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/. For horizontal eye movements, previous observations led to
the hypothesis that the legendary neural integrator necessary for
correci gaze holding, adequate vestibuloocular reflex (VOR), and
optokinetic nystagmus, was located in the region of the complex
formed by the nucleus prepositus hypoglossi (NpH) and the me_
dial vestibular nucleus (MVN).

2. 'the 
aim ofthe present study was to test the respective contri-

butions of the NPH, of the rostral part of the MVN, which con_
tains most second-order vestibular neurons, and ofthe central part
of the MVN to the horizontal integrator.

3. An injection of muscimol was used to inactivate each of
these three zones in the cat's brain. Muscimol is a 7-aminobutyric
acid (GABA) agonist. By binding to GABAA receptors, it inducls a
hyperpolarization of the neurons that nullifies their activitv. Mus_
cimol was injected into the brain stem of the alert cat thiough a
micropipette by an air pressure system.

4. The search coil technique was used to record spontaneous
eye movements and the VOR induced by rotating a turntable at a
constant velocity. VOR was analyzed by a new method: transient
analysis of vestibular nystagmus.

5. A unilateral injection of muscimol into the NpH induced a
bilateral gaze-holding failure: saccades were followed by a centripe_
tal postsaccadic drift. A vestibular imbalance was also present but
it was moderate and variable. The VOR responses were distorted
drastically. Through transient analysis of vestibular nystagmus,
that distortion was revealed to be due more to a failure of the
neural integrator than to an alteration of the vestibular inout to
the neural integrator. The responses to a rotat ion eithertow;rd the
injected side or in the opposite direction were asymmetrical. The
direction of that asymmetry was variable.

9, A unilateral injection of muscimol into the rostral part of the
MVN caused a vestibular imbalance: in complete darknèss. a nys_
tagmus appeared, whose linear slow phases were directed toward
the side of inject ion.

7. A unilateral injection of muscimol into the central part of
the MVN induced a syndrome where a severe bilateral saze_hold_
ing failure was combined with a vestibular imbalance. Ii the light,
saccades were followed by a bilateral centripetal postsaccadic drift.
In complete darkness, a nystagmus was observed, whose curved
slow phases were directed towards the side of injection. The VOR
responses were distorted drastically. Here again, that distortion
was revealed by our analysis to be due more to a failure of the
neural integrator than to an alteration of the vestibular inout to
the neural integrator. The VOR response to a rotation toward the
side opposite to the injection side was always larger than that elic_
ited by a rotation toward the injected side.

8. We conclude that both the NpH and the adjacent central
MVN are key anatomic substrates for the horizontal neural inte_

grator, whereas the rostral MVN is not a key site for the horizontal
neural integrator.

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

Although all the signals that are at the origin ofeye move-
ments are velocity signals (Blanks et al. 1975.. Collewiin
1975; Fernandez and Goldberg l97l; Hoffmu.r.r u.rd
Schoppmann 1975; Van Gisbergen et al. l98l), ocular mo-
toneurons need to carry both a velocity signal and a posi_
tion signal to correctly control ocular movements fRôUin-
son 1968; Skavenski and Robinson 1973). From this dis-
crepancy, it has been hypothesized that there would exist
mechanisms in the brain stem to convert the velocity com-
mand signal into an eye-position signal. The underlying
structure, which would integrate (in the mathematical
sense) the velocity signals, is called the oculomotor neural
integrator (Robinson 1968, 197 5; Skavenski and Robinson
1973). Moreover there is theoretical evidence in favor of the
fact that the oculomotor neural integrator is shared by all
the conjugate ocular subsystems (Robinson l9l5).

The precise location of the oculomotor neural integrator
is still a matter for debate. In fact, there are at least two
oculomotor neural integrators: one for vertical and tor-
sional movements, the other for horizontal movements.
The vertical-torsional integrator is located in the interstitial
nucleus of Cajal (Crawford et al. l99l; Fukushima 1987).
The horizontal neural integrator has been located in the
region ofthe prepositus hypoglossi and vestibular nuclei in
the cat (Baker et al. 1981;Cheron et al. 1986a.b: Cheron
and Godaux 1987; Escudero et al. 1992;Lopez-Barneo et
al. 1982) and in the monkey (Cannon and Robinson 1987).
Indeed, injection of kainic acid into this nuclear complex
caused pathological eye movements similar to those that
would occur in the case of damage to the horizontal neural
integrator (Cannon and Robinson 1987; Cheron and Go-
daux 1987).

But, two important facts make it impossible for the au-
thors to implicate specifically either of the target nuclei:
relatively large amounts of kainic acid ( l -3 pl, 2-4 t4/pl)
were injected and traditional methods for evaluating time
constants were susceptible to large errors when applied to
distorted eye movements. As a result, the horizontal inte-
grator was said to be located in the prepositus-vestibular
nuclear "complex".
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The first experimental point is addressed here by using
injections of small amounts of muscimol, a 7-aminobutyric
acid agonist, into potential sites for the horizontal integra-
tor [the nucleus prepositus hypoglossi (NPH), the rostral
part of the medial vestibular nucleus (MVN), and the cen-
tral part of the MVNI. The second problem is solved by
applying a new algorithm to the analysis of nystagmus,
which can incorporate the effects of transients in slow
phases caused by a deficient integrator.

These two factors allow us to detect rubustly deteriora-
tion in the oculomotor integrator, regardless of associated
distortions in spontaneous eye movements or vestibular
nystagmus. In addition, the small volumes used for the in-
jections, together with the accuracy of the parameter esti-
mates obtained from the algorithm, now permit clear dis-
tinctions in the contributions of prepositus and vestibular
nuclei in the elaboration of the conjugate oculomotor inte-
grator.

M E T H O D S

Surgical procedttre

Experiments were performed on four cats weighing 2.5-3.5 kg
and prepared for chronic recording of eye movements. Under gen-
eral anesthesia (xyl idino-dihydrothiazin, Rompun, Bayer, 3 mgl
kg and pentobarbitone, Nembutal, Abbott, 20 mglkg) and aseptic
conditions, cats were fitted with several chronic devices. Scleral
search coils were implanted subconjunctivally on both eyes
(Fuchs and Robinson 1966; Judge et al.  1980). A bipolar st imulat-
ing electrode was placed on each abducens nerve at its exit from
the brain stem to later map out the location of tl.re abducens nu-
cleus, according to a classical identification technique (see for in-
stance, Baker and Berthoz 1974; McCrea et al.  1980). The posit ion
of each electrode was adjusted to produce a lateral movement of
both eyes with a single 0.I ms pulse of < I mA. Three screws were
cemented to the skul l  to immobil ize the animal 's head during the
experimental sessions. A square hole (8 mm side) was dri l led in the
occipital bone (stereotaxic coordinates L : 4 left-4 right, p :
12-20). The dura mater was renroved and a dental cement
chamber constructed around the hole. Between the recording ses-
sions the surface of the cerebellum was protected with a silastic
sheet and the chamber sealed with bone wax. Terminal wires from
eye coils and stimulating electrodes were attached to a socket ce-
mented to the holding system. Further details of this chronic prepa-
rat ion have been described by Delgado-Garcia et al.  (1986).

E ye- mov e ment rec ord i n g

Eight days after surgery. each animal was trained to accept re-
straining condit ions without stress. A week later, recording ses-
sions began. Each experimental session began by attaching the
animal 's head to a holding bar by the implanted screws. Moreover,
to el ici t  the vestibuloocular ref lex, the head was put in the center of
a turntable and placed so that the horizontal semicircular canals
were about horizontal (nose 20" down). Eye movements wr:rre
measured using the scleral search coi l  technique (Fuchs anc Robin-
son 1966). The measurement system and i ts internal analog f i l ter-
ing have a bandwidth of 300 Hz and a sensir ivi ty of0.25.. Calibra-
tion was obtained by rotating the two magnetic fields + 5o around
the horizontal and vertical axes with the cat's head kept still in
space. To estimate the 0 position of the gaze, the vertical and
horizontal posit ions of one eye were sampled at a rate of i0/s
during spontaneous ocular movements made in the l ight during a
period of l0 min. Zero posit ion was obtained by computing the
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mean horizontal and vertical positions of gaze (n = 6,000 ocular
posit ions).

Behavioral resfing
During each experimental session, the head of the alert cat was

fixed at the center ofa vestibular turntable. After the cranial open-
ing had been cleaned by sterile saline with antibiotics, local anes-
thetics were poured into the cement chamber to prevent any pain.
In the next step, the injection micropipette was lowered to its
target site (see below). Recordings to deflne the ocular 0 position
and the control eye movements were then obtained with the injec-
tion micropipette in place. Two types of movements were re-
corded: spontaneous eye movements in the light and in complete
darkness and horizontal vestibuloocular reflex (VOR). VOR was
measured by imposing a step of constant-velocity rotation (50
deg/s during 40 s) to the turntable in complete darkness. This
velocity was reached in 0.5 s providing an initial acceleration of
100 deg/s2. During the recording periods, alertness was main-
tained by producing strange sounds. After completion of control
records, muscimol or saline were injected (see below). There was
no sign of decreased alertness as a result of the injections. Eye
movements (saccades and VOR) were then recorded for a period
of >3 h. Several injections were made into the brain stem of each
cat. Injections into the same cat were separated by >48 h.

Injection procedure
At the beginning of each injection experiment, we mapped out

the location ofthe abducens nucleus in the alert cat. At least five
penetrations were performed. A glass microelectrode ( l-2 MQ of
impedance), attached to a micromanipulator tilted 30 deg poste-
rior, was lowered through the cranial opening in the direction of
the abducens nucleus to record the antidromic field potential
evoked by the stimulation of the abducens nerve. The site where
maximal antidromic negativity could be recorded was searched
for and its X- )'coordinate was noted. This single micropipette, the
recording pipette, was then withdrawn and glued together with a
second micropipette (the injection pipette, Fig. l ). Each micropi-
pette was pulled in such a way that its shank was eccentric, al-
though parallel, with respect to the shaft of the pipette. So it was
possible to adjust not only the distance separating longitudinally
the tips ofthe pipettes but also the distance between the shanks of
the micropipettes. The two micropipettes were glued in such a way
that, when the tip of the recording micropipette would be in the
center of the abducens nucleus, the tip of the injection micropi-
pette would be in a target area (located either in the NPH or in the
MVN). The twin pipettes then were placed on the micromanipu-
lator with the recording micropipette directed toward the X-Y co-
ordinate corresponding to the center ofthe abducens nucleus. The
micropipettes then were lowered at the depth where the antidro-
mic negativity recorded by the tip of the recording micropipette
was maximal.

The injection micropipetles, drawn from calibrated 0.275 mm
internal diameter glass tubing (t ip OD: 250 pm), were f i l led with
either a solut ion of muscimol or a sal ine solut ion. Muscimol was
used as a solut ion in sal ine adjusted at pH 7.4 with NaOH at a
concentration of l pgl 1lJr. Saline solution was injected in control
experiments. The meniscus of the solut ion was visual ized through
a surgical microscope. An air pressure system (picospritzer II, Gen-
eral Valve) was connected to the glass pipette by a polyethylene
tube (Amaral and Price 1983). Pulses of air pressure then were
repeatedly delivered to the micropipette until the meniscus de-
scent corresponded to an injected volume of 0.1 or 0.2 pl.

Histological studies

At the end of the series of experiments in each cat, a 40-pm
diamel-coated nichrome wire (Johnson Matthev and Co) was



glued to the injection micropipette of the current twin pipettes, in
such a way that the uninsulated tip of the wire was aligned with the
tip of the injection pipette. When the recording pipette recorded a
maximal antidromic field potential, small electrolyic lesions ( l5-
30 pA of DC anodal current for I 5-30 s) were made to aid in the
reconstruction of the tracks. Under deep barbiturate anesthesia,
the cats'brains were perfused with normal saline and then l07o
formaldehyde. Serial sections of 20 pm thickness were cut from
the medulla and pons and stained with cresyl violet for micro-
scopic examination (Fig. 2).

Analysis methods

Data were analysed oflline on PC/486 clones, after storage on
disk from FM tape recordings. FFT analysis of the analog eye
movement signals verified an effective bandwidth of -40 Hz,
with uncorrelated low-level noise at higher frequencies (- lVo e lN
ratio). Hence a sampling rate of 100 Hzon 12 bit A/D was deemed
sufficient for the study of slow-phase characteristics.

The main goal of this study is to evaluate the efficacy of the
oculomotor integrator in the control versus lesioned cases. This
integrator is well known to participate in the holding of postsacca-
dic eye position and in the "integration" of vestibular velocity
signals into motor position signals. Hence, we have evaluated its
function by analyzing spontaneous eye movements and VOR re-
sponses to steps in head velocity. The former measures centripetal
drift after saccades by fitting exponentials. The latter requires the
application of a new transient analysis method (Rey and Galiana
I 993) to allow a separation ofinjection effects on vestibular versus
integration functions and their possible interactions.

The analysis of Rey and Galiana ( 1993), cal led "transient analy-
sis ofvestibular nystagmus," characterizes a pathological response
by a set of three parameters: the time constant of the gaze holding
( 7bH), that is the time constant of the drift that would occur after a
quick phase if there was no vestibular response at all; the time
constant ofthe exponential decay ofthe velocity ofthe slow phases

78'7

Frc. l. Photography (.4) and sketch (-B) of the twin pi-
pettes used for microinjections of muscimol into the brarn
stem of the alert cat. Two glass micropipettes were glued
together. The frrst pipette, filled by a NaCl 2M solution, was
used as a recording electrode to frnd the site where the anti-
dromic field (evoked by a stimulation of the abducens
nerve) was maximal. The second pipette, drawn from cali-
brated 0.275-mm ID glass tubing was fllled with muscimol.
Drug was injected into the brain stem, using electromechan-
ically regulated air pulses as the driving force. Before being
inserted into the brain stem, the 2 pipettes were glued in
such a way that when the tip ofthe recording pipette reached
the center ofthe abducens nucleus, the tip ofthe microinjec-
tion pipette was located in the target nucleus, nucleus
hypoglossi (NPH) or medial vestibular nucleus (MVN).

(I,ro*) that would occur if the gaze-holding system was normal
and ilno quick phase was generated; and a gain factor, â.

Figures 3 and 4 illustrate applications ofthe transient analysis to
the VOR responses elicited by rotations at constant velocity in a
normal cat (Fig. 3) and in a muscimol- injected animal (Fig. 4). At
Fie. 3 (top) and Fig. 4 (top of each column) are displayed the eye
position (e) and the eye velocity (e) of the VOR responses elicited
by a rotation at constant velocity (Fig. 3, leftward; Fig. 4, right-
v,ard in the left column and leftward in the right column). The

nlc.2. Photomicrographs showing canula track terminating at injec-
tion site n' 9 in the MVN of caT 92-4. l: parasagittal section 2.3 mm
lateral to the midline through the MVN and the cerebellum. -B: area out-
l ined in I  is  shown at  h ieher maenihcat ion.
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results of the analysis of raw recordings by the transient analysis
are shown in Figs. 3.8 and Fig. 4, B and .8, respectively. In each of
these blocks are displayed the computed vestibular input to the
integrator, obtained by passing the canal signal through a velocity
storage mechanism (interrupted line, labeled VS) and the pre-
dicted velocity of the VOR response that would be due solely to
the vestibular system, excluding a possible effect of the quick
phases (trace labelled Ec). This curve was computed using a model
where the canal input signal was passed in cascade through a veloc-
ity storage mechanism and a neural integrator. In the normal cat,
the predicted velocity of the VOR with no quick phases resembled
the envelope curve ofthe velocity ofthe slow phases actually re-
corded (compare trace è from Fig.3A with trace Ec from Fig. 3B).
In the injected animal, the predicted velocity of the VOR re-
sponses with no quick phases did not resemble any longer the
respective envelope curves of the raw velocity traces (compare
traces è from Fig. 4, A and D, with traces Ec from trig. 4, B and E,
respectively). The worse disparity is shown for the VOR of the
injected cat in response to a leftward rotation. The observed VOR
(fig. aD) seemed to have the wrong polarity. Using the transient
algorithm, the responses to both rightward and leftward rotations
were found to be quite consistent (compare Fig. 4, B and .E). The
algorithm found the very small VOR due to the vestibular system
and was not misled by the direction of the quick phases as would
be the naked eye. trig. 3 (bottom) and Fig. 4 (botlom,left and right
columns) superimpose the predicted VOR slow phases that would
occur with the observed quick phases (pieces of thick lines) with

'ï'] 

-

nc. 3. An example of vestibuloocular reflex (VOR)
response in a control case. l: head velocity step (50 deg/
s), associated ocular nystagmus (deg), and velocity ofthe
eye (deg/s) are shown. B: estimated vestibular process
[velocity storage (VS) = -G l{s) s Z"o*/(s TvoR + l)]
projecting to the central integrator (dashed.curve) is
shown as is the predicted continuous VOR (Ec, deg/s)
which would have been observed if there had not been
any nystagmus (thin solid curve, see first term in Eq. A4).
C: slow phase segments with observed nystagmus, pre-
dicted by our algorithm, are superimposed on the raw
data in bold. Note the quality ofthe fit, reflected in high
levels of VAF (variance-accounted-for, as defined by
equation A7 in epptxptx) percentage. Note that, despite
the excellent gaze holding time constant, nystagmus
slows the decay rate ofthe slow phase segments in the eye
velocity plot, improving the profile with respect to Ec.
However, the envelope of é slow-phase segments resem-
bles closely the VS profile and so in this case could be
used to estimate VOR gain and time constant (compare
B and C).

the actual data (thin lines). Clearly, the responses modeled by the
parametric fits (both for eye position and for eye velocity) are
excellent representations of the actual data, with high VAF (vari-
ance-accounted-for, as defined by equation A7 in erretvox),
both for normal VOR response (Fig. 3C) and for very distorted
pathological responses (Fig. 4, C and ,fl. See npprNotx for details.

R E S U L T S

All the injections were made unilaterally in fully alert
cats. When they occurred, the pathological changes in eye
movements began between I and 7 min after the injection.
These effects were transitory. Full recovery always was ob-
served between 2 h 20 min and 4 h after the injection.

Muscimol was injected six times into the NPH of two
cats (Table 1). These injection sites were placed 1.2-1.6
mm lateral to the midline and extended 0.5-4 mm behind
the abducens nucleus (Fig. 5). As the pathological changes
in eye movements were similar, the results of these NPH
experiments were pooled together.

Muscimol was injected five times into the MVN of three
cats (Table 1). The injection sites were 2.3-2.5 mm lateral
to the midline (Fig. 6). In this nucleus, the pathological
changes in eye movements differed according to the in-
jected sites. For that reason, the pathological movements
caused by injections into the central part of MVN (injec-
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tions no 12, 13, 15) will be described apart from those re-
lated to injections into the rostral part of the MVN (injec-
tions no 9 and I I ). The injection sites of the central part of
the MVN were located 1.5-3.5 mm behind the abducens
nucleus, whereas those of the rostral part of the MVN were
0.5-l mm behind the abducens nucleus.

Analysis of pathological spontaneous eye movements

To better understand the changes in eye movements in-
duced by our pharmacological injections, let us remember
three well-established syndromes of pathological spontane-
ous eye movements. Normally, the two vestibular nerves
are equally tonically active. When one of those tonic input
activities becomes smaller than the other, there is a vestibu-
lar imbalance thaT causes a sustained deviation of gaze to-
ward the weaker side, interrupted by quick resetting phases.
A nystagmus with linear slow phases is observed. On the
other hand, if the oculomotor neural integrator is leaky, a
correct signal to maintain the eye at the position achieved at
the end of the saccade is no longer available. There is a
failttre of the gaze-holding system, so that each saccade is
followed by a centripetal postsaccadic drift toward the 0
position. It also can happen that a vestibular imbalance
would be combined with a gaze-holding deficil. In that case,
nystagmus is added to a gaze-holding failure. The slow

phases of nystagmus are curved and decay towards a non-
zero position, which we refer to as the functional null posi-
tion (see Cannon and Robinson 1987 for the first applica-
tion). This null position is defined as the eye position that
could be held without drift or toward which the eye drifts
with a direction depending on the eccentricity of the pre-
vious gaze shift: when position achieved at the end of a
saccade is more eccentric than the null position, the drift is
centripetal; it is centrifugal in the opposite case.

Analysis of pathological VOR responses

The VOR was tested by rotating the cat en bloc about an
earth-vertical axis in total darkness. In the normal cat, the
constant-velocity step of table rotation induced a nystag-
mus with linear slow phases. The velocity of those slow
phases diminished exponentially in spite of the fact that
rotation was sustained. The VOR response thus could be
adequately quantified by two parameters: the time constant
of the decay of the envelope of the velocity trace (Fig. 3l)
and the gain, calculated as the ratio of the maximal velocity
of the eye measured at the beginning of the response and the
velocity of the rotation step. When pooled together, the
control responses of our 15 experiments had a VOR time
constant of 9.2 + 4.5 s (mean + SD, n -- 15) for leftward
rotation and 10.0 + 4.2 s (tr : l5) for rightward rotation.
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FIc. 4. Example of clockwise (A-C) and counterclockwise (D--tr) rotation tests in the same animal, in a postlesion case
involving the central MVN. Curves are presented in the same form as in Fig. 5. Despite very different VOR responses, the
t i m e c o n s t a n t s e s t i m a t e d b y t h e a l g o r i t h m a r e v e r y s i m i l a r ( ? ' u o * = 8 . 5 s i n , B a n d 9 s i n - E ;  I o r : 0 . 5 s i n B a n d 0 . 7 s i n ^ E J ,
with asymmetrical gains required to preserve the high quality ofthe ût. In these cases, the envelope ofslow-phase segments,
when consistent, never resembles either the dynamics of VS or those ofthe expected response ifthere were no nyslagmus
(Ec). In fact, it would be impossible to justify envelope analysis in part D.
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TABLE 1. Paramelers of the microiniections

Injection Number Injected Area Side Cat Injected Volume

Muscimol injections into nucleus prepositus
hypoglossi (NPH)

I
2
À

6
1

Muscimol injections into central
medial veslibular nucleus (MVN)

t 2
I J

l 5
Muscimol injections into rostral MVN

9
l t

Control injections
l 0
t ' 7

t 8
l o

NPH
NPH
NPH
NPH
NPH
NPH

MVN
MVN
MVN

MVN
MVN

just above FN
MLF
NPH
MVN

L
R
R
I

L

L

0 . 1
0.2
0 . 1
0.2
0.2
0.2

9 1-7
9 1-7
9 1-7
9 l -7
92-4
92-4

92-4
9 1-7
92-4

92-4
9 1 - 9

9 1 - 9
9 1 - 9
93-2
93-2

0.2
0.2

0 . 1
0 . 1
0.2
0.2

I

L

L
L

L
R
R
R

0.2
0 . 1
0.2

Volumes are given as microliters. Control injections l0 and l7 contained muscimol; injections l8 and l9 contained NaCl. trN, facial nerve; MLF,
medial longitudinal fasciculus.

The related gains were 1.1 + 0.1 (n : 15) for leftward rota-
tion and 1.0 + 0.2 (n: 15) for rightward rotation. This
traditional method for VOR analysis was adequate to ana-
lyze control data, but not lesion responses.

Pathological VOR responses are in fact very difficult to
analyze, as several factors can be intermingled. In the case
of vestibular imbalance, a spontaneous nystagmus with lin-
ear slow phases is present in complete darkness and is
added to or subtracted from the rotation-induced response
according to the sense of the rotation. But, a worse dim-
culty emerges when a VOR is tested in a cat suffering from a
gaze-holding failure. In this case, each resetting quick phase
is followed by a centripetal drift. As a result, the pathologi-
cal VOR response can be influenced seriously by fast phase
activity. For instance, let us suppose that a table rotation of
a lesioned cat would trigger a small compensatory response
with a few resetting quick phases. As the eye position is not
adequately held at the end ofthese quick phases, new quick
phases are generated. This gaze paretic nystagmus will be
considered wrongly as a part of the vestibular response. An
example of such a distorted VOR is displayed in Fig. 4A.To
quantify such responses where some defect of the vestibular
system can be combined with some failure of gaze holding,
it is necessary to use a method that can separate these two
components of the distorted response (see varnoos and
APPENDIX).

As indicated in Eq. A5, transient analysis of VOR re-
sponses permits simultaneous evaluation of gaze holding
and VOR time constants. The results below were obtained
from responses 30 min after the injections.

Injections into NPH
SPONTANEOUS EyE MovEMENTS. After a unilateral injection
of muscimol into an NPH, the pathological changes of the
spontaneous horizontal eye movements were similar in the
different experiments. A typical experiment is illustrated in
Fig. 7. Five minutes after the muscimol injection, a bilateral

gaze-holding failure occurred in the light. Saccades were
followed by a centripetal postsaccadic drift. When the defi-
cit was the worst, the time constant of the exponential drift
was as low as 0.6 + 0.1 s (n : 20 saccades). The null posi-
tion, toward which the gaze drifted back at the end of each
saccade, did not coincide any longer with the control 0 posi-
tion but the deviation was slight: 2o toward the side of the
injection. In complete darkness (Fig. 1 ll), the animal devel-
oped a nystagmus whose slow phases were curved and di-
rected to the side ofthe injection.

When the other five animals attempted to make saccades
in the light, the minimal time constant of the bilateral post-
saccadic drift observed ranged from 0.5 to 1.4 s. The null
position moved away from the 0 position only slightly
(from 1.5" toward the side opposite to the injection to 1.5"
toward the side of the injection). In complete darkness, a
nystagmus with curved slow phases was observed in all the
six animals but one (Fig. l ll). The slow phases were di-
rected four out of five times toward the side of the injection,
once toward the side opposite to the injection side. The
induced changes in the vertical spontaneous eye move-
ments were more variable from one experiment to the next.
There was no change at all either in the light or in complete
darkness in four animals. In two animals, upward and
downward saccades made in the light were followed by a
drift whose time constant was 0.6 + 0.2 s (n : 30) in one
case and 0.5 + 0.2 s (n : 30) in the other case. In complete
darkness, these two animals developed a nystagmus with
curved slow phases directed upward in one animal and
downward in the other.
VESTIBULOOCULAR REFLEX. Figure 8 shows the typical
VOR responses induced by a rightward and a leftward rota-
tion before (A) and 30 min after (B) an injection of musci-
mol into one NPH (the right NPH in this case). Before
injection, the envelope curves of the eye velocity slow
phases progressively decayed with a time constant of 9 s for
both leftward and rightward rotations (Fig. 8l). After the



EFFECT OF MUSCIMOL MICROINJECTIONS

P12 P11 P1O P9 P8 P7 P6

P12 P11 P1O P9 P8 P7 P6

P12 P11 P1O P9 P8 P7 P6
nc. 5. Schematic mapping of the reconstructed injection sites in or

near the NPH. The numbers assigned to the distinct injection sites refer to
the injection numbers listed in Table 1 The NPH sites receiving muscimol
injection are indicated (o) as are sites receiving muscimol but located out-
side the NPH in the medial longitudinal fasciculus (n). The NPH site
injected with NaCl solution (control injection) is indicated by a circle.
ABD, abducens nucleus; FG, facial genu; IO, inferior olive.

injection, the VOR responses were very distorted (Fig. 8,8)
and could not be analyzed any longer by studying the fea-
tures ofthe envelope curves. Transient analysis applied to
those responses showed that the deterioration was primarily
due to an integrator failure. After the injection, the time

P 1 3  P 1 2  P 1 1  P 1 O  P 9  P 8  P 7  P 6  P 5

P 1 3  P 1 2  P 1 1  P 1 O  P 9  P 8  P 7  P 6  P 5

P 1 3  P 1 2  P 1 1  P 1 O  P 9  P 8  P 7  P 6  P 5

nc. 6. Schematic mapping of the reconstructed injection sites in or
near the MVN. The numbers assigned to the distinct injection sites refer to
the injection numbers listed in Table l. The sites of MVN receiving musci-
mol injection are indicated (o) as are sites receiving muscimol but located
outside the MVN (a). The MVN site injected with NaCl solution (control
injection) is indicated by a circle. ABD, abducens nucleus; FN, facial
nerve; FG, facial genu; IO, inferior olive.

O 1 5  O 1 3
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constants of the gaze holding (7"o") were as low as 0.8 s for a
rightward rotation and 0.6 s for a leftward rotation, whereas
the time constants of the vestibular input to the integrator
( Z.'on) were 9 s and 8 s for rightward and leftward rotations,
respectively.

In the case of NPH injections, transient analysis pointed
to a gaze-holding failure in each of the six experiments.
Whereas normal time constants of gaze holding were - l5
s, they decreased to l . l  + 0.7 s (n: 6) and 1.5 + 1.4 s (r  :  6)
after injections, for ipsilateral and contralateral rotations,
respectively (see Table 2). After each experiment, the value
of the time constant of gaze holding measured by the tran-
sient analysis on both the responses to ipsi- and to contralat-
eral rotations was about the same as that measured by hand
on a pool of spontaneous rightward and leftward saccades
(see Table 3). The time constant of the vestibular input to
the integrator (I,ro*) was not significantly modified by the
NPH injections and the gain of the VOR was only weakly
attenuated (see Table 2).

An additional feature of the pathological responses was
their asymmetry, as shown in Fig. 8,B. This asymmetry was
assessed not through the transient analysis but according to
a more traditional method. The ratio of the initial (peak)
eye velocities resulting from ipsilateral versus contralateral
rotations was defined as the maximum velocities ratio. The
injection-induced asymmetry was not always in the same
direction. After three injections (injections no 1,2, and 6),
the response was greater when elicited by a contralateral
rotation. The maximal velocities ratio decreased from 0.72,
0.88, and 0.83 to 0.22,0.56, and 0.52, respect ively.  On the
contrary, after two injections (injections no 5 and 7), the
response was greater when elicited by an ipsilateral rota-
tion. The maximal velocities ratio increased from 0.8 and

1 0 ' L

10o R nc.7. Spontaneous eye movements recorded in the light
before (l) and after (B) muscimol injection into the right NpH
(injection n' 2 in Table l). Traces are horizontal eye position.
L, left; R, right. The 0' bar corresponds to the straight ahead
or 0 position of the gaze, recorded before the injection. The
interrupted line in B corresponds to the null position toward
which the gaze drifted after each saccade.

1oo L

100 R

0.88 to 6.5 and 1.6, respectively. After injection no 4, the
maximal velocities ratio was nearly unchanged ( 1.0 before
vs. 0.9 after injection). Similar variability in the VOR gain
asymmetry was obtained from the transient analysis
method.

Injections into central MVN
SPONTANEOUS EyE MOVEMENTS. The symptoms induced by
injections no 12, 13, and 15 into the central part of the
MVN were very similar. In the light, there was a gaze-hold-
ing failure combined with a horizontal vestibular nystag-
mus whose slow phases were directed toward the injected
site. A typical experiment is illustrated in Fig. 9. The null
position was deviated 7.2" towardthe injected side. So long
as the gaze did not cross that position (Fig. 9,B, left), a nys-
tagmus with curved slow phases was recorded. When the
gaze crossed the null position, a clear bilateral gaze-holding
failure was observed (Fig. 98, right). The time constant of
the postsaccadic drift was 0.5 + 0.2 s (n: 20 saccades). In
the two other experiments, the null position deviated to-
wards the side of the injection by 6.6' (injection n" 12) and
4.5' (injection n" 15). The time constants of the postsacca-
dic drift were 0.4 + 0. 1 s (n : 20) after injection n" l2 and
0.3 + 0.1 s (n : 20) after injection no 15. In the vertical
plane, the eye movements were either normal (injection n'
l2) or consisting of saccades followed by a mild postsacca-
dic drift (time constant : 0.9 + 0.4 s (n : 2O) in injection n"
13 and 0.6 + 0.  I  s  ( r  :  20)  in  in ject ion no 15.  In  complete
darkness, the syndrome was dominated by a horizontal
nystagmus whose slow phases were curved and directed to-
ward the injected side (Fig. I lB).
VESTIBULOOCULAR REFLEX. A typical set of responses be-
fore and after injection of muscimol into the central part of



CONTROL

ujlfitfÏmilttrïïn'm,-,.. i
' -ltlllTilllJtlTJtlll'llJl.IrJurwuuuuvur"- 

I

EFFECT OF MUSCIMOL MICROINJECTIONS 793

t to. 8. Vestibuloocular reflex before (l) and 30
min after (.8) muscimol injection into the right NPH
(injection n" 2). ê, horizontal eye velocity; h, hori-
zontal head velocity; L, left; R, right. VOR was
tested in total darkness. In each block (l or B), the
response to a rightward rotation is illustrated (lop) as

a contralateral or an ipsilateral rotation, respectively. In the
two other injection experiments, the time constant of the
leaky integrator ranged from 0.4 to 0.6 s (Table 2). Here
again, after each experiment, the value of the time constant
of gaze holding measured by transient analysis of the re-
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the left MVN is displayed in Fig. 10. Figure l0.B shows a
clear deficit of gaze holding combined with an asymmetry
due to a vestibular imbalance. This qualitative description
was confirmed by the transient analysis: the time constant
of gaze holding was 0.5 s and 0.7 s for responses induced by

TABLE 2. Vestibuloocular reflex before and after iniection of muscimol

MUSCIMOL INTO RIGHT NPH

Direction of Rotation 1 c H .  5 /  v ô R r  5 Gain, b

Muscimol injections into NPH, n: 6
Before injection

After injection

Muscimol injections into central MVN, n : 3
Before injection

After injection

Muscimol injections into rostral MVN, n = 2
Before injection

After injection

Control injections, n = 4
Before injection

After injection

ipsi
contra
ipsi
contra

ipsi
contra
ipsi
contra

ipsi
contra
ipsi
conlra

ipsi
contm
i n c i

contra

15.6 + 4.4
1 5 . 3  +  5 . 4
1 . 1 +  0 . 7
1 . 5  +  1 . 4

7 .0  +  3 .0
8 . 5  +  3 . 3

l 0 . l  +  4 . 4
l 0 . l  +  4 . 3

8 .6  +  2 .5
10.6  +  4 .9
5 .6  +  2 .5
7 . 5  +  1 . 8

9 .2  +  2 .7
8 .0  +  3 .0
7 .0  +  2 .0
8 .7  +  0 .2

5 . 0  +  1 . 0
5 . 0  +  1 . 0
5 .6  +  0 .5
5 .6  +  0 .4

1 . 0  +  0 . 1
l . l  +  0 . 2
0 .8  +  0 .3
0 .8  +  0 .2

l . l  +  0 .  I
L l  +  0 .  I
0 .3  +  0 .  I
0 .2  +  0 .2

0 .9  +  0 .3
l . l  +  0 . 3
0 .8  +  0 .3
1 .0  +  0 .4

1 . 0  +  0 . 2
1 .0  +  0 .2
0 . 9  +  0 . 1
0 . 9  +  0 . 1

1 8 . 0  +
1 5 . 0  +
0 . 6  +
0 .5  +

2 2 +
1 A

5 . 5  +
14.0  +

0.8
4.9
0.  I
0 .  l

2 .5
0.5
0.5

l  1 . 0

25 +  5 .0
12.0 + 4.0
26.6  +  4 .7
20.0 + 4.0

The tabulated values were obtained by transient analysis of the vestibular nystagmus. Values expressed as means + SD. Ics, time constant of gaze
holding; ?voR, time constant of the VOR that would be observed if gaze holding were normal; for other definitions, see Table I .
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TABLE 3. Comparison of gaze-holding failure detected on postsaccadic drifts

Injection n' Transient analysis of vestibular nystagmus Postsaccadic drift*

Muscimol injections inrc NPH
I
2
À
5
o

7
Muscimol injections into central MVN

t 2
I J

t 5

0.80 (  1.2,  0.4)
0.70 (0.8, 0.6)
r . 50  (1 . s ,  1 .5 )
0.65 (0.3, 1.0)
1 4 \ t ) 4  4 \ \

0.82 (0.6,  1.0)

0.s0 (0.5,  0.5)
0.60 (0.7, 0.s)
0.55 (0.6, 0.5)

0.5  +  0 .  I
0 . 6  +  0 . 1
1 .2  +  0 .6
l . t  +  0 . 5
1 .4  +  0 .6
l . l  +  0 . 5

0 .4  +  0 .1
0 .5  +  0 .2
0 . 3 + 0 .  I

sponses to ipsi- and to contralateral rotation was about the
same as that measured by hand on a pool of spontaneous
rightward and leftward saccades (see Table 3). Here too, the
time constant of the vestibular input to the integrator
(7",ro*) was not significantly modifred by the injections (see
Table 2).

Asymmetries similar to that illustrated in Fig. 108 were
observed after the three injections. After injection, the re-
sponse was greater when elicited by a contralateral rotation.
The maximal velocities ratio decreased from 0.89, 0.97,
and 0.9 I to 0.37, 0.20, and 0.17, respectively, as expected
from the direction of spontaneous nystagmus. Asymmetry
and gaze-holding failure appeared simultaneously except in

A

Values in parentheses are the values of Io" measured on the VOR in response to an ipsilateral or a contralateral rotation, respectively. Postsaccadic

drift sample sizes were 20. For definitions, see Table l. * In complete darkness, there was often a nystagmus with curved slow phases, so we performed the

quantitative analysis on saccades made in the light. In the light, saccades were under the influence of the visual optokinetic feedback. Because the

optokinetic leedback takes I 00 ms to come into action, we concentrated our attention on the initial part ofthe postsaccadic drift. The time constant was

measured by the duration between the end ofthe saccade and the time at which the tangent to the initial part ofthe drift intercepted the null-position axis.

one case (injection n" l3). After that injection, vestibular
imbalance appeared first: 7 min after the injection there
was an asymmetry of the responses without any major gaze-
holding failure (7'6r-tipsi : 5 s, Z6rrcontra : 5 s). Transient
analysis, after correcting for spontaneous nystagmus, re-
veals only minor decreases in VOR time constant, but up to
70-80Vo loss in VOR gain (Table 2).

Injections into rostral MVN

SpoNTANEouS EYE MovEMENTs. Injection of muscimol
into the rostral part of the MVN (injections n'9 and 1l)
affected neither the horizontal nor the vertical eye move-

10" L

MUSCIMOL INTO LEFT MVN (35th min)

10o R nc. 9. Spontaneous eye movements recorded in the light
before (,4) and after (B) muscimol injection into the central
part of the left MVN (injection n' l3 in Table l). Traces are
horizonlal eye position. L, left; R, right. The 0' bar corre-
sponds to the straight ahead or 0 position ofthe gaze, recorded
bcfore the injection. The interrupted line in B corresponds to

{no I the null position toward which lhe gaze drifted after each
saccade.

oo

5 sec

B

CONTROL

1 0 0  R
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R nlc. 10. Vestibuloocular reflex before (,4) and 30 min

after (B) muscimol injection into the central part of the left
MVN (injection n' l3). Labels same as in Fig. 8. In each
block (,4 or.B), the response to a rightward rotation is illus-
tràted (top) as is the response to a leftward rotation (bol-
torr). Note that these responses are symmetrical belore in-
jection, but strongly asymmetrical after (.8) the injection.

NPH (injection n" 17) or the MVN (injection n" l0) and of
two injections of NaCl into the NPH and the MVN (injec-
t ions no l8 and l9).

Control injections affected neither the horizontal nor the
vertical spontaneous eye movements, whether in the light,
or in complete darkness. Similarly, there was no change in
gaze holding or in the velocity storage evaluated from the
transient algorithms (Table 2).

D I S C U S S I O N

The major findings of this study can be summarized as
follows.

Injection of muscimol into the NPH caused a failure of
the horizontal neural integrator and a variable and moder-
ate vestibular imbalance. Indeed, there was abllateral gaze-
holding failure. Moreover, the observed distortion of the
VOR was revealed through transient analysis of the vestibu-
lar nystagmus, to be due more to a failure of the neural
integrator than to an alteration ofthe vestibular input to the
neural integrator.

Injection of muscimol into the rostral MVN did not
cause a deficit of the horizontal neural integrator but in-
duced a mild vestibular imbalance: in complete darkness, a
nystagmus appeared with linear slow phases directed to-
ward the side of injection.

Injection of muscimol into the central MVN caused both

B

è t4\.rr\-rtNJvJ\l\il\tr^ xNilr r'il tr nfh,\u ^n r ̂ rl''r.mlr nrrr I

5 sec

ments made in the light (Fig. I I C). In complete darkness, a
horizontal nystagmus developed with linear slow phases di
rected toward the injected side (Fig. I I C). Their maximal
velocities were 3.5 deg/s and 3.4 deg/s. In other words, a
mild vestibular imbalance without any sign of gaze-holding
failure appeared. The verlical saccades were nonnal after
injection n" 9, but were followed by a mild postsaccadic
drift after injection n" 11 (time constant : 0.7 + 0.2 s).
vESTTBULoocULAR REFLEX. After both injections of this
group, the changes of the VOR were minor. Gaze holding
became only slightly leaky. 7'o" was > 10 s before injection
in both cats. In one cat, it decreased to 6 s and 3 s when
computed from the responses to ipsi- and contralateral ro-
tations, respectively. In the other cat, it decreased to 5 s for
the response to an ipsilateral rotation and remained > l0 s
for the response to a contralateral rotation.

A slight asymmetry was caused by the injections compati-
ble with the mild spontaneous nystagmus. The maximal
velocities ratios decreased from 0.85 and 0.84 to 0.69 and
0.77, respectively.

Control injections

Four other injections did not cause any significant modifi-
cation of the eye movements and will be described under
the label "control injections." This group consisted of two
muscimol injections placed on purpose outside either the
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MUSClMOL
RIGHT NPH

Darkness

MUSCIMOL INTO
LEFT CENTRAL MVN

MUSCIMOL INTO
LEFT ROSTRAL MVN

a failure of the horizontal neural integrator and a consistent
vestibular imbalance. There was a bilateral gaze-holding
failure associated with a deviation of the null position to-
ward the injected side. Moreover, transient analysis of the
VOR responses confirmed the failure of the neural inte-
grator.

Comparison with other injection studies

In the first studies where kainic acid was injected into the
brain stem to locate the neural integrator (Cannon and Rob-
inson 1987; Cheron and Godaux 1987), relatively large
amounts of kainic acid (l-3 pl, concentration 2-4 pglpl)
were injecled. As a result, relatively large diffusion occurred
so that it was impossible to implicate specifically a nucleus
or a part of it at the expense of its neighbors. On the con-
trary, the differences observed in the present study between

5 0 L

00

5 0 R

5 0 L

Oo FIc. I l. Changes in the spontaneous horizontal
eye movements when the injected animal was in
complete darkness. l: after muscimol injection into

5o R the right NPH (injection no 2). B: after muscimol
injection into the central part of the left MVN (rn-
jection no l3). C: after muscimol injection into the
rostral part of the left MVN (injection n' I l). D:
after muscimol injection into the right MLF (injec-
tion n" l7). The 0" bar corresponds to the straight

ro I ahead or 0 position ofthe gaze, before the injection.
L, left; R, right.

00

5 0 R

5 0 L

oo

5 0 R

?
the pathological movements caused by the different injec-
tions show that the role of diffusion was minimal here.

The gaze-holding defect observed after injection of mu-
scimol into the central MVN of the cat agrees with two
other similar studies on the simian MVN. Straube et al.
( l99l ) injected muscimol ( I pl, concentration I pgl 1l]) into
the simian M\fN, 0.5-2.5 mm behind the abducens nu-
cleus. They observed a bilateral gaze-holding failure com-
bined with a shift of the null position, which moved either
toward the side of the injection or to the opposite side.
Waespe et al. (1992) injected muscimol (0.5-1.0E" in 0.1-
0.6 lrl) into the MVN and into the border zone between the
MVN and the adjacent prepositus nucleus several months
after bilateral vestibular neurectomy. Those injections also
resulted in severe, reversible failure ofhorizontal gaze hold-
ing. Contrary to our results, the null position shifted in their
results to the contralateral side. The discrepancy could
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come from the fact that the vestibular nuclei injected by
Waespe et al. (1992) were deprived of the synaptic excita-
tions that they normally received from the primary vestibu-
lar afferents.

In a recent study, we injected very small amounts of
kainic acid (50 nl, 0.1 pglpl) in the rostral MVN. A unilat-
eral injection of that type induced a nystagmus with linear
slow phases, directed to the contralateral side. But no gaze-
holding deficit accompanied that vestibular imbalance
(Godaux et al. 1993). In the present study, muscimol in-
jected in the same area (rostral MVN) also caused a nystag-
mus with linear slow phases. The only difference between
the two studies resides in the direction of the slow phases
(contralateral with kainic acid, ipsilateral with muscimol).
This is easily understandable as kainic acid acts on excit-
atory receptors (Wroblewski and Danysz 1989) whereas
muscimol acts on inhibitory receptors.

Injection of small amounts of either kainic acid (Godaux
et al. 1993) or muscimol (this study) into the NPH both
caused severe deterioration of the neural integrator. Re-
cently, Kaneko (1992) designed an experimental strategy
different from ours to investigate the same problem. He
injected large doses of ibotenic acid into the NPH to create
permanent lesions in it. He too found signs of integrator
failure. So, the two opposite strategies converge towards
similar results.

Advantages and limitations of the transient analysis method

To localize the major anatomic sites for the oculomotor
conjugate integrator, two types of analysis were applied to
recorded eye movements: the decay pattern of postsaccadic
fixation during spontaneous eye movements was evaluated,
and transient analysis of VOR nystagmus was used to ex-
tract vestibular and integrator dynamics directly from slow
phases of vestibular responses.

The first method requires that a good estimate of the
functional null position of eye responses be known or mea-
surable a priori, to be able to fit exponentials to the postsac-
cadic drift. However, this is often impossible in experimen-
tal cases with large deviations in the null, so that it is never
reached, or in the presence of strong spontaneous nystag-
mus. The second method does not have this limitation, be-
cause the unknown null deviation, VOR time constant,
and integrator time constant are all evaluated simulta-
neously from the nystagmic response. Hence the method of
transient analysis of nystagmus can be applied more gener-
ally, even to greatly distorted responses after lesions or in-
jections (see examples in Resulrs). The validity of this
transient method is supported by the coherence of integra-
tor values obtained by the two methods, when both could
be applied (Table 3).

Traditional evaluation of the VOR gain and time con-
stants require fitting a decaying exponential to the linked
slow-phase eye velocities during steps of angular head veloc-
ity. Again, this is often impossible to do when the VOR
combines both severe spontaneous nystagmus and poten-
tial deficits in the oculomotor integrator. Responses be-
come so distorted that apparent VOR functions are mislead-
ing. On the other hand, transient analysis of nystagmus can
actually take advantage of the distortions caused by a
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"leaky" integrator, to effectively distinguish between
changes in VOR dynamics, from changes in the integrator.
The method is not deceived by the shape of VOR enve-
lopes. In fact, as mentioned in the eppENorx, the most reli-
able parameter estimates (smallest confidence intervals) are
obtained when the integrator is most deficient, because
transient contributions by quick phases are most important
in these cases (see Eq. AD.

There remain shortcomings to the transient method for
the analysis of nystagmus. As implied above, the least reli-
able estimates of the integration time constant will occur in
the study of normal eye movements when its value is large;
this is consistent with the fact that in such cases the tran-
sient contribution becomes very small in the context of
each short slow phase segment in the nystagmus. Another
source of error, during estimation of large integration time
constants, is numerical precision when processing sampled
signals on the digital computer. The transient algorithm
finds the parameters of a discrete model equivalent to the
analog (Laplace) model of Eq. A5, so that large time con-
stants translate into poles very close to the unit circle in the
discrete analysis. The mapping from discrete to analog
model parameters involves a logarithmic function for the
time constants, hence the higher sensitivity to model error
with larger time constants. Finally, the model structure it-
self can cause large confidence intervals on parameter esti-
mates, if it is inadequate. We have assumed here for simplic-
ity that the VOR process and the integration process can
each be represented by first-order dynamics (one time con-
stant). In f,act, particularly for normal control VOR nystag-
mus, the VOR process should contain two time constants
because velocities of slow phases can often reverse direc-
tion. To alleviate these problems, future analysis could in-
corporate two time constants for the VOR and one for the
integrator.

Nevertheless, notwithstanding the analysis limitations
mentioned here, the transient algorithm is sufficiently ro-
bust to address the main theme of this paper: detection of
integration deficits after injections. In all the protocols ana-
lyzed so far, the confidence intervals of the injected cases
never overlapped those of the associated control. An exam-
ple can be provided from the data of injection no 7: the two
control cases provided estimates of gaze holding (Zç,1) of 20
s and I I s, with respective 95% confidence intervals of 12-
57 s and 9-14 s. The associated post-injection responses
provided 7o' estimates of I s and 0.64 s, with 95Vo confi-
dence intervals of 0.97- 1.04 s and 0.61-0.69 s, respectively.

Location ofthe horizontal neural integrator

In fact, eye-movement systems require a three-dimen-
sional velocity-to-position transformation including hori-
zontal, vertical and torsional integrators (Tweed and Vilis
1987). Here, we did not examine torsional eye rotations
whose recording necessitates another technique than that
used in the present study (Tweed et al. 1990). However, this
point does not threaten our goal because the integrator for
torsional eye rotations appears to be located in the intersti-
tial nucleus of Cajal (Crawford et al. 1991), an area not
explored here.

We found that chemical inactivation of the NPH or of
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the central MVN resulted in a failure of the horizontal
neural integrator whereas inactivation of the rostral MVN
was not followed by any significant deficit of the horizontal
neural integrator. These differential sensitivities fit rela-
tively well with the differences in the firing properties of the
neurons ofthese three target zones.

The neurons ofthe NPH have been extensively studied in
the cat, and many were found to carry an eye-position sig-
nal. The eye-movement-related neurons of the NPH have
been classified according to their firing properties as "veloc-

ity-position," "position-velocity," and "position" units
(Baker 1977; Baker and Berthoz 1975; Delgado-Garcia et
al. 1989; Lopez-Barneo et al. 1982). Moreover, recently,
Escudero et al. (1992) demonstrated that the feline NPH
provided the abducens nuclei with a strong eye-position
signal. They found that the NPH neurons projecting to the
ipsilateral and contralateral abducens nuclei were respec-
tively excitatory and inhibitory, with an averaged sensitiv-
ity to eye position of -8 spikes.s-t .deg t. This high posi-
tion sensitivity is consistent with the effect of muscimol
injections into this area.

The rostral MVN of the cat is known to contain the ma-
jority ofsecond-order neurons in the "three-neuron arc" of
the horizontal VOR (Berthoz et al. 1989; Langer et al. 1986;
McCrea et al. 1980; Ohgaki et al. 1988). These second-order
vestibular neurons with horizontal head velocity sensitiv-
ity, have some eye-position sensitivity (Berthoz et al. 1989;
Escudero et al. 1992; McCrea et al. 1980). Nevertheless, the
sensitivity of these neurons to eye position is weak when
compared with that of the NPH neurons (-2 spikes.
s-t - deg-t) (Berthoz et al. 1989; Escudero etal.1992). More-
over, as outlined by Berthoz et al. (1989), ifsuch second-
order vestibular neurons participated directly in the inte-
gration of the head velocity signal, one would expect a very
important phase lag on their firing rate with respect to head
velocity, but this was not observed. The fact that our studies
of inactivation of the rostral MVN did not cause an integra-
tion deficit support that line ofthought. Indeed, the eye-po-
sition component of the rostral MVN neurons may simply
be relaying a signal generated elsewhere. In that case, inacti-
vatior of that group of neurons would not alter the integra-
tion process. That is what we observed after injection of
muscimol into the rostral MVN.

Deficits of the neural integrator were observed whenever
muscimol was injected into the central MVN, suggesting
that the central MVN also plays a role in the integration. To
be sure that muscimol injected into the central MVN acts
through the neurons of the central MVN and not through
dendrites of NPH neurons extending into the adjacent cen-
tral M\rN (McCrea and Baker 1985), a prerequisite condi-
tion is that neurons of the central MVN, in contrast with
those of the rostral MVN, should carry a strong position
signal. This has not yet been tested in the cat. Nevertheless,
in a recent paper, McFarland and Fuchs (1992) studied the
behavior of neurons in the simian NPH and in the adjacent
central MVN. An unexpected result from their study was
that the sensitivities to eye position of neurons in the two
adjacent areas were quantitatively similar. This result
agrees with the fact that we observed a similar deficit of the
neural integrator whenever muscimol was injected into the
NPH or into the adiacent central MVN.

However that may be, our results lead us to ascribe differ-
ent roles to the rostral and the central parts of the MVN.
Interestingly, these two parts of the M\IN have very differ-
ent anatomic connections. The horizontal semicircular
canal projects to the rostral part of the MVN but not to the
central part of the MVN (Gacek 1969). Moreover, there is a
clear lack of projection of the rostral M'fN to the central
MVN (Epema et al. 1988). Apparently, primary canal sig-
nals only reach the central MVN through indirect NPH
pathways: the rostral MVN projects bilaterally to the NPH
(Belknap and McCrea 1988) and both NPH project onto
each central MVN (Belknap and McCrea 1988; Epema et
a l . 1 9 8 8 ) .

Vestibular imbalance

The MVN and the NPH contain a mixture of neurons
whose activity drives the gaze either toward the left or the
right. The point of this section is to discuss how a change in
the mean activity of a group of neurons located in a MVN
or in a NPH can cause a static vestibular imbalance that
shows itself either as nystagmus or as a shift of the gaze null
position. In fact, such a syndrome occurs each time that an
imbalance occurs between the resting rates of brain stem
neurons driving the gaze toward the left and of those driv-
ing the gaze toward the right.

The vestibular imbalance caused by an injection of mu-
scimol into the rostral MVN is easily understandable. A
major class of the rostral MVN neurons is formed by the
secondary vestibular neurons whose axons excite the contra-
lateral abducens nucleus or inhibit the ipsilateral abducens
nucleus (that is, the middle leg of the "three-neuron arc" of
the VOR). Those neurons have a mean resting rate of -45
spikes/s (Berthoz et al. I 989; Escudero etal. 1992). It thus is
expected that nullification ofthis resting rate by a unilateral
injection of muscimol into a rostral MVN would cause a
static vestibular imbalance of significant size, sufficient to
generate spontaneous nystagmus.

Unilateral injection of muscimol into an NPH caused
only a slight and variable static vestibular imbalance. This
is odd at first sight, as the NPH contains neurons whose
axons excite the ipsilateral abducens nucleus and others
whose axons inhibit the contralateral abducens nucleus.
However, the mean resting rate of these neurons is low (7
spikes/s forthe NPH neurons whose axons excite the ipsilat-
eral abducens nucleus and 0 spikes/s for the NPH neurons
whose axons inhibit the contralateral abducens) (Escudero
et al. 1992). In the basal state, that is in the absence ofhead
movement, nullification of their activity on one side is not a
factor sufficient to induce a major static vestibular imbal-
ance. The result is therefore not surprising: a weak pertur-
bation on the internal bias would interact with normal (pos-
sibly asymmetric) activity and produce variable results on
the nystagmus.

Resting discharges of the neurons of the central MVN of
the cat are not yet known, so that no correlation can be
established with the vestibular imbalance observed in this
study. To be consistent with the above arguments, we
would expect averaged spontaneous activity in the central
MVN to be sreater than that in the NPH.
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B i lat eral int e gration deficit s wit h unil ateral inj ections

Any injection that caused a defrcit in the integration
function, caused a deficit for movementsin both directions,
despite the unilateral nature of the intervention. This ar-
gues in favour of a previous hypothesis, which places the
oculomotor integration network in distributed networks,
including pathways across the midline (Galiana and Outer-
bridge 1984). Yet recent pharmacological interventions
blocking inhibitory synapse in the MVN by bicuculline did
not systematically cause serious deficits in the oculomotor
integrator either in the monkey (Straube et al. l99l) or in
the cat (recent observations from our laboratory). Because
cross-midline pathways in the brain stem of the mammal
are known to be inhibitory (Mano et al. 1968; Shimazu and
Precht 1966), blocking them should have caused some inte-
gration deficit, but this was not observed. Either the com-
missures (brain stem and/or transcerebellar) do not play a
role in integration, or their blocking released other circuits
that masked the effect. So the question remains: What are
the mechanisms that can explain such bilateral behavioural
deficits?

Conclusion

We conclude that there is now sufficient agreement be-
tween inactivation studies and neuron properties to estab-
lish the NPH as a major component of the velocity to posi-
tion integrator. This confirms the earlier views of liakei and
coworkers ( 198 1) who first suggested that the NPH was the
location of the oculomotor neural integrator.

Because injections into the rostral MVN of muscimol
(present study) or kainic acid (Godaux et al. 1993) do not
affect the integrator and because second-order vestibular
cells in that area have relatively weak eye-position sensitiv-
ity, we conclude that the rostral MVN is not a significant
component of the horizontal neural integrator.

The deficit ofthe neural integrator caused by injections
of muscimol into the central MVN suggests that this zone
also is involved in the transformation from head-velocity
signals into eye-position signals.

Unfortunately, properties of the neurons in the central
MVN of the cat are not yet known. Nevertheless, a neuro-
nal study on the monkey (McFarland and Fuchs 1992)
seems to fit well with our finding. These authors found that
the central MVN and the NPH (a well established compo-
nent of the neural integrator) had similar firing properties,
and perhaps should be treated as a single complex.

A P P E N D I X

In Fig. 12, we summarized the functional essense of all current
models of the VOR. A primary vestibular signal is modified by an
internal process improving its dynamics (e.g., velocity storage or
VS) and passed on to the so-called oculomotor integrator. It is well
known that tonic cel ls in the brain stem, modulat ing as would be
expected from a function ofintegration, are influenced by all eye
movements, be they slow phase (VOR or OKN) or saccadic (quick
phases). As a consequence, Fig. l2l presumes that saccadic or
quick phases controls also would converge onto the same com-
mon integrator.

In Fig. l28, we replace the schematic elements with their repre-
sentation in the Laplace domain. Thus the canal and VS process
become a high-pass filter of head velocity (H) with time constant

Iuo", whereas the integrator is represented by a low-pass filter
with a presumed large time constant 7"o" reflecting the properties
of gaze holding. The introduction ofa new eye position by a quick
phase is represented by the new (initial) eye position at the begin-
ning of the slow phase, ,d, whose (transient) contribution to the
eye trajectory must also decay with the time constant of gaze hold-
ing. A gain element G is used to allow for nonunit VOR gains, and
analytically may reside in the canal/VS element or in the integra-
tor: behavioral data alone cannot distinguish between these sites.
lf gaze holding is presumed perfect, then the integrator in l2B
becomes -Gls. so that

or as expected by differentialing Eq. A1, eye velocity becomes

É1s; :s .e '1s; - -a 'o

É1s; : -cÉ1s; , =tt"ol ,. a..2)
(s_ I  voR +  l ,

In this case, the contribution ofan initial condition introduced by
a quick phase disappears in the eye velocity trajectory. Hence, the
time constant of the VOR can be evaluated by examining the
decaying envelope of the eye velocity slow-phases. However, any
real integrator never reaches the limits of perfection. Its function
must be described as shown in Fig. 128, so that

E(s) : -cÉ(s) ' =Iuo1 ,, * 4
( s / v o R  f  l ,  s

À(s)= -GÉ(s)eç#;.1.ffi

EO

(A / )

(AJ)

An additional term [/s also appears in Fig. l2C to allow for a
possible bias in the functional null eye position.

If we now examine the properties of eye velocity from Eq. A3,
we find that

É1s;=sr '1s; - -ao

s- 1 vonÉts) = -cÉ(st t=-+e8' ' (sruo* + lxsfcH t l )  (sZ6g *  l )
(44)

We find that initial conditions now contribute decaying expo-
nentials to each VOR slow phase, in response to the vestibular
input (Ô; even without initial conditions (no nystagmus Eo : 0),
the eye velocity response now contains two time constants. Hence,
we expect that the slow phases of the VOR during velocity steps of
head rotation, may follow a pattern best described by two exponen-
tials, and often overshoot 0. In addition the overall pattern ofeye
velocity will depend on the cumulative effect of each transient
introduced by the quick phases of nystagmus (second term in A4).
As a result, time constants evaluated from the envelope of slow
phase velocity may be labile, varying with fast phase goals and
frequency. In the extreme, the pattern of nystagmus may in fact
distort the VOR response so badly that traditional velocity analy-
sis may be impossible. Examples of this are provided in the nn-
sulrs (Figs. 5 and 6).

In an effort to generalize the evaluation of VOR dynamics, even
in distorled cases, Rey (1992) and Rey and Galiana (1993) pro-
posed applying global parameter estimation techniques, which
would include the possible effects oftransients introduced by each
quick phase of nystagmus. The goal was to provide automatic
tools that would estimate the time constant of the integrator, the
gain and time constants of the VOR, consistently, and insensitive
to nystagmus patterns. The algorithm and its search method over
parameter space is detailed elsewhere (Rey and Galiana 1993),
showing with simulated noisy data its convergence to the true
VOR parameters regardless of the nystagmus strategy. Here, we
only summarize the method.

In the above equations, it was presumed that the null offset
position was coincident with 0. In general, this is not true, because
the functional null position may be biased by the calibration pro-
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cedure and/or by internal biases associated with injection. How-
ever this is represented easily in a general equation. Basically it is
postulated that the VOR response during slow phases consists of
up to three terms: In a given k'h slow phase segment, eye position is
modelled by

Eptsl = 6n19-----t&el--, 9o't1*,, n -& 1n5)'  '  
(s luo* | -  l ) (s fcH I  l )  ( rTcH + l )  - t

where the first term is the vestibular contribution, filtered by the
neural integrator; the second term is the contribution of the k'h
initial condition, ,Eok, as it decays throughout the frth slow phase
segment; it would appear as postsaccadic drift in the absence of
rotation; and the third term allows for a bias, Io, in the eye-posi-
tion profile, which may not coincide with 0, even in the absence of
vestibular stimulation; this bias or null point could be seen as the
eye position where postsaccadic drift would reverse direction or as
that (unreachable) eye position towards which the eye beats during
the slow phases of spontaneous nystagmus (Cannon and Robin-
son 1987).

The true, observed eye position is presumed to be well repre-

mo. 12. Fromanatomytomathemati-
cal descriptions for the VOR. l: cascade
linking canal dynamics, to a process of
VS, and finally a central neural integrator
that can be reset by each saccade/fast
phase during nystagmus. B: simplified
block diagram collapsing canal and VS
into an equivalent high-pass filter, fol-
lowed by a "leaky" integrator; Eo repre-
sents the initial position (state) ofthe inte-
grator at the beginning of a slow phase
segment. C equivalent equation in La-
place domain to describe a given slow-
phase segment includes an unknown
functional offset ( ?'o) for the null position.

sented by 41) : EP(t) + @(l); where d(/) is Gaussian white noise,
with zero mean.

Parameters are evaluated by doing a dynamic regression that
minimizes the squared error between the observed eye position
and that predicted from the parameters (EP), but only during the
slow phases of nystagmus. The conditions are Zyep, 76s, G, and
7"0 are common to all slow phase segments + 4 global parameters
Eok is local to the k'h slow phase segment - /? parameters (n :
number of segments used).

A modified Gauss-Newton search method (see details in Rey
and Galiana 1993) is used to minimize the mean of squared pre-
diction errors

t : * Ë  î E o , E P ( ù t ' 1 (46)

where N is the total number of data points in the rz combined slow
phase segments.

Once the four global parameters have been found, it is then
possible to calculate the predicted VOR response in the absence of
nystagmus. One need only regenerate the trajectory in Eq. A4

E(s) =
- G sTuo* H(s) +

FOTÉ  I G H
T

I

+
ù(sTo, + 1) (sTuo, + 1) sTo, + 1
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without the -E'o terrn to find the continuous VOR response that
would have been observed. Examples are given in Figs. 5 and 6
(see Èc). They show how the VOR gain and iime consranr can vary
quite significantly from that expressed by the linked segments of
slow phase eye velocity. Despite this, the transient algorithms pro-
duce remarkably good fits for all selected segments in the nystag-
mus. Equivalent coffelation coefficients are usually >982o (square
root of VAF, variance-accounted-for)

VAF = [l - u2lvariance of E(i)] x 100 6n
These high VAF coefficients attest to the high quality of the

method in fitting VOR responses. VOR and integrator dynamics
are segregated effectively and estimated, regardless ofthe nystag-
mus patterns. This also can be quantifred by evaluating the 95Vo
confidence intervals for the estimated parameters. In the case of
the VOR gains, the total width of the confidence intervals (952o)
about the estimated value never exceeded 0.08. In the case ofthe
integrator time constants, the confidence intervals depend on the
magnitude of the estimate. For example, if the estimated time
constant is < I -2 s (as after NPH or central MVN injections), the
957o confidence interval never exceeded a total width - l7o ofthe
estimated 7"or,. For larger integration time constants (>5 s), as in
controls and some injected sites, the conâdence interval can reach
much larger widths, <5070 of the estimated value. In other words
the algorithm provides very precise results in the injection cases
with deficient integration: these are precisely the cases that cannot
be analyzed by conventional methods. On the other hand, the
estimates extracted from control cases, with large integration time
constant are less precise (large confldence intervals); this is consis-
tent with the fact that there is functionally little difference between
the holding properties ofsay a 4-s integrator or a 20-s integrator, in
the context of a short slow phase segment. These problems are
related to both machine precision and resolution trade-offs when
searching over parametric space in the discrete domain. We hope
to improve future developments in transient analysis by mapping
the estimation problem into the analog, continuous, time domain.
In any case, as clarified in the discussion, the results of effective
injections in this study produced estimates lor control/lesion inte-
grator time constants with nonoverlapping 957o confidence inter-
vals.
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