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Summary—A neuropharmacological study was undertaken in the cat to obtain further evidence
of the role of acetylcholine in vestibular function. It was shown that the vestibular nerve contains
about half or less the enzymatic activity of choline acetyltransferase. acetylcholinesterase, cholines-
terase and total cholinesterase than nucleus vestibularis lateralis (NV L),

Field potentials as well as discharge of single neurones of nucleus vestibularis lateralis (NVL)
were studied in locally anaesthetized. decamethonium immobilized ventilated cats before, during
and after vestibular nerve and reticular formation stimulation. Various cholinergic agonists and
antagonists and the adrenergic agonists L-DOPA and (4 )-amphetamine were then given intra-
venously to determine their effects. Three major evoked potentials to vestibular nerve stimulation
were recorded in NVL. These potentials were labelled N, N, and N5 on the basis of polarity and
latency. Although the N, and N; waves were not much affected. the N, wave was dramatically
enhanced by physostigmine and reduced by scopolamine.

About half of NVL neurones excited by vestibular nerve stimulation responded to muscarinic
cholinergic drugs. Nucleus vestibularis lateralis responses to reticular formation (RF) stimulation
were primarily nicotinic and were blocked by the nicotinic antagonist, mecamylamine, but not tri-
methadinium. Some neurones excited by RF stimulation were enhanced by L-DOPA or (+)-
amphetamine. The data indicate that cholinergic mechanisms are strongly involved in vestibular
function. Adrenergic mechanisms are also involved. but to a much lesser extent.

It is well known that anticholinergic drugs are useful antimotion remedies. Therefore,
it is pertinent to determine the role of cholinergic mechanisms in vestibular function. The
known histochemical localization of acetylcholinesterase (AChE) in cat nucleus vestibu-
laris i1s complex. Acetylcholinesterase levels are high in the superior and lateral nuclei, but
low in the medial and inferior portions (FRIEDE, 1966). In the nucleus vestibularis lateralis
(NVL) the cell bodies of Deiters’ giant neurones contain almost all of the AChE. SHUTE
and LEwis (1960) and Ross (1969a, b) have also shown AChE in the vestibular ganglion
of Scarpa. STEINER and WEBER (1964, 1965) and YAMAMOTO (1967) reported that NVL
neurones activated by vestibular stimulation were also excited by the iontophoretic appli-
cation of acetylcholine (ACh). Further neuropharmacological investigations on the cho-
linergic mechanisms in the vestibular system are obviously needed.

In this paper we describe our studies on the gross distribution of choline acetyltransfer-
ase (ChAc), AChE, cholinesterase (ChE) and total cholinesterase in the cat vestibular nerve
and nucleus vestibularis lateralis (NVL). In addition, spontaneous unitary discharges were
recorded in NVL neurones as well as field potentials to vestibular nerve stimulation before
and after various cholinergic agonists and antagonists.

METHODS

Neurochemical analvsis

Eight adult cats of either sex were used. After pentobarbital sodium (30 mg/kg i.v.), each
animal was placed in a stereotaxic instrument. In order to locate the NVL. a small elec-
trode was inserted into the right side of the nucleus and fixed to the cranium with dental
cement. The right vestibular nerve and brainstem were exposed under microscopic surgery
using a Zeiss microscope (X6-X40). The vestibular nerve including Scarpa’s ganglion and
NVL was dissected out for chemical assay. Choline acetyltransferase was assayed radio-
chemically using a modification of the method of ScHRIER and SCHUSTER (1967) and
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McCamaN and HUNT (1963). Total ChE. AChE and ChE were assayed radiochemically
using the method of Staka10s, FieserT and HesTekr (1969). Total protein was assaved by
the method of Lowry, RosEBROUGH. FARR and RaNDALL (1951),

Neuropharmacological studies

Thirty-nine normal adult cats of cither sex. weighing 25 40 kg were used. All surgery
wasperformed under dicthylether oxygenanaesthesia. The trachea. femoral artery and vein
were cannulated. A section. about ¥ mm diameter. of the mucous membrane of the middle
car cavity was removed through an approach via the right tympanic bulla. A small concen-
tric bipolar steel clectrode was inserted through the round window according to the
method of Fribricksox. Scitwarty and KORNHUBER (1966} Another clectrode was ster-
cotaxically inserted through the cerebellum into the reticular formation (RF). The record-
ing microclectrodes were gold tipped stainless steel and tngsten wires (Bot pri:av. Bierix
and Kavrman, 1968 Hoprre 19570 Narto. Personal communication). Their clectrical
resistance was between 0075 and 100 MQ. With reference o a stercotaxic brain atlas
(Sniper and Niemer. 1961). the recording electrode was inserted into the right vestibular
nucleus (Marstora. 1967, 1969). primarily NVL. The microclectrode was connected
through a cathode follower to a Grass P-3 amplifier and the potentials displayed on a Tek-
tronix dual beam oscilloscope. An amplitude discriminator was used o convert the action
potentials into a pulse of constant amplitude and duration (TMC. Madel 6035, 606). This
was fed into a CAT 400B computer and data printer (Model S00A) which vielded on-line
poststimulus time histograms of single unit activity.

In cach recording. 30 sweeps followig stimulation or spontiancous unit activity were
summated on the computer. All data displaved on the oscilloscope were photographed on
Kodak plus X film using a4 Grass recording camera. In some cases, the data from the com-
puter were also displayed on o dual beam oscilloscope and recorded on Polaroid film.

After all operative procedures were completed. the animal was focally unacsthetized at
all wound edges with (-3¢, lidocaine and then immobilized with decamethonium (1-0 mg
kg per hr v Artificial respiration was maintained immediately after injection of deca-
mcthonium. Body temperature was kept at 36 38 C by means of an automatc heating
pad (German Rupp Industry Inc.. Model K-1-3). Under these conditions. the mean + S.E.
values of pH. PO, and PCO, of arterial biood of 5 animals were as follows: pH
737 4+ 0005 PO, = 1050 + 57 mm Hg. and PCO, = 39-0 — 60:0mm Hg. These values
were almost the same as normal control animals. The arterial blood pressure was recorded
by means of a strain gauge from the femoral artery.

The right vestibular nerve and the RE were stimulated with a square wave pulse.
0-05 msec and O-1 msee in width, delivered from a Grass S-8 stimulator. The intensity of
stimuli ranged from 1:0 to 530 V. Single shock stimuli were usually used, but in some cases
pulse trains (30, 150 and 250 Hz. 40 msee train duration and O-1 msee pulse widthy were
applicd. At the end of cach experiment. a 225V dic. current wus applied to the microelee-
trode so that the site of recording could be confirmed histologically (sce Fig. 1),

RESULTS
Cholinergic neurochemistry of the cestibulur system

As shown in Table 1. the content of ChAc. AChE. Chl and totad Chl: was higher in
NVL than in the vestibular nerve including Scarpa’s ganglion.

Ficeld potentials in NVILto clectrical stimudation of the ipsilateral restibular neree

Field potentials evoked to vestibular nerve stimulation were classified as Ao &, and
Ny waves. These potentials were almost the same as the PN, and N - waves of SHIMAZL
and PrRecuT (1965). The N wave was a small negative and sometimes positive potential.
The N, wave was a large sharp negative potential and the N wave was a wide negative
potential. The means + S of the latency on these three waves for seven animals were
Ny =050 4 003, N. == 109 = 003 and N, = 243 + 021 msee. These values were
almost the same as those obtained by Stvaze and Pricnr (1963). When the microelee-
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Table 1. Cholinergic neurochemistry of the cat vestibular axon and nucleus vestibularis lateralis

Assay i Axon " Nucleus
ChAc 6 278 + 0:77 6 430 + 063
AChL 2 78-50 + 4351 7 17194 = 2713
ChE 3 7567 + 4676 7 28020 = 37:04
Total ChE 4 26290 4+ 149-10 7 93940 = 14220
Protein 4 075 + 013 7 (F¥5 + 009

ChAc is expressed as mean gmol ACh:g per hr + SE.
AChE was measured using '*C-labelled methacholine. ChE using ['*CJ-butyrylcholine and total Chl: using
['"*C]-ACh as substrates and expressed as mean gmol’g per hr. Protein is expressed as mg, ml of 19, homogenate.

Stim N, N. N
The P

Y

Fig. 1. Evoked potential responses of nucleus vestibularis tateralis to ipsilateral vestibular nerve
stimulation. Tr. Pyr.: tractus pyramidalis; Tr. sp. T.: tractus spinalis n. trigemini. Evoked potentials
at varying depths in NVL are illustrated. Note that following the stimulus artifact. prominent V.

-

N.and V3 waves are recorded at positions 3-7 in this nucleus. Note that the evoked potential
of N, wave has two peaks at position 6.

trode was inserted into NVL. a characteristic field potential was evoked by single shocks
to the vestibular nerve. The typical response was always elicited in the middle portion of
NVL. The N, wave sometimes had two or three peaks. This indicates that there are differ-
ent conducting axons in the peripheral vestibular nerve. The alterations in the N, and N,
waves during different placements of the microelectrode from a dorsal to a ventral trajec-
tory are shown in Figure 1. The potentials are helpful for locating single neuronal re-
sponses to specific portions of NVL. The mean amplitudes + S.E. of these waves in seven
animals are as follows: Ny = 967 + 107. N, = 1763 + 145 and N, = 1234 + 175V,
as illustrated in the bar graph in Figure 2.

Effects of cholinergic agonists

Two minutes after administration of nicotine (25 ug/kg i.v.). the mean amplitude of the
N wave was not significantly reduced (P > 0:05) to 73-5 + 10-5 ;V. The mean amplitude
of the N, wave was significantly reduced to 101:2 + 361 iV (P < 0-01) while the ampli-
tude of the N5 wave did not change (P > 0-05). Five minutes after administration of phy-
sostigmine (25 pg/kg i.v.), the mean amplitude of the N, wave increased to 3150 + 29-8 uV
(P < 0-001). However. the N, and N; waves did not change (Fig. 2). The accumulative
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Fig. 2. Effects of various cholinergic drugs on the amplitude of evoked nucleus vestibularis lateralis

potentials clicited with single shocks to the ipsilateral vestibular nerve. Each bar height represents

the mean amplitude of a specific wave as designated. Note the dramatic effects of physostigmine

in facilitating the N, wave as well as scopolamine in reducing it. This wave was reduced following

nicotine. All responses were measured S min after drug administration except after nicotine, which
wis measured 2 min after injection. * = P < 0-05;*%* = P < 0-01; *** = P < 0-001.

dose response curve of physostigmine is shown in Figure 3. The N; wave was not signifi-
cantly increased with intravenous doses of 25 and 50 ug/kg. The N, wave was remarkably
enhanced even in small doses (5 ug/kg 1.v.). The N; wave did not change at all. The optimal
intravenous dose of physostigmine which facilitated the N, wave was 25 pg/kg. Larger
doses caused 4 slight reduction.

Effects of cholinergic antagonists

As described above, the amplitude of the N, wave was enhanced by physostigmine in
intravenous doses of 25 pg/kg. This enhancement was reduced by scopolamine (0-5 mg/kg
1.v.). In this dose, scopolamine did not reduce the N, and N; waves. The effects of cumula-
tive doses of scopolamine are shown in Figure 3. The N, wave was also reduced by large
doses of scopolamine. In contrast. the N, wave was markedly reduced, even with small
doses of scopolamine (0-25 mg/kg i.v.).

2 ;Q’— Application of Physostigmine 270 Apphcotion of Scopolomine

Ny wove

N, wove

ol IR s ol
3 300 Nz wave
[*%)
s
+1
o
3 2001
a
€
=] w3k kw kR Rk k¥ wok
<
3 ok
2 o
2000 200r
N3 wave Ny wave
T
N0k 100}

W
} |
ol

Yool 35 10 15 20 25 50 Coniol 0125025 GO K00 200 400 800
LQIkG mg/ kg &

Fig. 3. Accumulative dose effect curves of the action of physostigmine and scopolamine on nucleus

vestibularis lateralis field potentials. Drugs were administered intravenously in an accumulative

dose fashion every 5 min. Note the dramatic effects of physostigmine and scopolamine on the N,

wave in particular. Very large doses of scopolamine depress the N potential, suggesting a possible
presyvnaptic influence. Probability as in Figure 2.
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Fig. 4. Modification of the mean firing rate of nucleus vestibularis lateralis ncurones following
various cholinergic drugs. Note that scopolamine and nicotine tended to produce a bimodal distri-
bution of neuronal firing.

Spontaneous unitary responses of NVL

The spontaneous unitary discharges from NVL were recorded mainly as biphasic but
sometimes as monophasic spikes. The majority of units in NVL were 0-5-1-5mV in ampli-
tude which discharged at a rate of 0-1-80 Hz. The mean + S.E. firing rate of 62 units was
19-3 + 2-5/sec, as illustrated in the bar graph in Figure 4. This value is slightly lower than
in other studies (MATSUOKA, 1967, 1969). Nicotine (25 pg/kg i.v.) and scopolamine (0-5 mg/
kg 1.v.) caused slightly greater spontaneous discharge rates. Physostigmine (25 ug/kg i.v.)
did not change the distribution of spontancous discharge.

Response of NVL neurones to vestibular nerve stimulation

Trains of stimuli of 40 msec duration, (-05-0:1 msec pulses at 50, 150 and 250 Hz were
applied to the ipsilateral vestibular nerve. Optimal responses in NVL units were obtained
at 250 Hz. This frequency also produced excellent unit responses to RF stimulation.
Thirty-eight neurones were studied which responded to ipsilateral vestibular nerve stimu-
lation. Twenty-two NVL ncurones excited by vestibular nerve stimulation were further
stimulated by physostigmine (25 pug/kg i.v.). The cxcitant effects of physostigmine were
antagonized by scopolamine (0-5 mg/kg 1.v.). as shown in Figure 5. The discharge rate of

Control Physostigmine Scopolamine
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—

i

-

1 1 5 msec

Fig. 5. Effects of physostigmine and scopolamine on unit discharge of nucleus vestibularis lateralis

neuroncs. The ipsilateral vestibular nerve was stimulated with single shocks of 0-05 msec duration

and 2-5 V. Negativity is upward. Time base and voltage calibration are as illustrated. Note that
physostigmine tends to facilitate single unit discharge while scopolamine depressed it.
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Fig. 6. Post-stimulus time histogram of responses of single nucleus vestibularis lateralis neurones

to ipsilateral vestibular nerve stimulation before and after physostigmine. Note the enhanced effects

following physostigmine in an intravenous dose of 25 ug/kg. The vestibular nerve was stimulated

with a 40 msec train of stimuli 0-1 msec pulses, 30 V. 250 Hz. Each ordinate represents 10 msec
and is the mean of 30 stimuli.

these neurones was not changed by nicotine (25 pg/kg i.v.). The discharge rate of five NVL
neurones excited by vestibular nerve stimulation was depressed by physostigmine and
enhanced by scopolamine. Four of these units were not affected by nicotine. Twenty-seven
neurones excited by vestibular nerve stimulation did not change their rate of discharge
following nicotine. Three neurones excited by vestibular nerve stimulation but not
enhanced by physostigmine showed enhanced discharges following (+ )-amphetamine in
intravenous doses of 0-5 mg/kg. Two NVL units excited by physostigmine were unaffected
by L-DOPA (10 mg/kg i.v.). Only three neurones inhibited by vestibular nerve stimulation
were stimulated by nicotine (25 ug/kg i.v.). The effects of nicotine were completely anta-
gonized by 2:0 mg/kg mecamylamine given intravenously (sce Table 2). In view of the fact
that nicotine caused a reduction of the N, potential, these three NVL neurones might be
inhibitory. Trains of stimuli to the vestibular nerve were always more effective than single
shocks. Normally short trains of stimuli produced effects lasting about 200 msec. After
physostigmine. these effects were markedly prolonged (about 500-600 msec), as illustrated
in Figure 6.

Table 2. Nucleus vestibularis lateralis unit responses to vestibular nerve stimulation
Control
response Numbet
ta vestibular Physostigmine  Scopolamine  Nicotine Mcecamylamine  Trimethidinium — 1L-DOPA (+)-Amphetamine I
stimulation 25 pgrkg 05 mgrkg 25 g ke 20 mg'kg 10 mg kg 10-0 mg ke 0-5 mg kg units
tnhanced Depressed  No change N
Depressed Enhanced 1
Depressed Enhanced  No change 4
Fxeited No change No change tahanced 3
No vhange I nhanced i
No change No chinge 2
Fnhunced No change >
No change Fnhanced Y
luhibited FEnhanced Depressed
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Fig. 7. Modification of nucleus vestibularis lateralis neurone discharge o reticular stimulation by
nicotine and mecamylamine. Note that nicotine caused o marked facilitating cffect in both the
spontaneous and evoked rates of unit discharge. These effects were diminished by mecamylamine.
Neuronal firing to trains of stimuli to the reticular formation. however. were not greatly atlected.
Stimulus parameters as in Figure 6.

Responses of NVL neurones to RF stimulation

Thirty-seven NVL necuroncs were studied before and after RF stimulation. The re-
sponses to single RF shocks usually lasted about 10- 50 msec. Nucleus vestibularis lateralis
unit responses to a train of stimuli were always greater and more prolonged than with
single stimuli. Sixteen neurones excited by RF stimulation were even further stimulated
following physostigmine (25 pg/kg i.v.). Scopolamine (0-5 mg/kg i.v.) did not depress the
effects of reticular stimulation. Thirteen units excited by reticular stimulation were further
stimulated by 25 pg/kg nicotine. Of these. cight were depressed by physostigmine and five
were stimulated by scopolamine. Three were not affected by scopolamine but were
enhanced by L-DOPA and/or (+ )-amphetamine (sce Figure 7 and Table 3). Twenty-five
neurones excited by RF stimulation were further stimulated by nicotine. Six of these were
depressed by mecamylamine (2:0 mg/kg i.v.) (see Fig. 8). However. in another six units the
cffects of nicotine were not altered by pretreatment with trimethidinium (1-0 mg/kg i.v.).
Only one NVL ncurone did not respond to cither RF stimulation or the intravenous
administration of cholinergic agonists.

Table 3. Nucleus vestibularis lateralis unit responses to RF stimulation

Control

TeSpONSC Number

to RF Physostigmine  Scopolimine  Nicotine Mecamylamine  Trimcethidinium 1-DOPA {4 )-Amphctamine of

stimulation 25 pg-kg (-5 mg ke 25 g kg 20mg ke Omyg ke o mg kg O-S mg kg units

Fnhanced No change 'nhanced 13

I'nhanced No chanyge No change 3

Depressed I'nhanced tnhanced 3

Excited Depressed No change Fihaneed Enhanced 3

Fnhanced Fohanced 6

Enhanced No change 6

No change No chuange No change |

NP Vol 14 Noo 3D
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Fig. 8. Post-stimulus histogram of responses of single nucleus vestibularis Faterals neurones to the

administration of L-DOPA and (+ lamphetamine. The etfects were recorded approsimatels S min

alter administration of 10 mg/kg 1-DOPA and 1 mg kg (+ )}amphetamine, intravenously. Note

that 1.-DOPA and (+)-amphetamine markedly enhanced unit discharge following single reticular
stimuli given at the arrows.

DISCUSSTON

MickLE and ADES (1954) recorded cvoked responses in NVL to ipsilateral vestibula
nerve stimulation. These potentials consisted of irregular waves of 1-0 1253 msee latency.
Subsequently. GERNANDT, IRANYI and LivINGSTON (1959) reported similar evoked re-
sponses with a latency of less than 1-0 msec. More recently. Precir and Stivazt (19605):
SHiIMAZU and PrRECHT (1965, 1966) have used microclectrode techniques for recording field
potentials elicited by ipsilateral vestibulur nerve stimulation. They deseribed an initial
positive to negative P wave, a large sharp negative N wave and a delayed negative N,
wave. The P wave had a latency of 0-66 msee and was interpreted as indicating the arrival
of the afferent presynaptic impulse. The N, wave with a latency of 106 msee and
duration of 1-0 msec was attributed to monosynaptically evoked spikes of vestibular neur-
ones. The N, wave which had a latency of 2-4 msee was attributed to polysynaptically
evoked spikes. The P, N . and N, waves of Stitvazoe and Precnr correspond to our N
N,.and Ny waves. In our data the V| wave was most often a small negative potential
{hence N)with a mean latency + S.E.of 0-50 + 0-03 msee. The N, wave was a sharp. large
negative potential with a mean latency + S.Eof 1109 + 003 msee. The Vy wave was a
broad negative wave with & mean latency + S.E.of 241 + 021 msee. These values are
almost the same as those of SHIMAZU and Pricut. The N and Ny waves were not altered
by either cholinergic agonists or antagonists except that a lurge dose of 40 mg, kg of scopo-
lamine reduced the N, wave. The N, wave attributed to monosynaptically evoked units
was dramatically enhanced by physostigmine and antagonized by scopolamine,

SteiNEr and WEBER (1964, 1963) have reported that two-thirds of Deiters’ neurones are
facilitated by the iontophoretic application of ACh. SALMOIRAGHT and STITANIS (1903
have also reported that Deiters’ neurones are consistently fuctlitated by both ACh and nor-
epinephrine (NE). YAMAMOTO (1967} has also reported that NVIL neurones are excited by
iontophoretically applicd ACh and NE and depressed by atropine. His data on ACh and
atropine agree with our data. 1.e. NVL nearones excited by vestibular nerve stimulation
were further facilitated by physostigmine and depressed by scopolamine. but were not
stimulated by nicotine. Nucleus vestibularis Tateralis neurones excited by RE stimulation
were enhanced in their response by nmicotine and blocked by the central and peripheratiy
acting nicotinic cholinergic antagonist. mecamylamine. Pretreatment with the peripheralhy
acting nicotinic cholinergic antagonist. trimethidinium. had no cffect on the nicotine re-
sponse. suggesting & central action of nicotine,
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The latency of onset with iontophoretic application of NE to NVL cells takes as long
as 60 sec or more (YAMAMOTO, 1967). One would expect a much shorter latency for a
chemical transmitter. These findings suggest that NVL neuronal responses to direct appli-
cation of NE involves slower, perhaps indirect, mechanisms. It should be noted that none
of the vestibular nuclei contain many catecholamines (DAHLSTROM and Fuxg, 1964a, b,
1965 Fi:x. FUXE and LENNERSTRAND, 1965; FUXE, 1965).

FELDBERG and VOGT (1948) measured the rate of ACh synthesis in the isolated vestibular
nerve and nucleus. The rate of ACh synthesis in the vestibular nucleus was higher than
in its peripheral nerve (70 ug/g versus 49 ug/g). Our own values of 4-30 versus 2:78 umol/g
per hr for ChAc activity are thus qualitatively similar. The distribution of AChE using the
histochemical technique of KOELLE (1951) has been described in the vestibular nerve, gang-
lion of Scarpa. and cells of the vestibular nuclei (LEw1s and SHUTE, 1967; OseEN and ROTH,
1969: SHUTE and LEwis, 1960). Again our data (Table 1) is in basic agreement. In general,
NVL contains more of these enzymes than the vestibular nerve, whether expressed per
gram of wet tissue or per gram of protein per millilitre of homogenate.

The amplitude of the NVL presynaptic potential due to vestibular stimulation did not
change following physostigmine and scopolamine. It appears that the vestibular nerve is
not cholinergic, although it does contain some cholinergic enzymes. According to our
pharmacological data. the primary vestibular afferent cannot be cholinergic. The relatively
low content of AChE in the vestibular nerve might be explained by the data of Ross
(1969a. b} who observed that the AChE of the vestibular nerve is not in the vestibular pri-
mary afferent, but in an autonomic nervous system neurone in Scarpa’s ganglion. The
major criticism of the present research is that the changes induced by the drugs studied
may be reflex in origin and not directly on the vestibular nucleus. Further studies involving
the direct application of these agents to NVL neurones is clearly indicated.
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