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Nitric oxide (NO) production by neurons in the prepositus hy-
poglossi (PH) nucleus is necessary for the normal performance
of eye movements in alert animals. In this study, the mecha-
nism(s) of action of NO in the oculomotor system has been
investigated. Spontaneous and vestibularly induced eye move-
ments were recorded in alert cats before and after microinjec-
tions in the PH nucleus of drugs affecting the NO-cGMP path-
way. The cellular sources and targets of NO were also studied
by immunohistochemical detection of neuronal NO synthase
(NOS) and NO-sensitive guanylyl cyclase, respectively. Injec-
tions of NOS inhibitors produced alterations of eye velocity, but
not of eye position, for both spontaneous and vestibularly
induced eye movements, suggesting that NO produced by PH
neurons is involved in the processing of velocity signals but not
in the eye position generation. The effect of neuronal NO is

probably exerted on a rich cGMP-producing neuropil dorsal to
the nitrergic somas in the PH nucleus. On the other hand, local
injections of NO donors or 8-Br-cGMP produced alterations of
eye velocity during both spontaneous eye movements and
vestibulo-ocular reflex (VOR), as well as changes in eye position
generation exclusively during spontaneous eye movements.
The target of this additional effect of exogenous NO is probably
a well defined group of NO-sensitive cGMP-producing neurons
located between the PH and the medial vestibular nuclei. These
cells could be involved in the generation of eye position signals
during spontaneous eye movements but not during the VOR.
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We have reported recently that a balanced production of nitric
oxide (NO) in the prepositus hypoglossi (PH) nucleus is neces-
sary for the correct performance of spontaneous eye movements
in the alert cat (Moreno-L 6pez et al., 1996). An imbalance in the
NO concentration between the two PH nuclei, induced by uni-
lateral injections of NO synthase (NOS) inhibitors or NO donors,
resulted in nystagmic eye movements whose slow phases were
directed toward the side in which NO concentration was higher.
In the present work, we have used the cat oculomotor system as a
model to investigate the possible mechanisms of action and tar-
gets of NO in sensorimotor processing.

The functions of eye movements are to direct the highest visual
acuity portion of the retina to the objects of interest and to
maintain the stability of the visual targets on the retina, despite
displacements of the head or the visual surroundings. To perform
these functions, motoneurons in the oculomotor nuclei of the
brainstem send two types of commands to the extraocular mus-
cles: a velocity signal and a position signal (Fuchs and Luschei,
1970; Skavenski and Robinson, 1973; Delgado-Garcia et al., 1986;
De la Cruz et al., 1990).

Ocular motoneurons are controlled by several premotor struc-
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tures in which the different types of eye movements are gener-
ated. Thus, neurons in the pontine reticular formation encode
velocity signals during saccades (Hikosaka et al., 1978; Kaneko et
al., 1981; Strassman et al., 1986a,b), whereas neurons in the
medial vestibular (MV) nucleus fire at a rate related to head
velocity during vestibular stimulation (Baker et al., 1969; Hiko-
saka et al., 1980; McCrea et al., 1980, 1987; Berthoz et al., 1989;
Escudero et al., 1992). Robinson (1968, 1975) proposed that
position signals for any kind of eye movement result from the
temporal integration (in the mathematical sense) of velocity sig-
nals, establishing the concept of the neural integrator. Although
the sources of position signals are not completely determined, the
PH nucleus has been identified as one of the structures respon-
sible for neural integration for horizontal eye movements (L 6pez-
Barneo et al., 1982; Cheron et al., 1986b; Cannon and Robinson,
1987; Cheron and Godaux, 1987; Delgado-Garcia et al., 1989;
Escudero et al., 1992; McFarland and Fuchs, 1992; Mettens et al.,
1994; for review, see Fukushima et al., 1992).

The PH nucleus is a long and narrow nucleus located immedi-
ately below the floor of the fourth ventricle. A large number of
neurons in this nucleus express NOS, as demonstrated by immu-
nocytochemical techniques (Moreno-L 6pez et al., 1996). The PH
nucleus receives afferents from different premotor structures,
such as the MV nuclei, the pontine reticular formation, and the
contralateral PH nucleus, and sends efferents to these same struc-
tures and to the oculomotor nuclei, including the abducens nu-
cleus (McCrea and Baker, 1985) in which motoneurons and
internuclear neurons controlling horizontal eye movements are
located.

Pharmacological modification of NO concentration in the PH
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Figure 1. Schematic drawing representing eye movements
under normal and altered conditions. Eye position ( position)
in spontaneous eye movements (left) and eye velocity (veloc-
ity) during VOR induction (right) are schematically repre-
sented in a control situation and under hypothetical alter-
ations of velocity processing (velocity imbalance), integration
(integrator failure), or both. On the right, the solid line repre-
sents eye velocity, and the dotted line represents head velocity.
Because eyes move in a direction opposite to the head during
the reflex response, the head velocity curve has been inverted
to facilitate comparison with the eye velocity curve. The
horizontal dashed line corresponds to the mean head velocity,
which by definition is zero. The horizontal dashed and dotted
line represents the mean eye velocity, which is also zero in the
absence of velocity imbalance. The vertical dotted lines indi-
cate the head and eye phase peaks. Left, During spontaneous
movements, alterations in the processing of velocity signals
produce nystagmic eye movements with ramp-like slow
phases, whereas a failure of oculomotor integration produces
gaze-holding impairment, causing exponential drifts toward a
central position. When integration is absent, the drift time
constant is estimated to be 0.16 sec (Goldberg, 1980). If both
velocity and integration deficits occur at the same time, a
nystagmus with curved slow phases will appear. Right, During

VOR induction, the velocity imbalance appears as a positive or negative value of the mean slow eye velocity, whereas the integration deficit results in
a decreased reflex gain and increased phase lead. A velocity imbalance with gain reduction and enhanced phase lead should be expected when both

alterations are present.

nucleus may affect inputs from premotor structures conveying
velocity information; additionally or alternatively, such modifica-
tion may affect intranuclear neurons involved in the velocity-to-
position integration. Depending on the target, velocity imbalance
and/or integration deficit will occur, leading to well characterized
abnormal eye movements (Cannon and Robinson, 1987; Godaux
et al., 1993; Mettens et al., 1994; Pastor et al., 1994; Godaux and
Cheron, 1996), which are schematically represented in Figure 1.
Each PH nucleus simultaneously receives excitatory and inhibi-
tory signals from the contralateral and ipsilateral MV nuclei,
respectively (Baker and Berthoz, 1975). Because MV nucleus
neurons projecting to the PH nucleus display a tonic discharge
(McCrea et al., 1980; Berthoz et al., 1989), a modification in the
transmission of one of these signals would result in a velocity
imbalance, as represented in Figure 1, left and right, for sponta-
neous eye movements and vestibularly induced eye movements,
respectively. On the other hand, a failure in the eye position
generation should eliminate or decrease the eye position input to
the motoneurons, and the eye movements would reflect the eye
velocity commands. The consequence is that, during spontaneous
eye movements, the eye is unable to maintain an eccentric posi-
tion after a saccade and exponentially returns to a central position
(Fig. 1, left) with a time constant that is inversely proportional to
the degree of integrator failure and is finally imposed by the
viscoelastic forces acting on the eye in the orbit. During the
vestibulo-ocular reflex (VOR), impairment of the velocity-to-
position integrator results in a decreased reflex gain and en-
hanced phase lead, as schematically represented in Figure 1, right.

In the present study, we have analyzed whether the NO pro-
duced by nitrergic neurons in the PH nucleus is involved in the
processing of velocity signals, position signals, or both, during
either spontaneous eye movements or VOR. We have determined
also the possible targets of NO by immunostaining of cGMP, the
second messenger that is activated by NO. We found that NO
produced by PH neurons participates in the processing of pure
velocity signals, probably by interacting with cGM P-containing
neuropil within this nucleus. We have also identified a group of
NO-sensitive neurons, lateral to the PH nucleus, that may control

the generation of position signals during spontaneous eye move-
ments but not during VOR.

MATERIALS AND METHODS

Subjects. Fourteen adult cats (2.5-3.5 kg) of European and Abyssinian
strains were obtained from an authorized supplier (IFFA Credo, Ar-
bresle, France) and were used as experimental subjects. Experiments
were performed in accordance with the European Union directive 609/
86/CEE and with Spanish legislation (RD 233/89) on the use of labora-
tory animals in acute and chronic experiments.

Immunohistochemistry. Six cats were perfused through the left ventri-
cle with 4% paraformaldehyde in 0.1 m phosphate buffer, pH 7.4. After
the brains were removed, the brainstems were post-fixed for 2 hr and then
cryoprotected by incubation for 2 d with 30% sucrose at 4°C. Coronal 40
um sections were obtained with a freezing microtome. To visualize
neurons containing NO-sensitive guanylyl cyclase, the procedure de-
scribed by Southam and Garthwaite (1993) was used with some modifi-
cations. Briefly, two of the animals were perfused through the left
ventricle with a physiological solution (in mm: 120 NaCl, 2 KCI, 2 CaCl,,
26 NaHCOg, 1.2 KH,PO,, 1.2 MgSO,, and 11 glucose) at 37°C and
bubbled with 95% O, and 5% CO,, containing the NO donor sodium
nitroprusside (SNP) (10 mm) and the phosphodiesterase inhibitor
3-isobutylmethylxantine (1BMX) (1 mm), for 5 min at 200 ml/min. Two
control animals were treated under the same conditions but in the
absence of SNP. Afterward, these cats were perfused with 4% parafor-
maldehyde, and the tissue was processed as described above.

NOS immunohistochemistry was performed as described previously
(Moreno-L 6pez et al., 1996), except that a polyclonal antibody raised
against a 22.3 kDa protein fragment of human neuronal NOS (Trans-
duction Laboratories, Lexington, KY) was used. Tissue sections were
processed according to the avidin—biotin peroxidase complex procedure,
using an ABC kit (Vector Laboratories, Burlingame, CA). No immuno-
staining was observed when the primary antibody was omitted.

To visualize neurons containing NO-sensitive soluble guanylyl cyclase,
an antibody raised against a ¢cGM P—paraformaldehyde—bovine thyro-
globulin complex (Tanaka et al., 1997), kindly provided by Dr. de Vente
(Rijksuniversiteit Limburg, Maastrich, Netherlands), was used. Before
fixation, the animal was perfused with SNP to activate soluble guanylyl
cyclase. No significant labeling was found when staining was performed
under the same conditions in animals perfused with I1BMX but without
SNP. Details on this staining and the distribution of cGMP-containing
neurons in oculomotor nuclei will be given elsewhere (B. Moreno-L dpez,
M. Escudero, J. de Vente, and C. Estrada, unpublished data). Drug
injection sites were identified in some animals after completion of the
recording sessions by injections of either horseradish peroxidase (Boehr-
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inger Mannheim, Indianapolis, IN) or biotin dextran amine (Molecular
Probes, Eugene, OR) as described previously (Moreno-Lopez et al.,
1996).

Physiological experiments. Eight female cats were prepared for chronic
recording of eye movements and for microinjection of pharmacological
substances into the PH nucleus as described previously (Moreno-L dpez
etal., 1996). Briefly, under general anesthesia (Nembutal, 35 mg/kg, i.p.),
the cats were implanted bilaterally with Teflon-coated stainless steel coils
sutured to the scleral margin of the eye (Fuchs and Robinson, 1966). In
the same surgical act, a 4 X 4 mm hole was drilled through the occipital
bone to allow access to the posterior brainstem via the cerebellum.
Bipolar silver stimulating electrodes were implanted bilaterally on the
sixth nerve at its exit from the brainstem (stereotaxic coordinates, lateral
3.5 and posterior 1, according to Berman, 1968). The final location of the
stimulating electrode was adjusted to evoke the maximum abducting eye
movement with the minimum electrical stimulation (50 usec, cathodic
square pulses of <0.1 mA of current intensity). A head-holding system,
consisting of three bolts cemented to the skull perpendicular to the
stereotaxic plane, was also implanted. Eye coils and stimulating elec-
trodes were connected to a socket attached to the holding system. Field
potential and unitary activity were recorded with glass micropipettes of
2-6 MQ of electrode resistance. Further details of this type of chronic
preparation have been reported elsewhere (Delgado-Garcia et al., 1986;
Escudero et al., 1992).

One to 2 weeks later, when there was total recovery from surgery,
experiments were performed in the alert cat once every 2-4 d, for 2-3
hr/d, for a maximum of 4—8 weeks. During the experimental sessions, the
animal was lightly restrained by elastic bandages, and the head was fixed
(21°, nose down) to the recording table by means of the head-holding
system. A glass micropipette was advanced through the cerebellum
toward either the left or right abducens nucleus, which was identified by
the recording of the antidromic field potential induced by electric stim-
ulation of the ipsilateral sixth nerve. The PH nucleus was found in the
same parasagittal plane and posterior to the abducens nucleus, just below
the floor of the fourth ventricle. All injections were restricted to the
rostral third of the PH nucleus. The correct position of the micropipette
was confirmed by recording the characteristic firing discharge of PH
neurons during spontaneous and vestibularly induced eye movements
(Escudero et al., 1992). The horizontal VOR was elicited by sinusoidal
rotation around the vertical axis at 0.1 and 1 Hz. The amplitude of the
table movement was adjusted to keep maximal angular head velocity
constant at 30°/sec for both frequencies. Injections were performed by
means of glass micropipettes with tip diameters of 7-8 um, filled with the
corresponding drug dissolved in 0.1 m phosphate buffer, pH 7.4. Air
pulses (1 kg/cm? 1 sec) were applied with an air pressure device
connected to the injection micropipette to deliver 40-45 nl/pulse. Spon-
taneous eye movements were continuously recorded in complete dark-
ness and occasionally in light, with the micropipette in place both before
and after injections. Eye movements were calibrated at the beginning of
each experimental session by rotating (+10°) the magnetic field frame
about both the horizontal and vertical planes. Eye movements during
VOR were recorded in the dark both before and after drug injections.
Field and unitary electrical activities and head and eye position were
stored in an eight-channel video tape recording system and fed into a
computer for off-line analysis. Eye and head position signals were sam-
pled at 500 Hz.

Analysis of the data. During spontaneous eye movements in darkness,
the alterations induced by drug injections in the PH nucleus consisted of
nystagmic eye movements with straight or curved slow phases separated
by quick resetting movements. Analysis of the slow phases was performed
during the 3 min period of maximum effect for each injection and
immediately before vestibular stimulation. Slow phases with duration
greater than 0.5 sec were fit separately by the least squares method to
linear and exponential equations and were considered to be linear or
exponential when >80% of the analyzed phases had a correlation coef-
ficient >0.99 or >0.90, respectively. Because linear and curved slow
phases are indicative of two different alterations (velocity imbalance and
eye position generation, respectively) that could be simultaneously in-
duced, the time constants of the exponential slow phases were calculated
from the first derivative of eye position (eye velocity) to prevent value
underestimation attributable to possible concomitant linear phases in the
eye position recording.

During VOR, the eye movement response was defined by three pa-
rameters: velocity imbalance, reflex gain, and phase lead. The velocity
imbalance was measured as the mean slow eye velocity and was expressed
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Figure 2. Effects of unilateral injections of drugs affecting the NO-
cGMP pathway in the PH nucleus of an alert cat during spontaneous eye
movements. Recordings of right eye position in the horizontal plane
(HEP) under control conditions and after injections of the indicated
drugs in the left PH nucleus, in either darkness (D) or light (L). Doses
and times after injection were as follows: L-NAME, 50 nmol, 19 (D) and
20 (L) min; L-arginine (L-Arg), 100 nmol, 8 (D) and 11 (L) min; SNAP,
20 nmol, 5 (D) and 4 (L) min; and 8-Br-cGMP, 4 nmol, 6 (D) and 8 (L)
min. Eye position is plotted as degrees (deg). Vertical arrows indicate
movement direction: |, left; r, right. Straight and curved arrows indicate
linear and exponential slow phases, respectively. Slow phases for
L-NAME and L-arginine were best fit to a linear equation, whereas slow
phases for SNAP and 8-Br-cGMP were best fit to an exponential
equation.

in degrees per second. The reflex gain was calculated as the ratio between
the peak-to-peak amplitude of slow eye velocity versus the peak-to-peak
amplitude of head velocity. To analyze the head and slow eye velocity, a
computer program was developed. For each cycle, the sinusoidal func-
tion of the head velocity was calculated by fitting a periodic function
(trigonometric polynomial) by the least squares method (Batschelet,
1981). This sine wave was adjusted by cursors to the eye velocity signal.
The points of the eye velocity signal, which were in the range of +10%
with respect to the reference sine wave, were selected, and the rest,
corresponding to the quick phases, were ignored. Parameters of the
resulting sine wave were calculated as indicated for head velocity. The
phase lead was quantified as the temporal shift between the eye and
the head position for each hemicycle and then averaged for each com-
plete cycle. This method avoids the shift produced in the eye position by
the velocity imbalance, which is of the same magnitude and opposite sign
for each hemicycle. Data from phase shifts were expressed in degrees.
Each parameter was measured for at least 10 cycles at 0.1 Hz and 30
cycles at 1 Hz.
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Results are presented as mean = SEM, except for normalized control
values and when only two experiments were averaged, in which case,
mean = SD is given. Comparisons within one experiment (for example,
when VOR gains were compared in a large number of cycles before and
after drug injection) were performed using the Student’s t test. Compar-
isons between two groups of experiments were performed by the non-
parametric Mann-Whitney U test. A probability <0.05 was considered
significant.

RESULTS
Effect of NOS inhibitors and substrate

Local inhibition of NOS by injections of either L-nitro-arginine
methyl ester (L-NAME) (10-50 nmol) (Fig. 2) or N-monomethyl-
L-arginine (30-100 nmol) in the PH nucleus induced a nystagmus
with slow phases directed contralaterally to the injected site, in
agreement with our previously reported results (Moreno-L dpez
et al., 1996). When the NOS substrate L-arginine (10-100 nmol)
was injected in the PH nucleus, a mild nystagmus toward the
ipsilateral side was observed (Fig. 2). In all cases (Fig. 2), the slow
phases of the nystagmus were ramp-like with a best fit to a linear
equation (r > 0.99). When visual information was presented
under light conditions, the nystagmus was considerably reduced,
and exponential postsaccadic drifts indicative of a loss of position
signal were not observed (Fig. 2). These results indicate that
modifications of NO production in the PH nucleus induce a
velocity imbalance without apparent changes in the generation of
the eye position signal during spontaneous eye movements.

The NOS inhibitors and L-arginine also modified the oculomo-
tor response during VOR at 0.1 and 1 Hz. A typical recording of
the effect of L-NAME is shown in Figure 3, A and B. Quantifi-
cation of the data indicated that there was a velocity imbalance
(Fig. 4A) without alteration of the reflex gain (Fig. 4B) or the
phase lead (Fig. 4C) of the reflex. The velocity imbalance was
directed to the contralateral side when PH nucleus NOS was

8-Br-cGMP right PH
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Figure 3. Effects of unilateral injec-
tions of drugs affecting the NO-cGMP
pathway in the PH nucleus of an alert
cat during sinusoidal vestibular stimula-
tion in darkness. Representative record-
ings of eye (solid line) and head (dotted
line) velocity (V) during VOR induction
by turntable rotation at 0.1 (A) and 1 Hz
(B) under control conditions and after
injections of the indicated drugs in the
PH nucleus. The head velocity curve has
been inverted to facilitate comparison
with the eye velocity curve. Movement
direction as indicated in Figure 2.

inhibited and toward the ipsilateral side after injection of
L-arginine (Fig. 4A). Therefore, as for spontaneous eye move-
ments, unilateral changes in NOS activity in the PH nucleus
resulted in abnormal vestibularly induced eye movements, whose
exclusive alteration was a velocity imbalance without modification
of the velocity-to-position integrator.

Effect of NO donors

Unilateral injections of the NO donors S-nitroso-N-
acetylpenicillamine (SNAP) (5-20 nmol) or SNP (5-35 nmol) in
the PH nucleus produced nystagmic eye movements with slow
phases toward the ipsilateral side as reported previously
(Moreno-Lbdpez et al., 1996). In contrast to the effects of NOS
modulators, the slow phases were curved (Fig. 2) and were best fit
by an exponential. The mean time constants of the adjusted
exponential during the maximum effects of SNAP and SNP were
0.56 = 0.03 and 0.78 * 0.23 sec (mean = SEM; n = 3), respec-
tively. When the nystagmus was attenuated under light conditions,
horizontal saccades were followed by centripetal exponential
drifts (Fig. 2). These results reveal a velocity imbalance combined
with a gaze-holding deficit for horizontal spontaneous eye move-
ments. During VOR, unilateral NO donor injections in the PH
nucleus also produced a velocity imbalance (Figs. 3A,B, 4A).
However, the gain and phase lead of the reflex remained intact
(Figs. 3A,B, 4B,C), indicating no disruption of the velocity-to-
position integration during VOR, despite the alterations observed
during spontaneous eye movements both before and after the
VOR induction period. Table 1 shows the mean variation values
of gain and phase lead during VOR for individual injections,
together with the mean time constant of the postsaccadic drift
during spontaneous eye movements measured immediately be-
fore vestibular stimulation.
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Figure 4. Velocity imbalance, gain, and phase lead of the vestibulo-
ocular reflex after local administration in the PH nucleus of drugs affect-
ing the NO-cGMP pathway. A, Velocity imbalance (V1) produced by the
different drugs during VOR induction by rotation of the head at 0.1 and
1 Hz. Positive values represent velocity imbalance toward the injected side
and negative values toward the contralateral side. B, Gain of the VOR
induced by rotation of the head at 0.1 and 1 Hz after injection of the
different drugs. Gain is expressed as a percentage of the control value for
each experiment. Gray bar, 100% =+ SD of control values. C, Changes in
phase lead during the VOR induced by rotation of the head at 0.1 and 1
Hz produced by injection of the different drugs. VValues are expressed in
degrees (deg). Gray bar, 0 = SD of control values. n = 2 for o-NAME; n =
3 for SNAP and L-arginine; n = 4 for 8-Br-cGMP; and n = 5 for
L-NAME.

Effect of cGMP analogs

Local injections of the permeant cGMP analog 8-Br-cGMP
(4-10 nmol) in the PH nucleus induced a nystagmus whose slow
phases, directed ipsilaterally to the injected side, were best fit to
an exponential equation with a mean time constant of 0.92 = 0.10
sec (mean = SEM; n = 4) during the period of maximum effect.
Under light conditions, a loss of eye position signal was also
observed (Fig. 2). During VOR, 8-Br-cGMP produced a velocity
imbalance (Figs. 3A,B, 4A) without alteration of the reflex gain
and phase lead (Figs. 3A,B, 4B, C). Therefore, the cGMP analog
behaved exactly like the NO donors, suggesting that the effects of
NO on eye velocity during spontaneous movements and VOR and
on eye position during spontaneous eye movements were medi-
ated by the activation of soluble guanylyl cyclase.

Moreno-Lopez et al. « NO Mechanisms of Action in the Oculomotor System

Table 1. Effect of individual drug injections on VOR gain, phase lead,
and postsaccadic drift time constant

Spontaneous eye

VOR (0.1 Hz) VOR (1 Hz) movements
APhase APhase
lead lead Time constant
Drug AGain® (deg)® AGain® (deg)®  (sec)°
SNAP -0.01 -2.0 —0.03 2.0 0.90 + 0.40
0.02 0.9 -0.12 4.6 0.57 = 0.12
—0.06 8.9* 0.07 -05 0.73 = 0.26
8-Br-cGMP  —0.03 7.0 0.00 2.6 1.78 = 0.44
—0.01 6.5 —0.03 -0.8 1.45 +0.76
—0.03 1.1 0.03 -0.1 1.70 = 0.24
—-0.07 -0.8 —-0.02 0.3 0.84 +0.37

2 Values represent changes in VOR gain after drug injection. Absolute gain values
in control conditions were 0.83 + 0.08 for 0.1 Hz and 0.94 = 0.12 for 1 Hz. n = 7.

b Values represent changes in VOR phase lead after drug injection. Absolute phase
lead values in control conditions were 10.2 = 2.8 for 0.1 Hz and 6.9 = 2.6 for 1 Hz.
n=7.

¢Mean = SD of time constants calculated immediately before VOR induction.
*p < 0.05 when phase leads before and after injection were compared.

Localization of neurons containing NOS and
NO-sensitive guanylyl cyclase

To find the possible targets of NO, cGMP immunohistochemistry
was performed in brainstem sections from cats perfused with
SNP before fixation. Using this technique in combination with
NOS immunohistochemistry in similar sections, we found that in
the PH nucleus NOS was present in a group of densely packed
neurons (Fig. 5A), whereas cGMP was present in a rich neuropil
in the dorsal part of the nucleus (Fig. 5B). No cGMP-
immunoreactive (cGMP-ir) cell bodies were found in the PH
nucleus. In addition, a cluster of NO-sensitive cGM P-ir neuronal
cell bodies and neuropil were identified in an intermediate zone
between the PH and MV nuclei (Fig. 5B,C). The latter structure
was at a distance of ~0.4 mm from the nitrergic neurons in the
PH nucleus, suggesting that these cells might be the target for the
effects of NO donors and 8-Br-cGMP, which were not observed
when NOS activity was modified experimentally.

DISCUSSION

In this study, we have shown that NO produced in the PH nucleus
participates in the processing of velocity signals in the alert cat,
probably by acting on the cGMP-ir neuropil located in the dorsal
part of the nucleus. On the other hand, local administration of
exogenous NO produced, in addition, an alteration in the
velocity-to-position integrator for spontaneous eye movements,
suggesting the existence of another NO target, which is not
reached by endogenous NO in physiological conditions. A group
of neurons, located between the PH and MV nuclei and identified
by cGMP immunohistochemistry, might be responsible for the
integration deficit caused by exogenous NO.

Modification of NOS activity in the PH nucleus induced a
nystagmus during spontaneous eye movements in the dark and a
velocity imbalance without alteration of gain or phase lead during
VOR. The slow phases of the nystagmic eye movements were
ramp-like and, when the animal was returned to conditions of
light and the nystagmus was attenuated, no deficits in gaze-
holding were observed. All these data indicate that NO produced
by PH nitrergic neurons is not involved in the velocity-to-position
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Figure 5. Distribution of nitrergic neurons and neurons containing NO-
sensitive guanylyl cyclase in the PH nucleus and adjacent areas. A,
Photomicrograph of a coronal brainstem section (posterior 8, according to
Berman, 1968) through the PH and MV nuclei stained with a polyclonal
antibody recognizing neuronal NOS. A dense group of nitrergic neurons
is observed in the PH (arrows). B, Photomicrograph of a coronal brain-
stem section at a similar rostrocaudal level stained with a polyclonal
antibody raised against cGMP. The neuropil is densely stained in the
dorsal part of the PH nucleus (arrows), and a cluster of labeled cell bodies
(boxed area) appears in an intermediate location between the PH and MV
nuclei. C, Higher magnification of the area indicated in B, showing the
morphology of NO-sensitive cGM P-producing neurons. Scale bars: A, B,
250 wm; C, 100 um.

integration mechanism but only in the processing of pure velocity
signals.

With regard to the physiological targets of NO produced by the
PH neurons, the absence of cGMP-ir cell bodies in the nucleus
rules out a possible effect of NO on intranuclear neurons. Rather,
the discovery of an intense cGM P-ir neuropil suggests that NO is
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acting on nerve fibers or terminals reaching the PH nucleus from
other structures. This is in agreement with the proposed role of
NO as a retrograde messenger, i.e., NO is being released from the
postsynaptic neuron and acting on presynaptic terminals in
the CNS (Gally et al., 1990; Schuman and Madison, 1994). The
affected terminals cannot originate in the contralateral PH nu-
cleus because of the absence of cGMP-ir cell bodies. According
to the functional results, NO may be acting on terminals of
vestibular origin, which convey velocity signals and display a basal
discharge in the absence of stimulation by head movements.
Although the results are not conclusive, this possibility is sup-
ported by our recent finding that both the MV and inferior
vestibular nuclei contain cGMP-immunostained cell bodies
(Moreno-L dpez, Escudero, de Vente, and Estrada, unpublished
observations).

Injections of NO donors in the PH nucleus also altered the
velocity of spontaneous and vestibularly induced eye movements,
but they had an additional effect on the velocity-to-position inte-
gration during spontaneous eye movements, as can be deduced
from the exponential fit of nystagmic slow phases in darkness and
the centripetal drifts that followed saccades under conditions of
light. The apparent lack of correspondence between the effects of
NOS inhibitors and NO donors can be interpreted by understand-
ing the differences in distribution volumes between endogenous
and exogenous NO. After cerebral injections, the diffusion vol-
ume of the drugs was probably large enough to include the PH
nucleus and some adjacent structures within a few seconds. When
NO donors were injected, this entire volume was exposed to NO.
However, when an NOS substrate or an NOS substrate analog was
injected, they could only affect the activity of NOS, which, within
the volume exposed to the injection, is expressed only by the
nitrergic cell bodies in the PH nucleus. Activation or inhibition of
NOS would modify the endogenous NO production and change
NO concentration in a small volume around the nitrergic neurons.
This volume can be estimated as a sphere with a radius of ~100
wm around the NO point source (Wood and Garthwaite, 1994).
Therefore, the NO-sensitive structures responsible for the inte-
gration deficit caused by NO donors, but not by NOS inhibitors,
should lie within the drug diffusion volume but outside the vol-
ume of influence of NO produced by PH neurons.

The NO targets responsible for the eye position deficit were
probably structures containing soluble guanylyl cyclase, because
the same alteration appeared when a cGMP analog was injected.
In an attempt to identify the possible targets of NO donors,
immunostaining for cGMP was analyzed in brainstem regions
close to, but not within, the PH nucleus. This approach revealed
the existence of a small area in an intermediate position between
the PH and MV nuclei, containing a well defined group of
cGMP-ir neurons. This area cannot be defined by cytoarchitec-
tonic criteria using Nissl staining (our unpublished observations),
nor has it been described previously in the cat by the use of any
other morphological marker. According to its location, this group
of cGMP-ir neurons may correspond to the marginal zone nu-
cleus that has been characterized by histological and physiological
criteria in monkeys. If the cat marginal zone is the actual target of
exogenous NO in our experiments, these neurons should play a
role in the integration process during spontaneous eye move-
ments. This is in agreement with the present knowledge on the
primate marginal zone, which is considered a component of the
saccadic integrator, because virtually all of its neurons are burst-
position neurons (McFarland and Fuchs, 1992) projecting to the
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abducens nucleus (Langer et al., 1986) and to the PH nucleus
(Belknap and McCrea, 1988).

It is considered currently that a common integrator is in
charge of the different types of eye movements, including the
gaze-holding integrator, which maintains eye position after
saccades, and the velocity-to-position integrator for the VOR.
This hypothesis was initially proposed by Robinson (1975) and
has been supported by several experimental findings. Thus,
lesions in the PH and/or MV nuclei of cats and monkeys
produced simultaneous alterations of integration in the differ-
ent subsystems tested (Cheron et al., 1986a,b; Cannon and
Robinson, 1987). Furthermore, Godaux and Cheron (1996)
have reported that in alert cats the eye position sensitivity of
PH neurons during intersaccadic fixation was equal to that
measured during VOR. However, some pharmacological re-
sults suggest that at least some of the subsystems may have
separate integrators (Godaux and Laune, 1983; Pastor et al.,
1994; Yokota et al., 1994). In our experiments, the use of NO
donors, as well as 8-Br-cGMP, revealed an alteration of the
integrator for spontaneous eye movements, whereas the VOR
gain or phase did not change, indicating that the integrator for
VOR remained intact. Hence, the integration processes for at
least the two oculomotor subsystems tested occur by different
mechanisms, because they can be pharmacologically
dissociated.

Our results also suggest that the NO-sensitive cGMP-ir neu-
rons in the cat marginal zone are part of a gaze-holding mecha-
nism specific for saccades. Similarly, small permanent lesions of
the primate marginal zone caused by ibotenic acid impaired the
gaze-holding in the horizontal plane but not the integration of
signals from vestibular sources (Kaneko, 1992, 1997). The lateral
location of this area, ~2 mm from the midline, may explain why
Godaux and Cheron (1996), while exploring an area located
1.2-1.6 mm from the midline, did not record neurons with posi-
tion sensitivity specific for postsaccadic fixations.

Three conclusions can be drawn from the present results: (1)
NO produced in the PH nucleus is involved exclusively in the
processing of horizontal eye velocity signals, without participa-
tion in the integration process occurring in this nucleus; (2) NO
action in the PH nucleus is effected by a retrograde action on
afferent fibers, probably arriving from the vestibular nuclei; and
(3) a cluster of cGMP-ir neurons located in the marginal zone
between the PH and the MV nuclei mediates the eye position
signal generation during spontaneous, but not vestibularly in-
duced, eye movements, indicating that there is more than one
integrator controlling eye movements.
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