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S U M M A R Y  A N D  C O N C L U S I O N S

1. The aim of this study was to characterize the signals transmit-
ted by neurons of the medial vestibular nucleus (MVN) to the
middle zone of the flocculus in alert cats.

2. Bipolar stimulating electrodes were implanted into the middle
zone of each flocculus, because this zone is known to be involved
in the control of horizontal eye movements. Correct implantation
of the stimulating electrodes was ensured by 1) recording of Pur-
kinje cells whose activity was related to horizontal eye movements
and 2) elicitation of slow abduction of the ipsilateral eye upon
electrical stimulation.

3. The rostral two-thirds of the MVN were investigated by mi-
croelectrodes during stimulation of both flocculi. Antidromically
activated neurons were found only in the central part of the ex-
plored area. Forty-four units were activated from the contralateral,
eight from the ipsilateral flocculus. Neurons could never be acti-
vated from both flocculi.

4. Neurons included in this study were MVN neurons that had
/ ) to be antidromically activated from one flocculus and 2) to
modulate their firing rate during the horizontal vestibuloocular re-
f lex (VOR) el ici ted by sinusoidal st imulat ion (0.1 Hz; 10, 20, 30,
or 40'). The 39 neurons matching both criteria were classified in
2 groups: 22 neurons changed their firing rate during spontaneous
horizontal eye movements (EM-neurons), 17 modulated their ac-
tivity only during head rotation and were labeled vestibular-only
neurons (VO-neurons).

5. Sufficient data were obtained from 13 EM-neurons to allow a
quantitative analysis. Among those, 12 were activated from the contra-
lateral and I from the ipsilateral flocculus. Their sensitivity to horizontal
eye position during intersaccadic fixation was 3.54 t 2.75 (SD)

spikes's r/deg. Eight EM-neurons behaved as type I neurons, five as
type II neurons. During the slow phases of the VOR, all of these neurons
combined some head-velocity sensitivity (1.50 + 0.43 spikes's-'/
deg.s-') with some horizontal eye-position sensitivity (3.61 + 2.45
spikes's-t/deg). Additionally, seven ofthese neurons presented a sen-
sit ivi ty to eye velocity (1.34 + 0.55 spikes's- ' /deg's- ') .  The phase
difference between the modulation of firing rate and eye position varied
substantially between neurons. The observed phase lead with respect
to eye posiûon ranged from 2 to 110" (41.9 + 31.8").

6. Sufficient data were obtained from 10 VO-neurons to allow
a quantitative analysis. Among those, nine were activated from the
contralateral and one from the ipsilateral flocculus. All of these
neurons behaved as type I neurons. The sensitivity to head velocity
was L64 + 1.07 spikes '  s 

- ' ldeg '  s 
-r 

.  The phase lead of the modu-
lation of spike activity with respect to head velocity ranged from
4.5  to  30 .5"  (16 .4  +  8 .9 ' ) .

Z. We conclude that the MVN provides the horizontal zone of
the flocculus (with a strong contralateral preference) with informa-
tion about head velocity (through VO-neurons and EM-neurons)
and about eye velocity and position (through EM-neurons).
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I  N T R O  D  U C T I  O N

A major challenge in current neuroscience is to elucidate
the function of natural neural networks. Because of its struc-
tural homogeneity, the cerebellar cortex is a suitable target
for this challenge. Although the basic circuitry of the cerebel-
lum has been extensively studied (Eccles et al. i967; Ito
1984; Llinas and Hillman 1969), its mode of information
processing remains unknown. To understand this processing,
it is crucial to study a part of the cerebellar cortex that
afferent and etTerent connections are well known anatomi-
cally and that controls easily measurable movements.

The cerebellar flocculus is known to control eye move-
ments by acting on a limited number of premotor brain stem
nuclei (Ito et al. 1917; Lisberger and Fuchs 1978; Noda and
Suzuki 1919a-c; Noda and Warabi 1986; Waespe et al.
198 l ;Waespe and Henn 1981),  and i ts  anatomic organiza-
tion is well known. In the cat, three different floccular zones
have been described (rostral, middle, and caudal), whose
Purkinje cells project onto different parts of the vestibular
nuclear complex (Sato et al. 1982). The rostral and caudal
zones control the vertical recti and the oblique muscles,
whereas the middle zone controls the horizontal recti (Sato
et al. 1988; Sato and Kawasaki 1984,1981). The output of
the zones provide three operational units (Oscarsson 1979)
through which the flocculus controls eye movements (Sato
and Kawasaki  1984,  1990,  1991).

The distribution of climbing f,bers in the flocculus stresses
its modular character, because fibers from different parts of
the contralateral inferior olive terminate in discrete cortical
strips. In the cat, Gerrits and Voogd (1982) distinguished
six different strips that convey direction-specific information
(Graf et al. 1988; Leonard et al. 1988; Stahl and Simpson
1992) and seem congruent with the three Purkinje cells out-
put zones.

In contrast to the selective projections of climbing fibers
in discrete zones, mossy fiber input apparently spreads across
all the floccular zones ( Genits et al. 1984; Sato et al. 1983b ) .
However, the fact that a given nucleus projects to the three
floccular zones simultaneously does not imply that it sends
identical signals to these three zones. The flocculus receives
mossy fibers projections from five main sources: /) ttre ves-
tibular nuclear complex, 2) the perihypoglossal nuclei
(Epema et  a l .  1990;Langer et  a l .  1985a,b;  Sato et  a l i .  1983b;
Tan and Gerrits 1992;Tan et al. 1995),3) the paramedian
and lateral reticular nuclei (Sato et al. 1983b) ,4) the nucleus
reticularis tegmenti pontis (Gerrits et al. 1984), and 5) the
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M E T H O D S

Surgical procedure

Four male adult cats weighing between 2.5 and 3.5 kg were
prepared for chronic recording of neuronal activity in the brain
stem and the cerebellum, and for chronic recording of eye move-
ments. Under general anesthesia Ixylido-dihydrothiazin (Rompun,
Bayer, 3 mg/kg) and pentobarbitone (Nembutal, Abbott, 20 mgl
kg)l and aseptic conditions, cats were frtted with several chronic
devices. Scleral search coils were implanted subconjunctivally on
both eyes (Judge et al. 1980). Bipolar silver stimulating electrodes
were intracranially implanted on each VIth nerve at their exit point
from the brain stem (stereotaxic coordinates: R and L3.5, P1.0)
(Berman 1968). The position of each electrode was adjusted until
st imulat ion (single 0.1 ms pulse, <0.1 mA) produced a lateral
movement of the ipsilateral eye. This movement was checked with
the aid of an operating microscope. Three bolts were cemented to
the skull to immobilize the animal's head during the experiments.
Three holes, a central one (8 X 8 mm, stereotaxic coordinates:
L4-R4, PI2-P2O) and two lateral ones (3 X 6 mm, stereotaxic
coordinates: R or L6.5-L9.5. P12-P18) were made in the skul l .
The dura mater was removed and a dental cement chamber con-
structed around the holes. Between recording sessions, the surface
of the cerebellum was protected with a silastic sheet and the cham-
ber sealed with bone wax. Terminal wires from search coils and
stimulating electrodes were attached to sockets cemented to the
holding system. Further details of this chronic preparation have
been described by Delgado-Garcia et al.  (  1986).

Eye movement recording

Eye movements were measured with the use of the scleral search
coi l  technique (Fuchs and Robinson 1966). The measurement sys-
tem had a bandwidth of 1,000 Hz and a sensitivity of 0.25'. Calibra-
tion was obtained by rotating both magnetic flelds -r- 5" around the
horizontal and vertical axes with the cat's head fixed in position.
To estimate the zero position of gaze, vertical and horizontal posi-
tions of one eye were sampled at a rate of 10/s over a period of
10 min during spontaneous eye movements in the l ight (6,000
sample points). Zero position of the gaze was assessed to be the
mean of these 6,000 sampied gaze positions. The animal's level
cf alertness was continuously monitored by measuring the number
of spontaneous saccades over 5-min periods (Delgado-Garcia et
a l .  1 9 8 6 ) .

Recordi.ng of neuronal activiry

Eight days after surgery, each animal was habituated to accept
the elastic restraints employed in recording. Animals appeared to
tolerate these restraints for several hours without sisns of stress.
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paramedian pontine reticular formation and the raphe nu- After 2 wk of postoperative recovery, recording sessions of -3 h
cleus (Gerrits et al. 1984; Sato et al. 1983b). per day were carried out every second day, for a maximum of : l

Previous recording of mossy fiber activity in the floccular wk. .Before recording, the animal's head was fixed to a holding
cortex (Lisberger arid Fuchs iqZ8; trlit"r ei al. 1980; Noda !a1 in 

tne center of a turntable and positioned in such a way that

19g6;waespeétal. lggl)hasshown"onu".g.n""of visual, theirorizontal semicircular canals were in the horizontal plane

ocuromoror, and vestiburar inrormarion,. no,,JàJ_J',!çïll :iï::J;'Î",i,ilrïiïï]"'ï;J,iJiffi:iJLî:,?Lïifl:ii:i;
ent cells producing these signals have not yet been identified, oi lo.al anesthetiô to the dural surface of the rËcording^chamber.
except for one study on the neurons of the superior vestibular Furthermore, the recording chambers were cleaned ùith sterile
nucleus (Zhang et al. 1993, 1995). saline and antibiotics.

However, to understand the role of an operational unit, In the first recording session the abducens nucleus (ABD) was
its afferent and efferent signals must be fully characterized. localized through the central opening with a glass microelectrode
Consistentwi thth isargument , thepresentstudyisananaly-  (1-5 M0 impedance at  1,000 Hz) ,  t i l ted 30 'poster ior ly  wi th
sis of the nature of signals provided by the medial vestibular respect to the horizontal plane. Antidromic field potentials, evoked

nucleus (MVN) to the miadl e zone ôf the flocculus. by stimulation of the abducens nerve, were used to map the extent
of the ABD. Once identified, the ABD was used as a landmark ro
localize the middle zone of the flocculus and the MVN.

To minimize tissue damage, identification of the floccular middle
zone was performed with glass micropipettes. When Purkinje cell
activity related to horizontal eye movements was recorded, the
micropipette was replaced by a bipolar tungsten microelectrode
(0.5 Mf) impedance, 0.5 mm interelectrode distance). Correct po-
sitioning of the tungsten electrode was ensured by two criteria:
1 ) recording of Purkinje cell activity related to horizontal eye
movements and 2 ) elicitation of an ipsilaterally directed eye move-
ment by a single electr ical pulse (0.1 ms and <100 pA intensity).
The stimulation electrode was then secured in place with dental
cement.

To record neuronal activity in the MVN, a glass micropipette
was lowered through the cerebellum; lirst to reach the ABD land-
mark and then the MVN. The neuronal activity of the MVN was
explored during bipolar stimulation of the middle zone of both
flocculi. The cathodic square pulses used for stimulation had a
duration of 0.05 ms and an intensity ranging from 30 to 60 pA
(below the threshold for eliciting overt movement). To distinguish
an ipsilateral from a contralateral and from a combined (both ipsi-
and contralateral) antidromic activation, the stimulations from the
left and the right flocculus were separated by a delay of 4 ms. To
be qualified as antidromically activated, a neuron had to meet three
condit ions (Tomlinson and Robinson 1984): 1) i t  had to fol low
stimulation up to at least 200 Hz; 2) during a near-threshold stimu-
lat ion the latency had to remain constant (+50 ps);3) i t  had to
show a collision of the antidromic spike with naturally occurring
action potentials, demonstrable for spike-stimulus intervals as long
as the antidromic latency period (Lipsky 1981).

The activity of each identified MVN neuron was recorded / )
during spontaneous eye movements in the light, 2) during vestibu-
loocular reflex (VOR) elicited in compleie darkness. The VOR
was obtained by submitting the animal to horizontal sinusoidal
rotations around the vertical axis (frequency: 0.1 Hz; amplitudes:
10,20,30, and 40"). When the animal went to sleep during VOR,
the activity of the neuron was also recorded.

Data analysis: general procedure

Neuronal activity, horizontal and vertical eye position, and angu-
lar velocity of the turntable were analyzed off-line on PC/486
clones after storage on disk from FM tape recordings. The hori-
zontal and vertical eye position signals and the table velocity signal
were sampled at 100 Hz and smoothed. The ordinate of each point
was replaced by that of the point with the same abscissa but iocated
on the second-order polynomial fit performed on the replaced point
and its neighbors. This procedure was carried out three times; four
neighboring points were included in the first two runs, two in the
third run.

The VOR induced by sinusoidal rotation of the turntable consists
of slow phases separated by quick resetting phases. Identification
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of the slow phases was performed automatically, with the use of
an algorithm developed by Baland et al. ( 1987 ). Briefly, smoothed
eye movement data were scanned for the occurrence of sharp peaks,
which correspond to the transition between two successive phases.
The algorithm detected transition points by a sign difference be-
tween the derivative from either side of the point. When both
derivatives approached zero, rhe critical point was either a flat top
or a valley, otherwise it was a sh:rp peak. The slow phases were
identified (by leasGsquares fit) as corresponding to segments of
sinusoids, shifted along the ordinate.

Unit activity of the recorded neurons was amplified and trans-
ferred to a window discriminator. The time axis of the signal was
divided into 250-ps intervals. For each interval, the occurrence of
an action potential was checked and, for each detected action poten-
tial, the instantaneous firing rate was calculated as the inverse of
the interspike interval immediately preceding that action potential.
Finally, the instantaneous firing rate coûesponding to the eye and
head signals (sampled every 10 ms) was obtained by interpolation.

Sensitivity to eye position during intersaccadic fixation

The sensitivity of neurons to eye position during intersaccadic
flxation was obtained by plotting the firing rate as a function of
either the horizontal or vertical components of the eye position. To
determine this relation, a computer program searched for fixation
intervals where both horizontal and vertical eye positions remained
stâble (eye velocity <2 deg.s- ') .  To avoid interference from
presaccadic change and postsaccadic slide in firing rate, the initial
300 ms and the last 50 ms of each fixation interval were not used.
The firing rate in the intersaccadic period was defined as the mean
of the instantaneous firing rate. For each neuron, the correlation
between its firing rate and each of the two eye position components
(horizontal and vertical) was determined. Presuming a correlation
coefficient significant when it exceeded 0.6, neurons were classified
as encoding either horizontal position, vertical position, both of
them, or neither. For significant correlations, the slope of the re-
gression l ine, K1 (spikes's- ' /deg), corresponds to the sensit ivi ty
of the neuron to eye position. Throughout this paper, the direction
of the eye movements associated with an increase in firing rate was
considered as positive. As a result, all the slopes of the illustrated
relationships between firing rate and eye position are positive.

Sensitit'ity to eye velocity during spontaneous saccades

The saccadic velocity sensitivity was obtained following a
method proposed by Berthoz et al.  (1989). The eye posit ion com-
ponent of the discharge, computed from the relation between firing
rate and eye position during intersaccadic fixation, was subtracted
from the raw firing rate recorded during the saccades over a 800-
ms period starting 300 ms before the onset of each saccade. The
sensitivity of the neuron to saccadic eye velocity was expressed
as the ratio between the area under the firing rate curve and that
under the saccade-velocity curve. The sensitiveness of the method
was upgraded by averaging the discharges of 10-20 saccades of
similar ampli tude (within a window of 2"). Thus, for each neuron,
the values obtained for different saccade amplitudes were calcu-
la ted .  The mean va lue ,  R"  (  sp ikes .  s - ' /deg .  s - '  ) .  de f ines  the  sens i -
t ivi ty of the nenron to saccadic eye velocity.

Sensitivity to eye position during the VOR

During sinusoidal vestibular st imulat ion, eye movements consist
of a number of discrete continuous movements in the compensatory
direction repeatedly interrupted by rapid resetting movements in
the opposite direction. These anticompensatory movements are in-
dependent of eye position, thereby causing the sinusoidal profile
of the eye position recording to be shifted aiong the eye position
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axis at recurring intervals. As a consequence, eye velocity does
not covary in a fixed manner with eye position during the VOR:
the eye may pass through any given position at different velocities.
Furthermore, the use of four different velocities of sinusoidal stim-
ulation promotes the occurrence of a variety of velocities through
the same position. Because eye velocity and position change simul-
taneously during the VOR, and because it is known that brain stem
neurons may encode for either of these parameters, it is important
to separate the neural activity related to eye velocity from that
related to eye position. This was accomplished following a method
proposed by Godaux and Cheron (1993, 1996). Briefly, an algo-
rithm scanned all the crossing points during slow phases through
a given posit ion (see Fig.5A, points on the l ine E = 1.5"). For
each crossing, the eye velocity and the corresponding instantaneous
firing rate were calculated. The velocity of the eye was calculated
from the difference between the eye positions and reached 100 ms
before and 100 ms after the selected position, divided by 200 ms.
The concomitant firing frequency over that 200-ms period was
calculated as the mean of the instantaneous freouencies samoled
at 100 Hz. The f ir ing frequency was plotted against the eye velocity
( see Fig. 5 B) , and the corresponding regression line was calculated
without taking into account points with zero firing rate. The slope,
Ru (spikes.s-t/deg.s- ' ;  is the sensit ivi ty of the neuron to eye
velocity for a given eye position. The flring rate at zero velocity,
F(0), was obtained by interpolat ion (Fig. 58, O). Similar rate-
velocity regressions were computed for the whole range of posi-
t ions obtained by the eye, at 0.5o intervals (see Fig. 6A). I f  a
neuron, in addition to being sensitive to eye velocity, was also
sensitive to eye position, each rate-velocity regression line would
be shifted along the abcissa by a value depending on the eye
position for which it was established. For each given position,
the firing rate at zero velocity, F(0), could then be obtained by
interpolation (Fig. 6A). Only the rate-velocity regressions based
on at least five points with a correlation coefficient higher than 0.8
were included. Finally, the {iring rate at zero velocity, F(0), of
each rate-velocity relation was plotted versus its eye position (see
Fig. 6B). The slope of the resulting regression line, Ku
(spikes's ' /deg), is the sensit ivi ty of the neuron to eye posit ion
for movements induced by vestibular stimuli.

Sensitivity to head velocity

When the animal went to sleep during sinusoidal rotation, it was
possible to obtain recording periods during which the position of
the eye in the orbit did not change significantly in spite of the
head rotation. The sensitivity of the neuron to head rotation was
calculated during those periods. The instantaneous frring rate was
plotted against head velocity and submitted to linear regression
analysis. The slope of the regression line was interpreted as the
sensit ivi ty of the neuron to head velocity, l lu (spikes.s-t/
deg ' s 

-t) 
. Null values of the firing rate were not taken into account.

Thanks to this precaution, the method remained valid when the
rotation-induced firing rate modulation was asymmetric with a cut-
off of the discharge when the head was rotated in one direction.
The paired time positions for head velocity and firing rate were
shifted in order to compensate for the phase difference between
the neuron response and the head veiocity. This procedure reduced
the width of the cloud of points and thus improved the quality of
the fit. On the basis of the fact that the modulation of the neurons in
the vestibular nuclei during semicircular canal stimulation remains
unchanged at the sleep-wake transition (Bizzi et al. 1964: Henn et
al. 1984), we assumed that the measured Ift in light sleep was
representative of the head sensitivity of the neuron during alertness.

Sensitivity to eye velocie

Actually, the neuronal discharge related to eye velocity (Ru'é)
results from the addition of two terms. The first is related to head
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velocity (Hu ' É), the second to eye velocity per se (Eu ' è) ' There-

fore, for'each instantaneous head velocity measured during the

VOR elicited in comPlete darkness

R u . ê  =  H u . h  +  É . . e  ( l l

where è (deg' s- '  )  is the eye velocity, É laeg' s- ' ;  the head veloc-

i t y ,  Ru (sp ikes 's - ' /deg 's - ' ;  the  sens i t i v i t y  o f  the  neuron to  the

"y .  u " fo . i t y  induced b /a  head ro ta t ion ,  I lu  (sp ikes 's - ' /deg 's - ' )

tÉe sensitivity of the neuron to head velocity measured in the

absence of eye movement (sleep periods) and Eu (spikes's- ' /

deg ' s 
-') 

theiensitivity of the neuron to eye velocity per se (would

be-measured in the absence of head rotation). In fact' Eq' I is

valid only if two phase constraints apply' The first one is that'

during the VOR eiicited in complete darkness, the eye velocity

r"r" 180'out-of-phase with the head velocity' The second one is

that, in the sleeping animal, the firing rate modulation of the neu-

rons were in-phàse with turntable velocity. The phase values listed

in Table 3 shôw that it was nearly the case, ailowing us to use E4'

1 as a reasonable aPProximation.
In the right end side of Eq. 1, é and h are not independent

variables. Their relationship is controlled by the gain of the VOR,

svoR, such that

i  :  , u o *  t 2 l

After substitu ting Eq. z inJ nq.1, the relevant sensitivities are

now related bY

R u . g u 6 ^ ' È  :  H u ' h  +  Ë u ' 8 v o R ' É  ( J )

or

Ru'gvor = Hv ' l  E '3uo* G)

Sensitivity to head velocity in neurons devoid of eye'

position sensitivitY

Several neurons did not change their firing rate during spontane-

ous eye movements, but modulated their discharge as a function of

head velocity. The sensitivity to head velocity (Hu) was calculated

according to a procedure similar to the one used to calculate the

sensitivity to eye velocity. For each particular eye position, the

firing rate was plotted as a function of head velocity and the linear

regrèssion of thls firing rate-head velocity relation were calculated'

TËe mean value of th;dif ferent slopes, Hu (spikes's-r/deg's ' ; ,

was considered to be the best assessment of the neuron's head-

velocity sensitivity. Moreover, checking superimposition of the

different regression lines between firing rate and head velocity

allowed us to further verify that the studied neuron was actually

unrelated to eye movements. When the animals went to sleep (see

above), the gaze remained roughly stable, resulting in only one

eye position. Thus, in these cases, only a single firing rate-head

velocity relation needed to be determined.

Phase reLations of the neural modttlation

The phase lag or lead was expressed in relat ion to eye posit ion

if the firing rate was modulated during spontaneous eye movements

(EM-neurons) and expressed in relation to head velocity if the

neuron was unresponsive to eye movements (VO-neurons). Phase

lead or lag was easy to measure when the firing rate was roughly

sinusoidal. However, when the modulation induced by head rota-

tion was interrupted by bursts or pauses related to quick phases,

the use of the envelope curve could lead to a biased measurement'

Thus it was necessary to consider only changes in firing rate associ-

ated with slow phases and to disregard those associated with quick

phases. Furthermore, the situation was complicated by the fact that
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quick phases reset the firing rate to a level related to the newly
achieved eye position. To solve this problem, a computer program

selected the firing rate segments corresponding only to the slow
phases. Then these firing rate segments were fitted by a least-
square"s procedure following the algorithm that minimize the func-
t10n 'r-

N M

X ' : >  I  t f ' n  -  ( a  s i n u . , 1  *  B c o s  a \ +  h , ) 1 2  ( 5 )
i : t  j =  l

where i is the sequential number of firing rate segment, N the total

number of firing rate segments, j the sequential number of the
individual data points within each segment, M the number of data
points within each segment number i, FR the firing rate, a and B
the parameters of the fitted sinusoid, h, the shift parameter along
the ordinate of segment number i, and u the angular frequency of
the sinusoid. The phase of the firing rate modulation with respect

to either eye position or to head velocity could then be determined

by arctan alB.

Histology

After completion of recording sessions, small electrolytic lesions
(0.05-0.20 mA for 15 s) were made along some tracks into the

MVN with the use of a tungsten microelectrode. The animals were

then deeply anesthetized with pentobarbital sodium (45-50 mg/

kg) and transcardially perfused with0.9Vo saline followedby lUVo

formaldehyde. The location of the stimulating electrodes in the

flocculus was verified on 20-pm frontal sections stained with cresyl

Fast violet. The anatomic location of recorded brain stem neurons

was determined by combining histotogical controls and micrometer
readings.

R E S  U L T S

Identffication of the middle zone of the flocculus

Figure 1 shows the behavior of a Purkinje cell in the

middle zone of the left flocculus recorded during spontane-

ous eye movements (Fig. 1A) and the VOR (Fig. 1B). The

firing rate of this cell was clearly related to horizontal (Fig'

1C), but not to vert ical eye posit ion (not i l lustrated). The

relation between the firing rate (f.r') of that unit and hori-

zontal eye position (e1) (measured during intersaccadic fix-

ation periods) was well fitted by a linear regression [f.r. :

2.6 x e1, + 63.7; r = 0.841 (Fig. 1C). The slope of 2.6
spikes's-r/deg corresponds to the sensitivity ofthis particu-
lar Purkinje cell to horizontal eye position.

Figure lD shows a recording of the velocity profile of

eye movements evoked by single pulses of 0. I ms duration
applied either to the right (traces a and b) or to the left
(traces c and d) flocculus. Stimulation of the middle zone
of either flocculus evoked a slow horizontal movement of
the ipsilateral eye directed toward the stimulated flocculus
(Fig. 1, traces a and d). The movement of the contralateral
eye (not illustrated) is similar but smaller. Each velocity
trace is an average of the responses to 300 stimulations.
Averaged data from four different sessions are shown to

illustrate the reproductibility. The horizontal deviation of the

eyes started after a latency of 12.5 + 0'8 ms and reached a

maximum velocity of 0.4 ; 0.1 deg ' s 
-r 

. Vertical downward
deviation of the eye was negligible: its velocity never ex-
ceeded 0.06 deg ' s 

-r 
.

Correct implantation of the stimulating electrodes in the
middle zone of the flocculus was confirmed in retrospect by
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amplitude. These criteria indicated the somatic origin of the
antidromic potential (Delgado-Garcia et al. 1989; Hikosaka
et al. 1980). Figure 3A shows a superimposition of the
antidromic activation of a MVN neuron fiom the contralat-
eral f locculus and the absence of activation of the same unit
(star) when the delay between the electrical stimulation and
the triggering spike was 0.3 ms (antidromic coll ision). For
the 44 MVN neurons activated from the contralateral floccu-
lus,  the ant idromic la tency was 0.96 + 0.19 (SD) ms (Fig.
3B). For the eight MVN neurons activated from the ipsilat-
era l  f locculus.  the ant idromic la tency was 0.92 -  0.  l7  ms
(Fig.3,B) . In spi te of  the fact  that  the rostra l  two- th i rds of
the MVN were systematically explored during stimulation
of both flocculi, the majority of identified neurons were lo-
cated in the central part of the explored area (Fig. 3C). It
is of interest to mention that, although stimulation of the
flocculus induced in some MVN neurons a strong inhibit ion
of the firing rate, none of the neurons that projected to the
flocculus were inhibited by floccular stimulation.
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Frc . I . Discharge of a Purkinje cell ( PC ) recorded in the middle zone of the flocculus during spontaneous eye movements
(A) and during sinusoidal vestibulal stimulation (B). C: relation between horizontal eye position and simple spike firing

frequency of  th is PC. The l inear regression wi th a s lope of  2.60 spikes's ' /deg c losely f i ts  the datù (r  -  084),  st ressin-e
its relation to horizontal eye position. D: examples of ipsilateral eye movements evoked by electrical stimulation of the

middle zone with current pulses of 0.1 ms. Each trace shows the averaged (n : 300) horizontal (a and d) and vertical (b

and c) eye velocity of the movements elicited from the right (c and b) and the left (c and d) flocculus. Dotted lines indicatc

st imulus onset .

histological examination. Figure 2 i l lustrates this histological
control fbr one cat. The integrity of the flocculus was largely
preserved in spite of the permanent presence of the elec-
trodes (Fig. 2, B and C). For each of the four cats, the
tracts of the stimulating electrodes reached the flocculus at
a rostrocaudal level located between P6 and P7, which corre-
sponds to the location of the floccular middle zone defined
by  Sa to  e t  a l .  ( 1982 ,  1983a ,b ) .

Location of MVN neurons projecting to the flocculus

A total of 52 neurons activated from the flocculus (Fig.
3A) (44 from the contralateral, 8 from the ipsilateral floccu-
lus) were recorded in the MVN (Fig. 3C). Neurons could
not be antidromically activated from both flocculi. Anti-
dromic spikes were triphasic (positive-negative-positive) or
biphasic (negative and positive). The amplitude and shape
of the spike did not change significantly when the microelec-
trode was moved away (50 pim from the point of maximum
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prc.2. A: frontal section through the cerebellum and the brain stem, I mm rostral to the abducens nuclei showing the
bilateral placement of stimulation electrodes in the flocculi (bar : 1 mm). B and C: photographic details of the electrode
position in the right and the left floccular middle zones (bar = 0.5 mm). D: drawing of brain stem structures at the level
ofthe photomicrographs. floc, flocculus; ph, prepositus hypoglossal nucleus; 7g, genu ofthe facial nerve; sol, superior olivary
nucleus; 5sm, alaminar spinal trigeminal nucleus, magnocellular division; 5st, spinal trigeminal tract; rb, restiform body; cva,
anteroventral cochlear nucleus; pyr, pyramidal tract; mvn, medial vestibular nucleus.

IJ

Clctssification of units

To be qualifled for analysis, the MVN neurons 1) needed
to be antidromically activated from either one of the flocculi
and 2) needed to modulate their firing rate during horizontal
sinusoidal stimulation. Fifty-two neurons matched the 1st
criterion. whereas 39 neurons matched both. These latter
units were divided into 2 groups: one consisted of 22 neurons
that changed their firing rate during spontaneous horizontal
eye movements (eye movement or EM-neurons), the other
consisted of 17 neurons that modulated their activity only
during head rotation and not during spontaneous horizontal
eye movements (vestibular only or Vo-neurons). The neu-
rons were further classified as type I or type II, depending
on whether their f,ring rate increased during horizontal head
rotation toward or away from the recording side, respectively
(Duensing and Schaefer  1958).

In the explored area, 13 antidromically activated neurons
did not respond to horizontal head rotation. Five of these (4
iosilaterallv and 1 contralaterallv activated) modulated their

activity exclusively during vertical eye movements. Two
contralaterally activated neurons modulated their activity
during oblique eye movements, and 6 other neurons, also
activated from the contralateral flocculus. were not related
to eye movements.

Eye movement related neurons ( EM-neurons )

Twenty neurons activated from the contralateral and two
from the ipsilateral flocculus were classified as EM-neurons.
Nevertheless, sufficient data to allow complete quantitative
analysis were obtained from only 13 EM-neurons. Twelve
of these were activated from the contralateral flocculus and
one from the ipsilateral one. All neurons responded to head
rotation (8 as type I, 5 as type II) and modulated their firing
rate during spontaneous horizontal eye movements, showing
both tonic (during fixation) and burst activity (during sac-
cades). The magnitude of the changes in fir ing rate associ-
ated with eye position, eye velocity, and head velocity varied
substantially between neurons.



Figure 4 illustrates the spiking behavior of an EM-neuron
(unit I from Tables I and 2) during the spontaneous eye
movements. This neuron was recorded in the Ieft MVN and
was antidromically activated from the contralateral floccu-
lus. It had a high sensitivity to both horizontal eye position
and eye velocity (Fig. aA). Before and during rapid eye
movements, it paused when the eyes moved toward the re-
cording side and burst for movements in the opposite direc-
tion (Fig. 4A). During intersaccadic fixation, the fir ing rate
of the neuron increased with contralateral shift of horizontal

1765

prc.3.  A:  ant idromic act ivat ion of  a MVN
neuron by stimulation of the contralateral floccu-
lus. Two traces are superimposed; in one the stim-
ulation was triggered by the experimenter; in the
other the stimulation was triggered automatically
0.3 ms after a spontaneous spike. The collision
results in suppression of the antidromic spike ( * ) .
B: distribution of antidromic latencies of 52 MVN
neurons activated from the contralateral (r) and
the ipsi lateral  f locculus (a) .  C:  sagi t ta l  sect ions
showing the location of MVN neurons projecting
to the contralateral (.) and ipsilateral flocculus
(o) .  The neurons located between 2.3 and 2.7
mm and between 2.1 and3. l  mm are col lect ively
plotted on sagittal planes sp 2.5 and sp 2.9, respec-
t ively.  MVN, medial  vest ibular  nucleus;  SVN, su-
perior vestibular nucleus; 7N, facial nerve.

eye position (Fig. aB) but did not change as a function of
vertical eye position (Fig. aC). This trend is quantif ied by
the slope of the linear regression between the horizontal eye
pos i t i on  and  the  f i r i ng  ra te  1 r :0 .98 ;  F ig .4B) ,  w i t h  a
sensi t iv i ty ,  Kf  ,  o f  8.27 spikes.s- ' /deg.  The sensi t iv i ty  of
this neuron to eye velocity during saccades (Rs) was also
high: 5.09 spikes . s 

- ' ldeg . s 
- ' 

. Figure 5 i l lustrates the fir ing
rate of an EM-neuron (unit 7 from Tables 1 and 2) during
sinusoidal vestibular stimulation. This neuron was recorded
in the left MVN and was antidromicallv activated from the
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r tc .  4.  Act iv i ty  of  an eye movement-re-
lated neuron activated from the contralateral
f locculus (EM-neuron 1,  Tables I  and2).  A:
activity during spontaneous eye movements.
From top to bottom: vertical eye position
(e") ;  hor izontal  eye posi t ion (en) and instan-
taneous firing rate (f.r.). R, L, U, D : right,
left, up, down, respectively. B: relation be-
tween the intersaccadic horizontal eye posi-
t ion end the f i r ing rate.  The l inear reglession
l i ne  w i t h  a  s l ope  o f  8 .27  sp i kes '  s  ' / deg

closely f i ts  the data 1r  = 0.98).  C:  absence
of a significant correlation between firing
rate and vertical eye position for the same
neuron.
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Unit
Number

Side of
Projection

Antidromic
Latency, ms

General characteristics of the analyzed EM-neurons contralateral flocculus. It showed a type II modulation inter-
rupted by burstlike increases or pauses corresponding to the
quick phases, directed toward or away from the recording
side, respectively (Fig. 5A). The eye velocity sensitivity
induced by a head rotation, Ru, of this EM-neuron varied
wi th eye posi t ion (F ig.  6A) f rom 1.28 to 3.31 spikes.s-r /
d e g . s - ' ( m e a n :  2 . 4 4  - r  1 . 2 0  s p i k e s . s - ' / d e g . s - ' ; .  T h e
same trend of variation was observed for EM-cells 1-8. The
sensitivity of the neuron to eye position during the VOR,
Ku, was 2.24 spikes . s 

- ' ldeg. 
Figure 7 i l lustrates the method

used for determining the phase relation of the neural modula-
tion of an EM-neuron (unit 1 from Tables I and 2) with
respect to eye position. Only changes in firing rate associated
with slow phases were taken into account. In the firing rate
modulation displayed for this neuron, the arrows indicate
the increase or decrease in firing rate associated with a few
slow phases. The observed transition from increase to de-
crease in firing rate ( * ) corresponds to a maximum of the

Type

l
2
3
4
5
6
7
8
I

t0
t I
t2
t - 1

Contra
Contra
Contra
Contra
Contra
Contra
Contra
Contra
Contra
Contra
Ipsi
Contra
Contra

1.20
1.30
l .02
1.00
0.96
1.20
1 . 5 0
r .24
0.74
0.96
1.00
0.64
0.69

il
I1
I

I I
il
I
I

I]
I
I

EM-neurons, eye movement-related neurons.

TABLE 2. Firing behavior of the EM-neurons

Unit
Nurnber RsRuKuKf

Phase Lead
deg

l
2
3
4
5
6
7
8
9

t0
1 1
t2
t3

8.21 + 2.90
8 . 1 5  +  3 . 8 0
1 . 1 6  +  O . 7 0
5.95 + 2.40
3.61  +  2 .50
3.41  +  0 .40
2.34 + 0.34
2 .  1 7  +  1 . 0 0
1 . 5 5  +  0 . 4 1
1.05  +  0 .42
0.97  +  0 .10
0.79 + 0.20
0.13  +  O.20

7.91 + 0.90
1.30  *  1 .32
7.00 + 0.80
4.45 + 0.45
5.23  +  1 .18
3 . 2 5  +  l . l 0
2 .24  +  0 . t0
3 .62  +  1 .60
l . l 5  +  0 . 4 0
1.82 + 0.60
l . l0  +  0 .07
t . 0 l  +  0 . 1 2
0.95 * 0.28

4 . 2 3  +  l . t 6
3 .39  +  1 .25
4.00 + 0.92
3.72  +  1 .59
2.58  +  t .04
3 . 6 9  +  l . l 3
2.44 + 1.20
3.22 + 0.58
2.10  +  0 .83
2.73  +  t .23
0.39 + 0.22
1 . 1 9  +  0 . 2 6
1.74  +  0 .85

0.96 + 0.07
0.84 + 0.06
0.90 + 0.05
0.90 + 0.06
0.82 + 0.04
0.87  +  0 .10
0.85 + 0.08
0.86  +  0 .10
0.87 + 0.09
0.91  +  0 .06
0.88 * 0.07
0.90 + 0.08
0.82 + 0.04

0.89
0.85
0.95
0 . 8 1
0.86
0.75
0.82
0.78
0.6s
0.90
0.79
0.95
0.61

0.90
0.75
0.90
0.70
o.7 |
o.72
0.92
0.84
0.65
0.95
0.66
0.85
o.62

5.09
4.50
6.06
2.66
3.s8
4.95
1 . 8 6
3.80
0-46
0.70
0.40
0.50
0.21

I  1 . 5
2 .0

10.0

1 8 . 8
1 3 . 0
1 9 . 3
69.3
39.4
55.0
3 r . 8

1 t0 .0
61 .6

0.40
0 . 5 1
0.26
0.85
0.4'7
0.09
0.25
0.29
0.  l4
2 . 2 1
l . l 0
0.94
0.59

Values for Kf, Ku, and Ru are expressed as means + SD. These values are associated with the correlation coefficient (rry, rx- rr,) of their respective
regression line. In the case of Ru, the associated r^,, corresponds to the mean value 1+5p; of the correlation coefficients obtained for regression Iines
calculated for different positions of the eye. Phase lead corresponds to the phase difference between modulation of the firing ralg_g!!_..1ùr_rfsjosition
(reference) signal. Z is a variable to establish statistical differences between Kf and Ku and defined by the ratio lKf - Kvl/,,1o'?(Kf) + o(Ku). For a
conf idence level  of  0.O1, Kf  is  s igni f icant ly  d i f ferent  f rom Ku i f  T > 2.6.  This is  the case for  none of the tested EM-neurons.  K/(spikes's r /deg),

sens i t i v i t y t oeyepos i t i ondu r i ng in te r saccad i c f i xa t i on ;Rs (sp i kes . s r / deg . s - r ) , sens i t i v i t y t oeyeve loc i t ydu r i ngsaccades ;  Ku (sp i kes . s r / deg ) , sens i t i v i t y
to eye posi t ion dur ing the vest ibuloocular  ref lex (VOR) s low phases;  Ru (spikes.s- ' /deg.s-r) ,  sensi t iv i ty  to eye veloci ty  dur ing the VOR slow phases.

BA prc. 5. Method to establish the relation
between firing rate and eye velocity when the
eye passed through a given posi t ion ( in th is
case:  l .5o lef t )  dur ing the s low phases of  the
VOR, illustrated for EM-neuron 7 (Tables I
and 2) .  A:  f rom toD to bot tom: hor izontal
head velocity 1Ë1 during sinusoidal rotation
of  the head (0.10 Hz,  f rom +20 to -20' ) ,

horizontal eye position (e), and firing rate
( f . r . ) .  A computer a lgor i thm automat ical ly
selected all slow phase crossings through the
selected gaze position (represented by: E :

1.5 ' ) .  For each,  the instantaneous eye veloc-
ity and concomitant firing rate were deter-
mined. B: relation between firing rate and eye
velocity for the selected gaze position. The
slope of  the regression l ine,  Ru (  spikes '  s  r /

deg's- ' ) ,  g ives the sensi t iv i ty  of  the neuron
to horizontal eye velocity . The 1'-intercept,
F(0), gives the firing rate for zero velocity
in the selected gaze position.
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for short periods of time in spite of the presence of a sinusoi-
dal VOR stimulation with an amplitude of 5' at 0.5 Hz. In
this case, the cyclic modulation of the firing rate was not
influenced by a change in eye position or in eye velocity as
was the case in the alert condition (Fig.8A). Hence it was
possible to determine the sensitivity of the neuron to head
velocity (Hv) in this particular situation. For this EM-neuron
I1u was 1.27 spikes.s- ' /deg's- ' .  From th is  value and the
Ru value, the sensitivity of the neuron to eye velocity (Eu)
was calculated by the use of Eq. 4. The resulting Eu value
was 1.02 spikes 's- ' /deg's-r .  For  a l l  the EM-neuron ana-
Iyzed in this situation a head velocity sensitivity was re-
corded (Table 3). The mean head sensitivity (11u) of the
EM-neuron was 1.60 -r 0.49 spike ' s 

- ' ldeg ' s 
- ' 

. Among
the 13 EM-neurons, 6 neurons presented a negligible eye
velocity sensitivity (Ëu; <0.5 spikes ' s 

- ' ldeg ' s 
- ' 

) . For the
seven remaining EM-neurons the mean eye velocity, Eu, was
1 . 3 4  n  0 . 5 5  s p i k e s . s - r / d e g ' s - 1 .

As explained previously, the discharge properties of the
different EM-neurons varied substantially. Figures 9 and 10
show the spiking behavior of an EM-neuron (unit 12 from
Table I ) with characteristics different from the EM-neurons
7 and l. This particular neuron, activated from the contralat-
eral flocculus, had a low sensitivity to horizontal eye position
and a negligible saccade-related activity (Fig. 9A). During
the VOR, its discharge rate was regularly modulated in rela-
tion to head velocity without any quick phase-related activity
(Fig. 9B). The fir ing rate of this neuron during intersaccadic

R

1 0
deg

250
spikes.s-1

f. f. r.

ntc. 7. Method to determine the phase difference between the modula-
tion of firing rate of an MVN EM-neuron (unit .1 ) and eye position during
sinusoidal vestibular stimulation. From top to bottom: horizontal head posi-
tion (h), horizontal eye position (e), firing rate (f.r.), and fitted firing rate
modulation (f.f.r.). A full description of the method construct the f.f.r. is
given in METHoDS : Phase relations of the neuraL modulation. The transition
from an increase to a decrease in firing rate (*) clearly corresponds to the
peak of the fitted firing-rate modulation ( * ) .
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rrc.6. Method to determine the sensitivity of a MVN neuron (EM-

neuron 7, Tables I and 2) to eye position during the slow phases of the

VOR. A: linear regression lines of firing rate vs. horizontal eye velocity

for a series of discrete eye positions. For each of the lines, the firing rate

at zero velocity, F(0), was calculated by interpolation according to the

procedure illustrated in Fig. 58. B: relation between F(0) and horizontal

èye posi t ion.  The s lope of  the l inear regression l ine,  Ku (spikes's 
- ' ldeg),

corresponds to the sensitivity of the EM-neuron to horizontal eye position.

sine wave that was fitted on the modulation in firing rate
( * ). In this case the phase lead of the firing rate modulation
with respect to eye position was 11.5'.

Figure 8 compares the behavior during the VOR of an
EM-neuron (unit 7 of Tables 1 and 2) when the cat was
alerr  (F ig.8A) and when the cat  was s leeping (F ig.88) .
In the later state the eyes remained stationary in the orbit

+ 5  + 1 0
eye velocity (deg.s-r)
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Number
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5 sec

nc. 8. Activity of an eye movement-re-
lated neuron (EM-neuron 7) during sinusoi-
dal vestibular stimulation lat 0.5 Hz, 5' (A
and B) and at  0.1 H2,20'(C) l  when the cat
is alert (A) or asleep (B and C). The head
velocity sensitivity of the EM-neuron was
measured when the cat went to sleep and
during the parts of the vestibular stimulation
for which the eyes were stationary in the or-
b i t .  From top to bot tom: head veloci ty  (h) :
horizontal eye position (e), and ûring rate of
the neuron (f.r.).
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The phase lead of the discharge modulation with respect to
eye position was ll0o in this case (Fig. 98).

Table 2 summarizes the data for 13 EM-neurons during
intersaccadic fixation and during the VOR. The value of iÇ
ranged from 0.73 to 8.27 spikes.s-'/deg with a mean of
3.54 ' r  2 .75 spikes.s- ' /deg.  The f i r ing rate for  zero eye
position (cat looking straight ahead) ranged from 7.9 to 86.4
spikes.s- '  wi th a mean of  30.8 - t  23.9 spikes.s- ' .  The
sensitivity of these EM-neurons to eye velocity during the
saccades (Rs)  ranged f rom 0.21 to 5.09 spikes.s- ' /deg.s- '
wi th a mean of  2.67 - r  2.02 spikes.s- ' /deg.s-r .  Dur ing
the VOR, a large diversity was also found for the sensitivity
to horizontal eye position, Kr.r, ranging from 0.95 to 7.91

VOR Gain
(Alert Period)

I

TABLE 3. Parameters usedfor the determination of head and eye velocity sensitivities of the EM-neurons

Phase Relation
Eye Velocity Versus
Head Velocity, deg

(Alert Period)

Phase Lead Neuronal
Discharge Versus

Head Velocity, deg
(Sleep Period) Eu

R- '..
l ot o
l o
l 9
l î

L J  ' ê  
'  -  

^ -  -

f.t | (rl

ll .ur, lir M iI- r *
I

fixation was clearly related to the horizontal eye position
(r :  0 .95)  (F ig.  l0A) wi th a sensi t iv i ty ,  Kf  ,  o f  0.79
spikes. s-'/deg, but unrelated to vertical eye position (Fig.
10.B). The sensitivity of this neuron to eye velocity during
saccades (Rs)  was low (0.50 spikes.s- ' /deg.s- t ) .  The
head veloc i ty  sensi t iv i ty  (Ë/u)  was 1.1 spikes.s- ' /deg.s- ' ,
whereas the eye velocity sensitivity (E) was negligible (0.03
spikes.s- ' /deg.s- ' ; .  The sensi t iv i ty  of the neuron to eye
velocity during the VOR, Ru, was calculated for 33 different
eye posi t ions ranging f rom -7.5 ' to  *8.5 ' (F ig.  10C);  the
mean value of  Ru was 1.19 spikes.s-r /deg.s-r .  The sensi -
tivity of the neuron to horizontal eye position during vestibu-
lar  s t imulat ion,  Ku,  was 1.01 spikes.s- ' /deg (F ig.  l0D).

l
2
3

5
6
7
8
9

l 0
1 1
t2
l3

180.0
179.0
t7'7.5
180.0
172.5
i  78 .3
172.8
1 7 1  . 0
180.0
180.0
180.0
i 80.0
173.6

r0.5
2.0
4.0
1 .0

12.5
3.5

t4.4
t2 .0
6.0
À <

5.0
i  5.0
16.0

0 ; 7 0
0.84
0.80
0.72
0.80
0.78
0.90
0.70
0.95
0.94
1.00
0.95
r .00

r.92
1.40
1.30
2.20
| .47
1 ; 7 6
1.27
2.20
r .60
2.35
0.52
1 . 1 0
1 . 8 0

1.48
t. '72
2 .37
0.66
0-'74
1.43
1 . 0 2
0.07
0.4r
0.23
0
0.03
0

l lu  (spikes's- ' /deg's-r) ,  sensi t iv i ty  to head veloci ty  measured in the absence of  eye movement (s leep per iods);  Eu (spikes.s-r /deg's-r) ,  sensi t iv i ty
to eye velocity per se and calculated lrom Eq. 4.
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Unit
Number Hu

Phase Lead,
deg Type

Antldromlc
Latency, Side of

ms Projection

1 0  - 5  0  + 5
horizontal eye position (deg)

I  3 .95  +  0 .31
2 2.28 + 0.20
3 2.00 + 0.32
4 1 .81  +  0 .26
5 1 .73  +  0 .29
6  1 . 5 5  +  0 . 1 7
7  1 . 3 0  +  0 . 1 2
I  0 .94  +  0 .15
9 0.55 + 0.09

l0 0.37 + 0.08

0.65 Ipsi
0.85 Contra
0.72 Contra
0.80 Contra
0.70 Contra
0.80 Contra
0.80 Contra
1 . 10 Contra
0.72 Contra
0.93 Contra

4.5
10.5
16.6
30.5
26.0
1 5 . 5
1 3 . 1
28.0
t2 .7
6 .6

ptc. 10. A: relation between the intersaccadic horizontal eye position
and the firing rate for the EM-neuron illustrated in Fig. 9. The linear regres-
s i on  l i ne  w i t h  a  s l ope  o f0 .79  sp i kes ' s - ' / deg  c l ose l y  f i t s  t he  da ta  ( r :
0.95 ), whereas there is no correlation between the firing rate and the vertical
eye position (B). C and D: diagrarns illustrating the quantification of eye
velocity and position sensitivity of the EM-neuron during the slow phases
of the VOR.

I i . r  (spikes.s- ' /deg.s- ' ) ,  sensi t iv i ty  to head veloci ty  dur ing the VOR
slow phases expressed as means + SD. Phase lead conesponds to the phase
difference between modulation of the firing rate and the head velocity
(reference) signal. VO-neurons, vestibular-only neurons.
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horizontal eye position (deg)
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vertical eye position (deg)
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spikes . s '/deg with a mean value of 3.61 + 2.45
spikes 's  ' /deg.  The average sensi t iv i ty  to  eye veloc i ty  (Ru)
of the EM-neurons ranged from 0.39 to 4.23 spikes's-'/
deg .s  '  w i t h  a  mean  o f  2 .12  - r  1 .10  sp i kes . s  t / deg ' s - ' .

The mean phase lead of the EM-neurons with respect to eye
posi t ion was 4 l  .9  - r  31.8 '  wi th a range of  2- l  l0 ' .

Moreover, in the liring rate-eye position relationships,
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prc. 9. Activity of an eye movement-re-
lated neuron (EM-neuron 12, Tables 1 and
2). A: activity during spontaneous eye
movements. From top to bottom: vertical eye
position (e"), horizontal eye position (en)
and instantaneous firing rate (f.r.). B: activ-
ity during horizontal sinusoidal vestibular
stimulation. From top to bottom: horizontal
head velocity (hn), horizontal eye position
( er ,  ) .  and inslantaneous f i r ing rate (  f . r .  ) .  The
phase lead wi th respect  to eye posi t ion is
l l0 ' .  R,  L,  U,  D :  r ight ,  lef t ,  up,  down,
resoectivelv.

5 "e"

each point was associated with an error (not illustrated in
Fig. 10, A and D), which allows to calculate the error associ-
ated with the Kf and Ku values of the neurons (Table 2).
These errors are needed for a statistical comparison of the
H f and Ku values of the individual neurons. It is worth
noting that the difference between the values of Kf and Ku
for individual neurons were not statistically significant. At
a confidence level of 0.01, the value of Z (Table 2) would
be significant only if it were larger than 2.6. This was the
case for none of the tested EM-neurons.

VO-neurons

Seventeen neurons ( 15 activated from the contralateral
and 2 from the ipsilateral flocculus ), all with a type I nature,
were classified as VO-neurons. Sufficient data to allow quan-
titative analysis were obtained from l0 neurons (9 activated
from the contralateral and 1 from the ipsilateral flocculus;
Table 4 ). The activity of these neurons reflected semicircular
canal afferent input, because they modulated their firing rate

TABLE 4. General characteristics and fring behavior of the
analyzed VO-neurons

A

a

a

a

a

-
a
a  a a

a

a
a

a

a
a

a

a

a

aa

a

aa

a

o a

a a
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spikes.s-ll
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during sinusoidal rotation in-phase with head velocity and
were not influenced by ongoing oculomotor behavior.

The discharge activity of a typical VO-neuron during ves-
tibular sinusoidal stimulation and spontaneous eye move-
ments is illustrated in Fig. I 1. The firing rate did not change
at all during spontaneous eye movements (Fig. l lA) but
showed a vigorous modulation during the horizontal VOR
(Fig. 118). Moreover, that modulation was nearly in-phase
with the velocity of head rotation.

To quantify their response during vestibular stimulation,
the sensitivity of VO-neurons to head velocity was calculated
following a procedure similar to the one used for calculating
the sensitivity to eye velocity. Each of the linear regression
lines for head velocity versus firing rate, displayed in Fig.
12, corresponds to a particular eye position reached during
the VOR slow phases. The linear regression was calculated
for nearly every 0.5o step in eye position over a range of
12". -lhe 

mean slope, considered as the best assessment of
the sensitivity of the neuron to head velocity (Hu) was 2.0
spikes.  s- ' /deg's ' .  Dur ing vest ibular  s inusoidal  s t imula-
tion at 0.10 Hz and +20o, the fir ing profi le of this neuron
showed a phase lead of 16.6" with respect to head velocity.

A similar analysis was performed on the other nine VO-
neurons (Table 4). The mean head velocity sensitivity of
t he  VO-neu rons  was  1 .64  - r  1 .07  sp i kes ' s - ' / deg .s - 'w i t h
a  range  o f  0 .31  -3 .95  sp i kes . s - ' / deg .s - ' .  The  phase  l ead
of the modulation of the neuronal activity with respect to
head velocity ranged from 4.5 to 30.5' with a mean value
of 16.4 + 8.9".

D I S C U S S ] O N

The major findings of this study can be summarized as
follows. 1) Neurons projecting to the middle zone of the
flocculus were found in the dorsorostral part of the MVN,
most of them (857o) projecting to the contralateral f locculus.
2) These neurons predominantly provide the flocculus with
a signal reflecting pure head velocity (through VO-neurons)

ESCUDERO, AND E. CODAUX

::t:
: : ] :

::1.FIc.  l l .  Act iv i ty  of  a vest ibular  only
neuron (VO-neuron J, Table 3) antidromi-
cally activated from the contralateral floc-
culus. A: activity during spontaneous eye
movements. From top to bottom: vertical
eye position (e"), horizontal eye position
(en), and instantaneous firing rate (f.r.).
Note the absence of modulation of this VO-
neuron during the spontaneous movements.
B: activity during sinusoidal vestibular
stimulation. From top to bottom: horizontal
eye position (en), horizontal head velocity
(hJ,  and f i r ing rate ( f . r . ) .  R,  L,  U,  D :
right, left, up, down, respectively.

1oo I
spikes.s-11

5 .

or with a signal carrying information about both head veloc-
ity and eye movement (through EM-neurons).

Location of MVN neurons projecting to the middle zone of
the flocculus

It is known that the flocculus receives a signal related to
angular head velocity (Lisberger and Fuchs 1978; Miles et
al. 1980; Waespe et al. l98l). However, rhe nature of the

- 1 0  0  + 1 0  + 2 0

hor izon ta l  head ve loc i ty  (deg.s -1)
plc. 12. Relation between firing rate and head velocity of the VO-

neuron illustrated in Fig. I I (VO-neuron .1, Table 3). Each of the lines
represents the linear regression between firing rate and head velocity calcu-
lated from data collected during the passage of the eye through a specific
gaze position. The different lines conespond to different gaze positions
spaced by 0.5".  The mean s lope of the regression l ines,  l1u (spikes.s-r /
deg.s ' )  expresses the sensi t iv i ty  of  the neuron to head veloci ty .
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parent cells of this mossy fiber signal is still a matter of
debate. In their electrophysiological study of the flocculus
of the monkey, Waespe et al. (1981) were alerted to the
possibility that primary vestibular afferents did not project
directly to the flocculus, because they found thatgOVi oithe
floccular input had a time constant similar to that of vestibu_
lar nystagmus. This time constant was two to three times
greater than that of the canal afferents, suggesting that the
recorded fibers were not coming directly from the cànals, but
from the vestibular nuclei. Many neuioanatomists disagree
about the reality of a direct projection from the vestib-ular
nerve to the flocculus (Alley et al. 19'15; Barmack et al.
1993; Blanks er al. 1983; Kotchabhakdi and Walbers t9-lga:
T-anger et al. 1985b), although there is convincing àvidence
that such projection is absent (Gerrits et al. l9g9; Epema et
al. 1990). In contrast, a projection from vestibulai nuclei
neurons to the flocculus has been clearly demonstrated ana_
tomically in different species (Alley et al. 19.:-5; Blanks et
al. 1983; Brodal and Brodal 1985; Epema et al. 1990; Gould
1980; Kotchabhakdi and Walberg 197gb; Langer er al.
1985b; Sato er al. 1983b; Tan and Gerrirs 1992; iamamoto
t979).

After retrograde tracer injections into the flocculus of cat
and rabbit, labeled neurons were found in both the ipsi_ and
the contralateral MVN (Epema et al. 1990; Sato er at. tgg:U;
Tan and Gerrits 1992). Surprisingly, in the present study,
the vast majority of vestibular neurons were ànddromicaliv
activated from the contralateral flocculus. From the fact that
the EM- and VO-neurons were recorded with the same prob_
ability in both MVN of each animal, we can discarà the
possibility that the observed laterality preference was due to
misplacement of the stimulating electrodes. Tan and Gerrits
(1992) showed rhar rhe ipsi- and conrralarerally projecting
MVN neurons were not spatially separated Uui càmptetet!
intermingled and present throughout ihe extent of the MVN.
-Jgnce neither a possible clustering of the neurons of the
MVN projecting to the flocculus, nôr the restricted area ex_
qJgl"d ir.r the present study can explain the observed laterality
difference- A more plausible explanation of the discrepancy
between the anatomic and electrophysiological data is that
MVN axons with an ipsilareral prôlettion ierminate only in
the rostral and caudal zones of thè flocculus. These ,on", ur"
associated with vertical eye movements (Sato and Kawasaki
1990). The recent f indings of Zhang et al. ( 1993, 1995) in
the monkey are consistent with this view. These authors
demonstrated that superior vestibular nucleus neurons, re_
lated to vertical head and/or eye movements projected onto
the ipsilateral f locculus. Unfortunately, they only stimulated
the ipsilateral flocculus, and the exisience 

-of 
a àontralateral

projection from the superior vestibular nucleus remains to
be assessed.

Characterizcttion of the neurctnal signals

. Two types of vestibular neurons with a floccular projec_
tion have been recorded in this study: one type relâteà to
eye position and eye-head velocity (EM-neurons), the other
to only  head veloc i ty  (VO-neurons) .

The VO-neurons coincide with neurons rennrrert nrp-
viously in the MVN of rhe alert car (Kelter ""jËË;il j  9tà;
and the alert monkey (Fuchs and Kimm 1975: Keller and

Kamath 1975; Lisberger and Miles l9g0). A comparison
between rhe phase lead of the type I VO_neurons ràported
here and the bimodal distribution of the phase lead bf the
type I MVN neurons recorded by Keller and precht (lgi.g)
reveals that the VO-neurons correspond to the first compo_
nent of their bimodal distribution. Despite the fact that they
were not tested with the VOR suppression paradigm, the
VO-neurons fit also well with the npure vestibulai cells, '
projecting to the ipsilateral flocculus, recenrly described bv
Zhang et al. ( 1993,1995) in the superior vesribular nucleus.
Interestingly, the mean phase lead 12t.; wittr respect to head
velocity 

9f these "pure vestibular cells" is very similar to
that of the VO-neurons (16.4"). Comparison ôf th" VO_
neurons with horizontal canal units recorded in the cat
(Blanks et al. 1915; Ezure er al. l97g) (both tested at 0.1
Hz) suggests that the VO-neurons do not introduce a sis_
nificant phase change with respect to rhe peripheral sign"al
mediated by vestibular nerve afferents thaf showed a mean
phase lead of 23.3'(Ezure et al. 197g) asainst 16.4" for
VO-neurons

A comparison of the EM-neurons with the different tvoes
of eye movement-related cells reported in literature is màre
diff icult. First of all, classification of eye movement_related
neurons in the monkey is generally based on the application
of 

.the. 
"VqR suppression" paradigm where a mônkey is

trained to follow a head-fixed visual tarset (Cullen ând
McCrea 1993:  King er  a l .  1976:  L isberger lnd Fuchs l97g;
McCrea et al. 1980; Pola and Robinson 197g; Scudder and
Fuchs 1992; Srone and Lisberger 1990). Although in the
monkey this paradigm enables direct assessment of head
velocity sensitivity of neurons, its application in the cat is
not easy because the pursuit system is much less developed
than in the monkey. To overcome this difficulty we hàve
analyzed the behavior of the EM-neuron when the cat went
to sleep during VOR stimulation. The analysis of the small
periods during which the eyes were stationary in the orbit
has permitted us to determine the head velocitv sensitivitv
of these neurons. The fact that all the EM-neurons analyzeâ
in this situation presented a significant modulation in relation
to head velocity reveals some similitudes with the eyelhead
velocity cells of the nucleus prepositus hypoglossi (NpH)
and adjacent MVN described in the monkey Juring pursuii
and_VOR suppression (McFarland and Fuôhs teeZ j. l i te
the EM-neuron this type of neuron was sensitive to both eye
movement and vestibular stimulation. Sixty percent of these
eyelhead velocity cells were also sensitivê io .v" oosition.
The behavioral diversiry of the MVN flocculai piojecting
neurons result from the plethora of signals founa 

-in 
tiré

vest ibular  nucle i  (Ber thoz et  a l .  1981,  1999:  yoshida et  a l .
1981) To expla in rh is  var iety  of  s ignal .  Toml inson and
Robinson (1984) suggested that the vistibular neurons re_
ceived the different input signals in ratios varying from one
neuron to another, a pattern that would eive birth to a sort
of "continuum" 

in the properties of the-involved neurons.
Notwithstanding the functional diversity of the MVN neu_

rons, the present results demonstrate that among the eve
movement-related neurons in the MVN, only a spJcific po;_
ulation projecrs to the flocculus. The first évidênce is-thàt
the properties of EM-neurons differ from those of MVN
neurons projecting to the ABD. EM-neurons behaved either
as type I or type II, whereas the ABD proiection comes
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from type I neurons exclusively. The range of values of the
different parameters (Kf , Ku, Ru, Rs, phase) was larger for
EM-neurons than for the population of ABD projecting
MVN neurons (Berthoz et al. 1981, 1989; Escudero and
Delgado-Garcia 1988; Escudero et al. 1992: Yoshida et al.
1981). Other evidence for the existence of subpopulations
of MVN output neurons is the fact that pure eye position
neurons (purely tonic units) with a projection to the floccu-
lus were not observed, whereas the existence of such type
of neuron in the MVN of the cat has been described (see
Fig.  5 in  Ber thoz et  a l .  l98 l  ) .

Comparisort with flocculctr ntossy fibers

The different types of signals that were recorded in the
MVN neurons resemble certain types of signals recorded
previously in the rrossy l ibers (MF) of the monkey flocculus
(Lisberger and Fuchs 1978; Miles et al. 1980; Noda and
Suzuki 1919c; Waespe et al. 1981). Three types of MF
signals reflecting different aspects ofhead velocity have been
described: vestibular-only, vestibular-plus-saccade, and ves-
tibular-plus-position. The vestibular'-only MF could cone-
spond to the VO-neurons. Miles et al. 1980 reported that
these MF units behaved either as type I (36Ea) or type II
(647o). The proportion of contralateral VO-neurons of type
I (corresponding to type II MF) with respect to ipsilateral
VO-neurons of type I (comesponding to type I MF) was
more unequal. In the present study only two ipsilateral VO-
neurons of type I and no contralateral VO-neurons of type
II were found. The discrepancy could be explained if vestibu-
lar-only MF neurons were present in other parts of the vestib-
ular nuclei outside the MVN. In contrast, the distribution
of the preferred direction specificity of the burst-tonic MF
described by Lisberger and Fuchs (1978) was in perfect
agreement with the classification of the EM-neurons as either
type I or II. Moreover, the eye position sensitivity and phase
relation of these MF as well as those of the phasic-tonic
GLIES (granular layer input elements) described by Miles
et al. ( 1980) were comparable with the presently reported
data for the EM-neurons.

Contparison cf methods for measuring Rv and Kv

To assess both the sensitivity to eye position and the sensi-
tivity to eye velocity of a neuron in circumstances where
eye velocity and position covary, rnultivariate regression
analysis (with 2 variables) is generally uti l ized and permits
simultaneous calculation of both parameters. The method
used in this study is basically similar to multivariate regres-
sion analysis but differs by the fact rhat eye position and
velocity sensitivity were calculated sequentially. In fact, both
methods assurte that the system is l inear and neither take
into account hysteresis nor sensitivity to variables other than
eye position and velocity. With the present method, devel-
oped to test the uniqueness of the oculomotor neural integra-
tor (Godaux and Cheron 1993), disagreement between the
hypothesized linearity of the systern and its actual behavior
can be detected by the lack of parallelism between the fir ing
rate-eye velocity relationships corresponding for different
eye posl t lons.

The major advantage of our method is that the
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to eye position during VOR, Ku, can be calculated for any
chosen eye velocity including zero. This permits the compar-
ison of a neuron's sensitivity to eye position during postsac-
cadic fixation with its sensitivity to eye position during (hy-
pothetically zero velocity) VOR. In other words, the use-
fulness of our method in comparison with multilinear
regression is that, for any neuron recorded in the brain stem,
it allows verification of the reality of the common integrator
principle (Godaux and Cheron 1996; Robinson 1975) (cf.
Table 2) .

F unctional imp licatio ns

For the sake of conciseness, the functional implications
of the nature of the signals sent by the MVN to the flocculus
will be discussed in the companion paper after the nature of
the signals sent by the NPH to the flocculus will have been
described. For the same reason, the functional implications
of the observed lack of inhibition by the flocculus of those
very MVN neurons that project to the flocculus will also be
delayed (see companion paper, Escudero et al. 1996).
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