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The localization and distribution of brain-stem afferent neu-
rons to the cat abducens nucleus has been examined by
high-affinity uptake and retrograde transport of *H-glycine.
Injections of *H-glycine selectively labeled (by autoradiog-
raphy) only neurons located predominantly in the ipsilateral
medial vestibular and contralateral prepositus hypoglossi
nuclei, and in the contralateral dorsomedial reticular for-
mation, the latter corresponding to the location of inhibitory
burst neurons. The specificity of uptake and retrograde
transport of *H-glycine was indicated by the absence of la-
beling of the dorsomedial medullary reticular neurons ipsi-
lateral and in close proximity to the injection site, where local
uptake by diffusion could have occurred. The selectivity of
uptake and transport was demonstrated by the absence of
retrograde labeling following injections of *H-GABA or *H-
leucine into the abducens nucleus.

The immunohistochemical localization of glycine and GABA
revealed a differential distribution of the 2 inhibitory neu-
rotransmitter candidates in the extraocular motor nuclei. Gly-
cine-immunoreactive staining of synaptic endings in the ab-
ducens nucleus was dense with a widespread soma—dendritic
distribution but was sparse in the trochlear and oculomotor
nuclei. By contrast, GABA-immunoreactive staining within
the oculomotor and trochlear nuclei was associated with
synaptic endings that were particularly prominent on the
somata of motoneurons. GABA-immunoreactive staining in
the abducens nucleus, however, was sparse. These differ-
ences between glycine- and GABA-immunoreactive staining
in the extraocular motor nuclei were correlated with differ-
ences in the immunoreactivity of axons in the descending
(glycine) and ascending (GABA) limbs of the medial longi-
tudinal fasciculus. Glycine-immunoreactive neurons, fur-
thermore, were observed in the same locations as neurons
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that were labeled autoradiographically by retrograde trans-
port of *H-glycine from the abducens nucleus.

Electrophysiological recordings from abducens motoneu-
rons and internuclear neurons revealed a marked reduction
in the slow positivity of the orthodromic extracellular poten-
tial elicited by ipsilateral vestibular nerve stimulation follow-
ing systemic administration of strychnine, an antagonist of
glycine. Intracellular recordings demonstrated that the ves-
tibular-evoked disynaptic inhibitory postsynaptic potentials
in abducens neurons were effectively blocked by strychnine
but were unaffected by picrotoxin, an antagonist of GABA.

These correlative morphological and physiological find-
ings suggest that glycine may be an inhibitory neurotrans-
mitter of neurons that are related to the horizontal vestibulo-
ocular and saccadic eye movement systems. By contrast,
GABA may be the neurotransmitter of second-order inhibi-
tory vestibular neurons that are related to the vertical semi-
circular canals and that establish synaptic connections with
oculomotor and trochlear motoneurons.

Reciprocal excitatory and inhibitory synaptic connections of
second-order vestibular neurons with motoneurons in the oc-
ulomotor and trochlear nuclei provide the direct physiological
basis for the vertical vestibulo-ocular reflex (Highstein, 1971,
1973a; Highstein and Ito, 1971; Highstein et al., 1971; Baker
and Precht, 1972; Precht and Baker, 1972; Berthoz et al., 1973,
Baker and Berthoz, 1974; Ito et al., 1976a, b; Uchino et al.,
1978, 1980). Most, if not all, of the inhibitory vestibular neurons
that are related to the anterior and posterior vertical semicircular
canals are located in the superior vestibular nucleus (Highstein
and Ito, 1971; Yamamoto et al., 1978; Uchino et al., 1981,
1986; Baker et al., 1982; Grafet al., 1983; Mitsacos et al., 1983;
Uchino and Suzuki, 1983; Hirai and Uchino, 1984; Graf and
Ezure, 1986; Highstein et al., 1987; McCrea et al., 1987a). The
axons of these neurons ascend in the ipsilateral medial longi-
tudinal fasciculus (MLF; McMasters et al., 1966; Tarlov, 1970;
Gacek, 1971; Carpenter and Cowie, 1985) and establish synaptic
connections predominantly on the somata and proximal den-
drites of motoneurons in the oculomotor and trochlear nuclei
(Bak et al., 1976; Demémes and Raymond, 1980; Spencer and
Baker, 1983). The disynaptic IPSPs elicited in oculomotor and
trochlear motoneurons by electrical stimulation of the ipsilateral
vestibular nerve are effectively blocked by systemic or ionto-
phoretic administration of bicuculline or picrotoxin (Ito et al.,



1970; Obata and Highstein, 1970; Precht et al., 1973a). Lesions
of the superior vestibular nucleus or the MLF furthermore re-
duce levels of GABA synthesis in the trochlear nucleus (Roffler-
Tarlov and Tarlov, 1975). Collectively, these findings suggest
that GABA is the inhibitory neurotransmitter utilized in the
vertical vestibulo-ocular reflex.

The horizontal vestibulo-ocular refiex, by contrast, is me-
diated predominantly by reciprocal excitatory and inhibitory
synaptic connections of second-order vestibular neurons with
motoneurons and internuclear neurons in the abducens nucleus
(Precht et al., 1967; Richter and Precht, 1968; Baker et al.,
1969b, 1980; Maeda et al., 1971, 1972; Highstein, 1973b; Baker
and Highstein, 1975; Hikosaka et al., 1977; Uchino et al., 1979,
1982; Ishizuka et al., 1980; McCrea et al., 1980). Abducens
motoneurons innervate predominantly the ipsilateral lateral rec-
tus muscle (Baker et al., 1969a; Baker and Highstein, 1975;
Spencer and Sterling, 1977; Steiger and Biittner-Ennever, 1978;
Spencer et al., 1980; Spencer and Porter, 1981; Highstein et al.,
1982; Porter et al., 1983; Spencer and Baker, 1986). Internuclear
neurons establish monosynaptic excitatory synaptic connections
with medial rectus motoneurons in the contralateral oculomotor
nucleus (Graybiel and Hartwieg, 1974; Baker and Highstein,
1975; Gacek, 1977; Maciewicz and Spencer, 1977; Spencer and
Sterling, 1977; Highstein and Baker, 1978; Steiger and Biittner-
Ennever, 1978, 1979; Carpenter and Batton, 1980; Highstein et
al., 1982; Carpenter and Carleton, 1983; Spencer and Baker,
1986). In contrast to the vertical canal-related second-order
inhibitory vestibular neurons, the inhibitory second-order ves-
tibular neurons that project to the abducens nucleus are located
in the rostral portion of the medial vestibular nucleus (Macie-
wicz et al., 1977; Gacek, 1979; McCrea et al., 1980; Uchino et
al., 1981, 1982; Nakao et al., 1982; Carleton and Carpenter,
1983; Uchino and Suzuki, 1983; Langer et al., 1986; McCrea
et al., 1987b; Belknap and McCrea, 1988; Ohgaki et al., 1988).
In addition to synaptic terminations in the ipsilateral abducens
nucleus, the axons of some of these neurons branch and descend
in the MLF toward the spinal cord (McCrea et al., 1980; Isu
and Yokota, 1983; Ohgaki et al., 1988). Systemic injection of
bicuculline or picrotoxin causes depression of the antidromic
field potential and the slow positivity that normally accompa-
nies the disynaptic IPSP elicited in abducens motoneurons by
ipsilateral vestibular nerve stimulation (Highstein, 1973b). Sim-
ilar administration of strychnine, however, effectively abolishes
the disynaptic vestibular IPSP in neck motoneurons in the cer-
vical spinal cord, suggesting that glycine is the inhibitory neu-
rotransmitter utilized in this descending vestibulo-collic path-
way (Felpel, 1972). Both GABA and glycine furthermore have
been implicated in vestibular commissural inhibition (Precht et
al., 1973b).

One approach toward identifying the potential neurotrans-
mitter utilized by afferent neurons is retrograde autoradiograph-
ic labeling with radioactive transmitter substances (Cuénod et
al., 1982). The basis of this approach is that neurons utilizing
a specific neurotransmitter possess a high-affinity uptake mech-
anism for that transmitter (Hokfelt and Ljungdahl, 1975). In
the present study, injections of *H-glycine into the cat abducens
nucleus have selectively labeled (by retrograde transport) neu-
rons located in the medial vestibular and prepositus hypoglossi
nuclei and in the contralateral dorsomedial medullary reticular
formation. These findings have been corroborated by the im-
munohistochemical localization of glycine and GABA in the
oculomotor, trochlear, and abducens nuclei and by the phar-
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macological antagonism of the vestibular-evoked inhibition in
abducens neurons demonstrated electrophysiologically by extra-
and intracellular recordings.

Materials and Methods

Experimental animals. Morphological experiments were performed on
31 adult cats, 2.1-3.2 kg, under sodium pentobarbital anesthesia (40
mg/kg) administered intraperitoneally. Animals remained sedated dur-
ing the postinjection survival periods by supplemental doses of the
anesthetic. At the completion of each experiment, animals were eu-
thanized by a lethal dose of sodium pentobarbital followed by transcar-
dial perfusion of a fixative solution, as described in each section below.
Fixative was preceded by a vascular wash with physiological saline.
Heparin sodium (2000 IU) and sodium nitrite (10 mg) were adminis-
tered 30 min and 30 sec, respectively, prior to the perfusion via a catheter
in a femoral vein.

Retrograde autoradiographic labeling. In 15 cats, the lateral rectus
muscles were injected bilaterally with 15-25 ul of 10% HRP (Boehringer-
Mannheim) in 0.9% saline, as previously described (Spencer and Ster-
ling, 1977; Spencer et al., 1980), to provide a reference delineation of
the neuronal boundary of the abducens nucleus. Twenty-four hours
later, the posterior vermis of the cerebellum was aspirated to expose
the floor of the IVth ventricle. Calibrated glass micropipettes containing
[2-*H]glycine (18 Ci/mmol; Amersham TRK.71), 4-amino-n-[2,3-
SH]butyric acid (GABA; 78 Ci/mmol; Amersham TRK.527), or L-[4,5-
3H]leucine (178 Ci/mmol; Amersham TRK.510) were mounted in a
holder attached to a Kopf manipulator, and the tip was lowered into
the abducens nucleus using the facial colliculus as a landmark. Tritiated
amino acids were prepared by evaporation of the stock solutions under
nitrogen atmosphere and reconstitution in sterile 0.9% saline to a con-
centration of 50-100 pCi/ml. Injections of 0.2-0.5 ul were made by
positive pressure (10-20 psi) applied through the tip of the micropipette
(Mize et al., 1981). Aminooxyacetic acid (40 mg/kg) was administered
intraperitoneally to animals that were injected with 3 H-GABA to inhibit
the metabolism of GABA by GABA-transaminase.

After postinjection survival periods of 2-12 hr (GABA) or 12-18 hr
(glycine, leucine), animals were killed by transcardial perfusion of fix-
ative solution containing 1.0% paraformaldehyde and 1.25% glutaral-
dehyde in 0.1 M phosphate buffer with 0.002% calcium chloride, pH
7.2. The brain stem was blocked in the stereotaxic coronal plane, and
serial 25 um sections were cut with a Vibratome and collected in 0.1 M
phosphate buffer, pH 7.2. Sections were processed for the histochemical
localization of HRP using 3,3'-diaminobenzidine tetrahydrochloride as
the chromogen (Spencer and Sterling, 1977). Two series of alternating
sections were placed on microscope slides pretreated with chrom alum—
gelatin, defatted, and hydrated. Slides were coated with Kodak NTB-2
nuclear track emulsion diluted 1:1 with distilled water. After exposures
of 2-6 weeks at 4°C, slides were developed in Kodak D-19 developer
for 2 min at 17°C and fixed for 6 min in Kodak Ektaflo fixer. Sections
were counterstained in 0.25% thionin, dehydrated, and mounted with
Permount. Sections were examined and photographed by light micros-
copy using bright-field illumination. The locations of retrogradely la-
beled neurons were charted using a microcomputer-controlled digitizer
(Minnesota Datametrics) connected to X- and Y-axis encoders attached
to the stage of the microscope.

Retrograde HRP labeling. To provide a comparison for the locations
of autoradiographically labeled neurons, injections of 25% HRP (Boeh-
ringer-Mannheim) in 0.05 M Tris-HCl buffer, pH 7.6, were made into
the abducens nucleus in 8 cats by iontophoresis using glass microelec-
trodes with 2 uA positive pulses of 250 msec duration delivered at 2
Hz for 20-30 min. The floor of the IVth ventricle was exposed by
aspiration of the posterior vermis of the cerebellum, and the location
of the abducens nucleus was determined physiologically by recording
antidromic field potentials elicited by electrical stimulation of the VIth
nerve in the orbit. After 18-24 hr, animals were killed by transcardial
perfusion of fixative solution as described above. The brain stem was
blocked in the stereotaxic coronal plane, and 50 um sections were cut
with a Vibratome and collected serially in 0.1 M phosphate buffer. Sec-
tions were processed for the histochemical localization of HRP using
tetramethylbenzidine dihydrochloride (TMB) as the chromogen (Me-
sulam, 1978). Following the reaction with hydrogen peroxide, sections
were washed in acetate buffer, placed on pretreated microscope slides,
counterstained with neutral red, dehydrated, and mounted with Per-
mount. Sections were examined and photographed by light microscopy
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using bright- and dark-field illumination. The locations of retrogradely
labeled neurons were charted as described above.

Glycine and GABA immunohistochemistry. Eight cats were perfused
with fixative solution containing 4.0% paraformaldehyde and 0.1% glu-
taraldehyde (TAAB) in 0.1 m phosphate buffer with 0.002% calcium
chloride, pH 7.2. Vibratome sections (50 gm) through the brain stem
were collected serially in 0.1 M sodium phosphate buffer, pH 7.2, and
were divided into 3 groups. Two groups of sections were processed for
the immunohistochemical localization of glycine or GABA using an-
tibodies generated in rabbit against glycine or GABA conjugated to BSA
with glutaraldehyde. The production characterization, and specificity of
these antibodies are described elsewhere (Wenthold et al., 1986, 1987).
Sections were immersed for 1 hr in 10% normal goat serum (NGS) and
1% BSA in 0.01 M PBS containing 0.1% Triton X-100 and 0.1 m lysine,
and then incubated in primary antibody (1:1500 for GABA, 1:750 for
glycine) containing 1% NGS and 1% BSA with 0.1% Triton X-100 in
PBS for 18-24 hr at 4°C with constant agitation. As a control, some
sections were incubated in the same solution without the addition of
primary antibody. After incubation, sections were washed for 30 min
in 3 changes of PBS and immersed in biotinylated anti-rabbit IgG (Vec-
tor) in PBS with 1% NGS for 60 min at room temperature with constant
agitation. Following the secondary antibody incubation, sections were
washed in PBS and immersed in an avidin : biotin-HRP complex (Vec-
tor) for 60 min. Sections then were washed through 2 changes of PBS
over 20 min followed by 2 changes of 0.1 M phosphate buffer for 20
min. For the demonstration of HRP, sections were reacted in 0.05%
DAB and 0.01% hydrogen peroxide in 0.1 M phosphate buffer containing
0.005% cobalt acetate/nickel chloride for 5-8 min. Most sections were
rinsed through several changes of 0.1 M phosphate buffer and were placed
on pretreated microscope slides, dehydrated, and mounted with Per-
mount for light microscopic examination using bright-field or Nomarski
differential interference contrast optics. Some sections containing the
abducens nucleus were postfixed in 1.0% osmium tetroxide and 1.5%
potassium ferrocyanide in 0.1 M phosphate buffer with 8% dextrose,
stained en bloc in 0.5% uranyl acetate in 0.05 M maleate buffer, and
processed for electron microscopy (May et al., 1987).

To provide a reference for the localization of glycine and GABA, the
third group of sections was processed for the immunohistochemical
localization of choline acetyltransferase (ChAT) as previously described
(Beninato and Spencer, 1986). Sections were reacted with DAB-hydro-
gen peroxide with cobalt/nickel intensification and prepared for light
microscopy.

Electrophysiology. Six cats were prepared for acute electrophysiolog-
ical recordings in the abducens nucleus. Cats were anesthetized with
sodium pentobarbital (35-40 mg/kg) administered intraperitoneally with
supplemental doses (2-10 mg/kg/hr, i.v.) given through a catheter in a
foreleg vein. A tracheal cannula was inserted, and animals were mounted
in a rigid head holder. Supplementary amino acid and electrolyte fluids
were given to maintain the physiological condition of the animal. Bi-
polar silver wire stimulating electrodes were positioned bilaterally on
the abducens nerve at the apex of the orbit and on the ampulla of the
horizontal canal via a dorsal approach or on the horizontal canal nerve
using a ventral approach through the tympanic bulla. Following a crani-
otomy, the posterior vermis of the cerebellum was aspirated to expose
the floor of the IVth ventricle. Animals were paralyzed with gallamine
triethiodide (2—4 mg/kg/hr, 1.v.), artificial respiration was provided, and
a bilateral pneumothorax was performed.

Extracellular antidromic and orthodromic field potentials were re-
corded with glass microelectrodes filled with 2 M sodium chloride and
having resistances of 3—-5 MQ. Intracellular recordings were made using
glass microelectrodes that contained 3 M potassium chloride, 2 M po-
tassium citrate, or 2 M lithium acetate with resistances of 10-20 MQ.
Microelectrodes were attached to a Canberra-type micromanipulator
and were lowered into the abducens nucleus using the facial colliculus
as a landmark. Abducens motoneurons were identified by antidromic
activation following electrical stimulation of the abducens nerve. In-
ternuclear neurons were inferred by the absence of antidromic activation
following VIth nerve stimulation, but, like the motoneurons, displayed
the presence of reciprocal excitatory (EPSP) and inhibitory (IPSP) post-
synaptic potentials following orthodromic vestibular nerve stimulation
(Baker and Highstein, 1975). Conventional stimulation, amplification,
and monitoring techniques were used. Data were stored on videocassette
magnetic tape (NeuroData) and analyzed using an Analogic Data 6000
microcomputer.

The pharmacological antagonism of vestibular-evoked inhibition of

abducens neurons was tested using picrotoxin, 2 mg/ml (Sigma), and
strychnine nitrate, 0.2 mg/ml (Sigma), dissolved in isotonic saline. Pic-
rotoxin and strychnine solutions were administered intravenously at
doses of 0.1 and 1 mg/kg, respectively.

Results

Autoradiographic and HRP retrograde labeling of abducens
afferent neurons

Injections of *H-glycine into the abducens nucleus produced
diffuse, poorly defined labeling at the site of the injection (Fig.
14). The region of effective high-affinity uptake and the extent
of diffusion from the injection site, therefore, were difficult to
assess. Most neurons within the abducens nucleus were lightly
labeled with overlying silver grains. This labeling, however, ap-
peared to represent low-affinity, nonspecific uptake by neurons
and/or neuroglia in the vicinity of the injection site as a con-
sequence of the longer postinjection survival period and the
retention of soluble protein by glutaraldehyde fixation (Hokfelt
and Ljungdahl, 1975; Cuénod et al., 1982). Low-afhnity, non-
specific uptake was further indicated by labeling associated with
the motoneuron axons in the descending course of the VIth
nerve in the brain stem and by terminal labeling in the medial
rectus subdivision of the oculomotor nucleus as a consequence
of anterograde transport by the internuclear neurons. Despite
this “background” labeling, which even with the smallest in-
jections extended into neighboring structures (e.g., ipsilateral
medial vestibular nucleus, reticular formation), densely labeled
neurons still were discernible, particularly contralateral and up
to several millimeters from the injection site.

The locations and distributions of neurons labeled autora-
diographically by retrograde transport following an injection of
3H-glycine into the abducens nucleus are shown in Figure 2.
Caudally, labeled neurons were observed in the prepositus hy-
poglossi nucleus, with contralateral predominance (Fig. 2, A-
E). Only a few prepositus neurons were labeled on the ipsilateral
side. Labeled neurons were small in diameter and circular in
shape, and were located principally in the ventral part of the
nucleus and extending into the underlying reticular formation
(Fig. 34). Both the morphology and distribution of these con-
tralateral prepositus neurons were similar to those labeled by
retrograde transport of HRP from the abducens nucleus (Fig.
3B). However, injections of HRP into the abducens nucleus also
labeled an approximately equivalent number of neurons in the
ipsilateral prepositus nucleus that were located more dorsally
in the nucleus. These neurons were not labeled by retrograde
transport of *H-glycine from the abducens nucleus.

At the rostral limit of the location of labeled neurons in the
prepositus hypoglossi nucleus, a second population of neurons
that were densely labeled by autoradiography following injection
of *H-glycine into the abducens nucleus was encountered in the
contralateral dorsomedial medullary reticular formation. These
neurons extended rostrally as a vertically oriented column along
the lateral border of the MLF up to approximately the level of
the midportion of the abducens nucleus (Fig. 2, E-N). A few
labeled neurons were located within the neuronal boundary of
the contralateral abducens nucleus. The labeled neurons were
medium-diameter and predominantly multipolar or pyramidal
in shape (Fig. 3C). Both the morphology and distribution of
these neurons resembled that of neurons labeled by retrograde
transport of HRP from the abducens nucleus (Fig. 3D). The
dense autoradiographic labeling of this contralateral population
of neurons in particular demonstrates the specificity of uptake
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Figure 1. Bright-field photomicrographs of injection sites of *H-glycine (4), *H-GABA (B), and *H-leucine (C) in the left abducens nucleus of the
cat. In 4, the injection site is poorly defined, but neurons autoradiographically labeled by retrograde transport of *H-glycine (arrows) are seen in
the ipsi- and contralateral medial vestibular nucleus (MVN) and the contralateral dorsomedial medullary reticular formation (MRF). Note that
neurons in the corresponding ipsilateral reticular formation in close proximity to the injection site are not labeled. The injection sites of *H-GABA
(B) and *H-leucine (C) are well defined, although no retrogradely labeled neurons are observed in the locations (asterisks) corresponding to those
in 4. In C, the axons of presumed abducens internuclear neurons are observed coursing toward the contralateral MLF. In all 3 experiments, the

neuronal boundary of the abducens nucleus is demonstrated on the right side with the labeling of motoneurons by retrograde transport of HRP.
Scale bar (4-C), 1| mm.
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Figure 2. Charting of the locations of neurons in the posterior brain stem labeled autoradiographically by retrograde transport of *H-glycine from
the right abducens nucleus. Sections are arranged caudal (4) to rostral (V) at approximately 300 um intervals. The injection site is indicated by

the shaded area in K-N.

and retrograde transport of *H-glycine compared with the back-
ground level of labeling of this same population of neurons
ipsilateral and in close proximity to the injection site, where
local uptake by diffusion could have occurred.

A third population of neurons that were densely labeled au-
toradiographically by injection of *H-glycine into the abducens
nucleus was located in the medial vestibular nucleus (Fig. 2, E-
N), particularly in its ventrolateral extension (McCrea et al.,
1980). In contrast to the labeled prepositus and dorsomedial
medullary reticular neurons, these vestibular neurons were pre-
dominantly ipsilateral, with fewer neurons located in the con-
tralateral nucleus (Fig. 2, G-L). Injections of HRP into the
abducens nucleus, however, labeled approximately equivalent
numbers of neurons in the ipsilateral and contralateral medial
vestibular nuclei. The morphology of autoradiographically la-
beled neurons (Fig. 4, A, C) was similar to that of neurons
labeled by retrograde transport of HRP (Fig. 4, B, D). These
medium-diameter neurons were ovoid in shape, with a slight
elongation in the dorsomedial-ventrolateral axis.

In contrast to the findings obtained with *H-glycine, injections
of *H-GABA into the abducens nucleus failed to retrogradely

label any of the afferent neuronal populations that had been
identified by retrograde transport of HRP. Even with large (0.5
ul) injections and short (2 hr) postinjection survival times, there
was no evidence of labeled neurons in the neighboring ipsilateral
medial vestibular nuclear or dorsomedial medullary reticular
formation that might have incorporated *H-GABA by diffusion
from the injection site (Fig. 1B), as had been noted in similar
experiments in the superior colliculus (Mize et al., 1981). The
injection site was well defined with smaller amounts (0.2 ul; Fig.
1B), but the pattern of labeling within the abducens nucleus was
more consistent with low-affinity, nonspecific uptake by neu-
roglial cells than by synaptic endings, as noted in the oculomotor
nucleus (Lanoir et al., 1982). Although low-affinity, nonspecific
uptake by abducens neurons might have occurred, axonal or
terminal labeling associated with the descending root of the VIth
nerve or the contralateral oculomotor nucleus was not signifi-
cantly above background. By contrast, injections of *H-leucine
produced dense autoradiographic labeling of both the moto-
neuron axons in their descending trajectory through the teg-
mentum and the internuclear neuron axons in the MLF and
their termination in the contralateral oculomotor nucleus. Ret-
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Figure 3. Bright-field (4, C) and dark-field (B, D) photomicrographs of retrogradely labeled neurons. Neurons in the contralateral prepositus
hypoglossi nucleus labeled by retrograde transport of *H-glycine (4) or HRP (B) from the abducens nucleus are located along the ventral border of
the nucleus and extend into the underlying reticular formation. Further rostrally, neurons in the contralateral dorsomedial medullary reticular
formation labeled by retrograde transport of *H-glycine (C) or HRP (D) form a vertical column along the lateral margin of the MLF. The number,

morphology, and distribution of neurons labeled by *H-glycine and HRP are similar in both locations. Scale bars (4-D), 50 pm.

rograde labeling of abducens afferent neurons using *H-leucine,
however, was not observed (Fig. 1C). These negative findings
with 3H-GABA and 3H-leucine injections of the abducens nu-
cleus demonstrate the selectivity of uptake and retrograde trans-
port of 3H-glycine by specific populations of afferent neurons.
Two other populations of abducens afferent neurons were
labeled by retrograde transport of HRP but were not labeled by
either 3H-glycine or *H-GABA. These neurons were located in
the ipsilateral nucleus reticularis pontis caudalis ventral and
rostral to the abducens nucleus and in the oculomotor nucleus
and overlying supraoculomotor region, as also noted previously
(Maciewicz et al., 1975, 1977; Langer et al., 1986; May et al.,
1987). Since only short (<12 hr) postinjection survival times
were used with *H-GABA to minimize its catabolism, however,

the negative autoradiographic findings in relation to oculomotor
internuclear neurons must be interpreted with caution.

Immunohistochemical localization of glycine and GABA in the
extraocular motor nuclei

The immunohistochemical localization of glycine and GABA
in the oculomotor, trochlear, and abducens nuclei revealed a
differential density of immunoreactive staining both within and
between the 3 regions. The motoneuron subdivisions of the
oculomotor nucleus were identified with reference to their to-
pographic organization (Akagi, 1978; Spencer et al., 1980; Mi-
yazaki, 1985).

The immunohistochemical localization of glycine demon-
strated a paucity of immunoreactive staining in association with
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Figure 4. Bright-field (4, C) and dark-field (B, D) photomicrographs of retrogradely labeled neurons. Neurons in the ipsilateral medial vestibular
nucleus labeled by retrograde transport of *H-glycine (4) or HRP (B) from the abducens nucleus are located predominantly in the ventrolateral
extension of the nucleus. Retrogradely labeled neurons in B are partially obscured by reaction product associated with vasculature extending from
the nearby injection site. In the contralateral medial vestibular nucleus, fewer neurons are labeled by retrograde transport of *H-glycine (C) than

by HRP (D). Scale bars (4-D), 50 um.

all motoneuron subgroups in the oculomotor (Fig. 54) and
trochlear (Fig. 5B) nuclei. Immunoreactive axons occasionally
were observed, but synaptic boutons were difficult to resolve by
light microscopy. By contrast, a high density of glycine-im-
munoreactive axons and boutons was observed in the abducens

nucleus (Fig. 5C). Neurons and immunoreactive boutons were
clustered in islands among fascicles of axons that traversed the
nucleus both transversely and longitudinally, many of which
also were immunoreactive. By electron microscopy, glycine-
immunoreactive synaptic endings exhibited a widespread soma—




Figure 5. Nomarski differential interference contrast photomicrographs of glycine- (4-C) and GABA- (D-F) immunoreactive staining in the
extraocular motor nuclei. Asterisks indicate neuronal somata. Both the oculomotor (4; superior rectus and inferior oblique subdivisions) and
trochlear (B) nuclei exhibit sparse glycine-immunoreactive staining that is associated predominantly with a few axons. In the abducens nucleus
(C), a high density of glycine-immunoreactive boutons is associated with neuronal somata and the surrounding neuropil. GABA-immunoreactive
boutons are particularly prominent in association with the somata of motoneurons, as well as the surrounding neuropil in the superior rectus and
inferior oblique subdivisions of the oculomotor nucleus (D) and in the trochlear nucleus (F). By contrast, the abducens nucleus (F) exhibits a
paucity of GABA-immunoreactive boutons in particular relation to neuronal somata. Scale bar (4-F), 50 pm.
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Figure 6. Electron micrograph of an abducens neuron with several glycine-immunoreactive synaptic endings (arrows) establishing axosomatic
synaptic contacts. Nonimmunoreactive axosomatic synaptic endings are indicated by open arrows. Note also immunoreactive myelinated axons

(a) in the surrounding neuropil. Scale bar, 2.5 um.

dendritic distribution. Immunoreactive synaptic endings were
prominent on the somata of abducens neurons and intermingled
with other nonimmunoreactive synaptic endings (Figs. 6, 7B).
In many instances, several immunoreactive synaptic endings
were arranged as a closely spaced array on the soma (Fig. 74).
Immunoreactive synaptic endings also were encountered in the
neuropil, where synaptic connections were established with large-
(Fig. 84), medium-, and small-caliber (Fig. 8C) dendrites and
dendritic spine-like appendages (Fig. 8, B, C). Numerous im-
munoreactive myelinated axons also were observed in the neu-
ropil (Figs. 6, 74). There was a tendency for glycine-immuno-
reactive axosomatic synaptic endings to exhibit multiple short
(0.3-0.5 um), spatially separated synaptic contact zones (Fig.
7A), similar to those characteristic of second-order vestibular
synaptic endings in the oculomotor and trochlear nuclei (Spen-
cer and Baker, 1983). Axodendritic immunoreactive synaptic
endings, however, usually displayed only a single synaptic con-
tact zone that extended much of the length (up to 1.3 pm) of
the zone of apposition between the pre- and postsynaptic pro-
cesses (Fig. 8, D, E). Synaptic contact zones were characterized

by the accumulation of pleiomorphic synaptic vesicles along the
presynaptic membrane, an inconspicuous postsynaptic mem-
brane densification, and an intermediate dense line in the in-
tercellular space (Fig. 8, D-F).

The immunohistochemical localization of GABA demon-
strated a pattern of staining in the extraocular motor nuclei that
contrasted with that of glycine. Within the oculomotor nucleus,
GABA-immunoreactive staining was associated with preter-
minal and terminal boutons, many of which arose from im-
munoreactive axons in the dorsolateral region of the MLF. A
moderate density of immunoreactive boutons was observed in
the superior rectus, inferior oblique, and inferior rectus subdi-
visions of the nucleus in association with the motoneuron so-
mata (Fig. 5D). GABA-immunoreactive boutons also were ob-
served in the surrounding neuropil in these subdivisions. In the
medial rectus subdivision, however, the motoneuron somata
and surrounding neuropil were almost devoid of immunoreac-
tive boutons. The trochlear nucleus exhibited the highest density
of GABA-immunoreactive boutons (Fig. 5F). Many pretermi-
nal and terminal immunoreactive boutons arose from axons in
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Figure 7. Electron micrographs of glycine-immunoreactive synaptic endings in the abducens nucleus. In A, a series of immunoreactive synaptic
endings are associated with the soma of an abducens neuron, most establishing synaptic contacts (arrows). Immunoreactive myelinated axons also
are seen in the immediate vicinity. In B, a glycine-immunoreactive axosomatic synaptic ending containing pleiomorphic synaptic vesicles exhibits
a symmetrical pre-/postsynaptic membrane profile at the site of synaptic contact (arrow). The neighboring nonimmunoreactive synaptic ending (.S)
contains predominantly spheroidal synaptic vesicles. Scale bars: 4, 1 um; B, 0.25 pm.

the lateral portion of the MLF. GABA-immunoreactive boutons
were distributed with high density on the somata and proximal
dendrites of the motoneurons, as well as within the neuropil of
the nucleus. By contrast, the abducens nucleus displayed a pau-
city of GABA-immunoreactive boutons in relation to the so-
mata and proximal dendrites of the neurons (Fig. 5F). The few

immunoreactive boutons that were observed were scattered in
the neuropil of the nucleus. GABA-immunoreactive axons oc-
cupied fascicles passing through the nucleus, but there was no
indication that any of these terminated within the nucleus.
The differential localization of glycine- and GABA-immu-
noreactive synaptic endings in the oculomotor, trochlear, and




Figure 8. Electron micrographs of glycine-immunoreactive synaptic endings in the abducens nucleus. In 4, 2 immunoreactive synaptic endings
establish synaptic contacts (solid arrows) with the proximal dendrite () of an abducens neuron. Nonimmunoreactive synaptic endings (S) contain
predominantly spheroidal synaptic vesicles and exhibit asymmetrical pre-/postsynaptic membrane profiles at sites of synaptic contact (open arrows).
In B and C, immunoreactive synaptic endings establish synaptic contacts with dendritic spinelike appendages (5). The synaptic ending in C also
contacts a small-caliber dendrite (). Synaptic contact zones (extent indicated by paired arrows) in D and E are characterized by an accumulation
of pleiomorphic synaptic vesicles along the presynaptic membrane and an inconspicuous postsynaptic membrane densification (psd). In F, the
intermediate dense line (id/) in the intercellular space is characteristic of the synaptic contact zone. Scale bars: 4 and B, 1 pm; C, 0.5 pm; D and
E, 0.25 pm; F, 0.1 pm.




abducens nuclei was correlated with differences in the immu-
noreactive staining of axons in the MLF at rostral and caudal
levels of the brain stem. In the posterior brain stem at the level
of ChAT-immunoreactive neurons in the caudal region of the
prepositus hypoglossi nucleus (Fig. 94), the MLF was charac-
terized by a high density of glycine-immunoreactive axons, par-
ticularly in its lateral portion, as well as in the adjacent reticular
formation (Fig. 9B). A paucity of GABA-immunoreactive ax-
ons, however, was observed at this level (Fig. 9C). At the level
of the abducens nucleus (Fig. 9D), glycine-immunoreactive ax-
ons were numerous in both the MLF and the nucleus itself (Fig.
9F), whereas few axons in the MLF at this level were GABA-
immunoreactive (Fig. 9F). At the level of the trochlear nucleus
(Fig. 9G), few axons in the MLF demonstrated immunoreac-
tivity toward glycine (Fig. 9H). Numerous GABA-immuno-
reactive axons were arranged as fascicles in the lateral portion
of the MLF among the terminal labeling associated with tro-
chlear motoneurons (Fig. 97).

In addition to glycine-immunoreactive axons, neurons in the
posterior brain stem also demonstrated immunoreactivity to-
ward glycine. Among other locations, glycine-immunoreactive
neurons were observed in the caudal half of the prepositus hy-
poglossi nucleus, both clustered in the central portion of the
nucleus, as well as located along its ventral margin (Fig. 10A4).
Glycine-immunoreactive neurons also were observed through-
out the entire length of the medial vestibular nucleus, but par-
ticularly at rostral levels, where the nucleus is bisected by the
acoustic stria with neurons extending ventrolaterally toward the
ventral lateral vestibular nucleus (Fig. 10B). Finally, glycine-
immunoreactive neurons were encountered in the dorsomedial
medullary reticular formation medial and caudal to the abdu-
cens nucleus and lateral to the immunoreactive axons in the
MLF (Fig. 10C).The locations of glycine-immunoreactive neu-
rons in the prepositus hypoglossi and medial vestibular nuclei
and in the dorsomedial medullary reticular formation were sim-
ilar to the distribution of neurons labeled by retrograde transport
of *H-glycine from the abducens nucleus. The modest intensity
of immunoreactive staining of these neurons in the absence of
colchicine pretreatment compared with other locations (e.g.,
ventral cochlear nucleus), however, precluded an attempt to
label the immunoreactive neurons in combination with retro-
gradely transported HRP from the abducens nucleus.

Pharmacological antagonism of vestibular-evoked inhibition in
abducens motoneurons and internuclear neurons

Several different drug combinations and stimulation/recording
paradigms were employed in the deeply anesthetized cat to spe-
cifically test the hypothesis based on the above autoradiographic
and immunohistochemical findings that second-order inhibi-
tory vestibular neurons that project to the ipsilateral abducens
nucleus might utilize glycine as a neurotransmitter. Systemic
administration of either the GABA antagonist picrotoxin, or the
glycine antagonist strychnine, produced increases in heart rate
and blood pressure that led to brain-stem pulsations. Conse-
quently, prolonged intracellular recording was difficult. Thus,
in 4 experiments extracellular field potential profiles recorded
in the abducens nucleus were carefully examined. These data
were confirmed in 2 fortunate experiments with continuous in-
tracellular recordings from abducens motoneurons before and
after strychnine administration.

Administration of picrotoxin at doses effective in blocking
the extracellular postsynaptic positivity in the cat trochlear nu-
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cleus following VIIIth nerve stimulation (2 mg/kg; Precht et al.,
1973) did not modify the extracellular field potential profile in
the abducens nucleus (Fig. 114). Subsequent administration of
strychnine in the same experiments produced a significant de-
crease in the extracellular potential (Fig. 11B). These findings,
however, do not provide conclusive pharmacological evidence,
since electrical stimulation of the whole VIIIth nerve, including
both the vestibular and cochlear divisions, evokes a nonspecific,
open-field extracellular potential recorded both within and sur-
rounding the abducens nucleus. In another experiment, an initial
administration of strychnine (2 mg/kg) substantially decreased,
but did not completely remove, the extracellular positivity (Fig.
12A4). Distinguishing between the pre- and postsynaptic positive
peaks was compromised by the absence of a consistent change
in amplitude (cf. Figs. 118 and 124).

By contrast, following selective electrical stimulation of only
the horizontal canal nerve, the extracellular field potential pro-
file was localized to the abducens nucleus and was nearly com-
pletely suppressed following administration of 2 mg/kg strych-
nine (Fig. 12B). In another experiment with selective horizontal
canal nerve stimulation and administration of picrotoxin (2 mg/
kg), there was no reduction in the extracellular positivity.

The normal intracellular characteristics of vestibular-evoked
IPSPs recorded in abducens motoneurons distinctly differed from
those observed in trochlear motoneurons (Precht and Baker,
1972). The IPSPs recorded in abducens motoneurons exhibited
a rapid rise time, shallow amplitude, and short time course (Fig.
134; see also Baker et al., 1969b). At similar resting potentials,
however, trochlear motoneuron IPSPs displayed much larger
amplitudes (4- to 6-fold) and longer durations (2- to 3-fold).
Irrespective of the extent to which these differences reflect ter-
minal arborization and/or transmitter-receptor properties, the
administration of strychnine (2 mg/kg) rapidly decreased both
the rise time and amplitude of the IPSPs recorded in antidrom-
ically identified abducens motoneurons within 1-2 min (Fig.
13B). The IPSPs recorded in trochlear motoneurons, however,
were never noticeably altered in these 2 aspects (unpublished
observations). In 2 experiments, intracellular recordings sam-
pled from many abducens motoneurons and internuclear neu-
rons subsequent to strychnine administration demonstrated the
absence of the typical IPSP waveform following ipsilateral hor-
izontal canal nerve stimulation.

Discussion

The present study has demonstrated that specific populations
of neurons in the medial vestibular and prepositus hypoglossi
nuclei and in the dorsomedial medullary reticular formation are
selectively labeled by uptake and retrograde transport of *H-
glycine, but not *H-GABA, from the abducens nucleus in the
cat. The immunohistochemical localization of glycine has re-
vealed a high density of immunoreactive synaptic endings in
the abducens nucleus, whereas immunoreactive synaptic end-
ings were sparse in the oculomotor and trochlear nuclei. By
contrast, GABA-immunoreactive synaptic endings in the ab-
ducens nucleus are sparse but are present in high density in the
oculomotor and trochlear nuclei. Glycine-immunoreactive neu-
rons furthermore have been observed in the same brain-stem
locations as neurons labeled by retrograde transport of *H-gly-
cine from the abducens nucleus. Electrophysiological studies
have demonstrated that the vestibular-evoked inhibition of ab-
ducens motoneurons and internuclear neurons is effectively
blocked by strychnine, a competitive antagonist of glycine, but



Figure 9. Bright-field photomicrographs of the immunohistochemical localization of ChAT, glycine, and GABA. In 4, ChAT-immunoreactive
neurons are located in the prepositus hypoglossi nucleus and scattered in the underlying reticular formation. Glycine-immunoreactive axons (B)
are located lateral in the descending MLF and in fascicles in the dorsal tegmentum. GABA-immunoreactive staining (C) at this level is sparse. In
the abducens nucleus, ChAT-immunoreactive neurons (D) define the boundaries of the nucleus. Glycine-immunoreactive staining (E) is associated
with terminals and with axons that traverse the nucleus transversely and longitudinally. GABA-immunoreactive staining (F) in the abducens nucleus
is sparse. ChAT-immunoreactive staining in the trochlear nucleus (G) is associated with the somata, dendrites, and axons of the motoneurons.
Glycine-immunoreactive staining (H) in the ascending MLF is associated with scattered axons, but terminal labeling in the trochlear nucleus is
absent. By contrast, GABA-immunoreactive staining (/) associated with terminals in the trochlear nucleus is dense, and GABA-immunoreactive
axons occupy the lateral region of the MLF. Scale bar, 500 um.




Figure 10. Bright-field photomicrographs of glycine-immunoreactive
neurons. In the prepositus hypoglossi nucleus (4) at approximately the
same level as Figure 2B, immunoreactive neurons are located ventrally
bordering the underlying reticular formation, as well as clustered in the
central portion of the nucleus. In the medial vestibular nucleus (B) at
approximately the same level as Figure 2/, immunoreactive neurons
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is unaffected by picrotoxin, an antagonist of GABA. These find-
ings, therefore, collectively suggest that glycine is the major
inhibitory neurotransmitter utilized by brain-stem afferent neu-
rons to the cat abducens nucleus.

The organization of reciprocal contralateral excitatory and
ipsilateral inhibitory second-order vestibular synaptic connec-
tions with motoneurons in the oculomotor (Highstein, 1971,
1973a; Highstein et al., 1971; Berthoz et al., 1973; Baker and
Berthoz, 1974; Ito et al., 1976a, b), trochlear (Highstein, 1971,
1973a; Precht and Baker, 1972), and abducens (Precht et al.,
1967; Richter and Precht, 1968; Baker et al., 1969b; Highstein,
1973b; Baker and Highstein, 1975; Hikosaka et al., 1977; Uchi-
no et al.,, 1979; Baker et al., 1980) nuclei is basically similar.
The exception to this pattern is medial rectus motoneurons in
the oculomotor nucleus, which rely extensively upon abducens
internuclear input (Highstein and Baker, 1978) and a smaller
direct excitatory vestibular input via the ascending tract of Dei-
ters’ (Baker and Highstein, 1978; Reisine and Highstein, 1979;
Furuya and Markham, 1981; Reisine et al., 1981). Excitatory
second-order vestibular neurons are located in all 4 (i.e., su-
perior, medial, lateral, and inferior) vestibular nuclei (Highstein
and Ito, 1971; Uchino et al.,, 1978, 1979, 1980, 1982; Yama-
moto et al., 1978; Ishizuka et al., 1980; McCrea et al., 1980,
1987a, b; Graf et al., 1983; Isu and Yokota, 1983; Hirai and
Uchino, 1984; Graf and Ezure, 1986; Highstein et al.,, 1987,
Ohgaki et al., 1988). Inhibitory second-order vestibular neu-
rons, however, are differentially segregated in 2 nuclei according
to the semicircular canals to which they are related. Inhibitory
vestibular neurons that are synaptically related to the anterior
and posterior vertical canals are located in the superior vestib-
ular nucleus (Highstein and Ito, 1971; Uchinoet al., 1980, 1981,
1986; Graf et al., 1983; Mitsacos et al., 1983; Uchino and Su-
zuki, 1983; Grafand Ezure, 1986; Highstein et al., 1987), where-
as those that are related to the horizontal canal are located in
the medial vestibular nucleus (Uchino et al., 1979; McCrea et
al., 1980, 1987; Ishizuka et al., 1980; Isu and Yokota, 1983;
Uchino and Suzuki, 1983; Ohgaki et al., 1988). Previous studies
have demonstrated that the inhibitory vestibular input to oc-
ulomotor (Ito et al., 1970; Obata and Highstein, 1970) and
trochlear (Precht et al., 1973a) motoneurons is sensitive to bi-
cuculline or picrotoxin antagonism, but is unaffected by strych-
nine. The high density of GABA-immunoreactive boutons, as
well as of synaptic endings labeled by uptake of *H-GABA (Lan-
oir et al., 1982), observed on the somata of oculomotor and
trochlear neurons is correlated with the soma—dendritic distri-
bution of ipsilateral second-order vestibular synaptic endings
(Bak et al., 1976; Demé&mes and Raymond, 1980; Spencer and
Baker, 1983). Collectively, therefore, the evidence is rather com-
pelling for a role of GABA as the predominant inhibitory neu-
rotransmitter utilized in vertical vestibulo-ocular reflex con-
nections.

The selective retrograde labeling of medial vestibular neurons
with *H-glycine from the abducens nucleus and the pharma-
cological antagonism of vestibular-evoked inhibition by strych-

—_

are located both dorsomedial and ventrolateral to the acoustic stria (as).
In the dorsomedial medullary reticular formation (C) at approximately
the samelevel as Figure 2K, immunoreactive neurons are located medial
to the abducens nucleus (6) and lateral to the MLF among numerous
immunoreactive axons. Scale bar, 200 ym.
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2 mg/kg Picrotoxin

3mg/kg Strychnine

Figure 11. Effect of picrotoxin and strychnine on inhibitory postsyn-
aptic field potentials in the abducens nucleus following vestibular nerve
stimulation. 4, Three records before and 2 following systemic admin-
istration of 2 mg/kg of picrotoxin. B, Two records before and 2 following
systemic administration of 3 mg/kg of strychnine. Arrows at 2 msec
latency in 4 and B indicate the peak of the postsynaptic response. Each
trace in 4 and B is the composite of 16 consecutive averaged sweeps.
Calibrations: 1 mV and 0.5 msec. Negative polarity is downward.

nine, however, suggest that glycine is the inhibitory neurotrans-
mitter utilized in horizontal vestibulo-ocular reflex connections.
The density and soma-dendritic distribution of glycine-im-
munoreactive boutons in the abducens nucleus furthermore cor-
respond, at least in part, to the ipsilateral inhibitory vestibular
input, which is distributed on the somata and proximal den-
drites of the neurons (Ishizuka et al., 1980; Destombes and
Rouviére, 1981; Ohgaki et al., 1988). In addition to synaptic
connections with motoneurons in the extraocular motor nuclei
that are related to the vestibulo-ocular reflex, second-order ves-
tibular neurons that are related to the semicircular canals (Wil-
son and Maeda, 1974) and to the saccule and utricle (Wilson et
al., 1977) also influence neck motoneurons in the cervical spinal
cord, forming the basis of the vestibulo-collic reflex. The axons
of horizontal canal-related inhibitory vestibular neurons that
terminate in the ipsilateral abducens nucleus also have a de-
scending branch that projects to the cervical spinal cord (McCrea
et al., 1980). Correlated with the antagonism by strychnine of
vestibular-evoked disynaptic IPSPs in cervical neck motoneu-
rons (Felpel, 1972), a high density of glycine-immunoreactive
synaptic endings and glycine receptors is located on the somata
and proximal dendrites of ventral horn neurons in the cervical
spinal cord (Triller et al., 1985, 1987; Geyer et al., 1987; van
den Pol and Gorcs, 1988). The findings of the present study are
therefore consistent with the role of glycine as the inhibitory
neurotransmitter of horizontal canal-related second-order ves-
tibular neurons in the vestibulo-ocular and vestibulo-collic re-
flexes.

Despite the evidence in favor of glycine as a neurotransmitter
of inhibitory vestibulospinal connections, neurons in the rat
medial and inferior vestibular nuclei that project to the spinal

2 mg/kg Strychnine

B

2 mg/kg Strychnine

——
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Figure 12. Effect of strychnine on vestibular-evoked inhibitory post-
synaptic field potentials following electrical stimulation of the whole
vestibular nerve (4) or selective activation of the horizontal canal nerve
(B). 4, Three records before and 2 following systemic administration
of 2 mg/kg of strychnine. Arrow denotes onset of the postsynaptic field
potential and demonstrates no drug effect on the presynaptic positivity.
B, Selective horizontal canal nerve stimulation illustrates nearly com-
plete abolition of the postsynaptic positive field potential (arrow) fol-
lowing systemic administration of 2 mg/kg of strychnine. Each trace in
A and B is the average of 16 consecutive sweeps. Calibrations: 1 mV
and 0.5 msec in 4, 1 msec in B. Negative polarity is downward.

cord have been identified to be immunoreactive toward gluta-
mate decarboxylase (GAD), the synthesizing enzyme of GABA
(Blessing et al., 1987). Other studies in the rat (Nomura et al,,
1984) and guinea pig (Kumoi et al., 1987) have identified GABA-
or GAD-immunoreactive neurons predominantly in the medial
and inferior, and to a lesser extent superior, vestibular nuclei.
In contrast to the findings in the present study, glycine-immu-
noreactive neurons previously have not been observed in the
guinea pig vestibular nuclei (Peyret et al., 1987), although a very
high density of glycine receptors has been localized in the ex-
traocular motor nuclei (Araki et al., 1988). While the possibility
exists that neurons may exhibit colocalization of GABA and
glycine (Wenthold et al., 1987) or that GABAergic synaptic
endings may be associated with glycine receptors (Triller et al.,
1987), the disparities also might be explained by species differ-
ences and/or antibody specificity. The extent to which the pres-
ent findings in the cat are applicable to other species is therefore
unclear. Recent immunohistochemical studies in the rhesus
monkey, however, demonstrate a pattern of glycine and GABA
localization that is similar to that described here in the cat
(unpublished observations).

The abducens nucleus also has reciprocal excitatory and in-
hibitory synaptic inputs from neurons in the pontomedullary
reticular formation that are related to saccadic eye movements
via connections with the superior colliculus (Grantyn et al.,



1979, 1980b). Premotor excitatory burst neurons are located in
the ipsilateral paramedian pontine reticular formation (nucleus
reticularis pontis caudalis) ventral and rostral to the abducens
nucleus (Biittner-Ennever and Henn, 1976; Highstein et al., 1976;
Graybiel, 1977; Maciewicz et al., 1977; Grantyn et al., 1980a;
Igusa et al., 1980; Curthoys et al., 1981; Kaneko et al., 1981;
Langer et al., 1986; Strassman et al., 1986a). By contrast, in-
hibitory burst neurons are located in the contralateral dorso-
medial medullary reticular formation medial and caudal to the
abducens nucleus (Hikosaka and Kawakami, 1977; Maciewicz
et al., 1977; Hikosaka et al., 1978; Hikosaka and Igusa, 1980;
Yoshidaetal., 1982; Langer et al., 1986; Strassman et al., 1986b;
Belknap and McCrea, 1988; Scudder et al., 1988). In the present
study, the location of neurons in the contralateral dorsomedial
medullary reticular formation that are selectively labeled by
retrograde transport of *H-glycine from the abducens nucleus
corresponds to that of the physiologically identified inhibitory
burst neurons. The excitatory and inhibitory synaptic inputs
from the pontomedullary reticular formation to cervical spinal
cord motoneurons (Peterson et al., 1978) are organized similar
to those to abducens neurons. The IPSPs in spinal motoneurons
elicited by electrical stimulation of the reticular formation are
effectively blocked by strychnine, suggesting that glycine is the
inhibitory neurotransmitter of the descending reticulospinal in-
hibition (Llinas, 1964). The findings of the present study are
thus consistent with the role of glycine as an inhibitory neu-
rotransmitter of neurons in the medullary reticular formation
that project to the abducens nucleus as well as those that project
to the spinal cord.

The prepositus hypoglossi nucleus potentially represents one
site of interaction between the visual and vestibular systems.
Neurons in the prepositus have visual receptive fields and ex-
hibit eye movement-related activity (Baker and Berthoz, 1975;
Baker et al., 1976, Gresty and Baker, 1976; Blanks et al., 1977,
Lopez-Barneo et al., 1982). The anatomical basis of these re-
sponse properties is attributable, at least in part, to afferent
connections from the superior colliculus and the pretectal nu-
cleus of the optic tract (Magnin et al., 1983) and extensive in-
terconnections with the vestibular nuclei, the pontomedullary
reticular formation, and the cerebellum (McCrea and Baker,
1985; Belknap and McCrea, 1988). The prepositus also has
efferent connections with the extraocular motor nuclei (Graybiel
and Hartwieg, 1974; Baker et al., 1977; Graybiel, 1977, Ma-
ciewicz et al., 1977; Steiger and Biittner-Ennever, 1979; Hi-
kosaka and Igusa, 1980; Lopez-Barneo et al., 1981; McCrea and
Baker, 1985; Langer et al., 1986; Belknap and McCrea, 1988).
The findings of the present study suggest that the prepositus
input to the contralateral abducens nucleus may be predomi-
nantly inhibitory and utilize glycine as a neurotransmitter. Pre-
sumably, most of the neurons in the ipsilateral prepositus nu-
cleus that are labeled by retrograde transport of HRP, but not
*H-glycine, and that have a different distribution from those in
the contralateral nucleus (see also Langer et al., 1986) are ex-
citatory, like those that have synaptic connections with moto-
neurons in the oculomotor (Lépez-Barneo et al., 1981) and
trochlear (Baker et al., 1977) nuclei. The overwhelmingly con-
tralateral predominance of neurons labeled by retrograde trans-
port of *H-glycine from the abducens nucleus is consistent with
physiological findings that have demonstrated contralateral in-
hibitory and ipsilateral excitatory prepositus inputs to abducens
motoneurons (Escudero and Delgado-Garcia, 1988).

While glycine is a major inhibitory neurotransmitter in other
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Figure 13. Intracellular records from abducens motoneurons following
vestibular nerve stimulation and systemic administration of 2 mg/kg
strychnine. 4, Normal representative synaptic potentials in 2 motoneu-
rons illustrating the rise time, amplitude, and half-width of IPSPs, and
immediate extracellular field potential. Each record is the average of 8
consecutive traces. B, Intracellular records from an abducens moto-
neuron 1 and 2 min following systemic administration of 2 mg/kg strych-
nine. There is a rapid decrease in the rise time and peak amplitude of
the IPSP and a less prominent decrease in half-width. Calibrations: 1
mV and 0.5 msec in 4, 1 msec in B. Negative polarity is downward.

cranial nerve motor nuclei (Frostholm and Rotter, 1985; Araki
et al., 1988) and the spinal cord ventral horn (Young and Mac-
donald, 1983) a paradox is apparent in the mediation of inhi-
bition in the extraocular motor nuclei by functionally equivalent
populations of neurons. The findings in the present study suggest
that glycine is the putative inhibitory neurotransmitter of pre-
motor neurons that are related to the horizontal vestibulo-ocular
reflex. By contrast, GABA may be the neurotransmitter of sec-
ond-order inhibitory vestibular neurons that are related to the
vertical semicircular canals and that establish synaptic connec-
tions with oculomotor and trochlear motoneurons. Glycine also
is the likely neurotransmitter of inhibitory burst neurons that
are related to horizontal saccadic eye movements and of a class
of prepositus hypoglossi neurons that project to the abducens
nucleus. Despite the negative autoradiographic findings with *H-
GABA, however, there is a comparatively modest GABA-im-
munoreactive synaptic input to the cat abducens nucleus whose
source is presently unknown. One interesting possibility is that
this GABAergic input may be derived from internuclear neurons
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in the oculomotor nucleus (Maciewicz and Spencer, 1977; May
et al., 1987), which, like all of the other inputs (i.c., vestibular,
reticular, prepositus) to the abducens nucleus, has both exci-
tatory and inhibitory components (Maciewicz et al., 1975).
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