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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 the neurons of the nucleus prepositus hypoglossi (NPH) to
the middle zone of the flocculus of the cat. The methods, the
behavioral testing, and the animals used in this study were the
same as those used in the accompanying paper on medial vestibular
nucleus neurons.

2 . The rostral two-thirds of the NPH was exolored in alert ani-
mals with microelectrodes during stimulation of the middle zone
of both flocculi. Discharges of neurons were analyzed during spon-
taneous eye movements (head fixed) and during horizontal vestibu-
loocular reflex (VOR) activity elicited by sinusoidal stimulation
(10,20, 30, or 40" at 0.1 Hz). Forty neurons were found to be
antidromically activated from only one or the other of the two
floccul i  ( latency:0.99 + 0.17 ms, mean + SD): 37 from the
contralateral flocculus and 3 from the ipsilateral one. None of
the neurons could be activated antidromically from both flocculi.
Floccular stimulation never resulted in direct inhibition of these
NPH neurons.

J. Of the 37 units antidromically activated from the contralateral
flocculus, 26 were recorded sufficiently long to allow full quantita-
tive analysis. Most of these (20 neurons) were classified as burst-
tonic (BT) neurons. The BT neurons exhibited during each saccade
made in one direction (the or.i direction) a burst of spikes, and
during postsaccadic fixation a tonic activity that increased with
gaze displacement in the oN direction. The mean sensitivity of the
neurons to eye velocity during the "oN" saccades was 3.3 + 1.6
sp ikes 's  ' ' deg- ' ' s - ' .  Dur ing  in te rsaccad ic  f i xa t ion ,  the  mean
sensit ivi ty to eye posit ion was 3.6 + 2.5 spikes . s '  .deg - '  

.  During
the VOR, the majority showed modulation in relation to both eye
position and eye veiocity. The mean sensitivity to eye position
dur ing  the  VOR was 3 .4  +  2 .6  sp ikes .s  ' .deg- r  ( range:  0 .2 -8 .1
spikes . s 

- '  .  deg 
- '  

)  .  The mean sensit ivi ty to eye velocity during
t h e  V O R  w a s  2 .  I  +  1 . 3  s p i k e s . s  ' . d e g - t ' s - ' .  T h e  m e a n  p h a s e
lead of with respect to eye posit ion was 16.4 + 6.8" (range: 6.0-
28.9"). Eighty percent of the BT neurons behaved as type I
neurons. Forty-seven percent of the BT neurons also presented
some head ve loc i ty  sens i t i v i t y  (  1 .+8  *  0 .6  sp ikes .  s - ' .deg  r .s - r ,

mean +  SD) .
4. Other NPH cells antidromically activated from the contralat-

eral flocculus were classified in two groups: bidirectional burst
(BB)  neurons  (n  =  4 )  and burs t -d r iv ing  (BD)  neurons  ( .n :2 ) .
The BB neurons were characterized by a burst discharge during
every horizontal saccade or VOR quick phase, irrespective of the
direction. The mean sensitivity of the BB neurons to eye velocity
d u r i n g  s a c c a d e s  w a s  3 . 3  +  7 . 8  ( S D )  s p i k e s . s ' . d e g - ' . s - ' .  B o t h
BD neurons increased their firing rate during the slow VOR phases
induced by an ipsilateral rotation (type I neurons) and exhibited
high-frequency bursts in association with ipsilaterally directed
quick phases.

5. The results indicate that the main projection of the NPH onto
the middle zone of the flocculus comes from contralaterallv located

type I BT neurons. Signals transmitted in this path associate a high
sensitivity for eye velocity with a high sensitivity for eye posirion.
This type of input is consistent with the suggestion that the main
function of the flocculus is to control the gain of downstream
reflexes and to perform a fine adjustment of the gaze holding
command.

I N T R O D U C T I O N

Neurophysiological and anatomic data accumulated in re-
cent years strongly demonstrate that the nucleus prepositus
hypoglossi (NPH) is a key structure in the control of hori-
zontal eye movements. The activity of the NPH neurons is
closely related to eye, head, and neck movements (Baker
and Berthoz 1975; Baker et al. 1916; Gresty and Baker 1976;
Lopez-Barneo et al. 1919, 1982) and shows similarities with
the behavior of neurons in the abducens nucleus and the
oculomotor nuclei (Baker et al. 1916,1981; Lopez-Barneo
e t  a l .  1 9 8 1 ) .

The NPH sends projections to most of the brain stem
nuclei implicated in the control of eye and head movements
(McCrea and Baker 1985). These targets include the spinal
cord, the vestibular nuclei, the contralateral NPH, the para-
median pontine reticular formation, the extraocular motor
nuclei, the interstitial nucleus of Cajal, the mesencephalic
reticular formation, the superior colliculus (Corvisier and
Hardy 1991; Stechison et al. 1985), and the cerebellar ver-
mis and flocculus (Tan and Gerrits 19921, Yingcharoen and
Rinvik 1982). For some of the connections the signals pro-
duced by the NPH are known. For example, the oculomotor
complex receives information from three main types of NPH
neurons (position, position-velocity, and velocity-position
neurons ) ( Delgado-Garcia et al. 1989 ) . The superior coll icu-
lus receives only signals from the position neurons (Del-
gado-Garcia et al. 1989). The abducens nucleus receives an
excitatory input from position neurons in the ipsilateral NPH
and inhibit ion from contralateral position neurons (Escudero
et al. 1992; Spencer et al. 1989). In contrast with this de-
tailed knowledge of several brain stem projections, almost
nothing is known about the nature of NPH signals to the
flocculus. Yet this is an important issue because the anatomic
connections between the NPH and the cerebelium are exten-
sive (Brodal 1952; Eccies et al. 7916; McCrea and Baker
1985; Ruggiero et al. 1971; Tan and Gerrits 1992; Torvik
and Brodal 1957; Walberg et al. 1962; Yingcharoen and
Rinvik  1982).

The aim of the present study was the electrophysiological
characterization of different types of NPH neurons project-
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ing to the flocculus. Methods and animals were the same
as those used in an accompanying paper in which medial
vestibular nucleus neurons were explored (Cheron et al.
1996). The combined results of these two studies represent
a first step in the quantification of inputs to the horizontal-
eye-movement-related zone of the flocculus.

M E T H O D S

The animals and experimental procedures used in this study are
the same as have been described in detail in the accompanying
study on floccular projections from the medial vestibular nucleus
( Cheron et al. 1996 ) . In brief, four cats were prepared for chronic
recording, in the alert situation, of eye movements and of neuronal
activity in the brain stem and cerebellum. Under general anesthesia
and aseptic conditions a scleral coil was implanted subconjuncti-
vally on each eye, bipolar silver stimulating electrodes were placed
on each VIth nerve at its exit from the brain stem, and three
holes were drilled through the skull. The middle hole was used
for reaching the NPH and the two lateral ones for reaching each
flocculus.

Eye movements were measured with the magnetic field search
coil technique in the head-restrained condition. Antidromic field
potentials evoked by stimulating the VIth nerve were used to map
the location of the abducens nucleus, which was used as a landmark
to localize the flocculus and the NPH. The middle zone of the
flocculus was identified by recording Purkinje cell activity related
to horizontal eye movements and by observation of abduction
movements of the ipsilateral eye evoked by electrical stimulation
of this particular zone. Subsequently, the bipolar stimulation elec-
trodes were f ixed in posit ion.

During bipolar stimulation of the flocculus middle zone (inten-
sity 30-60 pA, pulse duration 0.05 ms), neuronal act ivi ty in the
NPH was explored with glass micropipettes filled with 2.0 M NaCi
(1-5 MCI at 1,000 Hz). Once a NPH neuron was isolated and
identified as the parent cell of a mossy fiber, its activity was re-
corded 1) during spontaneous eye movements in the l ight and 2)
during the vestibuloocular reflex (VOR) elicited by a series of
sinusoidal head rotat ions in complete darkness (0.1 Hz; 10,20,
30 .  o r  40 ' ) .

Finally, the anatomic location of each recorded NPH neuron was
established by combining the histological controls and micrometer
readings.

R E S U L T S

Location and activation of NPH neurons projecting to the

flocculus

Forty neurons were recorded in the NPHs of four cats. The
neurons were antidromically activated from the flocculus ( 37
from the contralateral and 3 from the ipsilateral flocculus).
Cells could not be antidromically activated from both floc-
cul i .

The distribution of the antidromic latencies for all re-
corded neurons is illustrated in Fig. 1A. The overall mean
latency was 0.99 -r 0.1'7 (SD) ms. The mean antidromic
latency for NPH neurons projecting to the ipsilateral floccu-
lus (0.76 r- 0.13 ms) was shorter than for those projecting
contralaterally ( 1.01 -t- 0.16 ms).

The location of the neurons is shown in Fig. 18. Despite
the fact that the rostral two thirds of the NPH was systemati-
cally explored by microelectrode penetrations during bilat-
eral stimulation of the flocculus, most antidromically acti-
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nc. I . A : histogram of the antidrornic latencies fbr 40 nucleus prepos-
itus hypoglossi (NPH) neurons projecting to the contralateral flocculus
(gray area) and ipsilateral flocculus (hatched area). B: parasagittal sections
showing the location of NPH neurons projecting to the contlalateral floccu-
lus (o)  and ipsi lateral  f locculus (o) .  Cel ls  located between 1.2 1.4 mm
and 1.4-1.6 mm from the midl ine are plot ted on sagi t ta l  p lanes (sp) 1.2
mm (bot tom) and 1.6 mrn ( t r4;) ,  respect ively.  ABD, abducens nuclcus;
7N. genu of  the facia l  nerve.

vated cells were located in the central part of the explored
atea.

Classffication of units

All 37 neurons antidromicaily activated from the contra-
lateral flocculus modulated their firing rate during horizontal
eye movements. The three neurons activated from the ipsilat-
eral flocculus were related to spontaneous vertical eye move-
ments (n : 2) or unrelated to any eye displacement (n :

1 ). Twenty-six contralaterally activated neurons were re-
corded for a sufficiently long time to allow a complete quan-
titative analysis. They could be classified in three groups:
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burst-tonic (BT) neurons, bidirectional burst (BB) neurons
and burst-driving (BD) neurons. The BT neurons were the
most  numerous (n:  20) ,  whereas BB neurons (n:4)  and
BD neurons ( n : 2\ were scarce.

BT neurons exhibited a burst of spikes during each sac-
cade made in one direction (the oN direction) and a pause
in their discharge during saccades in the opposite direction
(the orn direction). The oN direction corresponded to the
contralateral side with respect to the recording side in 16
BT neurons and to the ipsilateral side in the 4 remaining
neurons. During intersaccadic fixation, the BT neurons
showed a tonic activity that increased when the gaze moved
in the oN direction. During vestibular stimulation, 16 BT
neurons were classified as type I and 4 as type II, depending
on whether they increased their firing rate with head move-
ment toward or away from the recorded side, respectively.

The BB neurons did not modulate their firing rate during
steady fixation or slow eye movements in either direction,
but burst during spontaneous saccades and quick phases in
both horizontal directions. Thus they were labeled "bidirec-

tional burst" neurons.
The BD neurons increased their firing rate during the slow

VOR phases induced by ipsilateral rotation (type I neurons)
and exhibited high-frequency bursts of spikes in association
with the quick phases directed to the ipsilateral side. They
were labeled "burst-driving" neurons because their behav-
ior was similar (except for the fact that they were type I
neurons) to that of the neurons described by Okhi et al.
( 1988) that drive the burst neurons of the paramedian pon-
tine reticular formation during the VOR quick phases. The
same type of neuron was more recently described by Hardy
and Corvisier (1992) as an "anticompensatory neuron."

BT neurons

Figure 2 illustrates the behavior of a typical BT neuron
recorded in the left NPH during spontaneous eye move-
ments. This neuron displayed a high tonic firing rate for
rightward positions in the orbit during fixation, bursts of
spikes during saccadic eye movements directed to the right,
and pauses during saccades to the left side (Fig. 2A). The
relationship between firing frequency during intersaccadic
fixation and horizontal eye position is represented in Fig.
28. The sensitivity of this neuron to horizontal eye position
was obtained by measuring the slope, K/, of the linear regres-
sion between horizontal eye position and firing rate. In this
case ,  K /was  5 .3  sp i kes . s - r  . deg - r  ( r  :  0 .86 ) .  I n  con t ras t ,
Fig. 2C shows that the firing rate of the same neuron was
unrelated to vertical eye positions. The sensitivity of the
neuron to eye velocity during saccades (Rs) was analyzed
and quantified according to the procedure described in detail
in Cheron et al. (1996). Figure 2D shows the fir ing rate
related to saccades and the associated pre- and postsaccadic
fixation periods. The discharge activity related to eye posi-
tion was computed from the relation between firing rate and
steady position (as illustrated in Fig. 2B) and then subtracted
from the raw discharge. The result of that subtraction is
plotted in Fig. 2E below the trace of the eye velocity re-
corded during the saccadic gaze shift. For this particular
neuron the value of R.s, expressed as the ratio between the
areas of the saccade-related peak of firing and the saccade-
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related peak of eye velocity, was 3.54 spikes's I '

d e g - "  s - ' .
The quantitative analysis of the activity of the 20 BT

neurons recorded during spontaneous eye movements is
summarized in Fig. 3. The sensitivity to eye position mea-
sured during intersaccadic fixation (Kfl ranged from 0.4
to  9 .3  sp i kes . s - '  . deg - t  ( 3 .6  *  2 .5  sp i kes . s - r  . deg  r ,

mean -f SD) (Fig. 3A). The fir ing rate in the straight ahead
eye position ranged from 4 to 73 spikes/s (29.0 -f 18.6
spikes/s, mean -f SD; Fig.3A, inset). Because determina-
tion of Rs necessitated 10-20 saccades of approximately
similar amplitude, this parameter could only be calculated
for 14 BT neurons. Rs ranged from 1.3 to 6.1 spikes's-r '

d " g - ' . s - '  ( 3 . 3  +  1 . 6  s p i k e s .  s - ' . d e g - ' .  s - r ,  m e a n  - r  S D )
(F ie .  3B ) .

Figure 4 illustrates the behavior of the BT neuron already
shown in Fig. 2 during vestibular stimulation. This neuron
was classified as type I; its firing rate increased during hori-
zontal rotation toward the side of recording and decreased
or even nullified during rotation in the opposite direction.
Moreover, during the fast phases of the vestibular nystagmus
this neuron paused for the eye movements directed to the
recorded side and burst during movements in the contralat-
eral direction (Fig. 4A). During VOR slow phases, the
change in firing rate was due to the sensitivity of the neuron
to both eye velocity and eye position. For quantification, it
was necessary to separate the two components according to
a procedure described previously (Godaux and Cheron
1993). A set of discrete eye positions separated from each
other by steps of 0.5o were chosen. For each of these eye
positions, ranging in this case from *6.5'to - 1.5', the l inear
regression between firing rate and eye velocity was calcu-
lated (Fig. 4B).The slope of each regression l ine, Ru, corre-
sponds to the sensitivity of this BT neuron to eye velocity
when the eye crossed the particular chosen position. From
one eve oosition to the next. Ru varied from 1.5 to 4.2
s p i k e s . s r r . d e g  ' . s  ' 1 2 . 8  *  0 . 7  s p i k e s . s  r . d e g  r . s - ' .

mean -t- SD ) . By interpolation, the firing rate at zero velocity
was obtained for each eye position and plotted against the
concomitant eye position (Fig.  C). The slope of the l inear
regression line between the latter variables, Ku, expresses
the sensitivity of the neuron to eye position during VOR
slow phases. In this parlicular case, the value of Ku was 6.2

. r  - l  r  - l

sp lKes ' s  ' oeg  .
The quantitative analysis of the activity of 11 BT neurons

recorded during the VOR is summarized in Fig. 5. The mean
sensitivity to eye velocity during the VOR slow phases (Ru)
was  2 .1  - f  1 .3  sp i kes  '  s - r  '  deg - r  '  s - r  ( r ange :  0 .2 -4 .1
sp i kes . s - t . deg - ' . s - ' ;  1 l t i g .  5A ) .  When  rhe  behav io r  o f  a
specific neuron is linear, the value of Ru must be constant,
irrespective the particular eye position. Such linearity was
observed only in 6 of the 17 analyzed BT neurons. In the
other 1l neurons, Ru varied with eye position, establishing
a nonlinear behavior. Figure 5B illustrates such nonlinearity
for three representative BT neurons. In this figure, Ru is
plotted as a function of the horizontal eye position at which
it is measured and all the values related to a particular neuron
are linked to each other. For each of the three illustrated
neurons, Ru did not change for a series of successive eye
positions in the onp direction, but changed substantially for
eye positions in the oN direction, e.g., the more eccentric
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prc.2.  A:  act iv i ty  dur ing spontaneous eye
movements of a burst-tonic (BT) neuron in the
left NPH activated from the contralateral floccu-
lus. Top to bottom'. vertical eye position (e,);
horizontal eye position (er); neural discharge
(n.d.); firing rate (f.r.). B: relation between firing
rate and the horizontal eye position. The slope
of the regression l ine is  5.3 spikes.s- ' .deg- '
(r = 0.86). C: relation between firing rate and
the vertical eye position. Note the absence of any
significant regression. D and E: illustration of
the procedure used to determine the sensitivity of
the BT neurons to eye velocity during saccades.
Twenty saccades of about the same amplitude
(within a window of 2') and the related firing
rates were averaged (D). The component of the
discharge related to eye position, computed from
the rate-position relationship established during
intersaccadic fixation (B), was subtracted from
the averaged raw discharge. The result of that
subtraction is ploned below the averaged eye ve-
locitv profile in E
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the eye position, the higher Ru. The mean sensitivity to eye
position during the VOR slow phases (Ku) was 3.4 -F 2.6
s p i k e s . s - ' . d e g - t  ( r a n g e :  0 . 2 - 8 . 1  s p i k e s . s - ' . d e g - ' ;
(Fig. 5C). The mean phase lead of neuronal ûring with
respect to eye position was 16.4 + 6.8o (range: 6.0-28.9")
( F i g .  5 D ) .

To discriminate head from eye velocity sensitivity, we
have analyzed the behavior of the BT neuron when the cat
went to sleep during rotation. Only the parts of recording
for which the eyes were stationary despite head rotation were
take into account ( see vnrnoos and Fig. 8 of the companion
paper, Cheron et al. 1996 ) . In this particular condition ( sleep
periods ) , among 17 BT neurons for which a complete quan-
titative analysis was obtained during vestibular stimulation,
8 BT neurons presented a clear sensitivity to head velocity.
The mean head velocity of these BT neurons measured in
the absence of  eye movement was 1.48 + 0.6 spikes.s-1.
d.g 

-' . s 
- ' 

. The mean phase lead of this residual modulation
with respect to head velocity was 6.6 -r 4.2o.

BB neurons

The behavior of a typical BB neuron recorded from the
right NPH is illustrated in Fig. 6. During spontaneous eye

movements, it burst during both leftward and rightward sac-
cades, but its firing rate was unrelated to the achieved and
maintained eye position (Fig. 6A). During sinusoidal VOR
stimulation, the discharge activity of this neuron was corre-
lated only with the occurrence of quick phases (Fig. 6B). It
showed no sensitivity to either head velocity or eye position.

The sensitivity of the four BB neurons to eye velocity
was  2 .5  - r  0 .6  (SD)  sp i kes ' s - r . deg - t . s - r  f o r i ps i i a te ra l l y
directed saccades and 3.3 t 0.6 (SD) spikes/s for contralat-
erally directed saccades.

BD neurons

The response of one of the two recorded BD neurons
(from the right NPH) during the VOR induced by sinusoidal
rotation of the turntable is given in Fig. 7 A. Figure 7 B
represents the boxed part of Fig. 7 A on a different time
basis. Whenever nystagmus was induced by ipsiiateral head
rotation, the firing rate increased during the contralaterally
directed slow phases (type I behavior, * in Fig. 7 B) and
changed into a high-frequency burst of spikes in association
with the ipsilaterally directed quick phases (* in Fig. 7B).
In contralateral rotation, the illustrated neuron decreased its
firing rate during the slow phases and showed little change
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flocculus were not uniformly distributed within these nuclei,
2) both projections were mainly contralateral, and 3) during
spontaneous and vestibularly induced ocular movements
both nuclei provided the flocculus with eye movement-re-
lated signals. In addition, the medial vestibular nucleus and
the NPH provided the flocculus with a head velocity signal
during VOR stimulation.

Relationship with anatomic data

In contrast with the almost equally bilateral distribution
of retrogradely labeled NPH neurons following injection of
horseradish peroxidase into the flocculus (Epema et al. 1990;
McCrea and Baker 1985: Sato et al. 1983: Tan and Gerrits
1992), the majority of neurons presented here were anti-
dromically activated from the middle zone of the contralat-
eral flocculus. A similar result was reoorted for the medial
vestibular nucleus projection to the fioccular middle zone
(Cheron et al. 1996). The discrepancy between the anatomic
and physiological data could to some extent be explained
by differences in the experimental setup. Whereas the stimu-
lation was almost certainly restricted to the horizontal zone,
the tracer injections covered large parts of the flocculus and
included the horizontal as well as the vertical zones. Neurons
in the caudal part of the NPH, not investigated in the present
study, may also have a different laterality preference. How-
ever, because two of the three NPH neurons activated from
the ipsilateral side were related to vertical eye movements,
it is possible that the horizontal and vertical zones of the
flocculus are innervated by contralateral and ipsilateral NPH
(and medial vestibular nucleus) neurons, respectively. How-
ever, a definitive resolution of discrepancy in laterality be-
tween anatomic data and the present electrophysiological
data needs further experimentation.

The morphology of the NPH neurons in the cat has been
described by McCrea and Baker ( 1985 ) following intracellu-
lar injection of horseradish peroxidase. These authors classi-
fied the NPH neurons in three groups: multidendritic, princi-
pal, and small neurons. The best candidate to match the
floccular projecting neurons recorded in the present study is
the multidendritic-type neuron, which is located in the rostral
part of the NPH ( McCrea and Baker 1985 ) . Axons of these
neurons project to the flocculus, almost exclusively without
brain stem collaterals. In addition, McCrea and Baker ( 1985 )
demonstrated in decerebrated cats that many multidendritic
neurons could be antidromically activated from the ipsilat-
eral or contralateral flocculus. Moreover, the mean anti-
dromic latency reported in the work of McCrea and Baker
( 1.2 ms ) was not different from that observed in the present
study (0.99 -f 0.17 ms). Another factor strengthening the
evidence that f loccular projecting neurons belong to the
multipolar type is that the principal and small neurons seem
to be candidates for receiving floccular Purkinje cell inhibi-
t ion (Alley 19'77',Yamamoto 1978; Yincharoen and Rinvik
1982), whereas the present study has clearly demonstrated
the absence of inhibition on antidromically activated NPH
neurons. This latter fact suggests the absence of a direct
feedback loop between the flocculus and the NPH.

Comparison between NPH floccular projectittg cells and
other NPH and medial vestibular nucleus neurons

Neurons of the NPH have been classified according to
their firing behavior in relation with eye movements as "po-

2 3 4 5 6 7 8

Kf (spikes.s-1/deg)

0 1 2 3  4 5  6 7 I

Rs (spikes.s-1/deg.s-1 )

rtc.3. A: histogram of the distribution of sensitivity to eye position
during intersaccadic fixation for 20 flocculus projecting BT neurons. /nset:
relation between firing rate and horizontal eye position, each line represent-
ing an individual neuron. B: histogram of the distribution of sensitivity to
eye velocity during the saccades for 14 BT neurons. K/, sensitivity to
horizontal eye position; Rs, sensitivity to eye velocity during saccades.

in frequency during the contralaterally directed quick phases.
The head velocity sensitivity of the two BD neurons was
0.4 and 0.5 spikes . s 

- ' . deg 
-' . s 

- ' 
, respectively.

During spontaneous eye movements, the BD neurons dis-
charged tonically at a steady level independent of eye posi-
tion, burst in relation with contralaterally directed saccades,
and paused for ipsilaterally directed saccades.

D I S C U S S I O N

The present study is an analysis of signals sent by the
NPH to the middle zone of the flocculus. There are striking
similarities between the behavior of NPH neurons and those
in the medial vestibular nucleus, analyzed in a comparable
way (Cheron et al. 1996).It was found that 1) neurons in
the NPH and medial vestibular nucleus projecting to the
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ptc.4.  A:  act iv i ty  of  the BT neuron i l lustrated
in Fig. 2 during vestibuloocular reflex (VOR) stimu-
lation. Top ro botront: horizontal head velocity ( h ).
horizontal eye position (e), and firing rate (f.r.) (R,
rightward; L, leftward). B and C: diagrams illustraç
ing the quantitative assessment of the eye position
sensitivity of this neuron during the VOR slow
phases. B: eye velocity sensitivity (Ru) (correspond-
ing to the slope of the regression lines) determined
for different positions achieved by the eye (individ-
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sit ion," "position-velocity," and "velocity-position" neu-
rons (Baker 1977; Delgado-Garcia et al. 1989; Lopez-Bar-
neo et al. 1982). The position neurons send an eye position
signal to abducens nucleus ûrotoneurons (Escudero and Del-
gado-Garcia 1988; Escudero et al. 1992). They seem to form
a link in the effèrent path of the oculomotor neural integrator
that transforms eye velocity signals into an eye position
signal. They have been demonstrated to be excitatory on the
ipsilateral abducens nucleus and inhibitory on the contralat-
eral nucleus (Escudero and Delgado-Garcia 1988; Escudero
et al. 1992). In the present study, position neurons with a
projection to the flocculus were not found. All horizontal
BT neurons that were found modulated their f ir ing rate in
relation with both eye position and eye velocity. Therefore
the BT neulons show a good correspondence to the position-
velocity and velocity-position neurons, described by Lopez-
Barneo et al. ( 1982). These authors renorted that the sensi-
tivity to eye position of position-velociiy and velocity-posi-

tion neurons in the NPH ranged from 1.1 to 7.5 spikes . s r .

d"g-', whereas the sensitivity to saccadic eye velocity
ranged  f rom 0 .7  t o  7  sp i kes . s  ' ' deg - ' . s - ' .  These  va lues
are in fair agreement with those reported here (K/ : 3.6 -r

2 . 5  s p i k e s . s  ' ' d e g - ' ,  R s  3 . 3  - f  1 . 6  s p i k e s ' s - r .
deg "  s- ' ) .  Delgado-Garc ia et  a l .  (1989) found that  NPH
neurons antidromically activated by a stimulation of the con-
tralateral inferior cerebellar peduncle, like our BT neurons,
responded with a mixture of eye position and eye velocity
signals and behaved in a type I fashion. Compared with
the population of BT neurons recorded in this study, those
described by Delgado-Garcia et al. (1989) had a similar
sensitivity for eye position ( 5.2 spikes . s 

- ' . deg 
-' 

for posi-
t ion-veloc i ty  neurons and 2.1 spikes.s ' .deg r for  ve loc-
ity-position neurons), but a lower sensitivity for saccadic
eye  ve loc i t y  (0 .62  sp i kes ' s  '  . deg - '  . s - '  f o r  pos i t i on -ve -
locity neurons and 0.75 spikes ' s 

- ' . deg ' . s 
- ' 

for velocity-
position neurons ) . An unexpected result from this study was

c
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the similarity of the behavior of some BT neurons in the NPH
and some eye movement neurons in the medial vestibular
nucleus. These NPH and medial vestibular nucleus floccular
projecting neurons showed in common a sensitivity to eye/
head velocity and to eye position. This result is consistent
with the behavioral similitude observed for some of the NPH
and medial vestibular nucleus neurons in the monkeys
(McFarland and Fuchs 1992).

The second group of neurons described presently, the BB
neurons, showed burst activity during horizontal saccadic
eye movements in either direction. This type of neuron has
been reported in the literature only once (Lopez-Barneo et
al. 1982). A possible role of this type of f loccular input
could be to trigger events related to the onset of rapid eye
movements.

The third type recorded in the present study was the BD
neuron. These neurons showed a type I vestibular response,
with a burst of spikes during the fast VOR phases directed
to the recording side. Neurons with similar activity, but of
type II, were reported in the NPHs of anesthetized cats ( Ohki
et  a l .  1988).  On the basis  of  several  cr i ter ia ,  i .e . .  f i r ing
behavior, activation by stimulation of the contralateral ves-
tibular nerve and projection to contralateral excitatory burst
neurons, they were named burster-driving neurons (Okhi et
al. 1988). Kitama et al. (1992) and Hardy and Corvisier

- 4  - 2  0  2  4  6
horizontal eye position (deg)

0 1 0 2 0 3 0
phase lead (deg)

(1992) have shown in the alert cat that this type of NPH
neuron also receives an excitatory input from the ipsilateral
superior coll iculus. Hardy and Corvisier (1992) described
them as anticompensatory neurons and found that some were
of type I, although the majority were of type II.

Functional intplicotiotts o.f the NPH and tnedial vestibltlor
nucleus signals transn'Litted to the .floccttlus

Understanding the signal processing by the flocculus re-
quires knowledge of both the input and output signals as
well as of the intrinsic organization of the floccular circuitry.
Thus explanation of this processing on the basis of only a
few identif ied input signals remains elusive. Other n'rossy
fiber inputs, not yet analyzed with the same experimental
approach, originate in brain stem rruclei that relay visual
information (Maekawa and Kimura l98l; Maekawa and
Simpson 1973; Maekawa and Takeda 1916, 1919; Simpson
1984) and influence floccular plocessing (Stone and Lis-
berger 1989, l990a,b). Nevertheless, some fïnctional impli-
cations of the present results can be ernphasized.

The oculomotor neural integrator, necessary fbr correct
gaze hold ing,  was suggested by Baker et  a l .  (1981) to be
located in the NPH. Lesion experinrents have demons;trated
that the main processol of the neural integrator was indeed

1 2 3 4
Rv (spikes.s--r/deg.s-])

- 6

rtc . 5. A : histogram of the mean eye velocity sensitivity ( Ru ) for I 7 BT neurons duling the VOR slow phase. B : relation
between eye velocity sensitivity (Ru) and horizontal eye position for 3 BT neurons. Note the increase in Ru for irrerelsing
eccentricity of the eye in the oN direction. C: histogram of the distribution of eye position sensitivity (Ku) during the VOR
slow phase for the l7 BT neurons. D: histogram of the distribution of phase lead in flring with respect to eye position for
the same BT neurons.
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B

5 sec
t - tc .6 Spik ing behavior  of  a b id i rect ional  burst  (BB) neuron of  the NPH project ing to the contra lateral  f locculus.  A:

act iv i ty  dur ing spontaneous eye movements.Toptobouont:ver l ical  eye posi t ion (e") ,  hor izontal  eye posi t ion (er , ) ,  and
f i r ing rate ( f . r . ) .  B:  act iv i ty  dur ing VOR st i r ru lat ion.  Top to bot tont :  hor izontal  head veloci ty  (Ë),  hor izontal  eye posi t ion
(e, , ) ,  and f i r ing rate ( f . r . ) .
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in the NPH, but that it needed the collaboration of the floc-
culus to work properly (Robinson 1989). After lesions in
the NPH, cats were no longer able to maintain an eccentric
gaze position. After each saccade, a centripetal exponential
drift with a time constanf of -0. 16 s was observed (Cheron
and Godaux 1987; Cheron et al. 1986, 1992; Mettens et al.
1994) . On cerebellectomy, cats could not maintain their eyes
in an eccentric position. The eyes drifted back exponentially
toward the primary position, with a longer time constant
(-1.4 s) than after NPH lesions (Godaux and Vanderkelen
1984; Robinson 1974). Similar observations were reported
in the monkey (Cannon and Robinson 1987; Zee et al.
1981). It should be emphasized that the output frorn the
NPH to the flocculus is not the pure position signal that
represents the final output of the neural integrator (Escudero
and Delgado-Garcia 1988; Escudero et al. 1992), but a mix-
ture of eyelhead velocity and eye position information. The
flocculus does not seem to receive, at least not from the
NPH, a copy of the hnal signal elaborated by the neural
integrator system, which would be required if the flocculus
were involved in a closed, positive feedback loop as pro-
posed by Robinson (1914). The signals relayed by NPH
neurons to the flocculus are in better agreement with the
assumption that the flocculus contributes to the neural inte-
grator in a feedforward system (Ito 1993). The output from
eye-movement-related medial vestibular nucleus neurons to
the flocculus (Cheron et al. 1996) could play a similar role
in the neural integrator to that of the NPH neurons.

Another role suggested for the flocculus during saccades
and subsequent gaze holding is to match the amplitude of
the pulse signal responsible for saccadic displacement with

5 sec

the amplitude of the step signal necessary to maintain the
achieved position (Chelazzi et al. 1990; Optican and Rob-
inson 1980). To perform such function, the flocculus needs
signals related to both eye velocity (during saccades) and
eye position (during gaze holding). The BT neurons of rhe
NPH as well as the eye movement neurons of the medial
vestibular nucleus could play a role in this process. More-
over, this function of pulse-step matching would require an
input signal representing the nonlinearities of the system.
Actually, it is well known that the elasticity and viscosity
of the orbital muscles and the surrounding tissue do not
behave linearly with respect to eye position. These nonlin-
earities have been revealed by differences in the pulse-step
ratio for various init ial positions of the eye (Coll ins 19ll).
This means that the saccadic accuracy must depend on neural
compensation of the nonlinearity. Optican and Robinson
( 1980) have provided evidence favoring the involvemenr of
the flocculus in this neural compensation. The BT neurons
with a clearly nonlinear behavior ( cf. Fig. 5 B ) could provide
the flocculus with the input required to cornpensate for non-
linearit ies during the pulse-step matching.

The cerebellar involvement in motor learning has been
rhe subject of much debare (Ito 1982, 1986, 1989; Ito et al.
1982; Lisberger 1988; Miles and Lisberger 1981; Thompson
1986). The adaptation of the VOR was one of the rnost
extensively studied models of motor learning and there is
no doubt about the involvement of the flocculus in this adap-
tation (Hassul et ai. 1976; Luebke and Robinson 1994; Rob-
inson 1976 ) . Although the experiments reported here do not
address the issue of floccular motor learning, they may have
some relevance in elucidatins details about the orisin of the
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prc. 7. A and B: spiking behavior of a burst-
driving (BD) neuron in the right NPH projecting
to the contralateral flocculus during VOR stimula-
tion. Tolt to bottom'. head velocity ( h ) , horizontal
eye posi t ion (e) ,  and f i r ing rate ( f . r . ) .  B:  enlarge-
ment of the boxed area from A to a different time
basis. The firing rate increases during the VOR
slow phases to the contralateral side (*) as well
as during the quick phases to the ipsilateral side
( * ) .
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floccular inputs proposed by Lisberger (1988) in a model
on the floccular function in the adaptation of the VOR. In
this context, the importance and the nature of the signals
transmitted by the contralateral medial vestibular nucleus
and NPH to the flocculus may partly explain the absence of
VOR adaptation in cats in which the vestibular commissure
was cut  (Cheron 1990).
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