST fibers results in both
excitation and ianl;ibAition of extensor motoneurons In the neck and back

(Fig. 5). It appears that the LVST is the most direct pathway to 1limb
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Figure 5 .

Connections between the vestibulospinal tracts (LVST and

MVST) .and motoneurons at different spinal cord 1levels. RF

denotes’ reticular formation. ¢ , extensor motoneurons; O ,

’

flexor motoneurons; o, ® , interneurons. Filled symbols
signify inhibitory neurons . (from Wilson and Melvill Jones,

1979). » .
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motoneurons, while the MVST is the predominant pathway to axial motoneurons

{(Wilson and Peterson,' 1978).

RST fibers terminate in the ventral horn as well as the basal aspect

*

of the dorsal horn of the spinal cord (Wilson and Melvill Jones, 1979).

There are extensive mono and polysynaptic connections between these axons

and motoneuron cell bodies. Activation of the- RST results in widespread

excitation and inhibition of flexor and extensor muscles (Wilson, 1979;

Wilson and Melvill Jones, 1979). =

' F. Cerebellar-Vestibular Comnections | , .

A very close inter-relationship exists between the vestibular syst;am
and the cerebellum. Both primary afferents and fibers from the vestibular
nuclei project to and terminate in the wvestibulocerebellum (flocculus,
nodulus, uvula, and ventral paraflocculus), as well as the vermis 'and(
anterior lobe (Wilson and Peterson, 1978; Wilson and Melvﬂi Jones, 1979;
Goldberg and Férnandez,' 1984). Fibers from the vestibulocerel‘)ellum project
to the vestibular nuclei, though Deiters’ is poorly supplied (Angaut and

1

Brodal, 1967; Walberg, 1975). Deiters’ receives most of its cerebellar

o

input from the anterior lobe, with some slight input from the postefior

lobe (Brodal, 1974).

% |

G. Vestibulo-Vestibular Connections

An extensive system of commissural fibers link the vestibular .nuclei
of the two sides. Commissural neurons run between the SVN, DVﬁ, and y
group (Brodal, 1974; Gacek, 1981). A moderate number of commissural fibers
originate in the MVN, projecting to the contralateral MVN,. SVN, and

sparsely to Deiters’. Fibers from DVN also project sparselxj to the
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contralateral Deiters’ nucleus (Ito et al., 1985). Commissural fiber; do
not appear toooriginate within Deiters’ nucleus (Gacek, 1981). It is
believed that commissural inhibition is primarily a property of canal-
related central vést;ibular neurons, but not otolith-related neurons
(Precht, 1974). The crossed connections of central otolith-related neurons
are not as well defined. It is believed that the facilitation or inhibition
of Deiters’ neurons caused by stimulation of the contralateral labyrinth is

carried by deep rgtic‘:ular pathways (Shimazu and Smith, 1971; Precht,/1974) .

H. Non-Labyrinthine Inpu o the Vestibular Nucle

Neurons within the vestibular nuclei are influenced by activity-
ari\six)g in many regions of ;:he central nervous system. These include
sopatosen‘sory inputs ascending via spinal pathways to reach the nuclei
directly, or indirectly via the cerebellum or reticular formation (Wilson
and Peterson, 1978). Descending inputs can arise from the cortex, visualﬁ
‘system, and the interstitial nucleus of Cajal. The somatic inputs

originate in a broad s\pectrum of cutaneous, joint, and muscle receptorsi
3. Studies using Electrical Stimulation

A. Introduction .

In order to gain an overall understanding of the vestibular system, it

1

o

~ is necessary first'to study the synaptic events .in, or organization of
various regions of that system. Electrical shocks, either orthodromic or
" antidromic, havee often been used as a means of stimulation. However, a
number of limitations must be considered.

As described by Wilson and Yoshida (1969), it is difficult to localize

the stimulus on to individual cell bodies or their axons. Stimulation and

’

A
o

Ty

",);,:’n.,

-zi»

4%

ik




activation of neurons and fibers belonging to other cell groups will no
doubt ré_sult. The simultaneous stimulation of units from more than one
semicircular canal mgy also influence the reflex response. Lastly,
vestibular cells responding to different directions of linear acceleration
have been found to be clustered close together (Daunton and Melvill Jones,
1982). Natural stimulation of these cells by head movements in a given
direction should result in excitation of some cells _and inhibition of
others. El/ectrical stimulation, on the other hand, would c;ause ali cells
to be activated simultaneously, creating a very unnatural response.

- Nevertheless, electrical stimulation can still be a useful tool for
the analysis of the synaptic actions of vestibular afferent %i%ers on

second and higher order neurons (Wilson and Melwvill Jones, 1979), as well

as for studying the distribution of postsynaptic activity.

?

B. Primary Afferents
. - -

The galvanic response of canal afferents in the anaest:h;atized monkey
was described by Goldberg et al. (1982). The electric currents were
delivered by two chlorided silver wires; one wire was fit into the
peril?'mphatic space of the vestibule, the other placed in the hypotympanic
space of the middle ear. Single u;itJ responses .were‘recorded from the
superior vestibular nerve. The response gain and phase were relatively
flat, with a phase lead, and were not systematically affected by a change

in stimulus magnitude. Galvanic responses of otolith afferents have not

yet been described in the literature.

a
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C. Central Vestibular Nuclei Neurons
Electrical stimulation of the whole vestibular nerve evokes field
potentials In the brainstem (orthodromic stimulation). If the stimulus

strength is not excessive, the field potentials are essentially restricted

- to the vestibular nuclei (Wilson and Melvill Jones, 1979).

Distribution of neuronal activity, as revealed by electrical

stimulation, has been studied in detail for MVN and Deiters’ nucleus only.

- Monosynaptic field potentials within Deiters’, evoked by stimulation of the

whole: vestibular nerve, are more prominent ventrally than dorsally (Ito et
al., 1969). Polysynaptic poteni:ials appear to be more widely distributed.
Stimulation of utricular afferents (Sans et al., 1972) and of the saccule

(Hwang and Poon, 1975) show termination of their axons primarily within

* Deiters’ nucleus.

Within the vestibular nuclei there exist both mono and

polysynaptically driven mneurons. All morbsynaptic connections between
primary afferent and second-order neurons are excitatory; inhibitory

‘

potentials are at least disynaptic (Wilson and Melvill Jones, 1979).

-
-

i

Antidromic activation has been widely used in thch vertebrate central
nervous system (CNS) as a reliable method of identifying a selected neuron
group (Ito et al., 1964). Field potentials within the vestibular nuclei
can be produced by antidromic stimulation of the vestibulospinal (V-S)
tracts, Activation of the LVST results in field potentials primarily
withir; \?eiters' nucleus (Fig. 6). The pathway for producing the field
potential in Deiters’' nucleus is oﬁ the ipsilateral side of the spinal

@

cord, which is in ag;eement with anatomical findings.

d
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Figure 6 )
| Field potentials recorded along a track through Deiters’

. . . ?

‘ nucleus. Downward . arrows mark the small positive phase

preceding the negativity. TFigures to the left of each record

indicate the depth (in mmi of microeleg‘.trode tip from the ;

‘ medullary surface. / ’
‘ A.AAntidrbmic stimulation of ipsilatermal LVST at cervical
* level of spinal gord. l' s o ) .

‘B. Antidromic stimulation of ipsilateral lumbar LVST
. (adapted from Ito et al., 1964). oL »
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The wajority of 'LVST neurons wi.'th_ projections to the lumbar cord

originate in the dorsocaudal region ‘of Deiters’, while lc‘ells with

projecgtions to the cervical cord originate primarily -in the rostroventral

region (Ito et al., 1964; Wilson et al. , 1966, 1967). These borders are
Tk

not strictly defined, and there is a considerable overlap in their

location,

»
i3

D. Motoneurons

Electrical stimulation of Deiters’ nucleus neurons revezi],ec'iq that the
spinaly projecting fibers can exert mono and polysynaptic facilitatory
effects on extensor motoneurons, and polysynaptic inhibitory effects upon

flexor motoneurons (Kato and Tanji, 1971). Most facilitatory effects on ~

extensor motoneurons are polysynaptic. Of -those 1linkages which( are .

3

tnxzonosyn?.ptic, most are found in neck motoneurons though -there are some
monosynaptic linkages from Deiters’ neurons to hindlimb ‘extgnsbr
mo toneuf‘dn_s , particularly in quadriceps and gastrocnemius -soleus
mot%neurons (Wilson and Yoshida, 1969; Wilson, 1979). Limb extensor
motoneurons activated ;ﬁmonosynaptically by st':imulatioﬁ of Dieters’ mnucleus
are activated via axons in the LVST and not the MVST, ’ . ‘

In some instances the pattern of potentials evoked in motoneurons by

electrical stimulation, of individual vestibular nerve branches is in

agreement with the pattern of vestibulospinal reflexes evoked by natural
stimulation (Wilson and Melvill Jones, 1979). However, the short-latency ¥

pathways revealed by electrical stimulation may only be a part of the .‘:':

circuitry involved in the production of vestibulospinal reflexes. ' ;

)
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E. Gerebellar Interactions
I’ -

Electrical stimulation «of cerebellar fibers revealed that the
cerebellar influence on V-S tract neurons is exerted primarily by the
anterior lobe and to a lesser extent (if af all) by the vegtibuiocerebeilum
(Ito et al., 1968; Akaike et al., 1973). The cerebellar vermis of the
anterior lobe exerts'a powerful monosynaptic inhibition of Deiters’ nucleus

neurons, though Shimazu .and Smith (1971) did not‘iobserve any projection

from the anterior lobe vermis to the ventral region of Deiters’ nucleus.

4. Studies using Natural Stimulation

A. Introduction

Thg otoliths are linear accelerometers, and as such respond to lineaxi"
accelex"ations‘ &nd to (changes in orientation of the head with respect to
gravity (Young, 1984). A variety of methods to provide a natural stimulus
to the otolith organs have been used by other invest:igat‘:'ors'. Two such

methods are dynamic linear acceleration and roll tilt. The former stimulus

does not include an angular cdmponent, and the semicircular canals could

- only react if“ they possessed significant sensitivity to linear

acceleration. With roll tilt, the restrained animal is dynamically tilted

relative to the gravity vector. However, there is an angular component- to

&

this z;ccelerative stimulug. If you wish to study the effects of otolith

.stimulation only, you must eliminate canal responses. One method for

acco;nplishing this is to plug the canals, thereby making them insensitive

»

2 Q .
to the angular component of the accelerative stimulus. However, this is

" still not a "clean" solution. The otoliths would be undergoing off-axis

o

rotation, thereby exposing the maculae to both radial and tangential linear

o

]
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0 acceleration (Fernandez and Goldberg, 1976c; Watt‘,"i)ersonal communication).

These additional accelerations, which are significant at frequenct(és akin

to locomotien, "would complicate interpretation of the results.

B. onse of Prima ferents

S
.-

On t_he basis of primary afferent fibers’ discharge patterns, two types
%, o_f fibers have been described. "Regular" * fibers tend to be of ;mall
diameter (slow conducting) and innervate large’ peripheral recept::" fields
in the sensory epithelia, While "irregular" fibers tend 'to be of large
diameter (fast conducting) and inneivate small centrally located receptor

0

fields (Wilson and Melvill Jones, 1979). The high avérage spontaneous

firing rate of both these fibérs permit a bidirectional response.: Regular

‘alfferent:Js §how a tonic response pattern, in that these fibers show little,
if any, adaptation to m;intained linear ft:;rce. Irregular afferents show a
phasic response p“attern, in that they adapt relatively quickly to a
mait;tained 1i.nerar force (Goldberg, 1981). In mammals, many otolith neurons
can be considered phasic-tonic in’ t;he sense that they exhibit some
adaptation but do respond in m sustained manmer to maintained linear forces

Qo

) (Goldberg and FE;;;xandez, i984) . However, in regularly discharging neurons
the tonic response components predominate, while phasic respons;s
‘predominate in irregular units. As describedl‘ by ‘Mayne (1974), the
adaptation of some cells may nbe a ;neans o‘f separating gra‘;;itational inputs
from other linear accel;aration inputs. While regular and irregular un\its
have been 1dentified’: in all species examined, (Wilson and Melvill Jones,
_‘ - 1979), there is a somewhat higher \proportion of regular units projecting

- from che maculae (Fernandez et al., 1972; Fernandez and Goldberg, 1976a),

@ at least in mammals. <
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. Studies of macular afferent response chdracteristics using natural

stimulation have been performed in the anaesthetiz;d, partially
¢ % R

decerebellate monkey by Fernandez and Goldberg (1976a, b, c¢), and in the

anaesthetized, partially decerebellate cat by Anderson et al. (1978) and

Tomko et al. (1981). Their results are in general agreement, indicating
. aI» .

some,cfnnsistencies between the otolith primary afferent systems in these
4 -
two sp%cies.
l

A

\”\ A \ma_‘]orit'y of isolated fibers responded with an increase in their

res%:ingl\ firing rate to ipsilateral side-down tilt. Saccular afferents

ge.nerali.y responded in a fashion analogous to utricular afferents. The

S/
regular\‘ bers’ frequency response, over a frequency range of dc-1.0 Hz,

‘showed 1a sligi'xt increase in gain and a relatively flat phase with
increasing frequency (Fernandez and Goldbexg, 1976c; Anderson et al.,
19}8). %‘ernandez and Goldberg- also showed that at frequencies between 1.0-
2.0 Hz tl'\lere was an increase in phase lag. Those authors assumed that the
phase la\lgs refiected the mechanisms of the end organ. The gain for
irregular\\ units is larger than that ;':'or regular units, and the difference
between tllre two groups becomes more conspicuous at higher frequencies\. IThe
average p‘rlnase curves for regular units may be taken as representative for
all units l‘,(Fernandez and Goldberg, 1976c). Fernandez and Goldberg (1976¢)
and Anderson et al. (1978) also showed that in general otolith afferents

)

respond in a linear fashion to a change in stimulus magnitude, at least at

the single frequencies used in the 2 experiments (0.1 Hz and 0.25 Hz
respectively). Orientation of polarization vectors of macular afferents,

determined using static tilts (Fernandez and Goldberg, 1976a; Tomko et al.,
1

1981), correlated well with the morphological polarization vectors of

4

.
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sensory hair cells of the maculae. The resfonse characteristics of the

-

s

saccular ‘and utricular afferents confirm that the otolith primary afferent

neural sigg,;l encodes linear (or gravitational) acceleration (Wilson and

*

Melvill fones, 1979).

1
e ¥
RN

7’ C, Response of Vestibu;ar Nuclei Neurons \ \/—

Many studies have investigated the response of higher order neurons
. . .

located in\the vestibular nuclei “to natural stimulation. Their response to

\

\

Ceilt reveals, that a majority of the units’ resting firing rates increase

when exposed i:;o i;;silateral side-dewn tilt, although there did not appear
to be a stroné tendency towards pitch up or down (Peterson, 1970).

Studies of the dynamic response of 'neuromns using roll tilt have
resulted in sometimes conflicting observations. Schor (1974) described the

behaviour of neurons (including some V-S units) located in the DVN and

Deiters’ in decerebrate, canal-plugged cats. With increasing frequency

(range 0.1-1.0 Hz) there was‘ either a corresponding slight increase or a
large increase in response ge;in. Responise phase x;las: not determined. Boyle
and‘Pompeiano (1980), u'sing sinusoidal tilt on decerebrate cats, observed
two different populations of neurons located within Deiter’s nucleus (also
includiﬁg V-S units). A majority of neurons exilibited a stable or slightly
reduced sensitivity and stable phase response with incréasing stimulus
frequency (range 0.008-0.325 Hz). The second group of neurons exhibited an
increase in sensitivity with a phase respoﬂse that was closely related to
the velocit;y signal during increases in angular acceleration. It should be
noted, however, that this stimulus also activated the vertical semicircular
canals and no action was taken to remove their input from the response. In

experiments using roll tilt in decerebrate, canal-plugged cats Schor and
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Miller (1982) and Schor et al. (19855 examined the response of vestibular
neurons (again including some V-S units) in and around the DVN and
Deiters’. They‘obsenfed two different types-of responses in cells located
‘w\ithin the central vestibular nuclei. With increasing stimulus frequency
(range 0.01-1.0 Hz), one group of neurons exhibited a sliéht increase in
response gain and a relatively flat phase lead. The second group of neurons
'showed a large increase in gain with a progressi;re phase lag of 180°‘.

A horizontal linear accelerative stimulus was used by Melwvill Jones
and Milsum (1969) to exdmine the phase behaviour of MUN neurons (Melvill
Jones, personal communication) in the decerebrate cat . They observed a
large increasing phase lag with increasing stimulus frequency (range 0.3-‘
3.0 Hz) in thgse neurons. _ Response gain was not determined. Perachio
(1981) recorded from cells ;I.n and around the DVN and Deiters’ nucleus
’during horizontal # linear oscillation in the alérp monkey. With an
increasing stimulus frequency (range 0.2-1.2 Hz) the}:e was a decrease in
response gain and a relatively flat phase lag. Xerri et al\. (1987) used-
ivertical linear acceleration to study cells in and around Deiters’ nucleus
in the alert c‘:at:. A decrease in res;;onse gain and a relatively stable
phase lead was _observed with an increase in stimulus frequency (range 0.05-
0.75 Hz).. The diversity of these results may be a consequence of the
different experimental procedures used in each study. However\, one class of
neurons appear to act as simple relays of otolith afferent activity (Schor
et al,, 1985), while a second class of neurons api:ear to be involved with

\ -

information processing (Wilson and Melvill Jones, 1979; Schor et al.,

"1985).
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The dependency of the response of the system to stimulus magnit':ude
(the linearity of response) was examined by Schor (1974) at 0.2 Hz and 0.3
Hz and Xerri et -al. (1‘?87) at 0.1 Hz. At t;hase specific frequencies the
res‘ponse of the sy;tém was demonstrat‘sd to b-e indeper;dent of the stimulus
magnitude, at lea;t over the range of stimuli employed.
l‘)aunton and Melvill Jones (1982) have shown that the functional
polarization vectors (FPV, the direction in 3-dimensional space along which‘.
a cell is most sensitive to linear acceleration) of otolith-driven units in®
the vestibular nuclei are broadly distributed, with what ap;;éars to be-la
tendency for concentratit')n of responses in the horizon‘tal and wvertical
planes. This might be expected for units responding to utricular and
sac‘cular stimulation, respectively (Wilson and Melvill Jones, 11,979). Schor
et al. (1984) using a bi-axial stimulus produced by indepehdent roll and
pitch tilts in decerebrate, canal-plugged cats, however, ngted an absence

of neuroms with fore/aft directed vectors. This may be. due to a limited

ability of their stimulus to activate neurons in that direction.

D. Resgponse of Motoneurons

Vestibulospinal fibers may terminate on motoneurons either directly or

indirectly through spinal interneurons (Wilson and Melvill Jones, 1979).

’

Relatively few studies have investigated Jz‘he resi)onse of motoneurons or

interneurons to natural stimulatibn. It appears, however, that motor or

P

interneurons are modulated by labyrinthine activity.
) . s
Evidence of this modulation in animals was described by Lacour et al.

(1978) wusing the H-reflex (Hoffmann reflex) test to examine spinal

[y

motc;neuron pool excitability during free fall in the awake BHaboon.

o

Facilitation of the H-reflex occurred approximately 40 ms after release

N
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(1.e., upon éntering =Lfree fall), and continued as long as the animal was in
free fall. After bilateral %estibular neurectomy no facilitation of the H-
reflex was observed. Watt (1981b) examined spinal motoneuron pool
excitability during vertical sinusoidal oscillation by means of the H-

reflex technique 1in decerebrate cats. In cats with a functioning

labyrinth, modulation of the H-reflex amplitude was seen over a frequency -
range of 0.5-2,5 Hz. Maximum H-reflex amplitude occurred at the point of /
maximum downward acceleration. There was no obvious change in response

. a o .
gain “or phase with increasing stimulus frequency. °~ No significant
N /

modulation was seen in acute bilaterally labyrinthectomized cats.  The

' elimination of H-reflex facilitation or modulation_ after biateral

labyrinthectomy is an :l.ne:iica.t:ion~ of -some macular effect on the /motonéeuron
pool, at léast at the level of the lumbt;sacral spinal cord. /

Wilson et al. (1984) examined the response of cervical spinal
interneurons (and some likely motoneurons) to whole body tilt in the _
decerebrate cat. Over ,a frequency range of 0.02_-9.5 Hz there was an

increase in response gain with a constant slight phase 1lead. No

~

signifi:éant modulation was seen in acute bilaterally labyrinthectomized
' “

cats, indicating that there is some macular effect on the interneuron pool

at the level of the cervical spinal cord as well. s

» S

v E. Response of Muscles

The effects of labyrinthine signals on muscle can ‘be studied by
bbserving the electrical responses of the muscle through the use of

electromyographic (EMG) recordings.

¢ i Berthoz and Anderson (1971) examined the’ forelimb extensor EMG

a

% = .
c response of decerebrate, spinal cats to sinusoidal angular rotations about

J .
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the X axis. With increasing stimulus frequency from 0.1-1.0 Hz, there was
a slight &ecrease in gain and a relatively unchanging phase lag. Using
roll tilt in decerebrate, canal-plugged cats, Schor (1981) observed a
relatively stable gain with an ;ncrease in phase lag up to 180° as the
stimulus frequency increased from 0.1 Hz to 1.0 Hz. Cats with intact
labyrinths showed no such increasing phas; lag, indicating that at the
higher stimulus frequencies there is an increa§ing contribution from the
canals.’ Respbn;es of forelimb and contralateral neck fxtensor muscleslwere
shéyn to be very similar.

Sinusoidal‘linear acceleration was used by Anderson et al. (1977) to
study forelimb extensor muscle response ip the décerebrate,'spinal cat.
Over a stimglus frequency range of 0.15-1.0 Hz,'tﬁere was'; corresponding
decrease in gain and an increase in phase lag above 0.4 Hz. The responsé
was similar in.all three axes, indiéating that the dﬁ;amic beﬁaviour of the
utricular and saccular receptoQE'are.similar. Lacour et al. (1987) used
vertical linear accelerati;n, to study the response of splenius capitis
muscle in éhe neck of the alert cat. The head of the animal was,
immobilized throughout the recording sessions and its frunk was wrapped in
a secured hammock to minimize relative motion of the head and trunk, thu;
eliminating‘postural reflexes originating in the neck. As well, visual
motion cues were prevented by oscillating the animal in total darkness.
With increasing stimulus freque;cy (range '0.25-1.0 Hz) there wai//h
corresponding decrease in response gain and an increase in phase lag. At
the level of muscle, theh, there do not appear to be many éifferences in
response to a linear acceleratioﬁ stimu{?s between a decerebrate and an

alert cat.

\ ¢ N o
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Tak‘en together, these resul,ts:" suggest that the motor output may not
result simply from ve‘stibuiar afferent a?tivity be:ing relayed directly to
the spinal motoneurons via the V-S tracts (Anderson et al'., 1979). VOther

as yeé unidentified systems may be involved.

F. Qtolith-Spinal Effects in Humans

Studies of the vestibular system in humans have confirmed the

existence of otolith-spinal reflexes. A sudden fall can be used to provide

]

a step input of acgeleration to stimulate the otoliths (and specifically

the saccule). Melvill Jones and Watt (1971b) showed a short-latency EMG

Q@ -
response occurring in the human gastrocnemius muscle about 74 ms after the

- 'start of sudden unexpected falls. This reflex was considered to be of

-~

, otolith origin, and was abolished by labyrinthectomy in cats (Watt, 1976)

and in baboons (Lacour et al., 1978). It is also absent in labyrinth-
defective humans (Greenwood and Hopkins, 1976). Canal-plugging 'in cats
(Watt, 1976), however, has ho' effect on thg resplonse.

Further evidence. of otolith-spinal effects has been provided by -

~ ‘ 1
studies of changes in excitability of the lumbosacral spinal motoneuron

pool as measured by H-reflex testing. Greenwood and Hopl;ins (1977)
examined the behaviour of the human H-reflex during sudden falls, and
observed a facilitation of the response which began between 30 and 40 ms
after the onset of a fall. Presm‘nably, this facilitation of the H-reflex
reflects a progressive increase in the excitability of the lumbosacral
mptoneuron pool, which leads to EMG activity in the lower limb muscles.
' s:ing sinusoidal vertical linear acceleration, Watt (1977) observed a non-

adapting modulation of the H-reflex dmplitude. Over a stimulus frequency

range of 0.002-3.0 Hz, there was little change in reséonse gain and phase.

. $
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. .8

o Differences which appear in the results of animal and human studies

may be due to different experimental paradigms. However, .they might also
reflect the significantly different functional requirements of quadrupeds

EN

# and bipeds.

5. Studies during Locomotion

"ol
- A. Acceleration Stimulus
In the previous section it was shown that naturz%l stimulation of the
otoli;:h organs induces Ichanges in lumbosacral spinal cord excitability.
Vestibulospinal reflexes resulting from the linear. accelerations
experienced during normal locomotion might contribute to 1§coniotor control
/ 1f the stimulus is large enough to ac;:ivate the otolith end-organs, and if
there is an appropriate temporal relationship between such activation and

. EMG activity in the extensor muscles (Stuart et all., 1973). .

Studies of cats walhking‘ or trdtting on a trgadmi.l‘l showed that while
lateral head accelerations were minimal during locomotion, accelerations in
the fore-aft and vertical directions ‘weie substantial (Watt and Wetzel,
1977). Head vertical accelex:ation and he‘ad oscillation frequency (which is
twice thé stride frequency) rar;ged from 0.07 ‘g’ at 2.5 Hz (slow walk) to
0.8 'g’ at 6.0 Hz (fast trot) (Fig. 7). These values of head acceleration
are orders of magnitude above the reported thresholds of central vestibular
néurons (Melvill Jones and 'Milsum, 1969; Xerri et al., 1987), indicating

» that the otoliths should be activated .by vertical head movements during

locomotion. ) -
J
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Vertical head accelerations

-

trotting on treadmill,

frequency.

of alert cat walking

“~

L%

or

plotted as a fdnc‘tion of stride

Head accelerations occurring at twice the stride

frequency due to alternating forelimb movements (filled circles)

increased rapidly as stride frequency increased (from Watt and .

Wetzel, 1977).

13,

.

N

- ;Afi‘a&ﬁ




o = Accel. at ,stridc freq.

| 1.25 1 " e=Accel. at 2™harmonic -
. ' . s , o
. . @ ,
. 1.00 - R o '.. : ®
) H AD 75 - o \ . ® ° ® ‘ |
- ACCEL . e |
(:rg%) v.5o R . ° '.: ° ‘ “ ‘ 5
. 3; o O o o8 . ) ‘
. .25 - ® o /:.‘ . °

o

. @ .K 8 o0 .
) 0 382 o 8% %% P #® ©° o o
12 14 16 ‘1.8 20 2.2 24 2.6 28 30 3.2 34
S ~ STRIDE FREQUENCY (Hz) a




PECAT

31

B. e e eit ! c e

As described previously, sigmals from the otolith organs are known to
be relayed to spinal levels via the V-S tracts during electrical or natural
stimulation of those organs (Wilson and Melvill Jones, 1979; W:llson,~ 1985).

However, .it is not cértain how these signals are modifiéd during active

_movements. In a series of experiménts, Orlovsky (1972a, b) studied the

interaction of Deiters’ neurons’ and hindlimb extensor motoneurons during
lpcomotion in mesencephalic and thalamic cats. Extensor muscles are active
during the. stance phase of the limb. Electrical stimulation of Deiters’
nucleus during this stance phase Qincreased the aétivity of the extensor

muscles, but did not chanvge the timing of the locomotor cycle (Orlovsky,

1972a). Destruction of Deiters’ nucleus resulted in the disappearance of

the stepping movements of the ipsilateral limb, or in a .decrease of

extensor muscle activity during locomotion. The discharge pattern of
Deiters’ neurons was correlated with the beginni_ng of the stance phase of

the: ipsilateral hinAdlimb (Orlovsky, 1972b). The phasic modulation would

_ disappear if the’limbs were prevented from moving.

Reduction of the response of Deiters’ nucleus neurons to static tilt
A\ . N -

o

was observed by Orlovsky and.e Pavlova (1972) during electribcally stimulated
walking in' the mesencephalic or thalamig cat. In these procedures the
animal’s head was immobilized during locomotion. It should be noted,

however, -that the vertical head acceleratians experienced during normal

«
# B

-

7 - .
locomotion (Watt and Wetzel, 1977) are much larger than the accelerations
A £, N :
associated with the small angles of»who:Le:body tilt used in the former
expérimentsd. Locomotor moyements are also dynamic, not static, in nature.
0 .

* -~ -
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Further studies of Deiters’ neurons in controlled locomotion were

performed by Kanaya et al. (1985), also il’.’l mesencephalic cats. In these

_studies it was observed that in many Deiters’ neurons the tonic discharge

—

property seen du;‘ing slow waik would change to a phasic discharge .property
during fast walk.

These results demonstrate a relationship betweer} Deiters’ nucleus and
locomotor activity, and imply that 1gbyrinthine inputs» wlould be passed on
to the spinal cord. They also suggest that the fuﬁctional role played By
Deiters’ neurons may change dependiﬁg on the relative requirement\s for

static or dynamic postural control during locomotion (Kanaya et al., 1985),

C. O0Otolith-Spinal Contributions to lLocometor Control in Hﬁinagg

The otqlith-originati EMG response to suddep falls (Melvill Jomnes
and Watt, 1971b) suggest\s‘; that otolith-sp;'.nal pathways might contribute to
the organig}zation of motor control during landing from these falls (Wilson
and Melv'illl Jones, 1979). 'Il'hese pathways may contribute during active
locomotion as well.  This is supported by th:e following observations.
Melvil"l'Jopes et al. (1973) {noted that EMG activity in the _gastrocnemius
muscle commences a%:proximately 75 ms after the -foot leaves the ground,
i.e., upon entering a short period of free fall. This reéponse is time-
locked to the omset of' free fall even when hopping at simulated reduced ‘g’
ievels, which significantly increases‘the_ time until the subsequent landing
(subjects suspended horizontally, with bungee cords substituting for
gravitational pull; Backman and aatt, ]‘.978). Furthermore, the amplitude of
the response decreases as ‘g’ levels are reduced: )

These re’sults indicate that otolith stimulation due to vertical linear

acceleration can bring a functionglly effective influence to bear uﬁon the
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extensor muscles oof the leg (Melx;ill Jones et al., 1973). Since large
cyclical cha:lges in vertical linear acceleration of the head occur during
normal locomotion, especially during running, it seems reasonable to
speculate that periodic\}restibulospinal influences might contribute to the

neuromuscular organization of normal locomotor control (Wilson and Melvill

Joneg, 1979).

6. Summary

v}

While the results discussed in the previous ‘sections were not always
in complete agreement, they do support the* notion of an otolith
contribution to dynamic ;notor control since there was a corresponding motor
output for a given linear acceleration input.

The studies hé.ve shown -that many second and higher order neurons
located in the vestibular nuclei do. respond to dyna.n;ic linear
accelerations, However,o“few of these studies. have examined otolith-driven
neurons using a: pure linear acceler‘ation stimulus over a wide range of
frequencies, especially the higher frequencies associated with locoﬂxotion
(2-6 or 7 Hz; Watt and ‘;etzlel,n 1977).

The aim of these experiments was to quantify the dynamic‘ response

characteristics of otolith-driven neurons located in Deiters’ nucleus of

the cat. The fidelity of the transfer of information from the peripheral °

receptor to Deiters’ nucleus was examined, us:fng sinusoidal 1linear

acceleration at physiologically important frec;uencies. ‘ ’ -

)
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\ III METHQDS '

i. Introduction 1} ) L.

Twenty-seven cats welghing ,2,05-2.95 kg were used in these

experiments. In four cats,] the anatomicall 'locations of the' isolated cells

&

were con;firmed histologicaliy. — , / »
Given the sometimes vi%lent accelerap¥n stimulus, it was particularljm\

important to monitor the !e:ktracellixlar ecordings obtained from single

neurons, ‘While the oscillo)gcope was used éo isoldate and identify cells in

the usual fashion, it was also necessary to continuously view a triggered

and expanded display of the!’ single unit during 'tesfing. This ensured that

spikes were not. lost at any point in the oscillation cycle, and that no
| . ,

other units were being recorded. In general, units with a signal to noise

ratio of less than 5 ori 10:1 could not be gxpeyéed to survive the

experiment.

]
2. Anaesthesia f ' /
|

| .

Gaseous agents were Ted for the initial induction of anaesthesia.
’ 1

The cat was placed in a | dark plexiglass box, and a mixture of 2.5%

Fluothane (Halothane, AyLrst) in nitrous oxide/oxygen (60:40) was
I v ‘

introduced. Excess gas was vented outdoors via a suction line. The

animal's respirations were constantly monitored. When the animal was

determined to be well anaesthetized, it was removed from the box.

Xylocaine (Lidocaine, Astra), as an endotracheal aewosol, was sprayed into
. . ‘

the larinx to prevent laryngeal spasms and the animal was then intubated.

The gaseous anaesthetic, now wusing a 1% Halothane mixture, was then

&3

N
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administered by way of the endotracheal tube. The ri:‘ght cephalic vein was
exposed and cannulate;l; M:’and the gaseous :anaesthetic "discontinued. The
animal was then mainta"‘izﬁ;dj on 10 mg/kg methohexital (Brietal, Eli Lilly),
with doses given intravenously as needed until the decerebration was
performed. A minimum of 2.5 to 3.0 hours was always allowed from the time
of the last dose until actual extracellular recording commenced.
3. éare and Maintenance of Experimental Animal
The animal was shaved dorsally I:ead to tail, and ventrally on the
neck. The left carotid artery was exposed and cannulated. A manomé}:er was
then con;lectec{ to the carotid cannula which allow;ed for the continuous
monitoring of the ani;nal's blood pressure, ’CIo‘tting of blood was prevented
by filling thp\ cannula with a solution of heparin (Abbott) in isotonic
saline (1 m1:10 ml). Care was taken not to infuse significant amounts of
heparin into the animal. Blood-pressure generally remained between 100-120
mm Hg. 1In two experiments blood presghre was maintained at this leve:l with
a slow drip of 1 mg/ml nor'epinephrine bitartrate (Levophed’, Winthrop) in
Normosol-M (Abbott, 1 ml:250 ml). In all cases, however, a prolonged fall
of 'blood pressure to below 80 mm Hg was considered to be an indication of
serious deterioration of the "preparation. This could also be seen as a
marked decrease in brainstem activity as recorded by the inserted
microelectrode, as well as in a change in the quality of respiration. This

+

often occurred late )n the experiment, which would be terminated soon

afterward.

Rectal temperature was monitored throughout the experiment,

-
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Temperature was maintained between 36-38°C by an electric heating ribbon
wrépped around the animal's torso, and when needed, by a heating lamp.

In all experiments the animals breathed spontaneously and were not

paralyzed by drugs or artificially ventilated,
4. Surgical Procedures

The surgical procedures used in the preparation of the animpal for

' electrophysiological recording will be described below in the order in

which they were carried out. A detailed destcription of the|stimulating and

recording electrodes will be given in subsequent sections,

©

A. Placement of Animal "in Stereotaxic Holdex

After connecting the manometer to the carotid cannula, the animal was
piaced prone on the base of a portable platform upon which were mounted
head and spinal stereotaxic frames. The Tl dorsal vertebral spine was
exposed. The cat's héad was then fixed into the Kopf stereotaxic frame
using conventional ear, eye and mouth bars. The Tl .dorsal process was
clamped and fixed to the frame'wilth the neék extended (Fig. 8). This

arrangement maintained a rigid alignment of the brainstem and upber spinal

column during oscillations 7,conducted later in the experiment.

v

B. Exposure of Cerebellum

With the cat’s head held in the stereotaxic frame, the top of the
skull was exposed from the frontal to the occipital bones.‘ A
stereotyxically positioned pointer was used to locate 3 trephine holes to
be used ifor decerebration and recording from Deiters’ nucleus. The first

of these, for recording, was made in the right occipital bone,, exposing a

I3

° -
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Diagram of cat fixed iyt;o portable stereotaxic\\holder, with
recording and stimulating electrodes in plgce.\\ ‘A, head
ste‘reotaxic frame, with spinal clamp affixed to Tl\vertebral
spine. B, spinal stereotaxic frame, with spinal clamps affixed

to Tl2 and L5 vertel?ral s;ines. Note that head and spinal
stereotaxic fram‘es are isolated from each other. ¢, lumbar (L2)
LVST stimulating electrode, held in place b‘y clamp attached to
spinal Qtereotgxic frame. D, cerVicalﬁ(‘Cl-CZ) LVST stimulating
electrode, held in place by clamp attached to head stere:)taxic
frame. E, recording microelectrode coupied to holder. Th_e
~microe13ctrode holder is attached to an electricaliy-driven
microdrive, which ad\;ances or retracts the microelectrode in
steps - of 1.25 pum. The microdrive is attached to a
micromanipulator which is clamped to the head stereotaxic franie,

thereby minimizing displacement of the electrode relative to the

head during oscillation.
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small part of the cerebellum. The hole was then lightly packed with an

isotonic saline-soaked gauze pad. .

c. o);u e of Cerebral Cortex for Decerebrat
The remaining pair of trephine holes were made in the parietal bone on
either side of the midline overlying thg posterior part of the cerebral

cortex. The exposed dura in these two locations was then oper\xed, and a

‘precollicular postmammillary decerebration was performed using an expanding

wire leukotome. The decerebration was perfor;ned in four steps. The
leukotome, inclined back‘jards 19° from wvertical and with the wire loop
facing towar./d; the right side of the skull, was inserted into the brain
until its tip reached a predetermined stereotaxic\ Tocation jpsé above the
floor of the skull. The wire loop wa\s opened, raised 5 mm, retracted, 'and
tl';e leukotome withdrawn and moved to the next penetration site o‘n the other

side of the midline, where the procedure was repeated. Once @s} was

completed, the wire loop was adjusted to face towygds the left side o \‘the
skull and the above two -steps were repeateci. . Upon comi)letion of \the
decerebration, anaesthetics were discontinued. .

In a few cases ex;ess bleeding at the decerebration site, indicatgd by
acute swelling of the cerebral cortex and/or by cardiorespiratory
instability, necessitated rapid decompression of the brainstem. This was
achieved by partial removal of the forebrain by suction. In some caseé
this proved successful with resulting stabilization of the angmal, while in
othe}:s it was unsuccessful and was followed by rapid deterioration of the
animal. In the latter cases the experiment was soon terminated. At the

end of all experiments, the level and condition of decerebration were

determined by visual inspection of the carefully removed brain.
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D. Laminectomies
After decerebration, dorsal laminectomies were performed at spinal
segment levels C2 and L2. These allowed access to the spinal cord for

insertion of stimulating electrodes, wh:lc;h will be discussed in a following

section. The exposed areas of the spinal cord were kept moist with

- isotonié saline-soaked gauze pads.

E. Spinal Clamps

To pi‘event\ the cat'’s tofso from swaying during oscillations, spinal
clamps were used to rigidly hold the lower spinal column. The dorsal
vertebral spines T12 and Ls were exposed, and clamps placed around the
transverse processes prevented any spinal column movelr;ent at ‘those points
(see Fig. 8). ° -

The forepaws were then taped to the base of the apparatus, a heater

cord was wrapped around the torso, and a rectal thermometer was inserted.

[}

! F. Inse on_o mulat lectrodes
The platform, with the cat secured in the stereotaxic frames, was then

transferred onto the oscillation device. The following procedures to

_insert the electrodes were carried out with the aid of an operéting

' -

microscope.

The dura over the exposed/ p\ortion of the cerebellum, as well as over
the two exposed sections of the spinal cord, was opened. The stimulating
electrodes were then secured in their holders over the C2 and L2 spinal
segment levels. One wire of each electrode was placed just contralateral
to the mi-dline of the cord and the second was placed ipsilateraily, just

?

lateral to the entry point of the dorsal root fibers (Fig. 9). Both wires

R




A A T

Representative diagram of stimulating electrode placement
in the spinal cord. Teflon-coated stainless steel wires pass
through capillary tubes to prevent sway during oscillation.

Dashed line 'indicates approximate locations of LVST. Scale

épproximately 2 mm, depending on ceryical 6r lumbar location of

o
stimulating electrodes (adapted from Netter, 1983).
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were inserted until they touched the floor of the spinal canal.‘ﬂ They were
* then pulled back up approximately 0.5 mm. This placed the electrodes in a
position that would allow for antidromic stimulation of the ipsilateral

* ventral quadrant of the spinal cord, including the lateral vestibulospinal

tract (LVST). \\
\

\ .
G. Insertion pf Recording Electrode :

A 13 gaugl_ hypoéermic needle was used as an indifferent, or ground

o electrode. This needle was insert;ed into the deep muscle layers of the
neck, and commected to the recording ir}strument;. A tungsten
microelectrode was coupled to a stepping motor-doriven microdrive capable of
step increments ‘of 1.25\ pm. The microdrive and microelectrode were
inclined backwards 30° fr\om the vertical. The stereotaxic coordinates for

the center of Deiters;' nucleus were glgtermined, and the microelectrode was

\ inserted through the cerebellum to a point 2 mm above the predetérmined

aiming point. ) \
&

5. Stimulating and Recording Electrodes -

Each stimulating Oflectrode consists of two teflqn-coated, Braided
stainless steel wires (0.21 mm diameter) which were passed through two
capillary tubes. The capillary tubes prevented ;way of the wires duri;lg
oscillation, thereby minimizing spinal damage (and resultant spinal block)
that 'w;:ould otherwise occur with electrode movement, The capillary tubes
were held in place by clamps which were secured onto the stereotaxic
apparatus (see Fig. 8). Only the t‘:ips;; of the wiﬁ?s were devoid of

insulating material. \
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Extracellular recording in Deiters’ nucieus was achieved using an (
ins(lloated tungsten microelectrode with an unins;qlated " tip diameter of
app'roximately 1-2 upum (Frederick Haer, 9—?& MO a.t 1000 Hz, 10-8 A). As
mentioned above, the microel;ctrode was advanced or rgfractred with an

H

electrically-driven microdrive, in steps of 1.25 um/step.

6. Linear Oscillation Apparatus

o

TN .

v

The accelerative stimulus was provided by a linear motion device
' )

specially designed. by Dr. D.G.D. Watt, and cofistructed in the Aerospace

Medical Research Unit at McGill University. The platform with the cat and
. 5

stereotaxic apparatus was fixed to a carriage. ‘Suitable gimbals and pivot

poirits allowed the cat to be rotated about anj:‘ axis, through its center of

gravity. Pitch and roll axe illustrated in Figure 10, The bed’upon which |,

N

the carriage was mounted could also be rotated between 0-90 degrees from

vertical. Figure 11 shows how a combination of bed and cat rotati‘n,

f . . : s
adjusted prior to oscillation, would allow for -linear oscillation’ in 3

orthogonal directions, with the cat always remaining upright. The

oscillation was driven by a servo-controlled 0.5 HP motor (Small Electric

AN

MC.47),

a

Motors Ltd, Servomex motor controller and air-bearings

type

J
minimized carriage vibration ]dur’ing,/movementi Different oscillation

, . "
frequencies and acceleration magn/f{jdes were gehieved by readjusting the -

motor speed and changing stimulus amplitude.
/ +

i

7. Electronic Equipment > A

2
.
o

The electronic apparatus used for sti;nulagion, recording and data

)hprocessing is shown in the” block diagram of Fiéure 12, The spinal cord
- A &

o

b
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Figure 11 i

Illustrations of combinations of bed and cat rotation which ‘
would allow for linear oscillation in 3 orthogonal directions.
Cat always remains upright. Direction of positive acceleration

- hY
.

is indicated. 9
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Figure 12

Schematic diagram of electronic stimulating and recording

apparatus. C2,L2 denotes position of stimulating electrodes at
_.the iéve; of the 2nd cervical and lumbar vertebrae. E.C.

'spik\és, extracellular spikes. M, recording microelectrode.

Ind, indifferent (ground) glectrdde. For further description of

apparatus, see text,
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stimulation was generated by one channel of a Grass model S88 stimulator
through a stimulus isolation unit (Grass SIU5). A selector switch .routed
the stimulus to either the cervical or lumbar stimulating electrodes. The
stimulator could be run at a predetermined pulse rate or triggered by the
extracellular spike.

A microswitch, whi;:h was closed as the carriage passed a specific
point in the oscillation cycle, was used to provide a pos'ition reference
signal to the data processor.

Impedance matching of the reco—rdiﬁg microelectrode to the electronics
was achieved using a microprobe amplifier (W-P Instruments;, Model 725).
The extracellular spikes recorded by the microelectrode were amplified and
filtered with a Grass P15 preamplifier (band pass filtered between 30 Hz
and 3 kHz). This signal was sent to both an audio. speaker (for monitori-ng
of modﬁtiou of firing rate of ceil), as well to a Tektronix Type 2A63
amplifier. The amplified output was displayed on a Tektronix Type 565
oscil‘loscc:pe, and passed through a Férch Electronics gating unit (Model
119). The gated output was used to trigger the oscilloscope“display, and

provided a series of standardized pulses to the data processing unit.

8. Experimental Procedures

A. " Location of Recording Electrode

When preparation of the animal was completed and all the mechanical
apparatus was in place, microelectrode tracking began. The microelectrode

was Inserted to 2 mm above thie stereotaxically determined aiming point,

*which was the center of Deiters’ nucleus as described by Snider and Niemer, -

1964, While advancing the microelectrode, field potentials produced by the
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antidromic stimulus (Q.2 ms square pulse, 4-12 wvolts at 2 Hz) were

monitored on the oscilloscope display. Shape and size of the field
poténtials provided an indication of the location of the microelectrode in
relation-to Deiters’ nucleus. Tilting of the animal resulted in modulation
of the background cells’ firibng rate if vestibular unit:s were nearby. is
was monitored through the audio speaker and the number and loudness of “the
modulating neurons also provided an indication of the relative location of
~ the microelectrode.
The 'microelectrode was advanced until a position was reached where the
extfacel‘:lular spikes of a single neuron could be discriminated very clearly

above 'the background neural activity and noise.

f . .
B. Antj,droin{g Stimulation

Modulation of a cell’s firing rate to roll or pitch of the animal
\indicated vestibular input to ;:he isolated unit. If no modulation of
firing rate occurred, a new cell would b‘e isolated. If modulation did
occur, antidromic stimulation was thén used to determine whether a neuron
was a v'esytibulospinal (V-5) unit. A 0.2 ms square pulse at 2 Hz and
varying voltage was used to test the neural unit, The following criteria
"were used to prove the antidromic character of the evoked ‘si:ikes (Lipski,

1981): Constant latency of firing, all-or-none firing, the unit’'s ability

to follow a high stimulation rate ( > 200 Hz for a very short period of

time), -and spike collision. Where possible, the refractory period (ms),
antidromic latency (ms), and the critical delay (ms) were measured. A
collision confidence level, as described by Fuller and Schlag (1976), and

Schlag (1978), was calculated using these recorded values. A result <0.5

would indicate a good confidence of collision.
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‘ The original intent of this experiment was to study only otolith-
driven V-S upits. However, _the .excellent isolations required in this
experiment were quite rare, and V-\S units were even more scarce in this

sample, so all otolith-driven neurons isolated were studied.

)
AT

C. Response to Tilt

To determine whether an isolated unit received otolith input, the
unit’s response to tilt was examined. The animal would be rolled laterally
and pitched up and down to determine whether the unit was statically or
dynamically sensitive to tilt. Modulation of the, firing rate was

- determined by listeniné to the spike t%ain played through an audio speaker. |,
'ljhe direction of sensitivity (ie, ipsilatei:al side down, contralateral side
down, pit;cli up olj\ down), was also noted. If the isolated neural unit was
deemed to receivé otolitﬁ input (see RESULTS), a further study of the

“unit’s dynamic responge characteristics was undertak?n.

D. Standard Test Sequence of Oscillations,

Table 1 shows the complete test sequence of oscillations used during

the experiment. The animal would initially be oscillated in the vertical
(+Z=up), lateral (+Y=left), and fore-aft (+X=forward) directions at 0.3 Hz.
After each run along one axis, the gain (AP/sec/g), phase re acceleration
(degrees), maximum firing rate (AP/sec), bias (AP/sec), and variance

' accounted for (V.A.F., used to indicate how much of the rela\tionship is due »

<

to the factors we are comparing, in ithis case ;:Be ‘smoothed, averaged

L

response curve to the stimulus profile). were calculated by the computer.

This entailed the fitting of a sine wave to the smoothed, averaged response

curve and comparing it to the st‘imulus profile. The curve was smoothed with

i




Table 1
Standard Sequence of Oscillation"
Ly
Axis Frequency Displacement Cycles Acceleration i
(HZ)W (em) - (8)
Z 0.3 10.0 25 | 0.0363
Y 0.3 10.0 25 0.0363
X 0.3 10.0 25 0.0363
* 0,2 10.0 25 0.0161
~0.1 10.0 25 0.0040
0.1 21.5 - 25 0.0087
0.2 21.5 ‘25 0.0346
0.6 2.6 25 0.0377
1.0 1.0 25 0.0403
2.0 - 0.5 25 0.0806
3.0 0.2-0.3 50 0.0725-0.1088
4.0 0.2-0.3 50 0.1289-0.1934

* - indicates remainder of sequence used the axis along which cell was

most responsive.

i
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an 11 bin Hanning filter (a digital filter which uses a weig.hted average to
smooth out the harmonics of the spectral frequency) and fitted using the
method of least squares. ’Any cur\res' which were "cut-off" (sée RESULTS)
weére fitted only over that portion of the cycle during whiich the cell was
actively firing.

The objective at this point wa; to obtain data which would allow the
determination of the direction in 3-di;nensiona1 space along which the cell
was most;. sensitive “to linear accreleration (the functional polalrization
'vector, FPV). The adct\:ual vector was calculated after the experiment. For
the remainder of testing, the animal was oscillated along the axis (X, Y,
or Z) providing the greatest modulation of cell firing. The threshold and
dynamic response of the cell weré determined by var‘ying the amplitudes and
frequencies of oscillation. Frequencies rz;nged between 0.1 Hz and 4.0 Hz.

’r

4
These limits were. detlermined by the desire to cover tht widest possible

_range of frequencies, bounded by the threshold ff acceleration sensitivity

at the low end and the ability to control small displacements of the
oscillation appai'atus at the high end. After each oscillation run, the
gain, phase and other parameters were determined by the computer.

Apﬁroximately 2.5 hours were required .to perform all” tests on one

cell. Upon completion of\’full runs, or if the cell was lost inrematurely, a

new cell was isolated and the entire procedure repeated. A single

experiment could last upwards of 17 hours, usually limited by the neurons

becoming too sensitive to direct mechanical stimulation.

7
o~
Y
20 “‘xﬁﬁ
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9. Histological Procedures
At the termination of all but four experiments, the animal ‘was

perfused with 100 ml of Perfix (Fisher) via the carotid artery cannula. The

brain was removed and the level and condition of the decerebration were

determined by visual inspection.

The 1location of the microelectrode aiming point was determit}ed
histologically in the remaining four experiments during which 12 cells were
studied. Prj.or to the termination of the exberiment, a staitnless steel
microelectrode was substituted for the tungsten recording electrode and
1‘nserted in't:o the presumed center ‘of Deiters' nucleus. A 1 mA current was
passed through this microel-ectrode for 20 seconds, leaving minute iron
dep?__sits in the tissue (this was not possible with the original tungsten
electrode). The animal was then given a euthanizing dose of pent;obarbital

A .

(S‘omnptol, M.T.C. Pharmaceuticals). The thorax was opened, the descending
aorta clamped, the right atrium cut, and perfusion through the left
vent/ri.cle of 500 ml of s;-line’ followed by 600 ml of a potasgium
ferri/ferrocyanide solution was carried out.  This solution was” used to
develop a visible blue spot at the site of the iron deposits. The
appropriate section of the brainstem was cut under agfﬁesreot:.axic control and
removed. It was eventually stored in a 30% sucrose/formalin solution for
up to 3 months. .

Serial frozen sections of the brainstem weré cut transversely at 40 um
thickness. Sections were mounted on gelatin-coated slides and stained with

a -cresyl violet solution. The blue spots were then located under a

microscope, and their position noted.




IV RESULTS

1. Anatomical Distribution of Cells

. A total of 39 central vestibular neurons were isolated and studied.
Of these, 32 units received input from the otolith organs while 7 units
were suspected of receiving input from the semicircular camnals (Fig. 13).
Of the 32 units that received otolith input, the data from 5 cells were
discarded due to gradually deteriorating signal to noise ratio or

modulation of spike amplitude during oscillation (see DISCUSSION).

\ o f’
As explained in METHODS, the brainstems of 4 cats were marked

stereotaxically for histologic examination (Fig. 14). The coordinates of
the microelectrode tip were recorded for each isolated cell -and during
placement of the e1ectrolyticallyl-produced spot. After the experiment, the
location of the blue-greer; spot was Jdetermined by microscopic examination
and. the' position of the cells isolated in that brainstem were calculated
relative to the coordinates of that s'pot. Anatomical landmarks within the
brainstem were identified with refefcence to Snider and '.Niemer (1964), and
Berman (1968). _

The locations of 12 cells were confirmed histologically. 11/12 cells
were otolith-dependent, with 1/12 cells being canal-dependent. Figure 15
is a pictorial representation of ‘the location of t:ilese 12 cells within
Deiters’ nucleus, where each circlﬁe represents the location of one cell and
each asterisk represents one electroly;:ically-placed blue-green spot. All
12 cells were located within Deilters', primarily in the dorsal region of
the nucleus. In one instance, the spot was located'just anterior to the

/

N
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Vestibular cells isolated

-1 7

Canal-dependent.

1 V-S unit, with
location confirmed
histologically

Otolith-dependant.
2 V-S units, 1
suspected V-§ unit

-

27
studied |'

10
FPV not determined,
Location confirmed
histologically for
1 unit -

. S
discarded

FPV determined

2
Most sengitive in
X-axis.
Location confirmed
histologically for
2 units

7
Most sensitive ‘in
Y-axis.
Location confirmed
histologically for
3 units

Ji%
N 4;:%
o
«

.
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- 8
Most sensitive in
Z-axis.
Location confirmed
histologically for
5 units
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Figure 14 ST ‘
Microph_otograpﬁs' of transverse section of brainstem at ‘ oY
level of caudal Deiters’ nucleus. K
"A. Location of electrolytically placed spot (arrow) on L
lateral edge of Deiters’ nucleus. LA
- . a
B. Close-up of spot (arrow) within Deiters’ nucleus. S;me\>
spot as in A. _ Note giant cell bodies, which are characteristic
of Deiters’ nucleus. . . ’ o
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Figure 15

Diagrams 1indicating approximate locations of 12 units
within Deiters’ nucleus. Each section represents a small

segment in that region of the brainstem, and not a specific

slice at that level. Electrode track is inclined 30° from
vertical. L 3 , denotes electrolytically placed spot. o, :
V-S units. O, non-VS units. Crossed circles indicate units
located very close to each other. ‘ ‘ .

A, Sagittal view of the location of spots and cells: in and

»

around Deiters' nucleus. Note that in one instance the spot is

located anterior to Deiters’., However, all units recorded in
this case were located posterior to the spot, within the .
I nucleus. SVN, superior vestibular nucleus. DVN, descending : - o

vestibular nucleus. Deitex.:s; (LVN) is divided into dorsal and
ventral divisions (adapted from Chan et al., 1985).

B. Transverse sections showing locations of spots and
cells in and around rostral (top) and caudal (bottom) Deiters’.
Spot located in the dorso-medial region of rostral Deiters’ is
actually anterior to the nucleus (i.e. out of the page). RB
denotes restifoxm bLody. MLF, medial longitudinal fasciculus.
VI, abducens nucleus. VII,‘motor nucleus of the facial nerve

@

(adapted from Peterson, 1969). -

¢
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‘nucleus, However, the cells isolated in this case were found 1-2 mm

posterior to the spot, placing them within Deiters’. - -

2. Identification of “Vestibulospinal Units

[

1 fi ’ .
All cells isolated in this experii}\nent: were classified according to

their reSponsé to antidromic stimulati%n of the L\;ST. A total of 3
isolated cells were considered to be likely V-S wunits, with 1 of these
cells though’t to be receiving input only f'rom the semicircular canals. All
3 demonstrated a constant antidromic 1atéﬁcy, with all-or-none firing and

-

the ability to follow a high stimulation rate ( > 200/sec) for a short
period of time. Collision appeared to be evident on‘ the osc;tlloscope
display. One a'g’dit;ional cell was suspected of being a V-S unit, however
due to many nearby actively firing cells this could not be :lemonstrated
conclusively. All 4 units .appeared to project only to the cervical level
of the spinal cord, as none were driven antidromically £from the lumbar
level of the spinal cord.

3. Responses to Tilt
4»"’A ) }

Isolated neurons responded to tilting of the animal. (in roll or pitch)
with either a modulation of that unit's fising rate, or no reaction at all.
. If no modulation was observed, t:\he unit was deemed not to re;eive a
vestibular input. If modulat‘ion of the firing rate was observed, the
direction of change for specific tilts was noted. ' AlL e)itracellbtlar
re;::ordings in these experiments were from the right LVN, hence ipsiléf:eral

side down denotes right side down. N
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Two types of otolith-dependent neurons were observed in this
experiment. In one group, the neurons were sensitive to static tilt, as
their firing rates continued to be altered as long as there was a deviation
frofn the upright position. It should be noted‘ that although these neurons
are said to be sensitive to static tilt, they were not purely statically
sensitive uni.ts:\ When the animal was tilted (in roll or pitch), an even
g‘rea'ter modulation of the firing rate occurred as soon as there was a
deviation from t‘:he uprighﬁt, i.e., during the roll or pitch itself and not
Jjust when a static tilt was maintained. The firing rate of the second
group of observed neurons returned to its resting value whenever the tilt
(roll or pitch) remained unchanged for a short period of time. These
neurons, which possessed mno static sensitivity, were called dynamic units.
Table 2 indicates the number of isolated otolith-dependent cells which
were classified as static or dynamically sensitive, as well as the relative
numbe\:}:s which responded with an increased firing rate to either ipsilateral
or contralateral tilt and pitch up or down. Roughly equal numbers of units
were classified as static (14/27) and dynamically (11/27) sensitive to
tilt, with 2 units unclassified. Of these classified units, most were
excited by ipsilateral side down tilt (23/25). Twice as many classified
units responded with an increase in their resting firing rate to pitch down
(15/25) as to pitch up (8/25), with 2 other units’ responses to pitch
uncertain.
One interesting observation was that of the two units that responded
in a ‘facilitatory manner to contralateral side-down tilt, one was an

identified V-S unit and the second was suspected of being a V-S unit., (An

additional V-S unit, which was presumed to be canal-dependent and was
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Responses of otolith-dependent neurons in Deiters’ nucleus to tilt

Total Static ‘| Dymamic
No. of Units 27 14 11
Ipsi. Tilt 23 12 11
Contra. Tilt 2 2 -
Tilt Unclassified 2 - -
Pitch Up 8 ‘5 3
Pitch Down 15 7 8
Pitch Unclassified 4 - -

58

Values indicate number of cells classified in each category determined
bye the cell’s sensitivity to tilt. Cell categorized according to an
increase in its firing rate in resporise to stimulus. Ipsi.: .ipsilateral
(right) side down. Contra.: contralateral (left) side down. See text
for explanation of static and dynamic behaviour.
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1

therefore mnot included in the data analysis, was also excited, by

contralateral tilt.) . X
i

A ] ‘

4, Dynamic Response Characteristics

A. Response Patt s /—

(i) Canal-dependent Units. As explained abjove, the response of
an isolated cell to eigher static or d;namic tilt could be ' determined by
exposing the animal to “roll or. pitch. 1If a“‘uﬁ{t was found to possess
static sensitivity it had t‘o‘ be receiving an otolith input, since,the
semicircular canals are not expected to r'c;.’spond to stat:ig tile (Gbldbérg
and Fernandez, 1975; however, see Discussion, page 82). However, a
‘dynamic’ unit could in fact be rgceiving input from the .otoliths, . the
canals, or both. To resolve. this doubt the animal was oscillated in the 3

orthogonal directions, and the cell’s' response determined, Given that a

pureé linear acceleratioft stimulus was used, no response would be expected

i

from a canal-dependent\ neuron. Figure 16 shows just such a lack'_gg

response in a ‘'dynamic’ gell. This cell was thus pres}ime'd to be a canal<

depaendent unit and was not \studied further.

Isolated Deiters’ nucleus neurons

receiving an otolith input produced 3 different response patterns to the

Jinear oscillations (Fig. 17). The largest number (15/27) demonstrated a

‘highly sinusoidal response, while a smaller group (9/27) showed a somewhat

distorted pattern. A small minority of wunits (4/27, including 2 distorted
response units) exhibited a cut-off in their response. Presumably this was
due to the cell being driven below its threshold, resulting in it being

silent for part of the oscillation cycle. The response would have been

-

[ g
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-Figure 16

Response p.at_terns for an isolated unit sensitive to dynamic
tilt, oscillated in the 3 orthogonal axes. Sine wavé fitted
ontorresp%nse curve using method of least squares. Lack of
response in each axis indicates that this unit ,probably received
inpl'xt from the semicircular canals. Combined cell and ’&ast run

number, direction of oscillation, frequency, displacement and

_ acceleration level are indicated to the right of each plot.
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¥
Figure 17
Response’pattei:ns observed in otolith-dependent units (top
to bottom): symmetrical, distorted and cut-off. Sine wave

fitted using method of least squares. To fit a cut-off response
curve, a sine wave was fitted over that portion of the cycle

during which the cell was actively firing. Each response was

recorded from a single unit during oscillations of 0.04 'g’ at

0.3 Hz. Note lower V.A.F. value for distorted response, as well

as low bias for cut-off response, -

‘ \
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sinusoidal in nature had the threshold not been reached. The 19cation of
each of the 3 units in Figure 17 was confirmed histologically to be within

Deiters’ nucleus.

The mean bias (restiné firing rate) of cells studied was 24 £ 2 .

AP/sec, S.E. This resging firing rate is within .the r;nges observed by
Wilsop et al (1966), Schor (1974) and Boyle and Pompeiano (1950). The bias
of cells whi:ch resp‘)onded with a 'symmetrical pattern was Eignificantly
larger than the bias of cells which responded w:‘Lth a distorted pattern (P <
0.05) or cut-off pattern (P) < 0.05).

The statistical method used above ?nd in the following sections was

& °

the Student:t test " (Duncan et al., 1983) . , The P-value indicates the

prdbability that the diff'erenc%e between the paired values is doe to chance

«

alone.

|

© B. Determination of most sensitive axis
Initially, oscillation at a ‘single frequency in the three orthogonal

.

directions (see Table 1) was used to determine tbe axis along which the
cell was most responsive. This axig was found in 18/27 isolated cells. In
9 cases, this was not accomplished as the cell was lost after oscillating

along 1 or 2 axes. Maximum sensitivity was 7e@n primarily along the 2Z
y

(9/18) and Y (7/18) axes, with a small number showing greatest sensitivity

» R Y
—

along the X axis (2/18). Figurec}18 Shows.avrepresentative example of one
unit's responses to the accelerativeh stimuli in the 3 orthogonal:
directions. This unit'’s locaation in Deiters’ nucleus was confirmed
hist.ologically. The: curve was s‘moothed with an 11 bin }éannfng filter, and
the result was plotted on an X-Y plotter (Hewlett Packard X-Y Recorder,

Model 7041A). As can be clearly seen, this cell was most responsive to

b

[
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a Figure 18 )
. . Responses of an otolith-dependent unit to oscillation in

.the 3 orthogonal directions, Sine wave fitted by method of

- least, squares. This cell was mo%}t résponZiver to linear

acceleration in the X axis. Identification number, direction of

oscillation, frequency, displacement and acceleration level are

.

indicated to the right of #ach plot. The location of. Fhis unit

in Deiters’ nucleus was confirmed histologically.
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linear acceleration in the X axis. This was confirmed by comparing the
gain and V.A.F. values that were computed for each axis after every
oscillation run. To complete ;:h~e test sequence, all f\;.rthe;: oscillations
vere conducted along the axis of maximum sensitivity, as determined above.

t

C. Functional Polarization Vector

-

(i) Calculation. Each cell can be said to have a direction of
preferred response, “or functional polarization vector (FPV). Following a

successful oscillation run in each of the 3 orthogonal directions, the

— — M b .

gains 3nd phases of the cell’s responses were determined (see METHODS).

Each gain value was used as the magnitude of a vector for that axis. The

y

vectors were assigned a direc}:ional sign (+ or -) according to the phase
lag or lead of the response m}i.e., up to #90° would indicate a (+)
direction). As will be' discussed v:t:?wa s'ﬁbsequent section, the phase curve
over the range of frequencies used in the ogc}llations was relatively flat,

Thus the phase should provide a correct indication of the directional sign
! o

-

of the response of a, given cell.

The gain and phase measurements along each pxis  were summed

)

" vectorially to determine the FPV of the cell. The locatioﬁs,of 7/18 units

PR
“within Deiters’ nucleus were confirmed histologically.

A

L

(1ii) Distribution. In order to visualize the distribution in 3-

_dimensional ‘space of the FPVs of isalated otolith-dependent neurons, polar

coordinate plots were constructed (Fig. 19). The: 3 graphs represent
projectio;ls of the FPVs onto the horizontal (X-Y)\, frontal (Z-Y), and mid-
sagittal (Z-X) planes. The magnitude of each vector represents the gain of
the response on that plane, and the direction 1is that of maximum

hY

sensitivity of the cell.

A
St
‘
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Figure 19 o

Distribution of 18 Deiters’ nucleus units’ polarizatién

@

4
*vectors as projected onto (clockwise from top) the ho")g.zontal

W (X-Y), frontal (Z-Y), and mid-éagittal (Z-X) planes. Spacing of

N

“tick marks is 10°. Arrows beside cat heads indicate direction

. N
of positive acceleration aldng that axis. Direction of vector

¢

is that of maximum sensitivity of Ehe cell, .and magnitudé
+ regpresents the response gain in that direction on that plane.

Calibration marks indicate gain in terms of Log (AP/sec/g).

* denotes V-S units. * , suspected V-S unit.
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In order to confirm that the assigned phases and hence directional

sensitivities were ,cérrect, the FPVs determined during os“cillation were

’
7/ v

compared with the cells’ responses to tilt. 1In most instances, the static

a

response to both roll and pitch could be predicted from the FPV. 1In a few

: . \
cases, however, the vector was so close to the sagittal or frontal plane

that the cell responded equally to roll right or left, or p]':tch up or down,

respectively.
The FPVs appear to have a relatively broad distribution in space. In

s

the horizontal (X-Y) plane there is' also a hint of vector concentration
along diagonal axes close to the planes of the vertical canals (Melvill
Jones and Daunton, 1973; Daunton and Melvill Jones, 1982), though with the
small sample size this cannot be stated with certainty. '
(iii) Corre;:tion ?f data. 'The rlzsponse gain oflindividual
neurons was measured while the animal was oscillated at s;e}ve'ral
fi‘ec;uency/amplitude combinations along the X, .Y, or Z axis. Since each
otolith-dependent cell is most sensitive to linear ‘acceleration along its
FI’V,~ however, these values would have been great-er had they been obtained
while with the animal was being oscillated a‘long that vector (Melvill Joneg
& Milsum, 1969; Loe et al, 1973). In order to correct for this error, the
gain values for 18/27 units ‘were trigonometrically adjusted to «lc,ompensate
for the difference in orientations of the FPV and the most sensitive axis.
This adjustment was made by divid'ing_the gain measured along th‘e most
sensitive axis by the sine of the angle made by the FPV agnd' the plane

i

perpendicular to the most sensitive axis.

7
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Nearly all further analyses of the dynamic response characteristics
were conducted using the corrected data from these 18 units. Threshold

measurements were not adjusted, however, since they constituted rough and

rather arbitrary estimates at best. v
D. Threshold

The approximate ~threshold of each cell was determined by visually
inspecting the average response curves and noting at which acceleration
level modulation of the cell firing rate ceased (Fig. 20). Average
threshold for these isolated cells was about 0.004 ‘g’. Compat{ing the
variance accounted for of each fitted curve also helped confirm the
threshold; a V.A.F. < 0.4 generally indicated a lack of modulation of the

cell’s response.

"E. Effects of Acceleration Amplitude on Response Phase and Gain

To determine whether the response of the system is dependent on the
stimulus magnitude, each isolated cell we;s studied at 0.1 Hz or 0.'2 Hz with
oscillation amplitudes of 10 andv21.5.cm, when feasible. The two gain "angl
phase measur-ement; were then compared at each stimulus frequency. Figure
21 shows such a comparison for 10 units tested at 0,1 Hz, and 8 units at
0‘.2 Hz. At a freguency of 0.1 Hz,, there is a significant difference
between the response gain (P < 0.02) and phase (P < (2.()2) at the two
acceleration amplitudes. It is important to note, however, that as
mentioned above the average threshold of the cells was approximately 0.004
‘g’. Therefore the responses seen at this'acceleration level may not be

representative, as many of the cells were at or below their thresholds. In

contrast, at a frequency of 0.2 Hz, there i?i‘xxf signifi;:ant: difference

LA
=5 ’:.»-J»i*i
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Determination of threshold by varying acceleration at low
oscillation frequencies. Acceleration level at which modulation

of the cell firing rate ceased was considered the approximate

.

threshold of the cell. Threshold for this unit appeared to be

between 0.009-0.02 ‘g’.

1

Same cell; dnd data presented as in

Figure 18.
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Comparison of the effects of change "in accelération S

amplitude on response gain (A) and phase (B). 2 .

} ' . -

10 units studied at 0.1 Hz, 8 units studied at 0.2 Hz. ] \

N : \

Note that some units are at or below threshold at 0.1 Hz. Error \
bars indicate 1 standard error of the mean. \
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between the response gain (P > 0.2) and phase (P > 0.4) measured at the two

stimulus amplitudes. This suggests that the response of the system is
o v

<

indepéndent of the magnitude of stimulus (Schor, 1974; Xerri et al, 1987).

L

F. Effects of Acceleration Frequency on Response Phase and Gain

Each‘ isollated :)tolith—dependent: neuron was tested by oscillating the
animal at increasing frequeéncies, from 0.1 Hz up to and including 4.0 Hz
when feasible. “Figure 22 depicts a representati.ve example of one cell's
res.ponses to such an oscillation run, in this case with a frequency range
of 0.1-3,0 Hz (same cell as in Fig. 18 & 20). In general, there was a
consistent symmetrical response while the cell was above threshold.

The response of a system to varying stimulus ‘frequencies can be

T

expressed as Bode plots, in which gain and phase‘ of the respons)e_l are
displayed as a function of frequency. A trend of decreasing gain with
increasing stimulus frequency can be seen quite clearl)( in Figire 23a.

This decrease is significant over the ‘range of 0.1-3.0 Hz (P < 0.05).

+ (There was no significant change in gain between 0.1-4.0 Hz (P > 0.7). As

only 3 units were oscillated at 4.0 Hz, however, it cannot be said whether

this result. shows an actual trend of increasing gain at these higher

frequencies, or whether it is a statistical anomaly due to the extremely
limited number of data points at this frequency.) -
Figure 23b plots respons;e phase as a function of frequency. There is
no significant change in phase over the entire frequency range of 0.1 and
4.0 Hz (P > 0.1). One wunusual ug)it had a consistent phase shift of

approximately 180°, indicating that it would respond maximally to an

e

N : : K - 7,9
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Action Potentials /Second

5306
X-axis
0.1 Hz
21.5 ¢cm
0.009¢-

5307
X -axis
0.2 H2z

21.5¢cm’ ;

0.04g

5303
X-axis
0.3 Hz
1Ocm
0.04¢g

5308
X-axis
0.6 Hz
2.6cm
0.04¢

5309 .
X-axis
1.0 H2
1.0cm
0.04¢

" 8310

<

360

X-axis
2.0Hz
0.5 cm
co8g

5311
X-axis
~3.0 H2
0.3cm
Oo11g




72 ‘ .

Gain and phase plotted as a function of oscillation
frequency for 18 Deiters’ nucleus units. -

’ Dashed lines denote V-S units. Dotted line, sv.;spected V-8

unit. ' Q , units oscillated at just one frequency (0.3 Hz).

Crossed circles indicate units with similar gain :,ralues.

A, Response gain as a function of stimulus frequency.

Attenuation of gain with increasing frequency (yp to 3.0 Hz) is

-

statistically significant (P < 0.05).

54
B.  Response phase (re acceleration) as a function of

E -~

stimulus frequency. Note relatively flat phase behaviour. As

well, one unit had a consistent phase shift of approximately

180°.
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accelerative stimulus in the opposite dig:ection to most other cells. It
should also be noted, however, .that this unit had one of the lowest gains <
measured, and a particularly low V.A.F. along all axes. ) \';
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— .V DISCUSSION

1. Evaluation of Methods

@

Before discussing the results presented in the previous chapter,
¢ LY

")]Limita?:)iohs imposed by the methods employed in this experiment will be
\ o '

considered. Single cell extracellular activity -was recforded from

decerebrate cats. This well-established procedure was adopted since it was

- ¥

expected to give results that could be related to previously available
information on vestibular neuron response. \It is understood, however, that

since decerebration results in the transection of major CNS tracts, the

-

neural activity in a decerebrate cat could differ from that of a normal

. ®

alert animal. ‘ - e \

A. Anaesthesia

(1) Introduction. It is known that different anaesthetics can

~

have various effects on the CNS.‘ ‘Anaesthetics tend to reduce the
spontaneous activity of vestibular ‘cells in th;a brai.nstem arrd decrease the
responsiveness of these cells to stimulation (Kimm a}‘ld Luschei, 1971).
Each anaesthetic has its own advantages and disadvantages in a specific

application, and when choosing an apaesthetic to be used during an.

experiment it is necessary to consider how these factors may influence the

’

results. '
(ii) Halothane/Nitrous Oxide. Halothane is a potent CNS
depressant (Green, 1979). As an inhalant mixed with nitrous oxide and

oxygen it does not cause irritation to the respiratory mucosa, thus
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avoiding respiratory problems. Halothane is fairly soluble in blood and
recovery is‘/quite rapid. ) .

At the flow rates necessary for anaesthetic maintenance in this
experiment, however, the equipment th.at was available was unable ‘to provide
a stable concentration of halothane. For this reaso‘n the gaseous

*

anaesthetic was used only as a convenient and painless method of

anaesthesia induction. : y‘,

-

(iii) Brietal ‘(Methohexital). This short acting barbiturate was
used in the maintenance of anaesthe;ia. Though a CNS depressant (Green,
1979), the relatively quick recovery time (2-3 hou&s) allows for recording -
i.n the CNS with minimal concern for anaesthetic effects on the neural
response. In the present experiment a minimum of three hours normally
passed between the time of the last supplemental dose of Brietal and the
commencement of extracellul‘ar recording. . f@

On one oc;:asion only, extracellular recording was attempted two and a
-~ half hours after the last dose of barbiturate. Very few cells were found
to be firing spontaneously though the presence of large field potentials,
caused by antidromic stimulation, indicated that cell bodies‘were located
in the vicinity. In a short while more cells began to fire, including in
areas where there had previously been no spontaneous activity. Presumably
,this reflected decreased effect of the anaesthetic on the CNS as it was
metabolized (Kimm and GLuschei, 1971), although no direct levels of
anaesthesia was measured. — ’
(\i\() Decerebration. The level at which the decerebration was

performad  (precollicular postmammillary) allowed for the complete

transection of ascending sensory fibers, with little or mo decerebrate
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’ rigidity. A successful decerebration resulted in few, if any
complications. In some cases the animal would remain stable in thig

condition for more than twenty-four hours. One consequence of such a high
level decerebration was a reflex "walking" movement (primarily in the
forelimbs) observed ih a few animals. This "walking" was tempora}'y,
1as‘ti,ng only a few minutes, though occasionally reappearing some time
later. Unfortunately, this movement would usually result in the loss of an
iselated cell.

As -mentioned previously, ul;on compietion of the experiment the level
and condition of decerebration were examined by wvisual inspection of the

! .
removed brain. Only the most ventral part of the rostral midbrain was not

completely transected. This ineluded a/s/mall section of the crus cerebri,
and occasionally a small section of/substantia nigra pars compacta and

oculomotor nerve.

Evidence of bleeding was usually seen in the area of the transections;
though in general this did not seem to be of any consequence. In animals
who deteriorated rapidly after decerebration, however, large clots were
oft;én found in the area of the transections. This relatively large volume
of blood probably caused compression of the brainstem, resulting in

compromised cardiovascular and respiratory function.

B. Extracellular Recording

While small and medium sized cells can be found within Deiters’

o =

nucleus, there is also a population of giant cells with diameters upwards
of 60 pm (Walberg, 1975). Such intermixing within the nucleus ‘may result
in the prominent spikes of the large cells obscuring the smaller spikes of

the small cells (Peterson, 1969). A large cell is also more likely to
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. survive mechanical pressures exerted by the aﬁproaching microelectrode

(Schlag', 1978). Before recording from a cell, one of the criteria usgd for
48
acceptance of the cell isolation was to observe a clean signal-to-noise

“A
ratio of approximately 5 or 10:1 (as measured directly from the
ascilloscope display). Taken together, ‘these factors would lead to a bias
in favour of recording from the large cells. ., The majority of units

T

isolated in‘the present experiment .and whose locations were determined
histologically, were located in the dorsal region of the nucleus. Broélal
(1974) observ-ed that giant cells were more predominant in the dorsocaudal
region of Deiters'. This .also suggests.that most recordings in the present
experiment may have been from the larger cells of Deiters’ nucleus.

Care was taken to detect any distortion of the properties of the
neurons by the microelectrode'. If mechanical stimulation of the cell by
thHe microklectrode was‘ suspected, the microelectrode would be backed off
until the spontaneous firing rate returned to normal. Any systematic
_fluctuation of spike amplitude during tilt or an oscillation run also
suggested movement of the microelectrode relative to the unit. The
microelec}:rode would be advanced and retracted slightly to try to improve

< o

stability of the recording. If amplitude fluctuation still occurred, the
cell would not be studied further. .

As described in the' previous chapter, a fmall number of units were
‘observed to respond in a distorted manner. While this could be the result
of convergence of non-otolith inputs onto the cell, or a tendency of the

~

o .
cell to fire in bursts, it could also be- caused by a deteriorating neuron,
‘) ’ . -~

mechanidal stimulation of the cell by the microglectrode during oscillation

or a distorted acceleration stimulus due to inadequate fixation of the cat

PR {27
AN
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’

in the oscillating device. The relative importance of these wvarious

factors could not be determined in the present experiments.
D

Removal of the cerebellum would alter the background activity and
tilting responses of ;restibul.:; neurons (Peterson , 1970). In the present
experiment the microelectrode was passed through the cerebellum prior to
reaching Deiters’ mnucleus in the brainstem. Due to the small shaft
diameter of the microelectrode, it iIs unlikely that the limited number of
cerebellar fibers damaged would result in any noticeable change in the
responses of Deiters’ nucleus neurons. ’ . §

In summary, while the ex‘t\:racellular recording technique used in the
present exﬁerimeﬁt probably resulted in a bias towards recording from large
cells within Deiters’ nucleus, it is unlikely t‘l';at the method itself

e
influenced the responses of these vestibular neurons (Peterson, 1969).

C. Stimulation of Vestibulogpinal Tracts

The stainless steel wires used for stimulating the LVST were designed
to provide a stable antidromic stimulus throughout the experiment. Field
pote;lt:ials produced by antidromic 'stimulation of the lumber LVST, however,

were 'usually smaller than those produced by stimulation at the cervical

. level, Possible reasons for this will be discussed in section 2A,

following.

Stimilus spread would vyesult in the stimulation of other tracts
located in the ipsilateral lower quadrant of the spinal cord (see Fig. 9

for location of electrodes). * However, the criteria listed in section 8B of
A
METHODS eliminated the possibility that activation of vestibular units was
by
occurring by way of orthodromic pathways.
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The stimulus pulse duratién (0.2 ms) and voltﬁgé (range 4-12 v?its)
were in accord;nce with antidromic stimuli used by other investigators
(Ito et al., 1964; Schlag, 1978). As well, “the antidromic responses
observed in the present experiment were similgr to, those described in the‘

literature (see Fig. 6).

D. The Acceleration Stimulus
1

The linear motion device used in the present experiment was intended
to pYovide a sinusoidal acceleration stimulus. Distortion of .the sine wave
was a possibility at the higher s%imulus'frequeécies (=2 2.0 Hz), due to
resonances of the carriage or of the whole apparatus caused by the severity
of the high frequency metion. Other potential sources of distortion
included backlash of the device, or deformation of. non-rigid structures
associated with the stereotaxic apparatus. These effects were minimized by

€

) suitablf bracing.

Neck proprioceptive clues as to the moétion of the carriage/ were
minimized by using spinal clamps to suspend the animal, thereby keeping -the
torso and neck rigid. At the higher stimulus frequencies, however, tactile
inputs could not be avoided even though the sides of the cat were supported
with foam pads. Despite best efforts at staﬁilizing the animal, modulation
of some somatosensory input can occur. However, in view of the fact that
deafferentation of the éat forelimb does ﬁotl significantly change the
dynamic response of forelimb extensor muscles to sinusoidal linear
ac;eleration (Anderson et al., 1977), it is notdiikel§ tactile inputs would

%

significantly affect the dynamic response of central vestibular neurons.

L}




E. Histology

L)
The size of the electrolytically placed spot ranged frox\n being visible

with the naked eye, to microscopic. This variation was likely due to the .

changing condition of the steel microelectrode, which was used several
times for marking. Despite variability in cat size, errors caused ‘by
e‘xchangi.ng the tungsten recording microelectrode for gne made of steel, and
oth;r inherent inaccuracies of the stereotaxic technique, all 12 cells
which were 1localized histologically were found to be within Deiters’
nucleus. This suggests, but does not prove, that all units studied were in

that nucleus.

‘2. Responses of Deiters’' nucleus neurons

! A

o

A. V-S Units

The very small number of V-S units included in the sample of cells
which were studied was di{sappo nting. Certainly, large field potentials
were seen within Deiters’ nucleus. These were similar to those described
by Ito et al. (1964) and Wilson et al. (1966). Nevertheless, very few V-§
units were' identified. Why might this be the case? As mentioned above,
the me;jority of the units isolated were located in the dorsal region of
Deiters’. Studies have shown that neurons originating in the dorsocaudal
reéion of Deiters’ project primarily to the lumbar region of the spina}
cord (Peterson, 1970; Wilson and Melvill Jones, 1979). Peterson (1969)
observed that 56% of cells isolated in Deiters’ were not antidromically
activated. In some cases he attributed the failure to excite axons in the

V- tract to mechanical damage to the spinal cord. Since large field

potentials were not often observed from stimulation of the lumbar V-S tract

80 -
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in the present experiment, it is possible that damage. to the spinal cord
b

(due to insertion of the stimulating electrodes) prevénted full stimulation

g

cervical level. An alternate explanation is that the V-§ tract may

of the V-S tract at that level or that i\t blocked ,transmission at the

ariginate from the small or medium size cells within Deiters' nucleus. A

bias towards isolating the large cells within Deiters’ would then lead to

the rarity of V-S units in our sample, ’

7

B. Response to Tilt

Tilting of ;the animal in a given direction facilitated the firing rate

!

of some cells and inhibited the firing rate of others (Duensing and

Schaefer, 1959; Peterson, 1970). Cells facilitated by ipsilateral side-

down tilt have ];'een classified as alpha cells, with cells facilitated by
contralateral side-down tilt known as beta cells. Units facilitated or
inhibited by both ipsilateral and contralateral side-down tilts are known
as gamma and delta, reépectively. Cells facilitated by pitch’® up are
labeled as type 1, while a_ positive response to pitch down is.called type
2. Units facilitated or inhibited by both pitch up and down are labeled
types 3 and 4, respectively (Duensing and Schaefer, 1959).

Classifying the neurons isolated in the present experiment showed that
approximately 90% responded as alpha units to lateral tilt, with 10%
responding as beta units. The observation that all beta units were proven
or suspected V-5 neurons may or may no‘t be significant. A roughly equal
proportion of neurons responded as type 1 and type 2 to pitch. Peterson
(197/0) categorized approximately 54% of neurons as alpha units, with the

majority of these located in the ventral region of Deiters’ nucleus. Twice

as many units were classified as type 1 than as type 2, though the relative
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number of pitch sensitive neurons were much less than lateral tilt

»

sensitive neurons. Peterson also identified gamma, delta, type 3 and 4

4

unité, though, these were very few in number. Differences in the proportion
of résponses may only reflect ‘the limited sample of the present experiment,
or they may be due to the different animal preparations, since Peterson’s

-

studies were conducted in chloralose-urethane anaesthetized, decerebellate

cat. ‘
N
C. Response to Dynamic Stimulation

(1) "Canal® versus "otolith" units. Each neuron isolated in

Deiters’ nucleus reacted in one of three ways when the cat was tilted: 1)

it responded to static and dynamic combonents of tilt' (14/32 units), 2) it

»

responded to dynamic components only (18/32, of which 11 were determined to

receive otolith input), or 3) it did not respond at all (many cells).
b3 . LY
Units in the first categorx were considered to receive at least some

Q
otolith inputs, although convergence from the canals could not be ruled out

{Gacek, 1969; Baker et al., 1984b). While convergence may have been )
present, it should be noted that when purely dynamically responding units

were studied with our pure linear acceleration stimulus, many showed no

modulation whatsoever. Though some would argue otherwise (Benson et al.,

1967; Clegg et al., 1982), this suggests that the canals are not generally

sensitive to linear acceleration. However, the possibility cannot be ruled

out by thiis work.

Units in the second category required further evaluation. Rotation in

L)

pitch or roll exposes the animal to both angular acceleration and change of
head position with respect to gravity. Thus a cell sensitive to dynamic

tilt may be activated by either the semicircular canals, the otoliths, or
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both. 1In these cases, dynamic linear acceleration stimulation was‘used to
discrim;nate between otolith-dependent and canal-dependent units. If there

was no response, the neuron was assumed. to receive semicircular canal

»
-

inputs only.
Units in the final category were isolated frequently. Since they had

J
no labyrinthine input, they were discarded immediately.

»

(ii) Directional sensitivity. FPV orientation was determined

‘0 -

o

using a stimulus frequency of 0.3 Hz. This frequency was used to provide a s
consistent, suprathreshold stimulus. Since the vector orientation for a
given unit does not alter with a change of stimulus frequency (Schor et

4 .

al., 1985), it is sufficient to determine the FPV at a single stimulus

_frequency.

The orientation of the FPVs observed in the present study had a
relatively broad distribution in space. Though the majority of these units
responded to positive acceleration (i.e., dn the direction of +X, +Y, and
+Z), this confirms that each side of the brainstem receives information
representing all directions of acceleradﬁ’ion o% the head. This is in
general agreement with the orientation of FPVs in central vestibular nuclei
neurons observed by Melvill Jones and Daunton (1973), and Daunton and
Melvill Jones (1982). 1In those experiments the polarization vectors were
determined from unidentified vestibular nuclei cells in the decerebrate
cat, using a parallel swiqg to provide 'a linear acceleration stimulus.
When the latter vectors were Projected onto the horizontalyplane those
authors also observed a tendency of vector concentration along diagonal

axes close to the planes of the vertical canals and close to the horizy{\al

plane. A slight trend of vector concentration along the diagonal axes may
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also be seen in “the pfezent study (see Fig. 19). However, with the ;mall

sample size this is certainly not a conclusive finding.
Schor et al: ®(1984) determined the pblérization vectors of units

located in and around Deiters’ nucleus using a bi-axial stimulus ﬁroduced

¥ e

.by independent roll and pitch tilts in the décerebrate, canal-plugged cat.

These authors noted a conspicuous absenge of units with fore/aft directed
%

vectors. However, as mentioned previously, this may be due to limitations
L] M Y

o -
of their stimulus to activate neurons in that direction.

. - . »
Polarization ° vectors of central vestibular neurons receiving

semicircular canal input wgre determined by Baker et al. (1984a). While
these authors observed a relatively broad distribution of wvector.'
orientation, they also noted a clustering of vectors around the planes of

ES

the canals. ‘'These trends may indicate that the central representation of
l;oth rota(tiami: and linéar vest:ibt\llar information t;ends' to beo coordinatevd
along the same three orthoglon‘al’ planes (Daunton and Melvill Jones, 1982).

(iii) Thresholds, V;rying the sti;xulus an{plitude at the lower
stimulus frequencies ailowed a rough estimation of thresholds for Deiters’

hucleus neurons. An average threshold of approximately 6.004 ‘g’ -is in

tlose agreement with the 0.002-0.005 ‘g’ thresholds of central vestibular

\neurons reported by Melvill Jones and Milsum (1969) in the decerebrate cat

using horizontal linear acceleration, and with, the approximately 0.003 ‘g’

A

threshold of otolith-dependent central vestibular neurons” reported by Xerri

L 4 “ .
et al. (?3#8\7) in the alert cat using vertical linear acceleration.

(iv) Effects of changing stimulus amplitude. 1In the~présent

experiment the stimulus amplitude was varied during oscillation runs at

frequencies: of 0.1 Hz and 0.2 Hz. As mentioned previously, since many
”~
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celig tg;e;:e at or Q‘t;e‘low threshold at 0.1 Hz the results at this frequency
a:r.‘e question‘able. At 0.2 I‘zz,‘however, there; was no signifj:_cant change in’
i;gain or phase df the .response at the two ;ccelefation amplitudes. This
f' result; corroborates obéervatiqnsl of both Schor (1974) and Xer;'i et al.
(1987). At L‘fre‘qug:-mcg.'es of 0.2 !iz and 0.3 Hz, Schor observed no change in
gain or phase of Dlthe response during changes in stimulus amplitude. Xerri
et al. also obsérved no change at a stimulu.::% frequency of 0.1 Hz.
Unfortunately, the same test has not been carried:out at higher frequencies
of oscillat;ion. .

o (v) Effects of éhang:‘ing stimuLu's frequency. Previous studies on
‘the dynamic response %haract;eristics of -central vestibular neurons have
yielded varying‘ result§ .

Horizontaledlinear acceleration was used by Melvill Jones and Milsum
(1969) to study MVN neurons in the decerebrate cat. With increasing
stimulus frequency (range 0.1-?_5.0 Hz) they observed' a large increase in
phase lag (Fig. 24a). Response gain was not determined. Differences in

3

phase behaviour' of these neurons compared to those of the present

9

experiment may be 7due to the fact t;hat they were located in different
vestibular nuclei.

As describe:l previously, Schor and MiPler“ (1982) and’ Schor et al.
.(1985) using roll tilt in decerebrate,4canal-pluggt;,d cats, observed two
patterns of response‘in unit:sl‘ 1ocateé1 in.DVN and Deiters’ (including"some
V-S units). In one group of neurons, there was a slight increase in
respcnse gain &i‘.‘th increasing' stimulus frequency (range 0.1-1.0 Hz), and a
relatively flat phase lead (Fig. 24b). ‘The second group of neurons
demonstrated a large increase in gain with increasin’g stimulus frequency,

4
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Bode plots for central vestibular neurons (from the
literature)., * ' '

A. Response phase of 8 MVN neuroms, studied during .
Horizontal linear acceleration in the decerebrate cat. Stimulus .
frequency r‘ang.e ,approximately 0.1-2.0 Hz: Parallel swing
rotation (open circles) producedna. rotating linear acceleration
vector vrather than angular movement of the platform (from
Melvill Jones and Milsum, 1969).

‘ B. Gain (upper graphs) and phase (lower graphs) of the ., s

responses of central vestibular neurons (solid 1lines),. and - Y

extensor muscles (triceps, dashed line; biventer, dotted lines)
studied in canal-plugged, decerebrate cats using roll tilt.
Note alpha (i) and beta (ii, iii)/ type units, with phase .

response of some beta units approximating that of extensor

muscles (ii). Exrror bars represent *1 S_.E. (from Schor and
Miller, 1982). .
C. Sensitivity of the" responses of ' two populations of

neurons located in Deiters’ nucleus (n=25) studied using rol'l
tilt in labyrinth-intact decerebrate cats. Nete that input from

\
the canals was not prevented in any way. Error bars represent

standard deviation (from Boyle and Pompeiéno, 1980).
D. Gain response of 4 neurons located in the region of
"Deiters’ mnucleus, studied in the alert monkey. X~ designates
peak firing associated with* Dbackward-directed 1linear
acceleration along the fore/aft plane (from Perachio, 1981).
E: Gain (upper graph) and phase (lower graph) of the ' ’

‘responses of 7 units (4 ripresented by dashed line, 3 by solid ’ P
7 line) located in and around Deiters’ nucleus in the alert cat ‘
. (from Xerri et al., 1987). ' |
{ . - ) . .
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from cells in and around Deiters’ nucleus in the alert monkey. A decrease«:
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with a progressive phase lag towards zero phase shift. Schor and Miller
described this second group'’'s response as "muscle-like". .The term "muscle-
like" derives from-the similarity of the response to that of the phase

behaviour of neck and forelimb extensor muscles to tilt (Schor and b@iller,

1982),

«

Boyle and Pompeiano ‘(1980), using sinusoidal tilt on decerebrai:e,
labyrinth-intact cats observed two different populat’:;lons of neurons located
vgithin Deiters’ nucleus (including V-S units). At a stinfulus frequeﬁcy
range of 0.008-0.325 Hz, a ﬁajority group of neurons exhibited a stable or
slightly *rec}\‘.\ced sensitivi'ty (Fig. 24c) and stable phase response. The
second group of neurons exhibited an increase in sensitivity (Fig. 24c)
with a phase response that was Jclosely related to the veloc;ity signal
during ?.ncreases in angular acceleration. As mnoted previously, however,
nput from the semicircm‘xlar canals was not excluded and probably influenced
the responses of the latter:group at thg hiéher stimulus frequencies.

Holrizontal linear acceleration was used by Perachio (1981) to record
in response gain (Fig 24d) and a relatively flat phase lag was robserved
with incYeasing s;:imulils frequency (range 0.2-1.2 Hz). A small number of
units were observed to have an increase in ghase lag with increasing
stimulus frequency, similar to the "muscle-like" units of Schor and Miller.
Whether these units projected to the spinal cord was not dete/rmined.

:\Xerri et al. (1987) used vertical linear acceleration to study cells
in and around Deiters' nucleus in the alert cat (Fig. 24e). ‘They also

observed a’ decrease in response gain and a relatively stable phase lead

with increasing stimulus frequency (range 0.05-0.75 Hz).
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As far as response gain 1is concerned, with the exception of the
resulés of Schor and Miller (1982), Schor et al. (1985), and a minogity of
units observed by Boyle and Pompeiano (1980), the resglts of the present
experiment are in general agreement with those just described: with
1ncre;sing fr /quency there is a reduction in response gain. Since the gain
attenuation af higher frequencies is not seen in primary otolith afferents
(Fernandez apél Goldberg, 1976¢c; Andérson et al.: 197"8‘; Goldbefg et al.,
1982), this reduction must occur centrally. Does 't:his gain attenuation
serve a useful purposé? Otolith-driven units that respond to the small,
‘low frequency stimuli encountered during postural sway may also have “to
respond to the large, high frequency accelerations experienced during
locomotion. Without this 1"eduction in gain the unit would saturate, thus
limiting its useful operating range. i .
‘ L »
'A;:cording to Schor and Miller (1982), centra'l‘vestibular' pegronsq K 4
exhibit two types of phase behaviour.: These include flat and "muscle-
like" responses. :Ihe flat pi'lase response obsekrved in the present

experiment appears to be similar to that described by Boyle and Pompeiano

(1980), Perachio (1981), Schor and Miller (1982), Schor et al. (1985) and

Xer?i et al. (1987). "Muscle-like" responses have been obse;rved by Melvill
Jones and Milsum (1969),m-Boy1e and Pompeiano (1980), Schor and Miller
(1982), Schor et al. (1985), and in small num:Ders by Perachio (1981). It
should be noted that the flat pha;e response seen in some vestibular nucle
neurons 1is similar to the phase behaviour of otolith primary afferents
(Fernandez and Goldberg, 1976c¢; Anderson et al., 1978). These results/tend

Y
to indicate that one class of neurons may act as simple relays of otolith
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affer;nt activity, while a secolnd class may be invo‘lved with information
processing (Wilson and Melvill Jones, 1979; Schor et al., 1985).

In the present experiment, one unit was observed to have a phase shift
of approximately 180° throughout the entire stimulus frequency range. This
unit was one of two excit;d by contralateral side down tilt, and also
exhibited one of the lowest respomnse gain and VAF yalues of all wunits
studied. Schor na;d Miller (1982) also observed a small number of units
exhibiting a flat phase shifted approximately 180°, which they categorized
‘ag, "beta" units, indicating they responded to contralateral side down tilt,
The sensitivity of these "beta" units was not significantly different from
tl}at of "alpha" units. It is possible that the low gain and VAF values of
the former unit were a consequence of the unit being driven from the

contralateral labyrinth through the deep reticular pathways (Shimazu and

Smith, 1971; Precht, 1974).

D. M"Utricular" wversus "Saccular" Units

The directional‘ sensitivity of the maculae can b;a attributed to their
orientation within the membranous labyrinth and the direction of
polariz:ation of the sensory hairs (see Fig. 2b). Thus the utricular macula
will respond most readily to a linear acceieration stimulus projected along
the X/Y plane, and the saccular macula will respond primarily to vertical
(Z axis) linear acceleration. It shogld be._noted, however, that a fore/aft
(X axis) 1inear acceleration stimulus may a1150 stimulate some saccular

macula sensory hair cells (Perachio, 1981). Nevertheless, cells responding

most strongly along the X or Y axis have been teﬁmed "utricular”, and those

AN

LN

responding along the Z axis have been called "saccular",
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ic sensitivity. Thus both maculae

gravitational and inertial forces
(Goldberg and Fernandez, 1984), since th adaptation of dyng.mic units would
allow for the separation of gravitational .inputs from other transient
linear accelerations (Mayne, 1974).

Sensitivity to linear acceleration of) units in both populations

appeared” similar,‘ with a threshold of approximately 0.004 ‘g’. This

) threshold is similar to that observed by Melv‘ill Jones “and Dauntom (1973)

in unidentified central vestibular neurons, where the thresl:;old of the most
sensitive unit studied was 0.002 ‘g’. ,

As mentioned previously, t.he mean bias (resting firing rate) of units
studied in the- present experiment was within the range described in the
literature. In agreement with the observations’ of ‘Daunton and Melvill
Jones S1982), there was mno significant difference in the bias of cells

which were most respomsive in either the X, Y, or Z axes, nor between units

responding in the +Z and -Z directions. This suggests some form of

' compensation correcting for the constant effects of gravity on the otolith

]
organs (Daunton and Melvill Jones, 1982), especially on the saccule.

There did not appear to be any significant difference in the gain and
phase .responsesrof utricular versus saccular units. Though the number of
units studied in the present experiment was small, this too is in general
agreement with the observations of Daunton and Melvi(‘ll Jones (1982),

Anderson et al. (1977) studied extensor muscle EMG response to .sinusoidal

linear acceleration in the decerebrate cat. In this study the authors also

A
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concluded that the dynamic behaviour of utx:i.cular and saccular receptors
was the same, N

Studies on the response behaviour of utricular and saccular afferents
in the cat (as“_ opposed to central vestibular units) have provided some
conflicting results. Tomko et al, (1981), using static tilt and roll tilt -
in the bar?iturate anaesthetized decerebellated cat, 3bserved that saccular
afferents possesséd a lower resting firing rate and 1lower response
sensitivity _than utricular afferents. Using a similar ;;rocedure, Anderson
et al. (1978) a];so noted a lower sensitivityl in sacculiar afferents.a
I:Iowe;r;ar, the latter authors noted no significant differencew in the resting
firing rate. This is in agfeé;ent vith Fernandez and Goldberg (1976a) who,
using static t';ilt and long-duration centrifugal force in the anaesthetized,

partially decereb'ellatg,. monkey, observed a lower sensitivity in saccular

afferents but no difference in the resting discharge. , -
H

. >

The different results of the latter studies may be due ° to the %
different experimental procedures used, or they may reflect an actual
difference in the dynamic behaviour of otolith afferents versus higher

order neurons.

E. Comparison to Previously Collected Data

During development of the current‘experiment, the dynamic responses of
12 units receiving otolith input were studied by D. Watt and\A. Budning.
These units were presumed to be located wit‘hin Deiters’ nucleus although
this was not confirmed histologi:cally. As with the’present results, the
response gains of these .12 ‘units were correctt;d ’for actual FPV direction

(see RESULTS, section 4C(iii)). Comparison of this previously collected

data with that of the present experiment revealed some similarities.
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0f the 12 units studied, 4 responded maximally to linear osc_illation

in the X axis (including 1 ¥-S unit), 3 in the Y axis, and 5 in the Z axis

(ircluding another V-S unit). There was no significant difference in the

bias of units responding maximally in any of these axes, nor between units

responding maximally in the +Z or -Z directions. While the mean bias of

these unit; was approximately 15 AP/sec, this was mnot significantly

different from the bias 'of units studied in the present experiment (t-test
for two means, P > 0.05). -

Threshold, which was determined for only 4/12 .units (incluaing 1 v-8
unit), fell between 0.004-0.0161 ‘g’. This is~ within the ran"geu of
thresholds described in the literature (Wilson and Melvill Jones, 1979),~
and close to the values measured in the present experitgent.

The distribution' of FPVs appeared broadly distributed when projected
onto any of the 3 planes (Fig. 25). Compariné these plots with those of
the present experiment (see Fig. 19) and those of Melvill Jones and Daunton
(1973) lends support to the notion that the o*i:olitljxﬁ'on each sride of the
skull contain responses representing all dir‘et;tions of linear acceleration
of the head.

While there is com;:iderableo scatter in .the measurements of response
gain, there is a trend toward gain attenuation with increasing stimulus
frequency (Fig. 26a). No significant change in response phase was observed
with increasing stimulus frequency (Fig. 26b). Both of these results are
in agreement with the ‘present observations (see Fig. 23). As well, units

with large phase shifts generally had the lowest VAF values, and in some

instauces lower gain values.




Figure 25

Dist‘:ribution of thé polarization \(rectors of 12 presumed
Deiters’ nucleus units as projected -onto (clockwise from top)
the horizontal (X-Y), frontal (Z-Y), and mid-sagilttal (2-X)
planes. Spacing of tick marks is 10°. Arrows beside: cat heads
indicate direﬁtion of positize acceleration along that axis.
Di;ection of vector is that of maximum sensitivity of the cell,
and magnitude represents the response gain invthat direction on
that plane.gggadial marks indic;zg“gaﬁn calibration in terms of
Log (AP/sec/g). * , V}iS units (Watt and Budning, unpublished

data).'
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Figure 26 ‘ - .
Bode plots for 12 presumed Deiters’ nucleus units.
O  indicates unitc oscillated at only one f;equency (0.3
Hz). Das.hed lines signify V-S units.
A.‘ Response gain as a function of stimulus frequency.

%
Note trend” of gain attenuation with increasing stimulus

frequencies.

'

v B. Response phase (re acceleration) as a function of

a

stimulus frequency. No significant change in phase occurs with

Increasing stimulus frequency. Note large phase shifts,

¢

exhibited by a small number of units (Watt and Budning,

unpublished data). . .
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While the rrxumber of units tested in -'th%;:eyious st:u“dy was small, the
results ;'10 tend to confirm the present; observations. The combined resulkts'
support' the notion that the dynamie¢ behaviour of utricular and saccular
' units 1is similar, and that otoldth signals, both "processed" and

"unprocessed", can be relayed to spinal levels via/V-SGn,gurons.

3. Vestibular Contributions to Locomotor Control

-

’
£

Given the above results, how might otolith signals assist in locomotor

contro].? * As described by Stuart et al. (1973), an ot;lith-spinal reflex

4
\ v
may periodically reinforce stepping provided there is: 1) sufficient change

Sy

in linear acceleration during locomotion to activate the otoliths; and 2)
an appropriate time delay between..o‘to]:ith activdation and the onset of EMG
activity in the extensor mu;cleé. ‘

Az discussed previously, ;Jatt and Wetzel (1977) examined the linear
~ head movements of walking and trotting cats (frequency of ‘head oscillation

"approximately 2-'7 Hz). These authors found that vertical and fore/aft head

accelerations were several orders of magnitude larger than the thresholds

of ‘the otolith organs (see Fig. 7)'.““*-%;}the stimulus required to produce

these'otolith-spinal reflexes is present 4 rfng normal locomotion.

.

The present experixgénts demonstrate that in at least part of this
frequency range (dp :3\4.0 Hz), these 1linear accelerations will be

transduced and ;hét:'thisu information can be tfelayed to the spinal cord.

a

e With increasing stride frequency, the vertical head acceleration 1is known

¥, to increase substantially (Watt and Wetzel, 1977). This would result in a

a \ e

corresponding increase in otolith output. The -attenuation of response gain

o

‘ N ) .
observed at the higher stimulus frequencies in the pre

¢ "

sent experimen’ts maf
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% .
be useful in preventing saturation of the system as the acceleration

o
a

ampl:l:tude increases.
Rgsponses to step inputs of linear acceleration have been demonstrated
at the)level of the spinal cord and muscle (in cats: Watt, 1976, 198la;
babcons: Lacour et al., 1978; man: Melvill Jones and Watt, 1971b;
Greenwood and Hopkins, 1977). Modulation of spinal motoneuron excitability
has been observed immediately following the step change, as well as a fixed,
latency EMG burst occurring before a voluntary muscle response is possible.

0 .
The latency of t:hiﬁs burst in the cat is approximately 55 ms after onset of

the vétrtical acceleration stimulus (Watt, 1976). Stuart_ et al. (1973)
observed that in the waﬁ;ing cat, at least 59 ms elapses betweel'; the moment
there is a sharp change in vertical head accelez:ation and the subsequent
moment of contact of the. paw with the grc:md." This interval was generally
1ongeor in f;ster g;alits. Taken together, these results indicate that for
vesfibulospinal reflexes in the cat g‘t least , the time delay between end-
organ activation and the onset of EMG activity is~ compatible with the
timing constraints of stepping. ‘

The situation appears to be‘* similar in the case of humans. The
1atexicy of the response to a sudden change in vertical acceleration in
,gastrocpemius is approximately 74 ms (Melvill Jones and Watt, 1971b). 1In a
rhythmically hopping human (Melvill Jones and Watt, 19713),1 EMG activity

controlling landing on the ground begins approximately 75 ms after the

sudden transition into weightlessness which. occurs ‘as the feet leave the

ground.’ This timing is essentiélly unchanged when hopping under conditions '

“of reduced gravity (Backman and Watt, 1978), even though the time spent in

the air is greatly increased and the next landing is delayed.

AT e
)

v

S
. R
A e




STy

.

97
_Responses to sinusoidal linear acceleration have also been
demonstrated at the level of the spinal cord and muscle (in cat: Anderson
et al., 1977; Watt, 1981b; Lacour et al., 1987; in human: Melvill Jones
and Watt, 197la; Melvill Jones et al., 1973; Watt, 1977). In the
decerebrate cat, modulation of H-reflei‘amplit.:ude was observed during
vértical oscillation (Watt, ‘1981b). Maximum amplitude occurred at t;he
point of maximum‘ downward accelera}:iop, i.e. when ° g' force is minimal.
These signals would be timed so as to enhance the landing phase of activity
in hindlimb extensor m‘uscles,‘especi‘.ally during‘ walking or trotting (Stuart
et al., 1973).
H-reflex amplitudec®is als¢ modulated by vertical oscillation in human
subjects (Watt, 1977), with the lall‘:gest responses also occurring at the

point of maximum downward acceleration.  Given this timing, human otolith-

spinal reflexes could contribute to muscle activity controlling la@

‘ from each step.

These results indicate that otolith stimulation due to vertical linear

acceleration associated with locomotion could bring a functionally

effective influence to bear upon the extensor muscles of /the leg (Melvill

Jones et al,, 1973). An important‘ potential advantage of this V-S

contribution is the control of muscle contraction prior to contacdt with the

ground. N o
i ' T
While there is evidence that periodic vestibulospinal activity might

contribute to the neuromuscular organization of locomotor control (Wilson

[
and Melvill Jones, 1979), the process whereby the acceleration input is ¢

transformed into a motor output is complex and generally poorly understood.

Some areas still at .issue will be mentioned below.
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Head acceleratioq palttern has been shown to varyﬂ with gait frequency
in cats (Watt and Wetzel, 1977). During a slow walk head acceleration
follows a mnearly sinusoidal pattgm. At ' faster gaits (trotting,

-

galloping), however, head acceleration patterns resemble a series of steps

(Watt, personal commu;dcation). How this change in acceleration pattern
might affect control of limb movement is uncertain.

The phase relationship between head ’and hindlimb movement in
quadrupeds varies con;iderably withl gait frequency (Stuart et al., 1/973;
Watt and Wetzel, 1977y, This phase relationship is more constant in the
forelimbs of quadrupeds anc? in bipeds (Watt and Wetzel, 1977), but the
question remains as- to how hindlimb locomotor control may be influenced by
periodic acceleration input, if at all.

As mentioned previously, head.oscillation frequency during loeomotion
is twice the stride frequency (Watt and Wetzel, 1977). How then can a
vestibular reflex provide appropriate control of the gait cycle of ‘any
single 1limb? While the exact nature of the information sent from the
otolith organs to the.spinal cord J;-emains controversial, it has been
suggested that limb position signals could act as ‘a neural tx:a'nsmission
"switch" or “block™ until t;he limb is in its proper phase of locomotion
(Grillner, 1975). This w‘::lk‘observed by Forssberg et al. (1975) as aN
hindlimb reflex reversal in spinal cats that was dependent on the angle of
thd hip’' during locomotign (walfcing). It is 'not known, however, whether

joint or muscle afferents ¢ responsible for this "switch" or "block"

(Grillner, 1975).

hich would result from a sudden fall do not

¢

the fall himself (Greenwood and Hopkins,

Otolith-spinal reflexes

occur if a subject initiate
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1976), or if he chooses not to rnespond to the landing (duriné horizontal
falls; Tomi, 19§6). These results indicate that the contribution of these
reflexes to locomotor control may vary depending on whether the movement is
self-generated, or externally applied. Under normal circumstances when the
movement proceeds eiactly according to a central locomotor plém
(Grillner, 1975), they may not play a part, only coming into operation to
compensate for a disturbance in locomotor movements.

.Given these issues, then, it is appa;'ent that while much is known of
the input to the vestibular system and its final motor output, "the

pt}};siolqgical basis of the, sensorimotor transformation and its.interaction

with other systems remains unclear. An understanding of the workings of

. ¢

the individual components of the locomotor system will be necessary before

the vestibular component of locomotor control can be fully understoed,

.

~
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