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Abstract. The inferior olive (IO) appears to be organized 
functionally in discrete subnuclei that receive transmit- 
ter-specific inputs. In particular, the IO receives a 
GABAergic input that is most densely concentrated in 
the 13-nucleus. In this experiment, we examined the func- 
tional specificity of neurons in the 13-nucleus of the IO of 
rabbits by recording their activity during natural vestibu- 
lar and optokinetic stimulation. Rabbits were anes- 
thetized and positioned in a triaxial servo- controlled 
rate table with the head fixed at the center of rotation. 
Contour-rich visual stimuli were rear-projected onto a 70 
deg tangent screen and moved at constant velocities. 
Recording sites in the 13-nucleus were verified by subse- 
quent histological analysis of marking microlesions. 
Neurons in the [3-nucleus responded to roll vestibular 
stimulation about the longitudinal axis. These neurons 
were excited when the rabbit was rolled onto the side 
which was contralateral to the recording site, and inhibit- 
ed when the rabbit was rolled ipsilaterally. Thirty-eight 
of the 75 13-nucleus neurons that were responsive to roll 
vestibular stimulation also responded to static tilt, indi- 
cating an otolithic as well as a vertical semicircular canal 
origin of the vestibular input. The modulated activity of 
none of the neurons could be attributed to stimulation of 
the horizontal semicircular canals. All the recorded neu- 
rons were found in a region of the 13-nucleus that was 
retrogradely labeled following HRP injections into the 
cerebellar nodulus. Using a "null point" technique, we 
found that there was a differential projection of informa- 
tion from the anterior and posterior semicircular canals 
onto to the [3-nucleus. Stimulation of the ipsilateral ante- 
rior-contralateral posterior semicircular canals modu- 
lates activity of the neurons in the caudal 500 gm of the 
p-nucleus. Stimulation of the ipsilateral posterior-con- 
tralateral anterior semicircular canals modulates activity 
of neurons located more rostrally. 13-nucleus neurons and 
the olivocerebellar circuits in which they participate may 
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constitute an important pathway for the control and 
adaptive modification of postural reflexes. 
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Introduction 

The inferior olivary (IO) complex, the exclusive source of 
climbing fibers to the cerebellum, receives inputs from at 
least three sensory systems; visual (Maekawa and Simp- 
son 1973; Alley et al. 1975; Frankfurter et al. 1976; Weber 
et al. 1978; Maekawa and Takeda 1979; Takeda and 
Maekawa 1980; Saint-Cyr and Courville 1982; Kawamu- 
ra and Onodera 1984; Leonard et al. 1988; Kyuhou and 
Matsuzaki 1991), vestibular (Walberg 1974; Saint-Cyr 
and Courville 1979) and somatosensory (Martin et al. 
1975; Berkley and Hand 1978a; Berkley and Hand 
1978b; Gellman et al. 1983; Huerta et al. 1985; Molinari 
et al. 1991). These inputs appear to terminate in very 
specific regions of the IO that are topographically re- 
stricted. For example, the dorsal cap of the IO is innervat- 
ed by one class of visual input that originates from the 
ipsilateral accessory optic system as well as the ipsilateral 
nucleus of the optic tract. Neurons in the dorsal cap of 
Kooy (Kooy 1916) have been characterized physiologi- 
cally as directionally-selective and velocity-sensitive to 
large field, contour-rich optokinetic stimulation 
(Maekawa and Simpson 1973; Alley et al. 1975; 
Maekawa and Takeda 1979; Takeda and Maekawa 1980; 
Kawamura and Onodera 1984; Leonard et al. 1988). 
These optokinetically driven neurons appear to be orga- 
nized in a visual coordinate system that is approximately 
congruent with the axes of rotation of the semicircular 
canals. Neurons responding to optokinetic stimulation in 
the horizontal plane appear to be located in the caudal 
half of the dorsal cap (Fig. 1). Neurons responding to 
optokinetic stimulation in the planes of the vertical semi- 
circular canals are located more rostrally, closer to the 
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Fig. 1, Illustration of the rostro-caudal extent of the [3-nucleus, 
dorsal cap and medial accessory olive in the rabbit. The caudal half 
of the TO is illustrated. The [3-nucleus is indicated by smaller stip- 
pling. The dorsal cap is identified by larger stippling. [3, [3-nucleus; 
Cun N, cuneate nucleus; DAO, MAO, dorsal and medial accessory 

olive; dc, dorsal cap of Kooy; LRN, lateral reticular nucleus; PT, 
pyramidal tract; Sp Tr V, spinal trigeminal nucleus; vlo, ventral 
lateral outgrowth; X, dorsal motor nucleus of the vagus nerve; XII, 
hypoglossal nucleus 

ventrolateral outgrowth (Leonard et al. 1988). A second 
visually related input to the IO, less well characterized 
physiologically, originates from the contralateral superi- 
or colliculus and terminates within the caudal third of the 
medial accessory olive just ventral to the [3-nucleus 
(Frankfurter et al. 1976; Weber et al. 1978; Saint-Cyr and 
Courville 1982; Kyuhou and Matsuzaki 1991). 

A third pathway that may carry visual, vestibular or 
eye movement related information to the dorsal cap orig- 
inates primarily from the contralateral nucleus preposi- 
tus hypoglossi (NPH) (Gerrits et al. 1985; McCrea and 
Baker 1985; Barmack et al. 1993b; De Zeeuw et al. 1993). 
Recently, it has been shown that the NPH projection to 
the dorsal cap of the rabbit is primarily contralateral and 
that it is, at least in part, GABAergic (De Zeeuw et al. 
1993). In the rat, the projection to the dorsal cap from the 
NPH is primarily, but not exclusively, cholinergic (Bar- 
mack et al. 1993b). 

Vestibular inputs to the IO arise from the medial and 
descending vestibular nuclei (MVN, DVN). These 
vestibular pathways terminate within the ipsilateral [3- 
nucleus (Walberg 1974; Saint-Cyr and Courville 1979) 
and in both the ipsilateral and contralateral dorsal medi- 
al cell column (Saint-Cyr and Courville 1979). Immuno- 

histochemical investigations have demonstrated that the 
vestibular input to the [~-nucleus is GABAergic (Nelson 
et al. 1986; Nelson et al. 1989; Fredette and Mugnaini 
1991). 

A previous attempt to determine the characteristics of 
vestibularly driven simple spikes (SSs) and climbing fiber 
responses (CFRs) at the level of the cerebellar Purkinje 
cells located in the uvula-nodulus ended with the conclu- 
sion that natural modulation of both types of responses 
occurs during sinusoidal stimulation in the horizontal 
plane (Precht et al. 1976). However, the CFRs evoked in 
Purkinje cells had relatively high thresholds and low sen- 
sitivities to horizontal angular acceleration. Similarly, 
another experiment in which the activity of inferior oli- 
vary neurons was evoked by sinusoidal, horizontal angu- 
lar acceleration reported that roughly 20% of the neu- 
rons studied were weakly driven by the vestibular stimu- 
lus (Robinson et al. 1988). In neither of these two experi- 
ments were axes of vestibular stimulation other than the 
vertical (yaw) axis tested. 

The present experiment was initiated with three aims: 
(1) to examine the vestibular-related activity of neurons 
located in the [3-nucleus, a region that is known to receive 
a GABAergic secondary afferent vestibular projection, 
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(2) to de te rmine  which c o m p o n e n t s  of  the pe r iphe ra l  
ves t ibu la r  a p p a r a t u s  con t r i bu t e  to ves t ibu la r ly  evoked  
o l iva ry  act ivi ty,  and  (3) to l ea rn  if there  is a sys temat ic  
p a r a m e t r i c  encod ing  of  ves t ibu la r  s t imu la t ion  by  o l ivary  
neurons .  

N e u r o n s  loca ted  in the [3-nucleus receive i n f o r m a t i o n  
f rom the ver t ical  semic i rcu la r  canals ,  as well as the  utr ic-  
u lar  otol i ths .  In  all instances,  the responses  of  neu rons  
r eco rded  in the  [3-nucleus were of  the "Type I I"  var ie ty ;  
an increase  in ac t iv i ty  was evoked  by  rol l  a b o u t  the  longi-  
tud ina l  axis on to  the con t r a l a t e r a l  side. The  po l a r i t y  of  
the ves t ibu la r ly  e v o k e d  responses  is cons is ten t  wi th  the 
idea  tha t  these responses  are  conveyed  to the [3-nucleus 
by  i m m u n o h i s t o c h e m i c a l l y  d e m o n s t r a t e d  G A B A e r g i c  
p a t h w a y  and  tha t  this  i npu t  is func t iona l ly  inh ib i to ry .  We 
could  find no  evidence for an  inpu t  to neu rons  of  the 
[3-nucleus m e d i a t e d  by  the ho r i zon t a l  semic i rcu la r  
canals.  F ina l ly ,  we have  d i scovered  a func t iona l  t o p o -  
g raph ic  p ro j ec t i on  of  the  ver t ical  semic i rcu la r  canals  on-  
to  ~3-nucleus neurons .  N e u r o n s  dr iven  f rom the ips i la te ra l  
a n t e r i o r - c o n t r a l a t e r a l  pos t e r i o r  semic i rcu la r  canals  a re  
loca ted  pos t e r io r ly  wi th in  the [3-nucleus. N e u r o n s  dr iven  
f rom the ips i la te ra l  p o s t e r i o r - c o n t r a l a t e r a l  an t e r io r  
semic i rcu la r  canals  are  represen ted  m o r e  ros t ra l ly .  

Optokinetic stimulation 

The rate table was located 55 cm from the center of a rear- projec- 
tion tangent screen which subtended 70 • 70 deg of visual angle. An 
optokinetic stimulus was rear-projected onto the screen by beaming 
the image of a random dot contour-rich pattern, projected by a 35 
mm slide projector, off three first surface mirrors, two of which were 
mounted orthogonally on EEG pen motors. Appropriate voltage 
ramps to the pen motors generated constant velocity movement of 
the projected image on the tangent screen in the horizontal and 
vertical axes. 

Microelectrode recording 

Tungsten microelectrodes or indium-filled glass pipettes were used 
to obtain extracellular single olivary neuron recordings. The elec- 
trode was advanced toward the ]g-nucleus after exposing the dorsal 
aspect of the brainstem, just rostral to the obex and caudal to the 
uvula-nodulus of the cerebellar vermis. Sometimes more than one 
neuron was recorded by the microelectrode. The signal from the 
microelectrode was amplified (bandwidth 0.1-101000 Hz). A win- 
dow discriminator was used to discriminate the action potential of 
a single neuron. The output of the window discriminator was con- 
nected to a DEC LSI 11/23 computer and the evoked activity was 
dlsplayed online as peristimulus histograms. At the completion of 
an electrode track, one or more electrolytic marking lesions (3-10 
gA) were made for 10 s at depths at which stimulus-driven olivary 
activity was found. 

Materials and methods 

Vestibular stimulation 

Adult pigmented rabbits weighing 1.0-1.4 kg were anesthetized 
with intramuscular injections of ketamine hydrochloride (50 mg/ 
kg), xylazine (6 mg/kg) and acepromazine maleate (1.2 mg/kg). The 
head of the rabbit was attached by implanted head bolts to a re- 
straining bar which held the head and a microdrive rigidly in the 
center of rotation of a three-axis vestibular rate table, with the plane 
of the horizontal semicircular canals maintained in the earth hori- 
zontal plane. The body of the rabbit was encased in foam rubber 
and fixed with elastic straps to a semicircular plastic tube aligned 
with the longitudinal axis. The rate table was sinusoidally oscillated 
about the vertical axis (yaw), about the longitudinal axis (roll) or 
about the interaural axis (pitch) (_+ 10 deg, 0.02~3.80 Hz). During 
vestibular stimulation the vision of the rabbit was always complete- 
ly occluded. 

In five experiments a "null technique" was used to determine the 
peripheral origin of vestibularly modulated activity in the ]3-nucle- 
us. While the rabbit was rotated about the longitudinal axis, the 
angle of its head about the vertical axis was changed systematically 
until a minimum in the vestibularly modulated neuronal activity 
was detected, a "null point." On either side of this null point the 
phase of the vestibularly modulated activity was shifted with respect 
to the sinusoidal vestibular forcing function by 180 deg. For each 
tested neuron, the null point characterized the orientation of a 
particular pair of vertical semicircular canals, i.e., left anterior-right 
posterior or right anterior-left posterior semicircular canals, as be- 
ing 90 deg from their optimal response planes. 

A "static roll" test was used to determine whett~er the discharge 
of a ]3-nucleus neuron was related to otolithic stimulation. In this 
test, the rabbit was tilted 5-10 deg about the longitudinal axis. After 
an ad, apt~tion period of 30 s, the average discharge frequency was 
measured for the next 30 s. The static roll test was then repeated in 
the opposite direction. A difference in average discharge frequency 
of more than 20% for roll stimuli of two different directions was 
taken as evidence of an otolithic sensitivity to the linear acceleration 
of gravity. 

HRP histochemistry 

In two adult pigmented rabbits, the pattern of projection of neurons 
of the [3-nucleus to the posterior cerebellum was studied using the 
retrograde transport of horseradish peroxidase (HRP).The rabbits 
were anesthetized with intramuscular injections of ketamine hy- 
drochloride (50 mg/kg), xylazine (6 mg/kg) and acepromazine 
maleate (1.2 mg/kg). Under aseptic surgical conditions, the caudal 
cerebellum was exposed and a 30% solution of HRP in 0.9% NaC1 
was pressure injected through a glass micropipette connected to a 1 
gl syringe (Hamilton). The micropipette was inserted through the 
dorsal uvula into the ventral aspect of the uvula and into the 
nodulus, at several medial-lateral locations. A total of 0.5-2.0 gl of 
HRP was pressure injected. Following 2-3 day postoperative sur- 
vival, the rabbits were deeply anesthetized with sodium pentobarbi- 
tal (60 mg/kg). They were subsequently perfused transcardially with 
0.9% NaC1, followed by a 1.0% paraformaldehyde and 1.25% glu- 
taraldehyde in 0.1 M PBS, pH 7.4, lasting 20-30 min. The fixation 
was terminated with a rinse of 0.1 M PBS, pH 7.4. The brains were 
removed and cryoprotected with 10%, 20% and 30% sucrose in 0.1 
M PBS, pH 7.4. The brainstem and cerebellum were cut into blocks, 
mounted onto cork with OCT compound, and frozen in isopentane 
cooled with liquid nitrogen. Frozen sections (30--40 lam) were cut 
and collected in cold 0.1 M PBS, pH 7.4. A DAB-stabilized, CoCI=- 
intensified, tetramethylbenzidine (TMB) reaction (Rye et al. 1984; 
Olucha et al. 1985) was used to demonstrate the presence of retro- 
gradely transported HRP as a granular black reaction product. 

Results 

Microelectrode recordings from single neurons in the 
[3-nucleus 

The  mic roe l ec t rode  record ings  f rom the [3-nucleus gave 
unexpec ted ly  un i fo rm results.  We reco rded  f rom a to ta l  
of  94 neu rons  tha t  were loca ted  wi thin  the 13-nucleus on 
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Fig. 2A,B. Vestibular-evoked responses for two 
[3-nucleus neurons are illustrated in response to 
two types of vestibular stimulation. The neuron 
in the left panels was responsive to static tilt. 
The neuron in the right panels was not respon- 
sive to static tilt. In A1, B1 the stimulus was a 
low frequency, 0.04 Hz, 20 deg, exponential 
"step" about the longitudinal axis (roll) with a 
time constant of 1.5 s. In A2, B2 the stimulus 
was a sinusoidal roll about the longitudinal 
axis: A2, 0.20 Hz, _10 deg, B2, 0.20 Hz, -I-6.5 
deg. Upward deflections of the stimulus traces 
indicated left side down. The cell in A1,2 re- 
sponded to left side down steps and responded 
in phase with left side down position, -80  deg 
with respect to velocity. The cell in BI,2 re- 
sponded transiently during steps onto the right 
side, and discharged with a phase of - 15 deg 
with respect with head velocity.The cell illustrat- 
ed in A was located in the right [3-nucleus and 
the cell in B was located in the left p-nucleus 

the basis of a direct marking lesion, or with respect to a 
known distance and depth of a recording track from a 
track in which a marking lesion was placed. Of this total, 
75 of the neurons responded to roll vestibular stimula- 
tion about  the longitudinal axis. The locations of 41 of 
these neurons within the [3-nucleus was confirmed direct- 
ly from marking lesions. Each of the neurons that re- 
sponded to vestibular stimulation was excited when the 
rabbit was rolled onto the side contralateral to the 
recording site, and inhibited when the rabbit was rolled 
onto the ipsilateral side. This invariant relationship is 
illustrated for two cells in Fig. 2 for both "exponential 
step" and sinusoidal vestibular stimuli. The neuron illus- 
trated in Fig. 2A was localized in the right [~-nucleus. It 
responded to a vestibular step onto the left side with a 
discharge that slowly adapted. When stimulated sinu- 
soidally about the longitudinal axis, this neuron fired in 
phase with the left side down position. The activity of this 
neuron was recorded during maintained steps, and by the 
criteria listed in Materials and methods had an otolithic 
component. By contrast, the neuron illustrated in Fig. 2B 
was localized in the left ~-nucleus and discharged only 
transiently during vestibular steps onto the right side. It 
discharged in phase with rightward velocity. 

The activity of another neuron isolated in the right 
J3-nucleus was tested at 0.02 Hz (Fig. 3B), 0.05 Hz (Fig. 
3C) and 0.2 Hz (Fig. 3D). The activity of this neuron was 
modulated by sinusoidal vestibular roll stimulation 
about the longitudinal axis. This neuron also responded 
to a static 5 deg roll onto the left side. We did not deter- 
mine a "null point" for this neuron, nor did we test its 
visual sensitivity. 

Comparison of stimulus specificity for t-nucleus neurons 
and dorsal cap neurons 

Figure 4 illustrates the responses of two neurons which 
were recorded on successive electrode penetrations 

through the left IO. Fig. 4A1-3 show the responses of a 
neuron located within the dorsal cap. It was excited by 
posterior--, anterior stimulation of the right eye and dis- 
facilitated by anterior -+ posterior stimulation. The cell 
evinced transient increases in discharge frequency when 
the constant velocity optokinetic stimulus changed direc- 
tions from anterior ~ posterior to posterior --, anterior 
with respect to the viewing eye. Conversely, the discharge 
frequency decreased transiently when the optokinetic 
stimulus changed direction from posterior--+anterior to 
the anterior--*posterior. The cell was unresponsive to 
posterior ~ anterior stimulation of the left eye. Horizon- 
tal vestibular stimulation (yaw) at 0.10 Hz failed to mod- 
ulate the activity of this neuron (Fig. 4A3). Roll vestibu- 
lar stimulation (not illustrated) was also ineffective in 
modulating the activity of this dorsal cap neuron. Fig. 
4B 1-3 illustrates the stimulus-related activity of a neuron 
located in the left J~-nucleus. The neuron was excited by 
vestibular roll stimulation onto the right side. The neu- 
ron responded in phase with rightward velocity. The ac- 
tivity of this neuron was not modulated by static tilt, nor 
was it modulated by horizontal vestibular stimulation 
(yaw). This ~-nucleus neuron was also unresponsive to 
vertical optokinetic stimulation of the left eye. The right 
eye was not tested. 

The phase of vestibularly-modulated discharge in 
t-nucleus neurons to head velocity 

Of the 75 neurons that were responsive to roll vestibular 
stimulation, 38 were at least partially responsive to static 
roll, indicating an otolithic vestibular input to the [3-nu- 
cleus. We measured the phase of the vestibularly evoked 
responses of neurons that were sensitive to static tilts, 
and compared the phases with a group of neurons that 
were not sensitive to static tilts. This comparison was 
made for all neurons in both groups for which phase 
measurements were made at a frequency of 0.1-0.2 Hz. 
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Fig. 3. A Four superimposed traces of the action potential of a 
]3-nucleus neuron. B Activity evoked in the same neuron by sinu- 
soidal vestibular stimulation about the longitudinal axis. The lower 
trace indicates the position of the head-body, rotated about the 
longitudinal axis. An upward deflection indicates right side up. The 
olivary neuron increased its activity when the rabbit was rotated 

20deg ~ 120 deg 

onto its left side. C, D Peristimulus time histograms of the activity 
evoked in the same olivary neuron at two different frequencies of 
stimulation, 0.05 and 0.20 Hz, about the longitudinal axis. Each bin 
corresponds to 2 deg. In C and D, the peristimulus histograms 

. consist of 40 cycles of vestibular stimulation 

The mean phase for the group of [3-nucleus neurons that 
responded to static tilt was - 7 4 + 2 0  deg (n=15) with 
respect to head velocity. The mean phase with respect to 
head velocity for the group of f3-nucleus neurons that did 
not respond to static tilt was -34__ 27 deg (n = 25). 

Distribution of vestibularly modulated neurons of the 
‚ 

We made a map of 23 neurons that were both vestibularly 
driven, which we were able to recover electrolytic mark- 
ing lesions, and for which we did not try to obtain infor- 
mation concerning the null point of vestibularly-evoked 
discharge. These neurons were located in the J3-nucleus 
and were distributed from its most caudal origin (Fig. 
5B6) to just caudal to the ventrolateral outgrowth (Fig. 
5B1). The location of these vestibularly responsive neu- 
rons was coextensive with the neurons in the 13-nucleus 
that were retrogradely labeled following an HRP injec- 
tion into the uvula-nodulus (Fig. 5). Other vestibularly 
driven neurons were found outside the [3-nucleus, along 
the midline as the microelectrode was advanced towards 
the [3-nucleus. These extra-olivary neurons will not be 
further considered in this report. 

Null point testing of neurons in the fl-nucleus 

In five rabbits, we recorded from 15 neurons that were 
localized to the ~-nucleus and for which we were able to 

obtain null point measurements. We varied the angle of 
the head of the rabbit about the vertical axis while rotat- 
ing the rabbit about the longitudinal axis (see Materials 
and methods). Null points were measured at stimulus 
frequencies of 0.2q3.4 Hz. 

Fig. 6A-D illustrates the application of these testing 
procedures to the analysis of the vestibularly evoked ac- 
tivity of two simultaneously recorded neurons in the 
right [3-nucleus. The activity of the neuron with the larger 
action potential was modulated by roll vestibular stimu- 
lation delivered about the longitudinal axis (Fig. 6A, F). 
Again, when the rabbit was rolled onto its right side the 
evoked-activity decreased, and when the rabbit was 
rolled onto its left side the activity increased. The longitu- 
dinal axis of the head was then rotated clockwise (viewed 
from above) until the vestibularly evoked activity was 
phase shifted by 180 deg with respect to the sinusoidal 
roll stimulus. This occurred when the head-body axis was 
rotated clockwise by 48 deg (Fig. 6B). The null point 
corresponded to 45 deg, the angle at which there was no 
clear relation of the activity of the olivary unit and the 
sinusoidal roll stimulus. This "null point" corresponded 
to the angle at which the planes of the right posterior-left 
anterior semicircular canals were' parallel to the longitu- 
dinal rotation axis. 

The activity of the two neurons illustrated in Fig. 6 
was also modulated by vestibular stimulation about the 
vertical axis (yaw) (Fig. 6C).However, this yaw-related 
activity could be attributed to an inappropriate align- 
ment of the head of the rabbit with respect to the vestibu- 
lar stimulus. When the horizontal vestibular stimulus 
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Fig. 4A-D. Comparison of the visual and vestibular responsiveness 
of a neuron located in the left caudal dorsal cap and a neuron 
located in the left 13-nucleus.The panels on the left illustrate the 
activity of a dorsal cap neuron. A1 Posterior---,anterior optokinetic 
stimulation (1.2 deg/s) of the right eye evoked an increase in activity 
of a neuron in the left dorsal cap. A2 Posterior~anterior stimula- 
tion of the ipsitateral (left) eye did not alter the neuronal activity. A3 
Horizontal vestibular stimulation at 0.1 Hz also did not alter the 
activity of the dorsal cap neuron. The right panels illustrate vestibu- 
lady evoked activity of a neuron located in the left caudal [3-nucle- 
us. B1 Vestibular stimulation at 0.1 Hz about the longitudinal axis 
modulated the activity of this left caudal [3-nucleus neuron. When 
the rabbit was rotated onto its right side, an increase in the activity 

of the olivary neuron was evoked in phase with velocity. B2 Hori- 
zontal vestibular stimulation did not modulate the activity of this 
neuron. B3 Vertical optokinetic stimulation of the right eye at 1.2 
deg/s also did not modulate the activity of this neuron. The bin 
width of each peristimulus histogram corresponds to 2 deg. For 
peristimulus histograms A1,2 and B3 20 stimulus cycles were aver- 
aged. For peristimulus histograms A3 and B1,2, 80 stimulus cycles 
were averaged. The location of the recording sites of the two neu- 
rons is illustrated in C. The marking lesions are indicated by filled 
circles. D A photomicrograph shows the electrode locations in the 
dorsal cap and I%nucleus. The marking lesions are indicated by the 
two arrows, p3, [~-nucleus; DAO, dorsal accessory olive; DC, dorsal 
cap; MAO, medial accessory olive; XII ,  hypoglossal nerve 
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cap of the IO, from its most rostral extent B1 to its most caudal 
extent B6. The sections are spaced approximately 250 pm apart. 
The olivary cells that were filled retrogradely from the HRP injec- 
tion illustrated in A are indicated in black. Neurons from which 
electrophysiological recordings were obtained and that were elec- 
trolytically marked are shown as larger filled circles in the map of 
the IO. Abbreviations: BETA, 13-nucleus; DAO, dorsal accessory 
olive; DC, dorsal cap; MAO, medial accessory olive; Pyr tr, pyrami- 
dal tract; R Pa, raphe pallidus nucleus; XII  n, hypoglossal nerve 

was delivered with the rabbi t  tilted slightly (18 deg) on to  
its left side, the vest ibular ly  m o d u l a t e d  activi ty was not  
evoked  (Fig. 6D). I f  the yaw-re la ted  activi ty or iginated 
f rom s t imula t ion  of the hor izonta l  semicircular  canals,  
tilting the rabb i t  slightly on to  its left side would  not  cause 
the yaw-evoked  activi ty to disappear .  

Vertical op tokine t ic  s t imula t ion  of the left eye was al- 
so capable  of  modu la t i ng  the act ivi ty of  the two J3-nucle- 
us neurons  i l lustrated in Fig. 6E. An  increase in act ivi ty 
was evoked  by optokine t ic  s t imula t ion  in the d o w n w a r d  

direct ion with respect  to the left eye. A per is t imulus  his- 
t o g r a m  of the neuron  with the larger act ion potent ia l  is 
i l lustrated in Fig. 6G. Unl ike  the m o d u l a t i o n  in neurona l  
activity evoked  by hor izonta l  op tokine t ic  s t imula t ion  of 
neurons  in the dorsal  cap (Fig. 4A), optokine t ic  modu la -  
t ion in act ivi ty of  J3-nucleus neurons  did not  cause t ran-  
sient increases in discharge f requency for one direct ion 
and t ransient  decreases in discharge f requency for the 
oppos i te  direct ion (Fig. 6G). 
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Fig. 6A-H. "Null point" measurement of vestibularly and optoki- 
netically modulated neurons located in the rostral right 13-nucleus. 
A Modulated activity was evoked by sinusoidal vestibular stimula- 
tion at 0.2 Hz in two neurons. The axis of stimulation was collinear 
with the longitudinal axis. Both the neuron with the larger action 
potential and the neuron with the smaller action potential dis- 
charged in phase with head position. The arrows in the lower stimu- 
lus trace refer to the position of the left side during roll stimulation. 
B When the axis of the head was shifted 48 deg in the clockwise 
direction (viewed from above) with respect to the rotation axis, the 
phase of the neuron with the larger action potential shifted with 
respect to the forcing function by 180 deg. The "null point" for this 
response - the head position at which no modulated activity was 
evoked - was 44 deg in the clockwise direction. This null point 
would correspond to the orientation of the right posterior and left 
anterior semicircular canal. The null point for the neuron with the 
smaller action potential was 53 deg. C Vestibular stimulation in the 
horizontal plane (yaw) evoked a modulated response in both neu- 
rons. D This response was eliminated when the head was tilted 18 

;~ 

~ \ 

deg to the right, bringing the right posterior semicircular canal into 
a null position. E Vertical optokinetic stimulation, using a triangu- 
lar velocity waveform, of the left eye in the downward direction also 
evoked discharge from both 13-nucleus neurons. The arrows in the 
lower stimulus trace refer to movement of the optokinetic stimulus 
with respect to the left eye. F Peristimulus histogram of the neuron 
with the larger action potential evoked by sinusoidal roll vestibular 
stimulation about the longitudinal axis. The bin width corresponds 
to 2 deg, and 80 stimulus cycles were averaged. The arrows refer to 
the position of the left side during roll stimulation. G Peristimulus 
histogram of the neuron with the larger action potential evoked by 
vertical optokinetic stimulation. The binwidth corresponds to 2 
deg, and 20 stimulus cycles were averaged. The arrows in the lower 
stimulus trace refer to movement of the optokinetic stimulus with 
respect to the left eye. H The recorded neurons were located in the 
~-nucleus, just below the rostral dorsal cap, 100 ~m caudal to the 
ventrolateral outgrowth. ~, ~-nucleus; DAO, dorsal accessory olive; 
dc, dorsal cap; MAO, medial accessory olive; XII,  hypoglossal 
nerve 

Distribution o f  null points f o r  vestibularly driven neurons o f  
the fl-nucleus 

The nul l  points  recorded from neurons  in the g-nucleus 
clustered abou t  two axes, cor responding  to the or ienta-  

t ion  of pairs of vertical semicircular canals. The nul l  
poin ts  of neurons  located in the caudal  500 gm of the 
13-nucleus were al igned with a p lane  passing th rough  the 
planes of the ipsilateral  an te r io r -~ont ra la te ra l  poster ior  
semicircular canals. These caudal ly  located neu rons  had  
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Fig. 7A,B. Distribution of neurons 
within the 13-nucleus for which 
null point measurements were 
made. Sinusoidal vestibular stimu- 
lation about the longitudinal axis 
was used to evoke activity of neu- 
rons in the 13-nucleus. By shifting 
the head in the clockwise or coun- 
ter-clockwise direction, it was pos- 
sible to determine a "null point" 
in 15 neurons. The These "null 
points" clustered around two 
planes that corresponded to opti- 
mal orientations of pairs of verti- 
cal semicircular canals (45 deg 
and 135 deg). The locations of 13- 
nucleus neurons with measured 
null points are illustrated in A. 
These locations are represented as 
though all the recordings were 
made from the left 13-nucleus. The 
filled circles indicate neurons with 
null points consistent with 
vestibular modulation originating 
from the left posterior-right ante- 
rior semicircular canals. The f l led 
squares indicate the location of 
neurons with null points consis- 
tent with vestibular modulation 
originating from the left anterior- 
right posterior semicircular canals. 
The filled diamonds indicate the 
location of two neurons for which 
mull points could not be deter- 
mined. B1,2 The figurines illus- 
trate the null points of each of 
these 13-nucleus neurons. B1 Null 
points consistent with vestibular 
modulation originating from neu- 
rons with left posterior-right ante- 
rior semicircular canal sensitivity 
(filled circles). These neurons had 
a mean optimal orientation of 133 
deg and were clustered in the ros- 
tral 13-nucleus. B2 Null points 
consistent with vestibular modula- 
tion originating from neurons 
with left anterior-right posterior 
semicircular canal sensitivity (filled 
squares). These neurons had a 
mean optimal orientation of 45 
deg and were clustered in the cau- 
dal 13-nucleus 

a m e a n  null  p o i n t  of  45 deg with  respect  to the sagi t ta l  
p lane  (Fig. 7A4-6 ,  B2). N e u r o n s  l oca t ed  in the m o r e  ros-  
t ra l  reg ion  of  the [3-nucleus were a l igned  with  a p lane  
pass ing  t h r o u g h  the p lanes  of  the  ips i la tera l ,  p o s t e r i o r -  
con t r a l a t e r a l  an t e r io r  semic i rcu la r  canals .  These  m o r e  
ros t ra l ly  l oca t ed  neu rons  h a d  a m e a n  null  p o i n t  of  133 
deg with  respect  to the sagi t ta l  p lane .  

Two neu rons  were r eco rded  in which the null  po in t  

cou ld  no t  be de t e rmine d  (filled d i amonds ,  Fig. 7A3). The  
phase  of  the m o d u l a t e d  ves t ibu la r ly  evoked  act iv i ty  
cou ld  on ly  be shifted by  180 deg when the head  was 
r o t a t e d  by  m o r e  than  90 deg in e i ther  d i rect ion.  These  
two neu rons  h a d  no  s ta t ic  ves t ibu la r  sensit ivity,  suggest-  
ing tha t  thei r  ac t iv i ty  cou ld  no t  be a t t r i bu t e d  mere ly  to  a 
s u m m a t e d  o to l i th ic  signal.  
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Discussion 

Technical limitations in recording from olivary neurons 
for prolonged periods 

Physiological experiments aimed at deciphering the en- 
coding properties of neurons in the IO are confronted by 
three major difficulties: (1) the IO is located in a region of 
the brainstem that is subject to movement artifacts creat- 
ed by respiration, heart beat and, during vestibular stim- 
ulation, gravitationally induced movement of the brain. 
(2) The action potential of many olivary neurons, unlike 
the action potentials illustrated in Figs. 2 and 3, can 
sometimes vary in amplitude. This variation, is unrelated 
to movement artifact, and has been observed by other 
investigators using intracellular recording techniques 
(Crill 1970; Benardo and Foster 1986). The variation in 
spike amplitude might be due to electrotonic coupling 
observed in olivary neurons (Llinas et al. 1974; Sotelo et 
al. 1974). (3) The low frequency of discharge of olivary 
neurons and low frequencies of stimulation to which neu- 
rons of the [3-nucleus are responsive extends the time 
during which evoked activity must be monitored. For 
example, we routinely recorded 20 trials of sinusoidal 
vestibular stimulation at 0.02 Hz to test the vestibular 
sensitivity of [3-nucleus neurons. This required a sam- 
pling period of at least 16 rain. Because of these technical 
limitations, we could not explore fully the relationship 
between vestibular and optokinetic responses of individ- 
ual olivary neurons. However, the four principal observa- 
tions of this investigation are well supported. These ob- 
servations are: (1) The activity of neurons of the 15-nucle- 
us was modulated by vestibular stimulation related to the 
vertical semicircular canal and otoliths. (2) Contrary to 
previous investigations, we could find no evidence for a 
functional input to the [3-nucleus originating from the 
horizontal semicircular canals (Precht et al. 1976; 
Robinson et al. 1988). (3) Vestibularly modulated activity 
of [3-nucleus neurons decreased when the rabbit was 
rolled onto the side that was ipsilateral to the recording 
site. (4) There is a topographic separation within the 15- 
nucleus of vestibular inputs originating from the vertical 
semicircular canals. 

recordings of vestibularly evoked CFRs in Purkinje cells 
of the cerebellar nodulus (Barmack and Shojaku 1989; 
Shojaku et al. 1991; Barmack and Shojaku 1992b). In 
these experiments, we were unable to record any CFRs 
that were driven best by rotation about the vertical axis 
(yaw). It is possible that there are other regions of the IO 
in which there is a representation of the horizontal semi- 
circular canals, and that in the present experiment we did 
not sample the activity from these regions. However, if 
these regions do exist, they do not include the [3-nucleus 
and they do not project to the nodulus. 

Vestibularly evoked inhibition of activity in neurons in 
the fl-nucleus 

The activity of 15-nucleus neurons was decreased when the 
rabbit was rolled onto the side ipsilateral to the recording 
site. The vestibular projection to the [3-nucleus originates 
primarily from the ipsilateral DVN and part of the MVN 
(Walberg 1974; Saint- Cyr and Courville 1979; Barmack 
et al. 1993b). These observations are consistent with im- 
munohistochemical evidence demonstrating that the [3- 
nucleus of the rabbit receives a rich GAD-positive pro- 
jection, and that this GABAergic input originates from 
the medial and descending vestibular nuclei (Nelson et al. 
1986; Nelson et al. 1989). Obviously, additional intracel- 
lular and pharmacological experiments are necessary to 
demonstrate that this GABAergic pathway is the path- 
way by which vestibular information recorded in the 
present experiment is transmitted to the 13-nucleus. We 
infer from our present results that this GABAergic pro- 
jection is functionally inhibitory. 

Our findings also raise the question as to whether a 
GABAergic inhibitory pathway is the only source of 
vestibular information to either the 15-nucleus or other 
subdivisions of the IO. For example, the dorsal medial 
cell column receives a descending input from the vestibu- 
lar complex (Saint-Cyr and Courville 1979). In prelimi- 
nary recordings from this region, we have found neurons 
that are modulated by static vestibular stimulation of the 
otoliths. These neurons were also excited when the rabbit 
was rolled onto its contralateral side (Barmack and 
Fagerson, unpublished). 

Vestibularly evoked activity in neurons in the fl-nucleus 

The activity of 13-nucleus neurons was modulated only by 
signals originating from the vertical semicircular canals 
and otoliths. This clearly contradicts earlier interpreta- 
tions of the experimental observations that horizontal 
vestibular stimulation evoked climbing fiber activity 
recorded at the level of the cerebellar nodulus (Precht et 
al. 1976) or at the level of the 13-nucleus (Robinson et al. 
1988). In these instances, it is likely that the weakly 
vestibularly modulated activity evoked by vestibular 
stimulation about the vertical axis (yaw) was actually due 
to stimulation of the vertical semicircular canals. In both 
of these investigations, the experimental rate tables were 
not able to deliver rotation about the longitudinal axis. 
The present data are in good agreement with our recent 

Topographic map of vertical vestibular information at the 
level of the inferior olive and in the climbing fiber 
projection onto the nodulus 

In the present experiment, we have demonstrated a semi- 
circular canal-specific projection onto the [3-nucleus; 
namely, the ipsilateral anterior--contralateral posterior 
semicircular canals modulate the activity of neurons in 
the caudal 600 ~tm of the 15-nucleus. A projection from the 
ipsilateral posterior and contralateral, anterior semicir- 
cular canal modulates the activity of [3-nucleus neurons 
in a region that is 600--1200 ~tm rostral to the caudal pole 
of the [3-nucleus. Previous neuroanatomical investiga- 
tions have demonstrated a differential projection of the 
caudal and rostral regions of the 13-nucleus onto the sur- 
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face of the uvula-nodulus. The caudal 13-nucleus projects 
onto a midline region of the uvula-nodulus. The rostral 
region of the p-nucleus projects onto a more lateral zone 
of the uvula-nodulus (Sato and Barmack 1985; Kanda et 
al. 1989). 

We have observed a mapping of CFRs recorded from 
a medial sagittal strip in the cerebellar uvula-nodulus. 
The CFRs of this medial strip are excited by rotation 
onto the ipsilateral side and have null points indicative of 
an ipsilateral posterior-contralateral anterior semicircu- 
lar canal input (Barmack and Shojaku 1992b). Converse- 
ly, a more lateral sagittal strip is composed of Purkinje 
cells whose CFRs are excited by rotation onto the ipsilat- 
eral side which is indicative of an ipsilateral anterior and 
contralateral posterior semicircular canal input (Barma- 
ck and Shojaku 1992b). This functional mapping agrees 
both with the topographic maps based on retrograde 
tracer studies and with the functional measurements 
made in the present experiment. 

In the present experiment, we recorded from two neu- 
rons that were excited by contralateral side-down rota- 
tion and that were localized to a region of the 13-nucleus 
which appeared to be a transition zone between the rep- 
resentation of the semicircular canals. We could not de- 
termine canal-specific null points for these neurons. In 
fact, a phase shift of the modulated activity could only be 
produced by a head rotation of 90 deg for both of these 
neurons. Such null points might be characteristic of 
otolith responses. However, both of these neurons had no 
static vestibular sensitivity. The possibility exists that 
these cells received a vestibular innervation from both 
the ipsilateral anterior and posterior semicircular canals. 

We have characterized the null points of 13-nucleus 
neurons in terms Of coplanar vertical semicircular canals, 
i.e., ipsilateral anterior-contralateral posterior semicircu- 
lar canals. In fact, in the present experiment, we could not 
determine if the activity of 13-nucleus neurons was modu- 
lated from both ipsilateral and contralateral semicircular 
canals. Additional experiments in rabbits with "plugged" 
semicircular canals would be required to answer this 
question. 

The functional topographic map which we have de- 
scribed at the level of the 13-nucleus and at the level of the 
cerebellar nodulus might encode a vestibular-visual 
space in a mediolateral gradient on the surface of the 
nodulus. This mediolateral gradient could provide a co- 
ordinate system for encoding all degrees of postural re- 
sponses, from "backward" to "lateral" to "forward", 
evoked by stimulation of the vestibular-optokinetic sys- 
tem. Thus activation of CFRs in a medial strip of cerebel- 
lar Purkinje ce~ls would signal an ipsilateral-backward 
fail, corresponding: to activation of the ipsilateral posteri- 
or-contralateraI a~terior semicircular canals. Activation 
of CFRs in the lateral strip of Purkinje cells would signal 
an ipsilateral-forward fall, corresponding to activation of 
the ipsilateral anterior-contralateral posterior semicircu-, 
lar canals. Thus, this mediolateral gradient on the surface 
of the uvula-nodulus could bias the control of skeletal 
muscles involved in maintenance of balance, so that ap- 
propriate postural responses are evoked by vestibular 
stimulation. Some of the postural responses could change 

by as much as 180 deg, depending on whether an animal 
was falling forward or falling backward. 

Functional interpretation of the vestibular pathway to the 
fl-nucleus 

A rough schematic diagram of the pathways involved in 
both visual and vestibular control of reflex pathways is 
illustrated in Fig. 8. More than 70% of primary vestibu- 
lar afferents project directly to the ipsilateral cerebellar 
nodulus, where they terminate in the granule cell layer as 
mossy fiber terminals (Barmack et al. 1993a). Primary 
vestibular afferents also terminate in the vestibular com- 
plex. The transmitter for primary vestibular afferents has 
not been identified conclusively, but it is probably gluta- 
mate or aspartate (Dememes et al. 1984; Raymond et al. 
1984). Secondary vestibular afferents originating from 
the caudal medial and descending vestibular nuclei pro- 
ject bilaterally to the nodulus of the cerebellum. The 
transmitter for this pathway is acetylcholine (Barmack et 
al. 1992). Secondary vestibular afferents originating from 
the medial and descending vestibular nuclei also project 
to the [3-nucleus. This projection is GABAergic (Walberg 
1974; Saint-Cyr and Courville 1979; Nelson et al. 1986; 
Nelson et al. 1989; Barmack et al. 1993b). Climbing fibers 
originating from the p-nucleus synapse in both the con- 
tralateral uvula and nodulus (Alley et al. 1975; Masumit- 
su and Sekitani 1991). The transmitter for this pathway is 
probably glutamate or aspartate (Wiklund et al. 1982; 
Matute et al. 1987), as well as the neuropeptide corti- 
cotropin releasing factor (Wynn et al. 1984; DeSouza et 
al. 1985; DeSouza 1987; Mugnaini and Nelson 1989; 
Barmack and Young 1990). 

This circuitry might be expected to function as fol- 
lows. An excitatory primary vestibular afferent signal 
originating from the right labyrinth would excite the 
right vestibular nuclei directly. The GABAergic pathway 
from the descending vestibular nucleus to the fight 13-nu- 
cleus would inhibit the spontaneous activity of the climb- 
ing fibers originating from the right [3-nucleus and which 
synapse upon the Purkinje cells of the left uvula-nodulus. 
This reduction in climbing fiber input would cause in- 
creased SSs in Purkinje cells and a consequent increased 
Purkinje cell-induced inhibition of the left vestibular nu- 
clei. Consequently, a primary afferent evoked discharge 
of secondary neurons in the vestibular nuclei on one side 
of the brainstem would cause, through this central cir- 
cuitry, a reduction in secondary vestibular activity in the 
contralateral vestibular nuclei induced by Purkinje cell 
inhibition. (The Purkinje cell inhibitory pathway to the 
vestibular complex is not shown in Fig. 8). 

Implicit in this argument is the assumption that the 
activity of Purkinje cells of the cerebellar nodulus is 
strongly influenced by vestibular driven climbing fiber 
inputs, perhaps by the frequently discussed climbing 
fiber-induced pause in SSs. This climbing fiber-induced 
pause is of variable duration, lasting from 15-30 ms 
(Granit and Phillips 1956) to several hundred millisec- 
onds (Bell and Grimm 1969). It is dependent on anesthe- 
sia (Bloedel and Roberts 1971), as well as the specific 
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Fig. 8. Possible functional connections of the J3-nucleus of the inferi- 
or olive. The p-nucleus climbing fiber projections terminate upon 
Purkinje cells in the contralateral uvula and nodulus. The GABAer- 
gic Purkinje cells of these structures project onto the subjacent 
vestibular nuclei (not illustrated). The vestibular primary afferent 
projections to the nodulus and to the vestibular nuclei are shown. 
The medial and descending vestibular nuclei project to the ipsilater- 
al ]3-nucleus (heavy lines) and bilaterally to the nodulus and uvula 
(dashed lines). The dorsal cap receives a visual projection from the 
contralateral eye via the nucleus of the optic tract, and also receives 
a cholinergic input from the contralateral nucleus prepositus hy- 
poglossi. The dorsal cap projects to the contralateral flocculus and 
ventral aspect of the nodulus. The vestibular secondary afferent 
cholinergic projection to the nodulus is also illustrated. ~, J3-nucle- 
us; dc, dorsal cap; DVN, MVN, descending and medial vestibular 
nuclei; FLOC, flocculus; NOT, nucleus of the optic tract; NPH, 
nucleus prepositus hypoglossi; SC, superior colliculus; 9a-d, uvula; 
10, nodulus 

method  of st imulating climbing fibers. In  this regard, the 
relationship between "spon taneous"  (i.e., experimentally 
uncontrol led) C F R s  and SSs appears  to be variable (Bell 
and G r i m m  1969; McDevi t t  et al. 1982; Sato et al. 1992). 
This variability may  reflect a lack of control  of  the climb- 
ing fiber input, as well as a lack of  control  of  the accurate 

knowledge with regard to the spatial organiza t ion  of the 
cerebellar cortex with respect to the part icular  cl imbing 
fiber afferent system being studied. In recordings f rom 
Purkinje cells in the nodulus,  we have observed a pause in 
SSs following vest ibularly-evoked C F R s  and this pause 
was inversely p ropor t iona l  to the initial discharge fre- 
quency of  SSs (Barmack and Shojaku 1992b). 

The vestibulo-olivo-cerebellar climbing fiber pa thway  
could provide a more  centrally regulated signal capable 
of overriding signals conveyed to the nodulus  via mossy 
fiber pa thways  from bo th  pr imary  and secondary  
vestibular afferents. Alternatively, the interactions be- 
tween climbing fiber signals and afferent signals con- 
veyed by mossy  fibers may  provide some of  the basis for 
the par t ic ipat ion in this circuitry in optokinet ic  and 
vestibular reflex adap ta t ion  (Barmack and Shojaku 
1992a). 
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