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The prep-ositus
hypoglossinucleus(NPH) plays an imponant role in the gaze-holding
system' It is a major part of the oculomotor
neural integrator (M) involved in the
horizontaleyemovements(Baker er al.,1975;Baker
and Berrhoz, 1975).Deterioration
of the NPH (induced either electrolytically
or by injection of kainic acid) causesa
serious failure in horizontal gaze hoiding (cheron
ei aI., l9g6;cheron and Godaux,
1987; cannon and Robjntool tggz).
It has also been proposedthat the eye position
signalprcsentin the abducensn"rr-n,
is elaboraædby a cascadecircuit situatedin the
NPH @elgado-Garcfaet al.,l9g9;gr.ua.'pioponionr
et al.,l99Z). The neural componentsof
this circuit comorise d.ifferent
of verocity and position signals.
Interestingly,the outpu-t-ofthis
integratingchain loop destinedto the abducensnucleus
is provided by the I'ipH "posiJ;;;:;;uip*senring
d'ring eye fixarions a firing rarc
very close to that of abduclns
n"uron.. ln this contexEit was proposedin the past that
the eyeposition signalcould
u" p"ay "r"toot"d by nonJinear integrationin abducens
motoneurons(MN)
{Barmack t9z+). Moreover, it was recentry proposed that the
incoming signais (sensory
;; ;#;r)
may be computed by the moroneuron
dependingon activationof
inunric1;1"iurao" propenies@urand, 1993).
In: I nfo rm at i o n p ro c essin.g (Jn d erly
in g G aze Co nt ro l,
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micropipettes were then glued together: the function of the first was to record the
antidromic field poteniial and neuronal activities of the abducensnucleus (1-2.5
Mohms of impedance);that of the second,connectedto a picospritzer,was to inject
100 nl of a solutionof APV 0.2v).
The two glassmicropipetteswere glued in sucha way that when the tip of recording
microelectrode reached the centre of the abducensnucleus,the tip of the injection
micropipette would be located in the target part of the NPH or the abducens.When
APV was injected in the centre of the abducens nucleus, the tips of the two
micropipetteswere adjustedto be very close(lessthan 100pm) allowing the recording
of the neuronal activity in the . injected zone. In one experiment this double
micropipette assembly was glued with another recording micropipette in order to
record simultaneouslythe neuronalactivities in the right and left NPH when APV was
injectedin one NPH.
Spontaneoussaccades,made under light, were examined in order to detect an
eventual failure of the integrationprocessof the saccadiccommand.In the caseof a
defect of the neural integrator,the saccadewould be followed by an exponentialpostsaccadicdrift toward a null position. The time constantof the exponentialdrift was
computed as T= (4 - E^t)lE, where E" is the eye position achievedat the end of a
saccade,Ç",, the null position toward which the eye was moving and E the initial
velocity of the drift.
At the conclusionof an experiment,a thin wire (50 pm in diameter),insulatedexcept
at its bevelledtip, was glued to a glassmicroelectrode.With this doubleelectrode,small
electrolytic lesionswere madeat (and I mm below) the point wherethe antidromicfield
potential was maximal. The cat was then killed with an overdoseof pentobarbitoneand
perfusedthrough the aortawith al\Vo formalin solution.The brain stemwas embedded
in paraffin. Serial sections, 20 pm thick, were made.Every tenth sectionwas stained
with Cresyl Fast Violet. The locations of the injection sites were determinedon the
histologicalreconstructionwith respectto the smallelectrolyticlesions.

Microinjections of APV in the abducens nucleus
Combined recording-microinjectionpipetteswere usedfor focal applicationsof APV
(100 nl) in the centre of the abducens nucleus during extracellular recording of
motoneuronsor interneurons(Fig. l). During thesemicroinjectionsthe gaze-holding
system remained normal, not failure of the integration process of the saccadic
command was detected(Fig. lB). Moreover, the spiking behaviour of the abducens
neurons during the intersaccadicfixation periods was not modified by the APV
injection. This fact was illustrated for an interneuron(Fig. lA,B) of the abducens
nucleus.The absenceof modification was also demonstratedby comparativeanalysis
of the relationship between the firing rate and the horizontal eye position achieved
during intersaccadicfixation periodsin control and after the APV injection. Figure I
illustratesthis relation for an interneuron(C) and for a motoneuron(D). The slopesof
their regressionlines (K/) were not different during the controls and following APV
injection. For the intemeuron, K/ was 9.4 spikes/sec/degin control and 10.0
spikes/sec/degafter the APV injection. For the motoneuron, K/ was 15.5
spikes/sec/degin control and 14.9 spikes/sec/deg
after the APV injection.
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The fact that the abducensmotoneuronis a final
pathway for the eye movement
command makes the testing of this idea technically
airRcutt.is irpossible to block at
the motoneuronal level the eye position
signal withou, urr".ùn'g the eye velocity
command?
Recenrly, microinjections of ketamine in the
NpH (cheron et ar., 1992) have
.
induced a specific failure of the gazeholding
without modification in the velocity of
the saccades.As keramineis an antagonist
oithe NMDA .*"pi".rie"
is et ar., 1993;
and Lodge, 1985), this sug-geststhat NMDA
rr..piorr-p)uy a rore in the
Yyl"
building of the position signal uy ttreNrH.
Neverrheless,if ketaminehas been shown
to be a sp_ecificantagonistof NMDA ieceptors,
it has also been reportedto affect a
variety of other ionic channels (Benoit
et al., 19g6; Cug" unà liobertson, l9g5).
c_onsequently,the first aim of the present
study is to test the involvement of the
NMDA receprorsin the buirding of the position
signalusing NMDA_antagonisrsorher
than ketamine' At the motoneuronal level
it was demonstratedin the anaesthetized cat
(Durand et al., l9g7) and rat (Durand,
l99l) that elecrrophoreticapplications of
NMDA evoke a slow depolarizationand
a transientperiod of action potential burst
followed by stable repetitive firing. Moreover,
NMoi ,"..pro6 activation readsto
osc.illations in hyperpolarizedlbducens
MN. Ionophoretic appricarions of
aminophosphonovalerate
(Apv) reduceor block the NMDÀ-induced
responsesbut do
not produce any change in membranepotentiar
or conductan..-"iir," MN (Durand,
1991)' In this circumstance,injection of
Apv in abducensnucleusin alert preparation
provides an ideal roor for resring the
contribution of the NùDÀ receptorsof the
abducens
in the generarionoithe eye position signal.
fIN
The final aim of the presentstudy is io
ôornp*" the gaze-hordingdeficit produced
by APV injection in the abducen,*a
the NpH nuclei.
Experimental procedures
Five adult cats weighing between2.5
and 3.5 kg were preparedfor chronic recording
of eye movements and dischargesof
identified abducensmotoneurons and NpH
neurons. under general anaesthesiaand
aseptic conditions, ,"u"ra devices were
chronically implanted. scleral search
coils were implanted subconjunctivallyon both
eyes' A bipolar stimulating electrodewas
placed on each vlth nerve at its exit from
the brainstem.Three borts were cementedio
tne shtt for immobilizing the animal,s
head during the experimentalsessions.
A rectangularhole was drilled in the occipital
bone' The dura mater was removed and
a dental cementchamber constructedaround
the hole' Between recording sessions
the surfaceof the cerebellumwas protectedwith
a silastic sheetand the chambersearedwith
bone wax. Terminal wires from eye coils
and stimulating electrodeswere attached
to a socketcementedto the hording system.
Eight days after surgery, each animal
was trained to accept restraining conditions
without stress.During each experimental
,.rrion, sterile saline and antibiotics were
locally employed in oider to maintainintegriry
of the opening.Local anaestherics
were
also poured onto the dura mater in order
tà preventany pain. The field potentiarof
the
abducensnucleus, evoked by stimuration
âr tn" abducensn"*., ** recordedby a
glass microelectrode. The centre
of the abducensnucreus was determined
by the
maximal antidromic negativity. It was
used as a point of reference. Two glass
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Ftc' 1' Comparison
of firing rateof abducens
neuronsbeforeandaftermicroinjection
of ApV
in thecente of thisnucleus.
(A) and(B) Illustrarion
of thehring..r. oi * uloucensinterneuron
beforeandaftertheinjection,respectively.
Notetheabsence
ofïoalrTcationin ,n. g-. holding
and in the relatedneuronal.discharge(ô; and (D) plotsshowingquantitative
anarysisof eye
positionsensitivityof rheillustrat.àini.'n.r.on
1'c;anouo,otoî.rr*lôj
ù.ror. (dots)and
after(circles)theApV iniection.
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Frc. 2. Illusrration of the gaze holding failures that could be observedafter an injection of 100
nl of a solution of APV (0.2rra)in a site locatedin the rostral NPH. (A) Map of the injection site
on a parasaggitalsection at 1.6 mm from the midline. Abbreviations: NPH, nucleusprepositus
hypoglossi; ABD, abducensnucleus;7n, genu of facial seventh nerve; OI, inferior olive. (B)
Vertical and horizontal components of spontaneouseye movements performed in the light
before the injection (control). (C) - (E) Gaze-holdingfailures illustrated 1, 7 and 1l min after the
APV injection.

Microinjections of APV in the NPH
Contrasting with the absenceof APV effect in the abducensnucleus,a gaze-holding
failure was observed every time the microinjection was performed in the NPH. A
typical result is shown in Fig. 2. In this experiment,APV (100 nl) was injectedin the
rostral part of the right NPH. This microinjection caused a serious bilateral gaze
holding-failure. Seven minutes after the injection, the time constant of the postsaccadicdrift was as low as 0.4 sec (Fig. 2D). The gaze-holding defect was first
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detectedin less than l min (Fig. 2c). The
slow phaseswere directed toward the side
of the injection.
ol. experimenr,two NpH neurons,one in
the ipsilaterarNpH (the site of the
. JlAPV microinjection) and another in the
contralabr;l NpH, were simultaneously
recordedjust before and during the injection.
This experiment'isill-ustratedin Fig. 3.
Before the injection the two NPH neurons,
the ipsilaieral and the contratateralones,
fired in-a push-pull fashion (Fig. 3A).
The firing behaviour of theseneuronscorrespo_nded
to the ,,position_verocity,,
class
of NPH neurons.The eye position sensitivities(
Kf) were8.2 ;; ii: spikes/sec/deg
for the ipsiiateral and the contralateraln"rron,
respectively(Fig. 3A).
During rhe gaze-hordingfailure induced
uy ttre unrtui.àr ïni."ïion of Apy the
firing behaviour of rhe two neuronswas
drasrically changed(Fig. 3B). Surprisingly,
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the dischargefrequency of the ipsilateralneuron was not decreasedby the APV. On
the contrary, this neuron dischargedtonically during the slow phasesof the APVinduced nystagmusdirected to the side of the injection and was only inhibited during
the contralaterallydirected quick phases.During the same motor behaviourthe tonic
activity of the neuron situatedin the contralateralNPH was lost. In this case only a
short burst of activity was emittedduring the contralaterallydirectedquick phase.The
neuron of the ipsilateral NPH seemedto be disinhibitedby the APV injection. During
the slow phasesof the nystagmusits firing rate presenteda complex behaviour.In
some cases,the firing rate of this neuron increasedprogressivelyduring the slow
phase reflecting some eye position sensitivity (Fig. 3C). This sensitivity was
quantified during slow phasespresentinga constantvelocity. In thesesituationsthe
variations of firing rate may be due to the change of eye position. However, the
position sensitivity obtained in these circumstancesreached values as high as 22
spikes/sec/degduring a range of position that never exceeded 1.5 deg. Moreover,
during APV injection the firing rate ofthis neuron saturatedaround55 spikes/sec/deg.

Discussion and conclusions
Although N-methyl-o-aspartate(NMDA) receptorshave been found to be uniformly
distributed on the membrane of the abducensmotoneurons(Durand et al., 1987), it
was demonstratedhere that the antagonistaction of APV at this level was not able to
produceany changein the generationof the position signalby neuronsofthe abducens
nucleusduring spontaneouseye movements.This result, associatedwith the fact that
APV did not produce any changein membranepotential or conductancebut reduced
or blocked the NMDA responsesof the motoneuron (Durand, 1991), seems to be
incompatible with the idea of a possibleinvolvement of the NMDA receptorsin the
final processingof the eye position command at the motoneuronallevel. However, the
absenceof modification of K/during the injection of APV in the abducensnucleus
does not exclude a possible contribution of NMDA receptoractivation in the control
of the post-saccadicslide in the firing rate of the motoneuron.This post-saccadicslide
is known to codify the transitionbetweendifferent positionsof the eye (Pastorer c/.,
l99l). Its origin is uncertain but it seemslikely that this slide signal is generatedin
premotor neurons (Delgado-Garcîaet al., 1986, 1989) and probably adaptedat the
level of the motoneuronalmembrane.
This result also corroborates the fact that direct electrical stimulation of the
motoneuronalpool at a constantpulse rate does not produce a ramp in eye position as
one would expect if mathematicalintegrationof the stimulus had occuredat this level
(Skavenski and Robinson, 1973). In contrast, Cohen and KotmatsuzaY.,:,
(1972)
provided, with a similar type of stimulation performed in the PPRF, the first
experimentalevidencefor the existenceof an oculomotor integratorin the brain stem.
The presentmicroinjectionsof APV in the NPH confirm the key role of this nucleus
in integration processing.Moreover, this finding indicates that the NMDA receptormediated neurotransmissionin the NPH is necessaryfor the normal function of the
neural integrator. However, the exact function of the NMDA receptors in this
processing remains unknown. It is tempting to speculate about the different
hypotheseswhich could explain the present result. The first hypothesisis that the
NMDA receptorscould be implicated in the closed self-excitatorychains of neurons.
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This type of reverberating circuitry is known to be able to perform an integration
function (Lorente de No, 1933, 1938)and may conespondto the cascadeorganisation
of the left and the right NPH describedby Delgado-Garcîaet cl. ( 1989)and Escudero
et al. (1992). Although this hypothesis could explain the ipsilateral gaze-holding
failure produced by the APV (see Fig. 2C), the bilateral defect of the integrator
necessitatesa supplementaryand a more complex site of action.
The presentbilateral NPH recording during injection of APV in one side provided
a surprising result (Fig. 3). The activity of this ipsilateral NPH neuron coding the
position of the eye was not inhibited by the applicationof the NMDA antagonist,but
on the contrary it dischargedtonically and presentedsome saturationof its firing rate
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Frc. 4. (A) Diagram showing the possible pathways involved in the observed gaze-holding
deficit and in the changesofthe firing rate ofneurons recordedin the APV-injected NPH (1)
and in the non-injected NPH (2). (B) Simultaneousrecording of the activity of two neuronsin
the injected (l) and non-injected (2) NPHpbefore(lower traces)and after APV administration
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duringthe curvedslowphasesof the Apv-inducednystagmus.
In contrast,the NpH
neuronof the contralateral
sideseemedto be inhibitedandwasnot ableto contribute
to the holdingof the eye positionin the contralateral
direction.The oversimplified
schemaof Fig. 4, basedon physiologicaland anatomicaldata,presentsa second
hypotheticalexplanationof this experimentalfact. We proposethe existenceof a
crossedpush-pull connectionbetween the two NpH basedon the following
assumptions:
(l) the excitatoryoutputof one sidecrossedthe midlinereachingthé
other side,(2) thesereciprocalconnections
havean excitatoryactionon inhibitory
neuronscontrollingrhe crossedinhibitory outpur of the NI, and (3) rhis latter
inhibitoryoutputexercises
an inhibitorycontrolon theipsilateral
excitatoryoutputof
the other side, the crossedexcitatoryconnectionibeing NMDA-àependent.
Consequently,
the applicationof APV in one side inducesâ aisinhUitionof the
crossedinhibitoryoutputof theNPH of this side.Thesehypothetical
proposals
could
explainthe bilateraldeficitof gazeholdingassociated
to a vestibularimbalance.
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