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ABSTRACT

Little is known about the ultrastructure of synaptic boutons contacting
trigeminal motoneurons. To address this issue, physiologically identified premotor
neurons (n = 5) in the rostrodorsomedial part of the oral nucleus (Vo.r) were labeled
by intracellular injections of horseradish peroxidase (HRP) in cats. The ultrastructure
of 182 serially sectioned axon terminals from the five neurons was both qualitatively
and quantitatively analyzed. In addition, the effects of the glycine antagonist
strychnine, GABA, antagonist bicuculline, NMDA antagonist 2-amino-5-
phosphovalerate (APV) and non-NMDA antagonist 6-cyno-7-nitroquinoxaline-2,3-
dione (CNQX) on Vo.r-induced postsynaptic potentials in trigeminal motoneurons (n
= 11) were examined to evaluate potential signaling substances of the premotor
neurons.

Labeled boutons made synaptic contacts with either jaw-closing or -opening
motoneurons. All the boutons contained pleomorphic vesicles and most formed a
single symmetric synapse either on the somata or primary dendrites. Morphometric
analyses indicated that bouton volume, bouton surface area, apposed surface area,
total active zone area, and mitochondrial volume were not different between boutons
on jaw-closing and -opening motoneurons. Vesicle number and density however,
were higher for boutons on jaw-closing motoneurons. The five morphological
parameters were positively correlated with bouton volume. Vesicle density was the
exception, which tending to be negatively correlated. Intravenous infusion of

strychnine or bicuculline suppressed Vo.r-induced inhibitory postsynaptic potentials
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(IPSPs) in jaw-closing motoneurons. Abolition of Vo.r-induced excitatory
postsynaptic potentials in jaw-opening motoneurons with APV and CNQX unmasked
IPSPs.

The present results suggest that premotor neurons in the Vour are inhibitory,
and that positive correlations between the ultrastructural parameters associated with
synaptic release and bouton size are applicable to the interneurons as they are in

primary afferents.



INTRODUCTION

The introduction of the methods of transganglionic horseradish peroxidase
(HRP) transport has made it clear that the trigeminal sensory nuclear complex
(TSNC) can be divided into two parts: an intra-oral region and a facial region
(Arvidsson and Gobel, 1981; Marfurt, 1981; Westrum et al., 1981; Marfurt and
Turner, 1984; Shigenaga et al., 1986a,b,c; Takemura et al., 1991,1993). Further,
intra-axonal tracing studies (Tsuru et al., 1989; Shigenaga et al., 1990b; Bae et al.,
1993,1994; Miyoshi et al., 1994; Nakagawa et al.,1997; Moritani et al., 1998) have
revealed that the morphology of terminal arborizations and synapses in the TSNC
differ among functionally different fiber classes. These findings suggest that the
manner in which sensory information, conveyed through primary afferents, is
modulated in the individual nuclei depends upon function. For instance, there is
evidence that neurons in the rostrodorsomedial part of the oral nucleus (Vo.r; see
Torvik, 1956) or oralis y (see Eisenman et al., 1963) might play an important role in
the coordination of jaw movements rather than in sensory discrimination. For
instance, anatomical studies have revealed that few neurons in the Vo.r send their
axons to the thalamus (Burton and Craig, 1979; Fukushima and Kerr, 1979;
Shigenaga et al., 1983; Yasui et al., 1985) but many project to the trigeminal motor
nucleus (Vmo; Mizuno et al., 1983; Vornov and Sutin, 1983; Landgren et al., 1986;
Shigenaga et al., 1988; Fort et al., 1990; Turman and Chandler, 1994 a,b; Li et al.,
1995,1996; Rampon et al., 1996; Fay and Norgren, 1997). Electrophysiological

studies have shown the presence of premotor neurons in the Vo.r (Westberg and
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Olsson, 1991; Olsson and Westberg, 1991; Westberg et al., 1995), including the area
surrounding the Vmo (Grimwood et al., 1992; Kolta, 1997), and also that many of the
premotor neurons are rhythmically active during fictive mastication (Donga and Lund,
1991; Inoue et al., 1994; Westberg et al., 1998). In a previous study (Yoshida et al.,
1994), we have demonstrated that Vo.r neurons responding to stimulation of the intra-
oral or/and peri-oral structures, identified by intracellular injection of HRP, give off
axon collaterals terminating in either the dorsolateral subdivision (jaw-closing
motoneuron pool, Vmo.dl) or the ventromedial subdivision (jaw-opening motoneuron
pool, Vmo.vm) in the Vmo. However, synaptic connections made between the Vour
neurons and trigeminal motoneurons have not yet been demonstrated. In this study,
HRP was injected into functionally defined Vo.ur neurons, in which neurons projecting
to either the Vmo.dl or the Vmo.vin were selected from the stained neurons, and the
ultrastructures of their terminals were examined at the electron-microscopic level
qualitatively and quantitatively. The aim of the quantitative morphometric analysis
on the axon terminals was to determine whether or not there are ultrastructural
differences between synaptic boutons in the Vmo.dl and Vmo.vm. An additional aim
was to determine if the ultrastructural “size principal” proposed by Pierce and
Mendell (1993) for synapses made between group Ia afferents and motoneurons
(morphological features associated with synaptic release scale directly in proportion
to bouton size) is applicable to the premotor neurons.

We also performed neuropharmacological studies to evaluate potential signal
substances of the premotor neurons in the Vour. It is generally accepted that jaw-

closing motoneurons receive both excitatory and inhibitory inputs with a predominant
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inhibitory input while jaw-opening motoneurons receive excitatory input
predominantly following stimulation of the peripheral nerves innervating the intra-
oral or peri-oral structures (Goldberg and Nakamura, 1968; Kidokoro et al., 1968a,b;
Shigenaga et al., 1988). Further, in a previous study using the postembedding
immunogold labeling methods (Bae et al., 1999), we have demonstrated that 98% of
axon terminals synapsing on dendrites of single masseter motoneurons are
immunoreactive for glutamate, glycine or/and y-aminobutyric acid (GABA). Taken
together, it is suggested that premotor neurons use glutamate or glycine or/and
GABA as neurotransmitter(s). Thus, we examined the effects of glycine antagonist
strychnine, GABA, antagonist bicuculline, N-methyl-D,L-asparate (NMDA)
antagonist 2-amino-5-phosphonovaleric acid (APV), and non-NMDA antagonist 6-
cyno-7-nitroquinoxaline-2,3-dione (CNQX) on postsynaptic potentials in trigeminal

motoneurons elicited by stimulation of the Vo.r and the inferior alveolar nerve.



MATERIALS AND METHODS

Experiments were conducted on 33 adult cats (2.4 - 4.8 kg). Fifteen of these
animals were used for electron-microscopic studies while the remaining 18 were used
for neuropharmacological experiments. Anesthesia was initially induced in these
animals by ketamine (35 mg/kg, i.m.) followed by sodium pentobarbital (40 mg/kg,
iv.). Supplementary doses of sodium pentobarbital (10mg/ml) were given
throughout each experiment as necessary to maintain a deep level of anesthesia. The
depth of anesthesia was monitored frequently by checking pupil size and pulse rate.
End-tidal %CO,, rectal temperature and the electrocardiogram (ECG) were monitored
continuously during these experiments and maintained within physiological limits.
All animal procedures were reviewed and approved by the Osaka University Faculty

of Dentistry Intramural Animal Care and Use Committee.

Electron microscopic study

After anesthetizing the animal, bipolar electrodes were placed into the
mandibular canal for stimulation of the inferior alveolar nerve and into the
infraorbital canal for stimulation of the infraorbital nerve. Animals were then placed
in a stereotaxic frame and a craniotomy was performed. Parts of the occipital cortex,
tentorium and cerebellum were then removed to expose the brainstem caudal to the
inferior colliculi. To reduce pulsations of the brainstem, a pneumothorax was
performed and a cisternal drain was inserted. The animals were then immobilized

with pancronium bromide (0.07 mg/kg, i.v.) and artificially ventilated. Intracellular
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recordings and horseradish peroxidase (HRP) injection were achieved through a glass
micropipette with a beveled tip (0.7-1.2 pm), filled by capillary action with a solution
of 3% HRP (Toyobo, Japan) in 0.3 M KCl and 0.05 M Tris buffer at pH 7.6.

The rostrodorsomedial part of the oral nucleus (Vo.r) was located both on the
basis of stereotaxic co-ordinates and monosynaptic field potentials (mean latency, 1.2
msec) elicited by single pulse stimulation (0.2 msec duration at 1 Hz) applied to
either the inferior alveolar nerve or the infraorbital nerve. Intracellular recordings
were obtained from single Vo.r neurons, with intracellular potentials being identified
by the appearance of excitatory postsynaptic potentials (EPSPs) with spike potentials
following electrical stimulation of either the inferior alveolar nerve or infraorbital
nerve. Each neuron was further characterized physiologically by mapping the
location of its receptive field and by determining the neuron’s response to mechanical
stimulation (e.g., tactile stroking of the facial skin, oral mucosa and teeth; pinching
and applying heavy pressure with serrated forceps; lightly pressing the masseter and
temporal muscles; and stretching the jaw muscles). If the intracellular penetration
remained stable, HRP was injected into the cell using positive DC currents of 12-15
nA for 1-2 minutes. One neuron per animal was filled.

After survival periods of 6-20 hours, the animals were deeply anesthetized
and perfused through the ascending aorta with 1.5 liters of saline, followed by 4 liters
of fixative (1% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.4). The lower brainstem was then removed and serial sections (80 pm)
were cut using a Vibratome. These sections were then processed with the CoCl,-

intensified diaminobenzidine method described by Adams (1977). Wet sections were
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then examined with a light microscope, and several sections per animal containing
HRP-labeled terminals (boutons) were treated with a 2% OsO, solution for 30
minutes. After dehydration in a graded series of alcohol, the sections were embedded
in an epoxy resin and placed upon silicone-coated glass slides. Camera lucida
drawings were then made of the labeled fibers bearing boutons seen in the
polymerized thick plastic sections (e.g., Fig. 1A,C). Small pieces containing densely
labeled boutons were cut out of the thick plastic sections (e.g., Fig. 1B,D) and
sectioned with a LKB ultramicrotome. Contrast of the tissue was enhanced by
treating the sections with uranyl acetate followed by lead citrate. The sections were
then placed on Formar-coated grids and studied with an electron microscope (Hitachi
H-7500, Japan).

The morphometric parameters measured were: bouton volume, mitochondrial
volume, active zone areas, apposed surface areas (the portion of the surface area
apposed to the postsynaptic elements), and the number, size and shape of vesicle
profiles. Bouton volume, bouton surface area and mitochondrial volume were
calculated from each series of cross-sectional areas and the average section thickness
(70 nm). The extent of active zones and apposed surface areas were calculated from
measurements of the length of the active zone or portion of the surface area apposed
to postsynaptic elements in each section and the average section thickness. Total
vesicle number was calculated by counting the number of vesicles in each section,
whereas vesicle density was calculated by dividing total vesicle number by total
vesicle area. Vesicle counts were adjusted by using a variation of Agduhr’s (1941)

equation [count correction factor = (2¢-d)/2t, where t = section thickness, 70 nm; d =
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vesicle diameter, 59 nm]. Twenty eight labeled boutons from the Vmo.dl were
serially sectioned. From these boutons 220-1437 clear synaptic vesicles per bouton
were randomly selected to calculate vesicle diameter. In the Vmo.vm, 33 boutons
were serially sectioned and 118 to 651 clear vesicles per bouton were randomly
selected for determination of vesicle diameter. In contrast to this, measurements
were made of all dense-cored vesicle profiles found in each bouton. Vesicle
circularity was determined by using the formula [form factor = 4 pi
(area)/(perimeter)®]. All morphometric measurements were made by manually
tracing the structure’s outline with a scanner (at 600 dots per inch), and analyzing the
digitized outlines with NIH image (Wayne Rashand, National Institute of Health,
Bethesda, MD). Comparisons of the means of the measured parameters were made
by the Mann-Whitney U-test or Student’s r-test. Correlation analysis was performed
with Fisher’s r-to-z transformation for significance and ¢-tests. Differences among
groups were derived from comparisons of the correlation coefficients.
Photomicrographs were processed and labeled by using Photoshop 4.0J
(Adobe Systems, Inc. San Jose, CA). Final montages were output on a Fujix
Pictorography 3000 digital photographic printer (Fuji Photo Film, Japan). Contrast

was adjusted as needed.

Neuropharmacological study
In these experiments the nerve innervating the masseter or the anterior belly
of the digastric muscle was exposed and placed on silver hook electrodes for

stimulation (single pulses with 0.2 msec duration at 1 Hz). Intracellular recordings
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were achieved by using micropipettes filled with 2M K citrate. The Vo.r was located
on the basis of both stereotaxic co-ordinates and the monosynaptic field potential
elicited by stimulating the inferior alveolar nerve. A concentric electrode (outer
diameter, 300 um) was then placed in Vo for stimulation (single pulses with 0.2
msec duration at 1 Hz). Supramaximal stimuli were used for both nerve stimulation
and stimulation of the Vour. Electrode placement within the Vo.r was verified after
the experiment by histological examination of the brainstem. Other surgical
procedures used in these neuropharmacological studies are the same as those
described in the electron microscopic study section. Strychnine (0.2 mg/kg) and
bicuculline (1 mg/kg; Sigma, St. Louis, MO) were infused intravenously. A solution
containing CNQX (300 uM; Research Biochemicals, Natick, MA) and APV (100
uM; Research Biochemicals, Natick, MA) was pressure injected into the Vmo.vm via
a glass micropipette (50- to 80-pm tip diameter) connected by a short length of
polyethylene tubing to a 10-pl Hamilton microsyringe. Drugs were dissolved in

saline with the exception of CNQX, which was dissolved in dimethyl sulfoxide.
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RESULTS

Injections of HRP were made into fifteen Vo.r neurons that responded to
stimulation of the intra-oral or/and perioral structures (periodontal ligament, gingiva,
lip or tongue). Eight labeled neurons were found after histochemical processing.
Three of these neurons had axon collaterals that terminated in the Vmo.dl (e.g., Fig
1A) and two in the Vmo.vm (e.g., Fig. 1C). In the remaining three neurons, the cell
body and part of the stem axon were labeled but the labeling of their collaterals was
too weak to identify their terminal arbors with a light microscope. The three neurons
with terminals in the Vmo.dl (Vo.r-Vmo.dl neurons) responded in a rapidly adapting
fashion when sustained mechanical stimulation was applied to the gingiva close to
the second premolar tooth of both the upper and lower jaw (E3), the upper premolar
teeth (E2), and to the upper canine tooth (E1). The two neurons with terminals in the
Vmo.vm (Vor-Vmo.vm neurons) also responded in a rapidly adapting fashion to
sustained mechanical stimulation. One neuron (E8) responded to mechanical
stimulation of the lower premolar teeth while the other neuron (E9) responded to
pressure applied to the lower incisor teeth.

The Vo.r-Vmo.vm neurons tended to be located ventral or medial to Vo.r-
Vmo.dl neurons (Fig. 2A). All the neurons showed a long-lasting excitatory
postsynaptic potential with repetitive action potentials following single pulse
electrical stimulation of the peripheral nerve(s). The latencies of these EPSPs ranged
from 0.9 to 1.3 msec (n = 5; e.g., Fig. 2B,C). Of the three Vo.r-Vmo.dl neurons,

neuron E1 had a polygonal soma (Fig. 2D) and neuron E2 and E3 had a piriform-

13



shaped soma. Of the two Vo.-Vmo.vim neurons, neuron E9 had a polygonal soma

while neuron E8 had a triangular soma (Fig. 2E).

Electron microscopic observations

The present observations were based on complete or near-complete
reconstruction of 182 labeled boutons. Eighty-five labeled boutons from three Vo.-
Vmo.dl neurons were used [E1 (n = 34), E2 (n = 31), E3 (n = 20)]. An additional 97
labeled boutons from two Vo.r-Vmo.vm neurons were incorporated into the analysis
[E8 (n =52), E9 (n = 45)]. All of the boutons examined were presynaptic either to
somata or dendrites; no boutons were postsynaptic to any other neuronal elements.
The postsynaptic element of the synapses was verified by our light-microscopic
studies to be motoneurons.

Ultrastructure of synaptic boutons in Vmo.dl neuropil. Since no differences
were found between the boutons of Vo.r-Vmo.dl neurons, these data were combined.
Labeled boutons typically showed a dome-like or ovoid shape with a relatively
smooth surface (e.g., Figs. 3-5). All of the labeled boutons examined contained a
mixture of round, oval and flattened synaptic vesicles (e.g., see Figs. 3D-G, 4D, 5B)
with a few large dense-cored vesicles.

Of the 85 labeled boutons examined from Vo.r-Vmo.dl neurons, 24 (28.2%)
and 60 (70.6%) made synaptic contact with somata (e.g., Fig. 3) and primary
dendrites (e.g., Fig. 5) including the juxtasomatic regions (e.g., Fig. 4), respectively,
but one (1.2%) with a nonprimary dendrite. In the present study, dendrites that

contained rough endoplasmic reticulum and polysomes were defined as primary
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dendrites and dendrites without such organelles were classified as nonprimary
dendrites. Note that synapses on juxtasomatic regions were counted as axodendritic.
Of the 60 boutons each synapsing on a primary dendrite, each of the two and three
boutons also made synaptic contact with a different primary dendrite and a
nonprimary dendrite (e.g., Fig. 5), respectively. Namely, almost all boutons (84
boutons or 99%) formed synaptic contact either on somata or primary dendrites, and
that most of them (79 boutons or 93%) constituted a single synaptic contact but five
boutons (5.9%) formed two synapses with different dendrites. Another characteristic
feature noticed in the synaptic arrangement was that en passant boutons frequently
encompassed somata or primary dendrites (e.g., Figs. 3 and 4); approximately half of
the synaptic boutons (51.8%) showed this type of synaptic arrangement.

The presynaptic density in labeled boutons was usually obscured by the
electron-dense HRP reaction product. Forty boutons were, however, stained weakly
enough to recognize the presynaptic density with an aggregation of vesicles. In all of
these boutons, a symmetrical contact with the postsynaptic membrane was found (e.g.,
see Figs. 3D-G, 4D).

Ultrastructure of synaptic boutons in Vmo.vm neuronpil. A total of 97
labeled boutons were examined from two Vor-Vmo.vm neurons. Since there were no
differences between the Vo.r-Vmo.dl neurons, the data were combined. Similar to
synaptic boutons from Vo.r-Vmo.dl neurons, the labeled boutons typically showed a
dome-like or an ovoid shape with a relatively smooth surface (e.g., Figs. 6-8), and all
the boutons contained a mixture of round, oval and flattened synaptic vesicles (e.g.,

Figs. 6-8) with a few large dense-cored vesicles (e.g., inset in Fig. 6A). However, the
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density of synaptic vesicles in Vo.r.-Vmo.vm boutons seemed to be lower than that of
Vo.r-Vmo.d] boutons (see the morphometric analysis section).

Of the 97 labeléd boutons examined ; 21 (21.6%) contacted the soma (e.g. Fig.
6A), 62 or 63.9% contacted primary dendrites (e.g. Fig. 6B) and 14 (14.4%) made
synaptic contact with nonprimary dendrites (e.g., Fig. 6C,D). Of the 62 boutons
which synapsed with a primary dendrite, one also made synaptic contact with a soma,
seven boutons contacted multiple primary dendrites (e.g. Fig. 7A) and seven boutons
contacted both a primary dendrite and a nonprimary dendrite. Although HRP-
labeling in the boutons from Vo.r-Vmo.vm neurons was not denser than the labeling
in boutons from Vo.r-Vmo.dl neurons, the presynaptic density in 32 of the 97 boutons
was obscured by the presence of HRP reaction product. The remaining 65 boutons
formed a symmetrical synaptic contact with the postsynaptic membrane (e.g., see
Figs. 6A,D, 7A,C, 8B,C).

When synaptic arrangements associated with labeled boutons were compared
between Vor-Vmo.dl and Vor-Vmo.vm neurons the following distinctions were
noticed. First, the frequency of occurrence of synapses made on somata and primary
dendrites was slightly lower in the Vo.r-Vmo.vm than Vo.r-Vmo.dl neurons (85.5%
vs. 99%). The occurrence of two synapses made by one bouton however was more
frequent in the Vo.r-Vmo.vm than Vo.r-Vmo.dl neurons (15.5% vs. 5.9%). Second,
synaptic boutons arranged in an aggregated fashion were found more frequently in
the Vo.r-Vmo.dl than Vo.r-Vmo.vm neurons (51.8% vs. 25.8%). Finally, we
occasionally observed two boutons connected by an interbouton fiber that made

synapses with different dendrites (e.g., Figs. 7B,C, 8). This pattern was seen more
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frequently in the Vor-Vmo.vm than Vo.r-Vmo.dl neurons (6 pairs vs. 2 pairs).

In summary, the two kinds of Vo.ur neuron, one synapsing on jaw-closing
motoneurons and the other on jaw-opening motoneurons, shared many morphological
similarities, with exception of differences in synaptic arrangement. This indicates

that these two types of neuron fall within the same category of premotor neuron.

Morphometric analysis

Morphometric measurements of bouton structures were made from serially
sectioned boutons selected from labeled boutons whose presynaptic densities were
visible. Twenty-eight boutons from Vo.r-Vmo.dl neurons were measured while 33
boutons from Vor-Vmo.vm were analyzed. The means of the measured
morphological parameters, except for vesicle circularity and diameter, are listed in
Table 1.

Bouton volume and synaptic surface. Bouton volume ranged from 0.57 to
2.38 um’ with a mean + SD of 1.49 + 0.86 um® in the Vo.r-Vmo.dl neurons, and from
0.73 to 3.83 um® (1.83 + 0.8 pm?) in the Vor-Vmo.vm neurons.

Bouton surface area ranged from 2.93 to 9.54 um? (5.59 + 1.73 um?) in the
Vo.r-Vmo.d] neurons, and from 3.15 to 11.26 pm?® (6.50 + 2.14 pm?) in the Vo.-
Vmo.vm neurons.

The apposed surface area ranged from 0.91 to 3.49 pm? (1.77 £ 0.79 um?) for
boutons from the Vo.r-Vmo.dl neurons, and from 0.66 to 3.99 um? (1.66 + 0.78 pm?)
for boutons from the Vo.r-Vmo.vm neurons.

From one to five distinct active zones of various sizes were located on the
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apposed surface of each bouton, but the active zones were summed in the present
study. The total active zone area ranged from 0.19 to 1.21 um? (0.60 + 0.34 pm?) in
boutons from the Vo.r-Vmo.dl neurons, and from 0.26 to 0.85 pm?* (0.49 + 0.17 pm?)
in boutons from the Vor-Vmo.vm neurons.

No statistical differences were found between boutons from Vo.r-Vmo.dl and
Vor-Vmo.vim neurons.

Internal structures. Mitochondria were usually located in an aggregated
fashion within the cytoplasm of boutons but usually not directly adjacent to active
zone sites. Mitochondrial volume within boutons ranged from 0.11 to O.6v3 pm?* (0.33
+ 0.18 um®) in boutons from the Vo.r-Vmo.dl neurons, and from 0.09 to 0.8 pm’
(0.39 + 0.16 um?) in boutons from the Vor-Vmo.vm neurons. This difference was
not statistically significant.

The number of clear vesicles per bouton ranged widely, from 310 to 3990
vesicles (2110 *+ 980 vesicles) in boutons from the Vo.r-Vmo.dl neurons, and from
530 to 2040 vesicles (1180 + 420 vesicles) in boutons from the Vo.r-Vmo.vm neurons.
This difference was statistically significant (p < 0.01). The vesicle density as a
function of total cytosolic volume within the bouton ranged from 560 to 3460
vesicles/um® (2080 * 710 vesicles/um®) in the Vo.r-Vmo.dl neurons, and from 560 to
1280 vesicles/pm® (880 + 190 vesicles/um®) in the Vor-Vmo.vm neurons. This
difference was also statistically significant (p < 0.01).

The size (diameter) of clear vesicles ranged from 36 to 100 nm (59 + 9 nm, n
= 15235) in boutons from the Vo.r-Vmo.dl neurons (Fig. 9A), and from 34 to 104 nm

(59 = 7 nm, n = 11744) in boutons from the Vo.r-Vmo.vm neurons (Fig. 9C). This
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difference was not statistically significant.

All boutons examined contained dense-cored vesicles. The number of dense-
cored vesicles per bouton ranged from one to 27 vesicles with an average of 11 per
bouton in the Vo.r-Vmo.dl neurons, and from one to 17 vesicles with an average of
nine per bouton in the Vor-Vmo.vm neurons. The size distribution differed between
boutons from the Vo.r-Vmo.dl neurons as opposed to the Vo.r-Vmo.vm neurons. The
Vo.u.-Vmo.d] vesicles showed a trimodal-like distribution with peaks at 70 nm, 100
nm and 125 nm (ranged from 58 to 142 nm; Fig. 10A). The vesicles within Vo.r.-
Vmo.vm boutons showed unimodal distribution which ranged from 56 to 139 nm
with a mean of 97 + 16 nm (Fig. 10C).

The circularity of clear vesicles and dense-cored vesicles in boutons was
measured. The form factor values (see Materials and Methods) for clear vesicles
ranged widely, from 0.52 to 0.99 (0.85 = 0.08, n = 15235) in boutons from the Vo.r-
Vmo.dl neurons (Fig. 9B), and from 0.48 to 0.97 (0.82 + 0.09, n = 11744) in boutons
from the Vo.r-Vmo.vm neurons (Fig. 9D). This difference was statistically significant
(p < 0.01), indicating that clear synaptic vesicles were more variably shaped in
boutons from the Vo.r-Vmo.vm neurons than from Vo.r-Vmo.dl neurons.

The form factor values for dense-cored vesicles ranged from 0.67 to 0.97
(0.89 £ 0.05, n = 301) in boutons from the Vo.r-Vmo.dl neurons (Fig. 10B), and from
0.72 to 0.96 (0.88 + 0.05, n = 281) in boutons from the Vo.r-Vmo.vm neurons (Fig.
10D). The means were not statistically different between Vo.r-Vmo.dl and Vo.r-
Vmo.vm boutons but were significantly (p < 0.01) higher than those of clear vesicles.

In summary, bouton volume and surface area, mitochondrial volume, apposed
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surface area, and total active zone area were not different between the boutons of
Vour-Vmo.dl and Vor-Vmo.vm neurons. Vesicle number and density however were
higher in boutons from Vo.r-Vmo.dl neurons than from Vo.r-Vmo.vm neurons.

Interrelationships. In the present study, since bouton surface area, apposed
surface area, total active zone area and mitochondrial volume were not significantly
different between Vo.r-Vmo.dl and Vo.r-Vmo.vm boutons, these data were combined
(Fig. 11A-D). The number and density of clear vesicles in boutons from the Vo.r-
Vmo.dl and Vo.r-Vmo.vm neurons were plotted separately however (Fig. 11EF),
because the means of these two parameters were significantly (p < 0.01) different
between the two neuron groups.

As shown in Figure 11A-D, the four measured morphological parameters
were all lineally correlated with bouton volume in a positive manner, with relatively
high correlation coefficients for apposed surface area (r = 0.52, p < 0.0001), bouton
surface area (r = 0.90, p < 0.0001) and mitochondrial volume (r = 0.88, p < 0.0001).
The correlation coefficient value for total active zone area however is not high (r =
0.30, p = 0.17).

The number of vesicles per bouton was also positively correlated with bouton
volume (Fig. 11E) with relatively high correlation coefficients (r = 0.62, p = 0.0004
for boutons from the Vor-Vmo.dl neurons; r = 0.85, p < 0.0001 for boutons from the
Vo.r-Vmo.vm neurons). The slope of the regression line was steeper for boutons
from the Vor-Vmo.dl than Vo.r-Vmo.vm neurons (610 vs. 368) but this difference
was not statistically significant. In contrast, the vesicle density/um® was negatively

correlated with bouton volume (Fig. 11F). The correlation coefficient for boutons
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from the Vo.r-Vmo.vm neurons was high (r = - 0.66, p < 0.0001) while the correlation
coefficient for boutons from the Vo.r-Vmo.dl neurons was low (r = - 0.3, p = 0.13).
The slope of the regression line was also steeper for boutons from the Vor-Vmo.dl
neurons as opposed to boutons from Vo.r-Vmo.vm neurons (2608 vs. 1168). This

difference however was not significant.

Neuropharmacological study

The effects of inhibitory and excitatory amino acid antagonists on
postsynaptic potentials generated in jaw-closing and -opening motoneurons by
stimulation of the inferior alveolar nerve (IAN) and the Vo.r were examined to
determine the potential signaling substances of premotor neurons in the Vour. (Fig.
12). The effects of the antagonists on the postsynaptic potentials were evaluated from
the motoneuron whose membrane potential was at least 45 mV at the start of
recording and did not fall below 39 mV throughout the period of observation.

Of 15 masseter motoneurons recorded in separate animals, eight recordings
were made during the infusion of strychnine (glycine receptor antagonist) while
seven recordings were made during the infusion of bicuculline (GABA, receptor
antagonist). In four of the eight strychnine recordings and four of the seven
bicuculline masseter motoneuron recordings, the effects of the antagonists on
inhibitory postsynaptic potentials (IPSPs) by stimulation of the IAN and the Vo.r
could be successfully evaluated. Their physiological features were as follows.
Masseter motoneurons were identified by recording antidromic potentials elicited by

stimulation of the masseteric nerve (e.g., Fig. 12a,j). Stimulation of the IAN and the
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Vour induced small depolarized potentials in the motoneurons. These potentials had a
constant latency of 1.5 — 2.2 msec (n = 8) following stimulation of the IAN (e.g.,
Fig.12b,k) and a latency of 0.6 — 1.0 msec (n = 8) following stimulation of the Vo.r
(e.g., Fig. 12¢,i). At a longer latency, an IPSP was present with a latency (conduction
time from stimulus onset to a peak of the depolarized potentials) of 2.6 — 3.1msec (n
= 8) after stimulation of the IAN (e.g., Fig. 12b,k) and 1.2 — 1.7 msec (n = 8)
following stimulation of the Vour (e.g., Fig. 12¢,1). Intravenous administration of
strychnine (0.2 mg/kg) completely suppressed these IPSPs (Fig. 12d,e) and unmasked
excitatory postsynaptic potentials (EPSPs; Fig. 12f,g) elicited from stimulation of the
IAN and the Vour. These effects showed recovery approximately one hour after
application of the drug (Fig. 12h,i). Latencies of the EPSPs unmasked with
strychnine fell within the same range as those of the small depolarized potentials seen
before administration of the drug. Abolition of the IPSPs and appearance of the
EPSPs with strychnine were confirmed in three other masseter motoneurons in
separate animals (but note that two neurons generated spike potentials superimposed
upon the EPSPs). Similar to strychnine, intravenous administration of bicuculline
(1mg/kg) also completely suppressed IPSPs evoked by stimulation of the IAN (Fig.
12m) and the Vour (Fig. 12n). The administration of bicuculline however, did not
unmask other potentials triggered by the same stimulation. The effects showed
recovery approximately 30 minutes after administration of the antagonist (Fig. 120,p).
This observation was confirmed in three other neurons in separate animals.

Six digastric motoneurons in three animals were studied with the NMDA

antagonist APV and the non-NMDA antagonist CNQX. In this experiment, a 6 pl
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solution containing APV (300 pM) and CNQX (100 pM) was injected into the
Vmo.vm. Immediately after the injection, digastric motoneurons were identified by
recording antidromic potentials elicited by stimulating the digastric nerve (e.g., Fig.
12q). The effects of the antagonists on EPSPs evoked by stimulation of the IAN and
the Vo.r were then examined. These experiments were performed on three neurons in
separate animals (e.g., Fig. 12r-u). Stimulation of the IAN induced EPSPs in
digastric motoneurons with a constant latency of 1.7 — 2.4 msec (n = 3) while
stimulation of Vo.r induced EPSPs in digastric motoneurons with a latency of 0.7 —
1.2 msec (n = 3). These EPSPs were completely suppressed by the administration of
APV and CNQX. These observations were made in one neuron per animal. The
appearance of unmasked IPSPs was seen in one of these three neurons (e.g., Fig.
12t,u). After the examination had been made from the initially identified digastric
motoneuron, the other digastric motoneuron was identified in each of the three
animals. Of the three neurons, neither EPSPs nor IPSPs were generated by
stimulating the IAN and the Vo.r in two of the neurons while IPSPs were generated

by the same stimulation in one neuron.
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DISCUSSION

The main findings in the present study were as follows. First, Vo.r neurons
responding to stimulation of the intra-oral structures made synaptic contacts either on
jaw-closing or jaw-opening motoneurons. Second, all the synaptic boutons contained
a mixture of round, oval and flattened vesicles, and most of the boutons made a
single symmetric synapse either on a motoneuron somata or primary dendrite. None
of the boutons made synapses with any other neuronal elements. Third, the
quantitative ultrastructural analysis revealed that the mean values of bouton volume
and surface area, apposed surface area, total active zone area, and mitochondrial
volume were not different between boutons from Vo.r-Vmo.dl and Vor-Vmo.vm
neurons. Vesicle number and density however were higher for boutons of Vo.r-
Vmo.d] neurons than those of Vo.r-Vvm neurons. All morphological parameters were
positively correlated with bouton volume, with exception of vesicle density, which
tended to be lower for larger boutons. Finally, neuropharmacological experiments
showed that stimulation of the Vo.r and the peripheral nerves elicited EPSPs and
IPSPs in jaw-closing and - opening motoneurons, and that the IPSPs in jaw-closing
motoneurons were completely suppressed by systemic administration of strychnine or
bicuculline.

The results of the present study suggest that Vo.r premotor neurons synapsing
either on jaw-closing or jaw-opening motoneurons are inhibitory interneurons
containing glycine or/and GABA in their boutons. The data presented here also

indicate that the ultrastructural “size principle” for Ia-motoneuron (Pierce and
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Mendell, 1993) and vibrissa afferent-sensorineuron (Nakagawa et al., 1997) synapses

is applicable to interneurons.

Premotor neurons in the Vo.r

The initial evidence for a projection of Vo.r neurons into the Vmo came from
morphological studies using HRP tracing methods (Mizuno et al., 1983; Travers and
Norgren, 1983; Landgren et al., 1986; Fort et al., 1990). In addition,
electrophysiological studies have shown that Vo.r neurons responding to stimulation
of the intra-oral and/or peri-oral structures can be antidromically activated by
stimulation of the Vmo.dl (Donga and Lund, 1991; Westberg et al., 1995) or Vmo.vm
(Olsson and Westberg, 1991). In a previous study we have provided additional
evidence for this projection by intracellular labeling Vo.r neurons and determining
their somadendritic morphologies and axonal trajectories (Yoshida et al., 1994).
Neurons labeled in this study were activated by natural stimulation of the intra-oral
and/or peri-oral structures and were divided into two groups. One group terminated
mainly in the Vmo.dl while the other terminated in the Vmo.vm. Both groups of
neurons also gave off collaterals that terminated in the Vo.r, principal nucleus,
intertrigeminal region, and reticular formation adjacent to the trigeminal spinal
nucleus. In this study we also reported that the cell bodies of Vo.r neurons were
arranged in a topographic fashion with the somata of Vo.r-Vmo.dl neurons located
more dorsally or laterally than those of Vor-Vmo.vm neurons. These physiological
and morphological results are similar to those presented in this study. Detailed

observations of axonal trajectories in regions other than Vmo however were not
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performed.

In a previous study we labeled 13 jaw muscle spindle afferents by intra-
axonal injection of HRP and found that two of these afferents gave off axon
collaterals which terminated in the Vour (Shigenaga et al., 1990a). In a comparable
study, Luo et al. (1995) also found a projection of jaw muscle spindle afferents to the
Vo.r. Nucleus oralis neurons examined in the present study however were not
activated by light mechanical stimulation or stretching of the jaw-closing muscles.
The premotor neurons reported here therefore are different from group Ia inhibitory
interneurons in the spinal cord (Eccles et al., 1962) and from group II spinal
interneurons located in the intermediate zone or lamina VIII (Bars et al., 1990;

Cavallari et al., 1987; Jankowska and Noga, 1990; Bajwa et al., 1992).

Ultrastructure of axon terminals of Vo.r neurons

General features: The majority of axon terminals of Vo.r neurons formed
synapses either on the somata or primary dendrites of jaw-closing and jaw-opening
motoneurons. None of the boutons examined in this study were postsynaptic to other
axons making it unlikely that the output of this group of premotor neuron is modified
presynaptically. Although ultrastructural observations on the axon terminals of
physiologically identified single premotor neurons in the Vmo are limited to this
study, it is a general finding that the synaptic arrangements of spinal interneurons are
organized in a simpler fashion,; i.e., their terminals tend to form axosomatic or
axodendritic synapses which are not postsynaptic to other axons (Light and

Kavookjian, 1988; Réthelyi et al., 1989; Maxwell et al., 1997). This represents a
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major difference between the axon terminals of interneurons, including the premotor
neurons presented here, and primary afferent axons which frequently receive
axoaxonic contacts in the spinal cord (e.g., see Conradi et al., 1983; Maxwell and
Bannatyne, 1983; Semba et al., 1983,1984,1985; Fyffe and Light, 1984; Maxwell and
Réthelyi, 1987; Nicol and Walmsley, 1991; Pierce and Mendell, 1993; Walmsley et
al., 1995) and in the brainstem (e.g., see Sugimoto et al., 1991; Bae et al., 1993, 1994,
1996, 1997, 2000, Iliakis et al., 1996; Irish et al., 1996; Nakagawa et al., 1997;
Kishimoto et al., 1998; Luo and Dessem, 1999). One recent study however has
reported that a small number of dorsal horn group II spinal interneuron boutons make
synaptic contacts with other axon terminals (Maxwell et al., 1997).

It is of a great interest that the majority of boutons from the Vo.r neurons
presented here made a single synapse either on a trigeminal motoneuron soma or
primary dendrite. This distribution represents a major difference from muscle spindle
afferent terminals which are widely distributed from somata to dendrites, including
the distal dendrites, of trigeminal (Bae et al., 1996; Yabuta et al., 1996; Kishimoto et
al., 1998; Luo and Dessem, 1999; Yoshida et al., 1999) and spinal motoneurons
(Burke et al., 1979; Brown and Fyffe, 1981; Redman and Walmsley, 1983; Burke and
Glenn, 1996).

Another important finding was that all axon terminals of Vo.r neurons
examined in the present study contained pleomorphic vesicles. Most boutons, in
which the presynaptic density was visible, formed symmetrical synaptic junctions
whose characteristics corresponded closely to the classical morphological description

of inhibitory boutons (Uchizono, 1965). Recent electron-microscopic
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immunohistochemical studies of neurons in the spinal cord motor nucleus or on
spinal motoneurons (e.g., see Holstege and Calkoen, 1990; Holstege, 1991; Holstege
and Bongers, 1991; Destombes et al., 1992; Omung et al., 1994,1996,1998; Taal and
Holstege, 1994) have shown a correlation between the excitatory neurotransmitter
glutamate and S terminals (synaptic boutons containing spherical vesicles). These
studies have also shown a correlation between the inhibitory neurotransmitters
GABA and/or glycine and F or P terminals (synaptic boutons containing flattened
vesicles or a mixture of spherical, ovoid and flattened vesicles). In a previous study
in which postembedding immunogold labeling was combined with intracellular HRP
labeling (Bae et al., 1999), we found that this correlation was applicable to synapses
made between axon terminals and the dendrites of masseter motoneurons and that

97 % of these axon terminals were immunoreactive to at least one amino acid of
glutamate, glycine and GABA. In addition, we found that 60% of the synaptic
boutons on primary dendrites were immunoreactive to glycine or/and GABA and that
36.7% of the boutons were immunoreactive to both glycine and GABA. These
findings, in conjunction with the present neuropharmacological experiments in which
strychnine or bicuculline completely suppressed peripherally or Vo.r-induced IPSPs,
suggests that the Vo.r neurons examined in the present study contain glycine or/and
GABA in their boutons, irrespective of the fact that strychnine and bicuculline are not
specific antagonists. Colocalizations of glycine and GABA have frequently been
found in boutons synapsing on spinal motoneurons (Omung et al., 1994,1996,1998;
Taal and Holsege, 1994) and on trigeminal motoneurons (Yang et al., 1997). In

addition, the colocalization of glycine and GABA, receptors at GABAergic synaptic
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contacts has been demonstrated in the spinal cord (Bohlhaeter et al., 1994). One
difference in the effects of the two antagonists on masseter motoneurons was that the
abolition of Vo.r-induced IPSPs with strychnine unmasked EPSPs but a comparable
effect was not observed with bicuculline. This difference can be explained by our
previous data (Bae et al., 1999) which indicates that on the dendritic trees of masseter
motoneurons the number of purely glycinergic boutons is three-times higher than
purely GABAergic boutons (152 vs. 50). Recent immunohistochemical studies in the
rat (Turman and Chandler, 1994b; Li et al., 1996; Rampon et al., 1996) have
demonstrated that some of the neurons in the region surrounding the Vmo (region h)
and parvocellular reticular formation are retrogradely labeled after injection of tracer
into the Vmo and that some of these premotor neurons are immunoreactive to glycine
or GABA. It has also been reported in the rat that neurons immunoreactive to glycine
are present in the dorsomedial part of the oral nucleus (Turman and Chandler, 1994b)
and the parvocellular reticular nucleus alpha (Rampon et al., 1996), regions
corresponding to the Vo.r in the cat and which project to the Vmo. It remains to be
demonstrated, however, that the glycinergic neurons in the Vo.r are immunoreactive
to GABA.

The existence of excitatory premotor neurons in the Vo.r is supported by the
present study in which the abolition of Vo.r-induced IPSPs with strychnine unmasked
EPSPs in masseter motoneurons. This has also been shown in prior studies
(Kidokoro et al., 1968a; Takata and Fujita, 1982), indicating that the Vo.r contains
both excitatory and inhibitory premotor neurons. On the other hand, it is generally

accepted that stimulation of pheripheral nerves elicits predominantly EPSPs in jaw-
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opening motoneurons (Kidokoro et al., 1968a,b; Takata and Fujita, 1982; Shigenaga
et al., 1988). This finding is not contrary to the present suggestion that Vo.r neurons
with their terminals synapsing on jaw-opening motoneurons are inhibitory, because
peripherally induced-IPSPs occur in 20 % of these motoneurons (Shigenaga et al.,
1988). Abolition of EPSPs evoked by stimulation of the Vo.r with the NMDA
antagonist APV and the non-NMDA antagonist CNQX also unmasked IPSPs in some
jaw-opening motoneurons. One possible explanation is that intracellular penetrations
were made more frequently in large Vor neurons and that these are inhibitory while
small Vo.r neurons are excitatory. The use of electrical stimulation to understand this
circuitry raises the problem that Vo.r-induced EPSPs unmasked with strychnine could
be elicited by the activation of multiple pathways. Neurons in the Vo.r have axon
terminations in the main sensory nucleus, interpolar nucleus and reticular formation
adjacent to the trigeminal sensory nuclei (Nasution and Shigenaga, 1987; Yoshida et
al., 1994) where trigeminal premotor neurons are located (Mizuno et al., 1983;
Landgren et al., 1986; Li et al., 1996; Yoshida et al., 1998). The latencies of Vo.r-
induced EPSPs unmasked with strychine or bicucuiline ranged from 0.6 to 1.0 msec.
These latencies are shorter than the Vo.r-induced IPSPs (range, 1.2-1.7msec)
observed before the infusion of drugs and fell within the same range as the small
depolarized potentials preceding the IPSPs, indicating that the early component of the
EPSPs was elicited monosynaptically. Long duration EPSPs however may be
indicative of the activation of multisynaptic pathways, similar to those induced by
peripheral nerve stimulation. These features are also applicable to Vo.r-induced

IPSPs in jaw-closing motoneurons and to Vo.r-induced postsynaptic potentials in
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jaw-opening motoneurons.

It is noteworthy that a prior electrophysiological study using an in vivo slice
preparation (Kolta, 1997) has shown that the area close to the Vour or the area caudal
to Vmo contains inhibitory and excitatory interneurons acting directly on trigeminal
motoneurons. Also Grimwood et al. (1992) have used spike-triggered averaging to
demonstrate that the area immediately caudal to the Vmo contains inhibitory and
excitatory interneurons innervating jaw-closing motoneurons.

Vesicle number, vesicle density and the synaptic arrangement differed
between Vo.r-Vmo.dl and Vor-Vmo.vm neurons. The means of vesicle number and
density were 1.8- and 2.4-times higher for boutons from the Vo.r-Vmo.dl than for
Voi1-Vmo.vm neurons. Synaptic boutons also tended to be distributed in an
aggregated fashion more frequently on jaw-closing than jaw-opening motoneurons.
These differences suggest that Vo.r neurons synapsing on jaw-closing motoneurons
are able to exert a more powerful synaptic efficacy for the generation of IPSPs than
those on jaw-opening motoneurons.

The present study provides evidence that jaw-closing and -opening
motoneurons receive inhibitory input directly from Vo.r neurons responding to
stimulation of the intra-oral structures, and that inhibitory input is more prominent to
jaw-closing motoneurons. While inhibitory input to both types of motoneuron is
important for mastication, trigeminal motoneurons are mostly devoid of axon
collaterals (Shigenaga et al., 1988). Recurrent inhibition therefore does not
contribute to the control of jaw movement. To compensate for this, inhibitory Vo.r

neurons may provide inhibitory input to trigeminal motoneurons.
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Morphometric analysis: The quantitative analysis presented here provides
support not only for the qualitative observation that Vo.r neurons synapsing on either
jaw-closing motoneurons or jaw-opening motoneurons fall within the same category,
but also that ultrastructural features influencing transmitter release scale directly in
proportion to bouton size. Yeow and Peterson (1991) initially described these size
correlations for synapses between unidentified axon terminals and cervical
motoneuron somata in the turtle. These investigators reported significant positive
correlations between active zone profiles or the number of vesicles and the size of
both of their bouton types (S type and P or F type boutons). Later, Pierce and
Mendell (1993) analyzed the ultrastructural features of physiologically identified
group la afferent boutons contacting spinal motoneurons in the cat and found that
morphological features associated with synaptic release scale directly in proportion to
bouton size. Comparisons of the present data with those of group Ia boutons are
necessary and important because synaptic boutons analyzed in the two laboratories
belong to different bouton types: S type with asymmetric specilizations vs. F or P
type with symmetric ones. Comparisons were made by pooling the data of Vo.r-
Vmo.dl and Vor-Vmo.vi neurons. One difference between the two types of neuron
is that bouton size is 4.1-times larger for Ia afferent than Vo.r neuron boutons (range
0.45 - 22.4 um®, mean 6.5 + 5.4 um® in Ia boutons, Pierce and Mendell, 1993; range
0.57 — 3.83 um®, mean 1.6 + 0.7 pm® in Vour neurons). The smaller mean of Vo.r
neuron boutons is associated with smaller mean values of mitochondrial volume
(ratio, 0.24), apposed surface area (0.24), total active zone area (0.8) and vesicle

numbers (0.24). Note that the active zone area of Vo.r boutons does not differ from
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that of Ia afferent boutons. The smaller size of Vo.r neuron boutons may be related to
differences in the distribution of synapses on motoneurons. Muscle spindle afferent
terminals make contacts with the somata and proximal and distal dendrites of
trigeminal and spinal motoneurons, with synapses on the somata being less frequent
(Burke et al., 1979; Brown and Fyffe, 1981; Redman and Walmsley, 1983; Pierce and
Mendell, 1993; Bae et al., 1996, Burke and Glenn, 1996, Yabuta et al., 1996;
Kishimoto et al., 1998; Luo and Dessem,1999; Yoshida et al., 1999). In contrast,
almost all of the boutons from Vo.r neurons made synaptic contact either on the
somata or primary dendrites of trigeminal motoneurons. On the other hand, synapses
made by identified primary afferents on second-order sensory neurons are only
occasionally found on the somata and primary dendrites (Maxwell et al., 1982,1984;
Réthelyi et al., 1982; Semba et al., 1983,1984,1985; Ralston et al., 1984; Renehan et
al., 1988; Bae et al., 1994,2000; Nakagawa et al., 1997). Nakagawa et al. (1997)
have reported that vibrissa afferent terminals in the main sensory nucleus are of S
type with asymmetric specializations, and that morphological parameters influencing
synaptic release are positively correlated with bouton volume. We also compared
data presented here with those of vibrissa afferent boutons and found that vibrissa
afferent boutons were 2.5 times larger than Vo.r neuron boutons (see Table 1).
Measured bouton parameters were also smaller for Vo.r boutons except for apposed
surface area and active zone area.

Comparisons of bouton volume between the three kinds of neuron suggest
that the site of synapses on a neuron is an important factor for determing bouton size.

At least for neurons receiving primary afferent input (motoneurons and second-order
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sensory neurons), boutons contacting somata or primary dendrites are smaller in size
than those synapsing on more distal dendrites, irrespective of whether they are
excitatory (S type) and inhibitory (F or P type) synaptic boutons. This notion is also
supported by prior physiological studies in which Ia afferent EPSPs generated on
motoneuron distal dendrites were not significantly smaller than those generated on
more proximal dendrites (Mendell and Weiner, 1976; Jack et al., 1981; Harrison et al.,
1989). Additional evidence is provided by a prior anatomical study (Nakagawa et al.,
1997) which indicated that the larger boutons from vibrissa afferents make synaptic
contacts with smaller dendrites. At present, however, a quantitative ultrastructural
analysis has not been conducted on the spatial distribution of synapses made between
an identified neuron with pleomorphic vesicles and a postsynaptic neuron, although
recurrent inhibitory synapses made by identified Renshaw cells have been reported to
be distributed mainly on proximal dendrites of identified single spinal motoneurons
(Fyffe, 1991).

| Interestingly, despite the fact that bouton volume and vesicle number are
significantly lower in Vour boutons than vibrissa afferent boutons, total active zone
area is not significantly different (see Table 1). This implies that vesicle numbers
close to the presynaptic active zone are lower in F or P type than S type boutons,
suggesting that receptors mediating postsynaptic inhibition can be activated with a
smaller amount of transmitter released than those mediating postsynaptic excitation.
Vesicle number and density however were higher for boutons from Vor.-Vmo.dl than
Vo.r-Vmo.vm neurons (see Table 1), suggesting the possibility that inhibitory

interneurons communicating the same qualitative ultrastructural feature may exert
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different synaptic efficacy when their postsynaptic target neurons are different.

It is noteworthy that the size of vesicles within Vo.r boutons (59 + 9nm, n =
26979) is larger than those within axon terminals presynaptic to vibrissa afferents (43
+ 7nm, Nakagawa et al., 1997). This size difference, in conjuction with the present
pharmacological data and a recent study (Bae et al., 2000) indicating that most axon
terminals presynaptic to primary afferents in the trigeminal sensory nuclei are
immunoreactive to GABA, suggests that GABA and glycine may be colocalized
within individual Vour. bouton vesicles. This suggestion is supported by biochemical
studies reporting that the transporters for GABA and glycine, which are located
within the synaptic vesicle membrane, are very similar or identical (Christensen and

Fonnum, 1991; Burger et al., 1991).
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TABLE 1. Summary of Morphometric Data on Boutons From Neurons in Dorsomedial Part of Oral Nucleus (Vour) Terminating
Either in the Dorsolateral (Vmo.dl) or the Ventromedial (Vmo.vm) Division of Trigeminal Motor Nucleus (Vmo), and

Comparisons with Data on Vibrissa Afferent Boutons in the Trigeminal Principal Sensory Nucleus (V p)’

Vibrissa afferent

Morphological Synaptic boutons in boutons in
parameters’ Vmo.dl Vmo.vim Combined Vp
Bouton volume (um?) 1.49 = 0.86 1.83 = 0.80 1.61 £ 0.72* 4.25 = 2.83*
Bouton surface area (um?) 559 £ 1.73 6.50 = 2.14 6.08 = 1.98* 11.57 * 6.17*
Apposed surface area (um?) 1.77 £ 0.79 1.66 £ 0.78 1.67 £ 0.73 249 = 2.09
Total active zone area (um?) 0.60 * 0.34 0.49 = 0.17 0.54 = 0.26 0.57 = 0.46
Mitochondrial volume (um?®) 0.33 = 0.18 0.39 = 0.16 0.35 = 0.15* 0.84 * 0.52°
Vesicle number/bouton 2110 = 980° 1180 = 420° 1610 * 850* 5000 * 3700
Vesicle density/um® 2080 * 710° 880 = 190° 1430 = 780 1500 = 270

' The data on vibrissa boutons are cited from a previous study (Nakagawa et al., 1997).

2 Values are mean + S.D. Data obtained on serially reconstructed 29 and 33 boutons from Vo.r-Vmo.dl and Vo.r-Vmo.vm neurons,
respectively.

? Indicates statically significant between boutons from Vo.r-Vmo.dl and Vo.r-Vmo.vm neurons (Mann-Whitney U-test, p < 0.01).

* Indicates statically significant between combined data of boutons from Vo.r-Vmo.dl and Vo.r-Vmo.vm neurons and vibrissa

afferent boutons (Mann-Whitney U-test, p < 0.01).
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Fig. 1. Camera lucida drawings of premotor neurons in the rostrodorsomedial part of
the oral nucleus (Vo.r) that terminate either in the dorsolateral (Vmo.dl; A, B) or
the ventromedial (Vmo.vm; C, D) subdivision of the trigeminal motor nucleus (Vmo)
at low-power (A, C) and high-power (B, D) magnifications. The two pairs of
drawings are reconstructed from Vo.r neurons E1 and ES8, respectively.
The drawings in B and D show terminal arbors made from boxed area in A and C,
respectively. For instance, labeled boutons in the boxes were analyzed at the
electron-microscopic level. Scale bar = 500 um in C (also applicable to A), 10
um in D (also applicable to B). dor-lat, dorsal-lateral; 5N, motor root of trigeminal nerve.



Fig. 2. Physiology and morphology of Vo.r premotor neurons. A: Locations of somata
of the premotor neurons. Neurons El, E2 and E3 enclosed withcircles send their
axon terminals into the Vmo.dl (Vo.r-Vmo.dl).

Neurons E8 and E9 enclosed with squares send their axon terminals into the
Vmo.vm (Vo.r-Vmo.vm). Vpv, ventral subdivision of principal nucleus; Vtr, spinal
trigeminal tract; 7N, facial nerve; dor-lat, dorsal-lateral. Scale bar = 1 mm.

B: Intracellular responses elicited by stimulation of the infraorbital nerve in the
neuron El.Horizontal and vertical bars = 2 msec and 10 mV. C: Intracellular
responses elicited by stimulation of the inferior alveolar nerve in the neuron ES.
Horizontal and vertical bars = 2 msec and 10 mV.

D: Photomicrograph showing somadendrites and the stem axon of the neuron EI.
The stem axon is indicated by arrowheads.

E: Photomicrograph showing somadendrites and the stem axon of the neuron ES.
The stem axon is indicated by arrowheads.

Scale bar = 100 um in E (also applicable to D).
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Fig. 3. Electron photomicrographs showing axosomatic synapses made by en
passant boutons from a Vo.r-Vmo.dl neuron at low-power (A, B, C) and

higher-power (D, E, F, G) magnifications. Labeled boutons are marked
with ‘a’, ‘b’, ‘c’, ‘d’and ‘e’. Note that all the boutons contain a mixture
of spherical, oval and flattened vesicles (pleomorphic vesicles) and each

forms a symmetric synaptic contact with the postsynaptic membrane

Synaptic specializations are marked with arrowheads. The approximate

distance between sections is as follows: A-D = 500 nm, B-E = 150 nm,
C-G = 150 nm.

Scale bars = 1 umin A to C, 500 nm in D to G.



Fig. 4. Electron photomicrographs showing synaptic contacts made by en
passant boutons from a Vo.r-Vmo.dl neuron on the juxtasomatic
region at low-power (A) and higher-power (B, C, D) magnifications.
Labeled boutons are marked with ‘a’, ‘b’, ‘c’, ‘d’and ‘e’.

Synaptic specializations are marked with arrowheads. Section B, C
and D are approximately 200 nm, 500 nm and 300 nm apart

from section A, respectively.

Scale bars = 1 ym in A, 500 nm in B, C and D.



Fig. 5. Electron photomicrographs showing an example of a labeled bouton from a
Vo.r-Vmo.dl neuron (asterisks) forming two synapses with a primary dendrite
(Pd; A, B) and a nonprimary dendrite (d; A).
Synaptic specializations are marked with arrowheads.
Section A is approximately 300 nm apart from section B.
Scale bars = 500 nm.



Fig. 6. Electron photomicrographs showing axosomatic (A) and axodendritic (B, C, D)
synapses made by Vo.r-Vmo.vm neurons. A: A labeled bouton (asterisk)
containing pleomorphic vesicles contacts a soma with symmetric specializations,
which is apparent at higher-power magnification in the inset. A dense-cored
vesicle is marked with an arrow in the inset. Arrowhead indicates synaptic
specializations. Scale bars = 1 um at low-magnification, 500 nm in the inset.

B: A labeled bouton with pleomorphic vesicles (asterisk) makes synaptic contact
with a primary dendrite (Pd; arrowheads). Scale bar = 500 nm. C: A labeled
bouton with pleomorphic vesicles (asterisk) makes synaptic contact with a
nonprimary dendrite (d) and forms a symmetric synaptic contact with the
postsynaptic membrane (arrowhead). Scale bar = 500 nm. D: A labeled bouton
with pleomorphic vesicles (asterisk) make synaptic contact with a smaller
nonprimary dendrite (d) and forms a symmetric synaptic contact with the
postsynaptic membrane (arrowhead).

Scale bar = 500 nm.



Fig. 7. Electron photomicrographs showing examples of different types of synapses
made by labeled boutons from Vo.r-Vmo.vm neurons. A: A labeled bouton with
pleomorphic vesicles (asterisks) forms symmetric synapses with primary
dendrites Pdl (inset) and Pd2. Section in the inset is approximately 200 nm
apart from section A. Scale bars = 500 nm. B, C: Two labeled boutons bl
and b2 with pleomorphic vesicles that are connected by an interbouton fiber
make synaptic contact with a nonprimary dendrite (d) and a primary dendrite
(Pd), respectively. Synaptic specializations are marked with arrowheads.

The interbouton fiber is marked with arrows. Note that a small axon swelling
is intercalated between boutons bl and b2 but this swelling makes no synaptic
contact. Section B is approximately 500 nm apart from section C.

Scale bars = 500 nm.



Fig. 8. Electron photomicrographs showing an example of synapses made by labeled
boutons bl and b2 connected by an interbouton fiber on different primary
dendrites Pdl and Pd2 at low-power (A) and high-power (B, C) magnifications.
The labeled boutons from a Vo.r-Vmo.dl neuron contain pleomorphic vesicles
and form a symmetrical contact with the postsynaptic membrane, which are
apparent in B and C. Synaptic specializations are marked with arrowheads.
Arrow in B indicates an interbouton fiber. Section A is approximately 300 nm
and 150 nm apart from section B and section C, respectively.

Scale bars =1 ym in A, 500 nm in B and C.
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Fig. 9. Quantifications of clear vesicles in labeled boutons from Vo.r-Vmo.dl (A, B) and
Vo.r-Vmo.vm (C, D) neurons. The left two histograms (A, C) indicate the

distribution of vesicle diameters. The right two histograms (B, D) represent the
distribution of the values of a form factor. n, number of vesicles measured.
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Fig. 10. Quantifications of dense-cored vesicles in labeled boutons from Vo.r-Vmo.dl
(A, B) and Vo.r-Vmo.vm (C, D) neurons. The left two histograms (A, C)
indicate the distribution of vesicles diameters. The right two histograms (B, D)
represent the distribution of the values of a form factor. n, number of vesicles
measured.
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Fig. 11. Correlations between labeled bouton volume and the other ultrastructural
synaptic parameters. Bouton surface area (A), apposed surface area (B),
total active zone area (C), mitochondrial volume (D) and number of clear
vesicles (E) are positively correlated with bouton volume, but vesicle density
(F) tended to be negatively correlated.  Since the mean values of vesicle
number and density are different between boutons from the Vo.r-Vmo.dl and
Vo.r-Vmo.vm neurons, the data are separately plotted. Closed and opened
circles represent data obtained from Vo.r-Vmo.dl and Vo.r-Vmo.vm neurons,
respectively.  Note that the slope of a pair of regression lines in E and F
tends to be different between Vo.r-Vmo.dl and Vo.r-Vmo.vm neurons but the

differences are not statistically significant.
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Fig. 12 Effects of strychnine and bicuculline on inhibitory postsynaptic potentials
(IPSPs) in masseter motoneurons and of 2-amino-5-phosphovalerate (APV)
and 6-cyno-7-nitroquinoxaline-2,3-dione (CNQX) on excitatory postsynaptic
potentials (EPSPs) in digastric motoneuron following stimulation of the
inferior alveolar nerve (LAN) and the Vo.r.  a - i: Effects of administration of
glycine antagonist strychnine on IPSPs in a masseter motoneuron elicited by
stimulation of IAN (b) and the Vour (c). a: Antidromic potentials elicited by
stimulation of the masseter nerve. d, e: Abolition of IPSPs evoked by
stimulation of the IAN and the Vour with strychnine (0.2 mgkg). f, g:
Abolition of the IPSPs unmasks EPSPs. h, i: Recovery of the effects. j - p:
Effects of administration of GABA, antagonist bicuculline on IPSPs in a
masseter motoneuron following stimulation of the IAN (k) and the Vo.r (1).
j: Antidromic potentials elicited by stimulation of the masseter nerve. m, n:
Abolition of IPSPs elicited by stimulation of the IAN and the Vor with
bicuculline (1 mg/kg). o, p: Recovery of the effects. q - w: Effects of
NMDA antagonist APV and non-NMDA antagonist CNQX on EPSPs in a
digastric motoneuron. q: Antidromic potentials elicited by stimulation of the
anterior digastric nerve. 1, s: EPSPs elicited by stimulation of the IAN and
the Vour. t, u: Abolition of the EPSPs evoked by stimulation of the IAN and
the Vo.r with application of APV and CNQX to the Vmo.vim unmasks IPSPs.
Horizontal bar = 2 msec in a, j, I, n, p and q, 4 msecinc, ¢, g, i, r and s, 10
msecinb, d, f, h, k, m, o, tand u. Vertical bar =20 mVin a, j, q, r and s, 4

mVinb-i k—pandt,2mVinu.
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o8k

EXMEEIK =2 -0 Y FTRBEET ANE= 12— 0 VRO
BEICDOWTE, FEALHLRPIZIhTHRN.

AT, BEEZ FE U = Xy & MRS (Vor) LB Y % Al
E@h—21—10 > 5 % horseradish peroxidase (HRP) ODMIfaf&FE AZ X b iEER
L, ZhoHET 3 185 fHOEMFREKOMMIMEE 2 S R E BRI L
7= . & /= , glycine antagonist strychnine , GABA, antagonist bicuculline, NMDA antagonist
APV KU non-NMDA antagonist CNQX 12 & 3 Vo.r KIEIC & b = X5Ea% —
2—OYVIZERINBZEY F T RAEMNADEELZANRS.

Voor —2—0>®5 bEANGESZICKIET S =2 —D0 > (Vo.r-Vmo.dl) &
PAOSE# =2 —n > &, BEOBESKICKIETS2=2—0> (Vo.r-Vmo.vm)
FHEOBESH =2 -0 Y FT7RERLE. £TD Vour =2 —0 » OHIFRE
&, MEMCEYEZ2EE6T22LEI5NTWAERENEY F7RIMNEEER
L, Miakd L < IZBBHRSE L B —ORFB S F 722 LT\, B
O L RE R, apposed surface area D BE K ¥ active zone O 2 i A
&, Vor-Vmodl =2 —0 > & Vor-Vmovm =21 —0 2 L DJICIEENDRD S
highrodz. UL, ¥ F7RNae >+ 72N jagER, Vor-Vmod =2
—0 2O/ Vor-Vmoovm —a2—D0 Y XD ERICEVEZRLE. ¥F TR
INBEERE B B < D SHRIE I B RAE DA & IEOMBIBRZE R LD, DEE

EIXEDMEIBR %R LU=, strychnine & bicuculline {&, Vo.r EXUFRIEIC X % BH



CEs = 2 —0 > OMEME® S - 7 &AL (IPSPs) ZIMEI L. —F, Vor
EXRBIC LD BERTNIHOGHEG =2 —0 COEEME Y > 7 X EN
(EPSPs) X APV & CNQX IZ & b Ml hBRkiE Tz IPSPs MBI L 7=

THhSORPS, Vor FEE =1 -0  BIHMNE= 21— D THB
LERNRTEDLEDIC, VFTREIBI A CEMEORMICES T 53R
DREFREED, —RKOEHEL B U <HZBOKELE EOMBIZRD>Z L HH

Bipkirole.

=]
HRP MfEHSEE kOB AL, = XK EEE SR (TSCN) », OELHE

HEOZ DDA X AT EH I 2025 L~ (Arvidsson and Gobel,
1981; Marfurt, 1981; Westrum et al., 1981; Marfurt and Turner, 1984; Shigenaga et al.,

1986a,b,c; Takemura et al., 1991,1993) . X 512, HRP iR AFEALEZ = 2%
K OEFEAME PR RIE, —IRROBHE DK RIERE RS F 7 X EF D —

ROBHEDOERF - IIMEEDENWIC L D ER B Z L #5522 U7~ (Tsuru et al.,
1989; Shigenaga et al., 1990b; Bae et al., 1993,1994; Miyoshi et al., 1994; Nakagawa et

al.,1997; Moritani et al., 1998) . T 5 DFERIE, —FROEHIC LD EIZNh
REERIZNZNOBANTZENZNMBEOMEEZ RET 2T INES 2
CORBERIE LTS, FIZIE, WEBOWEANM : Vor (Torvik, 1956) F

/=1 Oralis ¥ (Eisenman etal., 1963) =2 —D0 L, BREOHN LI L A



FEHORHICEBEREIHN 2T WS ERLHS. TRbOL, Vor =1 —
0> DI DEOEHFRIZAKRIZ S 35 H3(Burton and Craig, 1979; Fukushima and
Kerr, 1979; Shigenaga et al., 1983; Yasui et al., 1985) , Zi 5 DKEPHML = XAHE

EEE (Vmo) ICEE L TWB I EDBHLPICIN TS (Mizuno et al, 1983;

Vornov and Sutin, 1983; Landgren et al., 1986; Shigenaga et al., 1988; Fort et al., 1990;
Turman and Chandler, 1994 a,b; Li et al., 1995,1996; Rampon et al., 1996; Fay and

Norgren, 1997) . EXUEHZIZIE, Vo.r (Westberg and Olsson, 1991; Olsson and
Westberg, 1991; Westberg et al., 1995) 3 % W\ & Vmo B E W= EBALIC 534 9 B Bil
B =2 —1D > (Grimwood etal., 1992; Kolta, 1997) ®% < i%, MHIG Y X LD
BICBEE $ % Z & DR iz (Donga and Lund, 1991; Inoue et al., 1994; Westberg et
al., 1998) . Bz, QBN EIZOEABORIBICHET S Voor —2—D0O U~
@ HRP MfEAEAEZE WL, Voor =2 —D0 Y OIS Vmo DY
s (PAOM&ESH =2 —D & : Vmo.dl) , & L IXMEMMER (BIOH&ES) =
2—0 88 :Vmovm ) IZK L T\WB Z L &S H U7z (Yoshida et al., 1994) . L
PLERHMS, Vor Za—D0 Y =XMEEH =2 -0 DY F TRABEADE
EICOWTE, WEEHSICThTIEWRN.

AR T EEZFE L7z Vor —2—DO0 > AD HRPEAIL L h I h =
Za—-arDS55P5, Vmo.dl HBWVIE Vmo.vm ~NEH LTV 3 D%
LU, EN5HRBOBHMEE 2 EENRCEEKICETHEBE L IV THE L
.

AIFFED HE , IR IE R D ERBK)RHTIZ L 2T Vor-Vmo.dI¥ Vo.r-Vmavm



T OWMEEDHEDE BEF, F/=, Pierce £ Mendell (1993) X >T
RIBX NIz Ta —WRIHED “size principal” OFEAND, iEH—2—D I
T EDEDPERETEIILTHS. I6ICHEFMPZRFEZANWT VorHi
HE =2 —D0 L OMREEYEEFET 52 L EAHA.

—MRic, FAOGmEH =2 —0 2, ORNE ZRROBEERIC 5459 2 K0
RORIB L b BB RGN DAS 22T 2D, MEHBBITHILINT
V3% (Goldberg and Nakamura, 1968; Kidokoro et al., 1968a,b; Shigenaga et al.,
1988) . HIZ, EIED postembedding imunogold labeling ¥ % WV = FF I BNV T
&, BEEE = 2 —0 C OBRERE L ¥ F 7 T IR KD 98%H8, gultamate,
glycine, 721X GABABGETH 5 Z L BWMEIN TS (Bacetal, 1999) . =
NHEOFRID, HiEEH =2 — D > OMEEEYEIX gultamate, glycine & L < i
GABA THAZ LhmBIh3d. UL BIZAKHE T, glycine antagonist
strychnine , GABA, antagonist bicuculline , N-methyl-D,L-asparate (NMDA) antagonist
2-amino-5-phosponovaleric acid (APV) , Z LT non-NMDA antagonist 6-cyano-7-
nitroquinoxaline-23-dione (CNQX) @ Vo.r & THfEMEE (JAN) R THERZ L

=X EH 2 — 0 DB F T REMNMICH T AEAZTN.

A R U5 ¥

FERIT I 33 P (2.4-4.8 kg) ZFIV /=, ketamine (35 mgkg, HRAINIRS) I



THIHAE A 217V, HU\ T pentobarbital (40 mgkg HIRMII% S ) & CIEME: 2 1T
WV, ERHPOMBEE 2R T 2 2 OLEIE U TGEMES (10 mg/ml, #IRA
#5) &i7o/k. BRPEKURBRH X EE, LEXE=%— (ECG) , ERE %
ERFFHERICE=Y—L, HEICELOKRE X 0Bz, RPBEED
YW E TV ENY) 2 A EEARRBICHR Lz, BIMERICBI 22 TOFRIE, K
PRARF - ZERBYEREREXORM L AR 2.

BFHEMBETOME

JRERE AR, IAN RO =H THREENIC, IRE THRERIEO - OIRE T L
MICZ N ZhAUEEM Z 3 E U= B, eI B E R E ICFEE L, B, %
SRR, /DT > P RUIDMEERE L. Mg omEicksgsz@ IS
%, MESHORGRNHH e S22 L=, £/, B, pancronium bromide
(0.07 mg/kg, BARMIE:E) 12 TIEEME LA LIFIRZFT - /2. MSNEM DS
JeUF horseradish peroxidase (HRP) DiF A, 0.3 M KCI & 0.05 M Tris-Buffer
(pH 7.6) i 3% HRP (BR¥#H) 2 8EL L= b DR A LEN S ABUNER (5%
WRERE 0.7-1.2um) ZAWTITo /. Vo.r OEPALILEMEIZ L IAN F=IZRE
THERICIMZ 51z (1Hz 0.2msec) HBESHIBIC L > THERIhHELF 7

RAERL (EHEBRE : 1.2msec) ZIEREL LTCHRIES =,
EMOMBIANNDORIALL, IAN F 721X RE FHREAOBZRIBIC X 2 BEM

#F+ 7 REBN (EPSPs) Zidgk® T A2 LIcL > THELE. Vor—a—n1 Y



X, BRI (PIZE, BROKEERT S, DEEHE, EF~0O®BWE
11, BHE £y PTORBIAA, B, MEIHNOENET ORI, =&
SHHER) IS KB SR RIC L > TZDORBH R UKEERFE L 2. BENH —
FEDLV_NWVIZBR-NTWE 22— iZDH 1~2 73 12~15nA DEHREH T
MAEAIC HRP ZEA L. BY—MECH &, —DOmEMAZIC HRP OFEA
EiTo7. 6~20 KB Z EHFES B, BE, WHRREKEL 1.51 O4LHARE
K, 4 DEEH (1%/3F FIWVLPIVTE R, 25%7)WVF—)VPIFE RZEA
L7Jz pH7.4 D 0.1IM V) VIRIEERKR) % LT KBRS ER LEEZTT> 2. BT
Z b—AZRAVEE U2 S, SEeMEtlh (B 80um) ZERL L, Adams
(1977) @ DAB #:iic X > TAE 1TV HRP B — 2 —n > a2 17> /=.
BEREBOUR %2, XFHEMBECTHREL, —EKOBHYONFD 5 HRP THEH
SRR K E BAZEMDUIF 238 H U ,2%MUB 63 R =7 ABRT 30 538
WEEBZR-o =, iU EYRFZ, PIVva— vk, YU asglIh
A4 FAHSRA ETCRFI Ly vicafilk. RYv—tL WIS F
Y 7Yl OH TEHERI WAFR S h 7= 84 & #3278 % Camera Lucida %512 THH]
L7 (e.g.Fig.1A,C) .
TR DBEE L TWBNBAETIRF v IO LD I L, Kkn
T, IKB DNV I7 0L THBEYRZMEKRL . BEUYAFE
Formuvar-coated grids | IZ & & Z AR E FHAMEE (Hr 8 H-7500) I THE L

7. EREEHRlORIEIEE I, MRBOEME, I P22 K POHEME, active zone



M TF apposed surface area (¥ 7RAEBERLETIHM) 2 LTS FTR/PREOD
MEBERL L. BiELI bar M) 7PokERZNZhOEETFICL D
ZHEE YR OFEHDEE (70nm) IZ X W EH L. o F 7 2/NEOREUME <
DI EE LY+ 72/MNEE» SBH L, /MEFEEIZ/MIDKREZ total
vesicle area TEI D H L 7=.

> F 7 RN paiE , Agduhr (1941) D count correction factor X [ count correction
factor = (2t-d) / 2t, t = section thickness (70nm) , d = vesicle diameter (59nm) iZC
MIEZIT> . ¥ F TRNEBDOEEDEHANIZ, Vo.r-Vmo.d] 28 fl, Vo.r-Vmo.vm 33
EOEBERE » 5 ZhZh 220~1437 fl, 118~651 il % FfEAITHH LT o
. &, ABYFTRNEIE, MIREANOLTEERALE. ¥FTR/NNED
FEARIA i form factor = 477 (area) / (perimeter) TEH UMET L /=.

PAER AR JEREARIEHHNE, R ¥ v —THEEZEDAHA (600 dot /inch) <
Za7)VTHRE%Z ML —R L NIH image (Wayne Reshend, National Institutes of
Health, USA) ICT TP ML LM L. 85 -85 RI1E, Mann-Whiteney U-test

Z RO THEHFRIFT 21T, BRE 1B RFEZAREHD L LE.

piibng$2ie 4= ST
EERIX, BWHidH5 W, SAEHHiEOMERHEICEM oM BEmE % E
L, EXKIE (0.2msec, 1Hz) ZITWHITHEMNZEHRTI LI b ZENZh

DEF =21 —n 2 ZEEL . MEAEMDGEIZIX 2M K citerate ZH A L= H



SAWMNEBEZHWE. Vor OEXRIBICIZAIE 300um DORIOEMZ H U
7z. Vo WIZFIALU-EMOMER, KERKTHE, HEFENICRRLE. thoF
WHTRIZEFEBE TCOMRHFIETRREDDLE,TH 5. strychnine (0.2
mg/kg; Sigma, St. Louis. MO) Z /=i bicuculline (1 mg /kg; Sigma, St. Louis. MO)
XEIRAR 5 24TV, CNQX (300uM; Reserch Biochemicals Natick, MA) & APV

(100uM; Reserch Biochemicals Natick, MA) 1, Vmo PS8BS 50~80um O
HAMUNEME R Y TF L > F 12— 7 T L7z 10ul @ Hamilton ¥4 7 1Y
DU RMELEALR. ¥k CNQX 2R E4MEAIE/AKTHIRL, CNOX X

dimethyl sulfoxide {2 CHR 21T /=.

EES

CEEA S U IXOHEREIB (SRS, N, 1B, &) ORIBICISE L7z Vor
Za2—-DOYISEICHRP ZFEALED, 205 b0 3fAIIFEHRI . D=
2—0>®05 b 3EIE Vmo.dl ~&EH LD (Fig 1A) , 2 i Vmo.vm #5 L
7= (Fig.1C) . Y D 3D = 2 —0 ViZME L RO —E o BIEHR X T
W=D, RIBROFRIEE <, NHFEBEZOICZN S ORKERET 5 ED
Hisleiz o 1=

Vmo.dl I IE T 2 RE 223D =2—10>Y (VorVmodl =21 —01)

(Fig. 2A) X E RSB _miHsE DA (E3) , LsERiF#E (B2) , LSRK

10



BRI P OB RIBUC X U CHUBIGHEIC IS E Lz, £ TD = 2 — 0 VI RASREE
ESRIBICH L, HROBWEEM S > 7 BB (EPSPs) L ZhICERT S
spike FERH DRD SN, #RFIX 0.9~1.3msec TH >/ (n=5;Fig.2B,C) . 3l
D Vmo.dl =21 —0 %, SAKOMAMKE =IZFEOMIaK%EHA LT (Fig.

2D) . 2fH®D Vmovm =2 —0 v OMifakIE, ZhZhEARL=ARERL

7= (Fig. 2E) .

EFHEMBFOBER

3fH®D Vor-Vmodl =2 —0 2 H5 85MHDE#FRM [ El(n =34),E2(n=31),E3
(n=20) 1& 2D Vor-Vmovm =2 —0 > H 6 97 DR [E8 (n=52),
E9 (n=45) KDOWTHMEAERITo =, £TOERMBEIX, Vmo DA D
VBRI L S F TR R LD, MR -EREY F 7 REEDS h

o=,

Vo.r-Vmo.dl = 2 —11 > D& KB DB R

38D Vo.r-Vmo.dl =1 — 1 > DAEBENRE DEMBE ORI, =2 —Do >
FTERDPALNRDP DT IMED Vor Z2a—0 U 5B ETF—F2E—D
BEMICET 2 DL Uk, HBRMRMOEEE, ¥HREH 2 WIIHEMAETLL
WP E %2R Uz (Figs. 3-5) . T RTOMBEAICIXARE, BAE, B
By F T RNEHNRELTH D (Figs. 3D-G, 4D, 5B) , DEOBEEY F 7R

INED A5 NIz, 85 [HDOEFRENRMD S + 24 i (28.2% ) iX Mgtk & (Fig. 3) , 60

11



i (70.5%) DRk ZEE (Efikatky 2 58) L ¥ F 7 X & L7 (Fig. 4,5) . &
BERZGEDANDOBHRERIZY F 72X 2RT OO 1 @ (1.2%) THo/k. MM
IMNERERYY — BB LND S OEBRBIRER, ThoD/NBEEZI IR
OB ZERE U (Milgk e BERERE OBRRRBICHHTEY T 7
ZHBHRERICEZ D) - BERBEL ¥ F T X 2T 60 HOMBEKRD S
b2 @b bRogR e, £, 3 MILERMAHRZEE (Fig 5) L F 7R
ERUE. Thbb, BLACR2TOMBE (84 #, 99%) Mk 5\ ik
BEREREEBE—DY F 7R ERLED (Figs. 3, 4) , D 5 @OEREDH
DPRZ5 2HOBBRERL > FTXBHE L TWe. ZOMOFEE LT,
ik S Rk 2 WIZRBIRZEEEZIR D BV FTAB LIELERD 5
h, ¥FTZAULTNSMBHEOKEE (51.8%) BIDERXEL>TWE.
R OWNEHEGE X EFEEOEV HRP KIGEYIC X > TRBZ D
DL ok, 85D S b 40 HOHMBRBIFIREINTHE D, ¥ F TR/
DER K active zone DEEDAIRETH o /2. ZN 5D Y F 7TRX TN THHE

T& o 7= (Figs. 3D-G, 4D) .

Vo.r-Vmo.vm = 2 — I &K iR DB I 15

2 D Vo.r-Vmo.vm =2 —0>H5 97 HOMEBREKRE IOV T E2IT-
2O = 2 —0 Y OIERERZEROBHBE I RERERIFOHSNRD
SEDT—RERMICET 230 AHRULE. YFTXAZRTE#ZRAEL Vo.r-

Vmo.dl =2 —0 > & EKRICEHIR, £, BAEOLERKEERRHEZ R L

12



(Figs. 6-8) , & T DMBIFEIX, A, HMAKE, BERY FT7RNEEEE
L7=7% (Figs. 6-8) , DEBOERY F 72/ NBHBEEXINE (Fig. 6AN) . L
PLRES, O F 7 2NEOEE Vor-Vmodl =2 —D > DIZHERED H D
LD BENEREZE L. BE 97 HDOEREIFEDS b 21l (21.6%) H3HlHE
kL (Fig. 6A) , 621 (63.9%) HiEpRhiRzZe#E (Fig. 6B) & 14 (14.4%) b
EARZEE L (Fig. 6C, D) ZhZh>F 7R 2R LT, BEREREICY 7
ALTW3 2EDEIRED S5 b D1 [JIXMEE L, 7 Hs Dbk 228 & (Fig.
TA) , 7=, 7TELEMBERZERE Y F T X2 L. Vor-Vmovm =21 —0
> OIEFENRAE D HRP 12 X 2R EIL, Vor-Vmo.dl DD & kT 3 L5k
BERdPokd, 97D S 5 32 HOMRMEDOANERMEIEIX HRP RIGEND 1= 8
THBRTH > %= LD 65 B DOEERIIFRR I DWW TIXZ O NEHEE O3B DSl e
THh, ZhZh, RS FT7RBENHRRS F 7 X EE LTV (6AD, 7A,C,
8B,C) .

Vor-Vmo.dl =2 —0 > ¥ Vor-Vmo.vm = 2 —1 > DOERihFRAER D HE T
LT DML DENWDHED SN,

1) Mfatkd 2WidBpRERE Y > 7R T 28E I, Vo.r-Vmo.dl =1 —01
> &b Vor-Vmo.vm =2 —1 U HME L (99% vs 88%) , —{EDiEhHRE HEED
BERLVFTRZEB LTS DI, Vor-Vmodl =2—D0>Y XD Vour-
Vmo.vm =1 —D > DABEP o7z, 2) RIS MRS 2 W idHERERE %

BhZELIMLSDSF 7AEMIE, Vor-Vmo.dl =2 —1 > (25.8%) 2k~

13



Vo.r-Vmo.vm =1 —D Y (51.8%) 2% <A 6N/, 3) IREREIRME T DR DS
o7 2 OB RGRD 2 KOBMREEL > F TRESGZRT & DD DEER
6k (Figs. 7B,C, 8) , ORI Vor-Vmod (218) &b Vo.r-Vmo.vm
(6fEl) DHICLLIALN.
LEDFRERED, Vor Za—n2 i, AOGHEH =2 —0 > LBEOES =
2—AVZYF TATEHRMERICHFEINED, WBERY -7 IENRRZ R
HMECZ KOHEBRDBALDONEZ LS, B UHEEZRFDRiEE) —

1—OVICRT S LHRRINE.

FERESHRI D HT
Vo.r-Vmo.dl = 2 — 10 > i35 28 ], Vo.r-Vmo.vm = 2 — 10 > #fliZyE 33 fH I

DWCEBK M TE2IT> 7= (Tablel) .

BRI DA & R

B3R OEERIL, Vo.r-Vmo.dl =2 —D1 Y Tl 0.57~2.38um’® O B 5 1
L, 205D EHE L ZH¥EFEZIZ 1.49F0.86um® (mean+S.D.) TH D, Vo.r-
Vmo.vm DfEiZZ N Zh 0.73~3.83um’® & 1.49+0.8um’ T - 7= BIRB DR EH
Bk, Vo.r-Vmo.dl 28 2.93~9.54um? (5.59+1.73um?) T, Vo.r-Vmo.vm 7% 3.15
~11.26um? (6.50%2.14um?) T3 > 7=. apposed surface area D EH L Vo.r-Vmo.dl

P 0.91~3.49um? (1.77+0.79um?) C, Vo.r-Vmo.vm 7 0.66~3.99um? (1.66+

14



0.78um?) T3 - J=. active zone DL 1 HOWREH =0 1~5HASNE=D,5
[ DOFETIL, REFZKRDE. active zone DR IL, Vo.r-Vmo.dl ¥ 0.19~
1.21pm* (0.60%0.34um?) T, Vo.r-Vmo.vm 5 0.26~0.85um? (0.49+0.17um?)
THo=. L, $XRTOFAERIIBVWT, Vor-Vmo.dl & Vor-Vmovm =1

—OVETARERZEDhirh o/,

NEHEEY

PR 7 EBHMBREOMBENICESEKEZER L TALE L TWEY, B
B active zone ICBHEL ZdDFIF LA LRI, I bV R 7OHKE
iX, Vo.r-Vmo.dl Tk, 0.11~0.63um® (0.39+0.16um*) T3 b, Vo.r-Vmo.vm
Tix, 0.09~0.80um* (0.39+0.16um*) TH-o7=.

PFTRANEORBIIEIREICK > THRALT, Vor-Vmo.dl —2—1 > T
i&, 310~3990 {H (21101980) , Vo.r-Vmo.vm =2 — 1 > Cid 530~2040 & (1180
1420) THo%z. PFTRMREBICB W T, Vor-Vmo.dl —2—0 2 & Vo.r-
Vmo.vm =2 — 0 OBRBEITERZ (p < 0.01) DEHSN=. EFRBAIC
BIFMENTOY F72/PEOEEIX, Vor-Vmo.dl —2—B2IZBNT
i& 560~3460 i / um® DETEYIL 560+ 710 / pm® T&H D, Vo.r-Vmo.vm =
a1—0 2Tk, 560~1280 il /pum® OB TEH)E 880£190 fF /um® TH o7z, &
FI7RMABECBNTH, Vor-Vmo.dl =2 —0 > ¥ Vor-Vmovm =1 —01 2

BIRBETERE (p < 0.01) BEADHSWE., VFTFRPMEOKEX (HEHE)
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i, Vo.r-Vmo.dl =2 —1 > Tl 36~100nm DRI T FHH 59+9nm (n = 15235)
T Y (Fig. 9A) , Vo.r-Vmo.vm =2 —1 > Tl, 34~104nm DR TEHIHS 59
+70m (n = 11744) T&H o7 (Fig. 9C) . HADHMRBBICAREIRZ DN
Rirol=.

S EITo 2T RTOMBEE, AESF7XhMazEATED, Y+
TRANEBDOZNZN OB ICHIT S 8L, Vor-Vmo.dl =2 —D0>Y T 1~27
fll, F¥ 118, Vor-Vmovm =2 —0 2T 1~17, F¥IMTH-~. At
SFTRAIMEDKEXIDHAFIL, Vor-Vmodl =2 —01 > & Vor-Vmovm =1 —
ODYOMRBRBTRRZHME R LE, Vor-Vmo.dl =2 —1 > EI#RE T
(X, 70nm, 100nm, 125nm IZE—7 2R D= 2R LD (58~142nm)

(Fig. 10A) , Vo.r-Vmo.vm =21 —D > OIRE T, F¥) 97+ 16nm D HgtE
afzEmLUE (Fig. 10C) .

S F 7R PRAD form factor DEFHHIMEIXIAWEEFICAHMALTEH D, Vo.r-Vmo.dl
—a—p 2T, 0.52~0.99 (0.85+0.08, n = 15235) T (Fig. 10B) , Vo.r-Vmo.vm
Ti, 0.48~0.97 (0.821+0.09, n=11744) T&H > 7= (Fig. 10D) . A THEE
EZBRBOLNLEZ 6, FTRNNEDERER Vor-Vmodl =2 —n > KD
Vor-Vmovm =2 —DO > DADPI D ERMTHEILNZ 3.

By 7ANMNIADOKEXE, Vor-Vmodl —2—D02DHDI, 0.62~0.97

(0.89%+0.05, n=301) , Vor-Vmo.dl =2 —01 > TlE, 0.72~0. 96 (0.88+0.05,

n=281) THH, HABMTEREZEZRDSW D okD, SELSF 7R
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CORNCIBAERENRDON (p<0.01) , ARICKERMEZRLE.
DEZERNTHLUTOMTH S, #REOKE, XKEH, IMa2RY

7 DKRE, apposed surface area, active zone DIRHERE T, “FEFEOREEH — 1 —0D

VHEITHEREZRDOhizd ok, L L, YF7TR/NEREEER, Vor-

Vmovm =21 —B> &b Vor-Vmodl —2—0O Y DADBERICKEVVEZR L.

H BIBE R

Bl DK MR, apposed surface area, active zone DIREM, I ha > K1) 7D
HEIC DOV TIZ, Vor-Vmo.dl =2 —1 > & Vo.r-Vmo.vm = 2 — 1 > D7
CEREDVRD SR o%, MHFDOFRAEREHKS L THEN L (Fig
11A-D) .

¥ T RINEBOBE L BRI DWW TIX Vour-Vmo.dl = 2 — 1 & Vor-Vmo.vim
Za—D OMBREBEICERZ (p<0.01) BRDLNEDT, ZhZhIZDON
THBNZfEMT U= (Fig. 11E, F) .

Fig.11 ® A~DIZ/RT40< , apposed surface area (r=0.52, p< 0.0001) , I b
a2 R POERE (r=0.88, p< 0.0001) IZHBWTI, BIREOER L EHWIED
FHBEBEMR % 7R L 7= M, active zone DA Tld, RWIEDOMBIBRZR L (r=
0.30, p=0.17) .

RAIC BT B > F T RNEOBEUL, EFREOEE L BV IEOMHEIEER %
mLU%Z (Vor-Vmodl =2—1 Y, r=0.62, p=0.0004; Vor-Vmovm =21 —H > r

=0.85, p < 0.0001) (Fig. 11E) . [E/RERDONEIX, Vo.r-Vmo.vm =2 —1
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DHD LD Vor-Vmo.dl =2 -0V DFHBEWEZERLZD (610 vs 368) ,
HTRCARBEZZDOh R, Y FTRNEOEEITHMREOKELAD
HHESZ /R LUED (Fig. 11F) , Vo.r-Vmo.vm =2 —01 > 8 Vo.r-Vmo.dl =2 —01
YE O EWHBIBERERLE. LA LRPSHEARTOERZEZEDShid

-7,

PR R 2RI 52

FIE L= Vor RiEH =2 —D0 U PEET 5 MRECENEEEET 5%, IAN
& Vor BXRRIEIC K b BRI N2 BERCIMEMES - 7 2 ERICH T 288
R CHIERE 7 X BRICN T 2O 2R L (Fig. 12) .

w7 REBAIINT 5 EYO RO, FHPICEH =2 —D
DIEEALR- 45mV 7 5- 39mV ORICHERF SN TV S =2 —0 VI DN TDOHT
o7z,

15 fHORGHEH —~ 12— > DS b 8L strychnine, 7 I bicuculline 5D
BREHFNR=. IhHDS5 B, Vor RUIAN RIEICZ X b BREHEH =21 —D I
EFI B IPSPs 12419 5 strychnine & X bicuculline DIEFAZIERIE, ZhZh 4
HOEH =2 — DI DNWCFHIET 2 Z L DARETCH o 2. KESH =21 —1
> DORER, BRHGMFZORIEIC K> THITMOFZREMIIERINI I LIC K
S>TRZE L (Fig. 12aj) . IAN & Vo.r ORIEIL, BBRHEIRE OB MM E

frEFEFHLE. ZDOERHX, IAN RIFLT 1.5~2.2msec (n =8, Fig.12b, k) , Vour
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RIELT 0.6~1.0msec (n=8, Fig. 12¢, i) TH-o7=. T, ThizHi < EXHRIEEE
D6 E—0 £ TORRIA IAN T 2.6~3.1msec (n = 8, Fig. 12b, k) , Vor T 1.2
~1.7msec (n = 8, Fig. 12c, i) ® EPSPs D335R X 7= . strychnine DEHIRAI5-(0.2
mg/kg) IZ&K > T IPSPs iZ5E£ICMEIE N (n =8, Fig. 12f, g) , BEkIh T
= BEMES > 7 R EAL (EPSPs) D IAN & Vo.r ZNZhOEBSZRIBETRD SN
7z COEFEEGIC X 2 MHIZIRE, 1 K& ICHE U= (Fig. 12h, i) . strychnine
BEIC X o THBMlE Wiz EPSPs DFERFIL, FRIHSHIIC R S Wiz EiRIE DB
BHEBAOBR LRI LT o=, IPSPs DHLK L EPSPs DB, fhdd 3 D
KRFEH 21— THROENE QD=2 —DO > Tid, EPSPs ICERT
AL D EBRIMELE) .

MZT, fthd 4 HOKEHEB — 2 —1 > IZ DWW, strychnine & [EBkIC GABA,
antagonist bicuculline @ IAN & Vor I X DFEHR I 3 IPSPs OFRZ2FAR
7z . bicuculline DEFIRME S (1 mg/kg) IZ&L D, IAN & Vor EBXRHIBIC L > T
349 % IPSPs (n= 8, Fig. 12m, n) F5ZEICMEIEhri=. LhrLADS, FEU
BRI TRES N TW=EMDOHBIZED 5 hizd > 7=. bicuculline D5 T
&, MEI302BEZLEL Lk (Fig. 120, p) . B UEEIMUOEHO 3 HD
Za—nrTEHATNZ. IAN & Vor RIEICERIND 6 OB _fE/= 21—
0 > @ EPSPs IZDWWT NMDA antagonist Td % APV (300uM) & non-NMDA
antagonist CNQX (100uM) OZIRZF =, ZDEERRIE o D APV (300uM)

& CNQX (100pM) ZZELVEMW%E Vmo.vm PUZFEA L, HARK, BEIEEICHTTHE
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HREBLOGRE 21TV, AN & Vor DETRIBIC K o THIE#EZ =5 EPSPs
O antagonist DER % 5T L7z . IAN EBXHRIEIC X 5 EPSPs Dk 1.7~2.4
msec, X7z, Vor BRI T 1.7~2.4 msec T > /= (Fig. 12q) . D EPSPs I&, APV
& CNQX I &> CRAIIHEI N, COLIRBREI3IMO=_2—0>TH
Ronhi (Fig. 124, u) , LD L, 1O=2—10 > Tld, EOEBSHRIET IPSPs
BHELEIEDO=2—1 DS 52Dk, Vor & IAN BELKHRIEUZ X LT IPSPs

DEEDASNRDP o).

g

SHOMEFHRIILUTORD THS. 1) AEAPSDAN%E2%ZIT S Vor =2
—n i, OGS 2WIIBEO0FHES 2 —n> Y FTREKLE. 2) TR
TD Vor Z2—0 rOMRBIIME, BHE, HI5WERERY F7R/NMa%E
BALTHED, FLACOMBREIMIAEKD 5 W ITBEHRERE & B—O
VFTRABEEM UK. 3) BEEEDOERRREHRERICK D, MIRBOKE, £
A&, apposed surface area, ¥& active zone DIERE, I b2 RV 7OHEIZON
T, Vor-Vmo.dl =2—0> & Vor-Vmovm =21 —0 VEICERE 2RO
oW, B FTRNME L Y F T RNEEBER Vo.r-Vmo.vm =2 —D0 Y KD
& Vor-Vmo.dl =2 —D0 ¥ OFHIMED K BATKCERNZ LB S D 7. JE
REHIEHME > F 7 2D AEE 2R\ T, BRBOKE L EOMBIRERZ R L
b8, VP T RNNAEER, SREORBICKIEH LT\, 4) MRsKE )
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zED 5, IAN & Vor OBSZRIEIC X W OB ES — 2 —0 > L HNERER =
2—D 275 EPSPs & IPSPs BZFRIh=D, FHAO#HER =2 —0 D IPSPs
i strychnine & bicuculline DI GHIZ L > CELEICMHEIZINE. ChHORR K
b, Vor RiEH=21—D VOGS 2VWEANHEH -2 —D> L F TR
ZHT glycine £ GABA 2 BE T3 MHIMNE=2— DV TH B I LHRRI N
J=. & 7=, Pierce & Mendell(1993) DI L /= a8 — 2 — 11 > & Z D& Nakagawa
& @D vibrissa — K IvERHE I 33U TR & 7= 7ultrastructual size principle”(Nakagawa

etal, 1997) BAEZ2—DOVICHBGHKS Z L BPHL P LR L.

Vor BB =2 —D Y

Vor =2 —0 2 ® Vmo WADEEHZ DWW T, HRP DTk EE W=
gz X b EEBAE = (Mizuno et al., 1983; Travers and Norgren, 1983; Landgren et
al., 1986; Fort et al., 1990) . —%, EREHFH)IZIX, Vmo.dl (Donga and Lund,
1991; Westberg et al., 1995) 3 %\ & Vmo.vm (Olsson and Westberg, 1991) D 1T
MRIEIC KR L, OBEND 2WIZOBFBEGCZEB2R O D22 —D v B
Vor iCHEETHZ EMHRI N,

X 51T Yoshida 5%, Vor =2 —1 > ~® HRP #lBNEAEZHNWT, Vor
= 2 —0 > Ok - BHR ISR RE & Z ORI & 85K U 72 (Yoshida et al,,
1994) . bbb, OFENSD Z2WEOBERBOMMORIEICRET S Vor =2
—D0 2 iZiE, Vmo.dl F/zit Vmo.vm NN T 5 _FEEMH D, ThoREL I

= XA, S NAHREEREARY Vor KKK THILERMELE. MX
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T, 2056 0MBAKDOESIIFHEMERL, Vmo.d ZEFTZ—a—0 i
Vmovm "EHTHH DL D HMUITABE L TWEZ PSP LE. 2HD
DEMEZH RV EEBERRERIT, FAEOBRL—HTS. LU, AT
X, Vmo A NDENBAICOWTOFMZREFTZ2TbRIP-oE. &
7=, Shigenaga 5i%, HRP OEIRNFEALZ HWT 13 HDOZEGHHEE— IR LS
HEEEBRLED, ZDO5H0D 2 D Vor ATKREKRTZEZHSPICLE
(Shigenaga et al., 1990a) . FRRAEZAWEHZET, Luo 5 (1995) i, =
FERGSESR DRRHED RER DS Vor KR T2 L2 @E L. LirL, ShOf
HTRINE Vor Za—n &, FAOGHHEPSDOANEZIT TN HDIE
2<, BHD aEMEAE=2—D 2 (Becles etal., 1962) SFH# VI B4
THUNHMNME=2—D L XFIENS (Bars et al.,, 1990; Cavallari et al., 1987;

Jankowska and Noga, 1990; Bajwa et al., 1992) .

Vor =2 —0 VERSRMERIZ BT % EHEE

Vor Za—D0 2 OMFRKEDOKESL, BHO®KD 2 WIIBEHOHE#H -2 —n
> OMIBAE 2 BRI L O F 722K T L 2R LED, ThbDiER
EDRIEBMRER MR R FTA2RTOOEAON RIS, B
FHNZ AR S e = XREE AR T 5 Vor BREH =2 —D0 U IZ DN TH
NIRRT SN RN D, —BRNICERENE=2 -0 DY F T RE
SR — MRS S L < iR — R EREATH D Bk — R

HiEbirne I T3 (Light and Kavookjian, 1988; Réthelyi et al., 1989; Maxwell
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etal, 1997) . RFECREINEFERS 2 —D0 L DBHNE= 12— U IcilR

— BIRABEADED SRV Lid (Sugimoto et al., 1991; Bae et al., 1993, 1994,

1996, 1997, 2000; Iliakis et al., 1996; Irish et al., 1996; Nakagawa et al., 1997; Kishimoto

etal., 1998; Luo and Dessem, 1999) , % < D3R — RS 2 B T — IR DV

#t (Conradi et al., 1983; Maxwell and Bannatyne, 1983; Semba et al., 1983,1984,1985;

Fyffe and Light, 1984; Maxwell and Réthelyi, 1987; Nicol and Walmsley, 1991; Pierce

and Mendell, 1993; Walmsley et al., 1995) L iZR%2 3. LA LEDNS, REDIHE
T, I HEHENE=2— 0> OHIfaD > b IZiXZ OEIFRE R LB — il i
SFHTRAEHKTHDHRD SN T3 (Light and Kavookjian, 1988; Réthelyi et al.,
1989; Maxwell et al., 1997) . AR THRINE Vor Z2—DO DIFEA LD =
XHFEEH = 1 — 0> Ok H 2 VW iIdBEIREREBE—DY F 7 REEL T
WEDIEREBRKFENC L TH D, ZDLSREFIL, SHEHsEROGHE L ET
Za—-0YEO Y F T IBHR AR SRR 22 2 SRR RIS 4
LTNWBDLIINFHTH S (Burke et al., 1979; Brown and Fyffe, 1981; Redman

and Walmsley, 1983; Burke and Glenn, 1996, Bae et al., 1996; Yabuta et al., 1996;

Kishimoto et al., 1998; Luo and Dessem, 1999; Yoshida et al., 1999) .
AMETRINE, Vor =2 —0Y OMBKRIZEM S > 7 2 azE S
MM F TR THB I LIE, ThEDPIHEMMBRETH 2 L WO R
E—BLTW% (Uchizono, 1965) . I DETEEME & I\ 7= S M2 i
%, FHEHKO =2 -0 HI2VWEEHEH —2—D Y FTRTB S

KK (KDY F 72N % ETFERME) » glutamate 256 L, GABA ¥ /=i
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glycine %S HT2ONF -3 P &K (RERHBVE, B, HAE, BE

RYFTRINEADRET HEFRAE) THBHZ L Z2HS HIC LTV 3 (Holstege and
Calkoen, 1990; Holstege, 1991; Holstege and Bongers, 1991; Destombes et al., 1992;

Ornung et al., 1994,1996,1998; Taal and Holstege, 1994) . Bir®D HRP HFEAEA
¥ & postembedding immunogold &G U =W IS BN T (Baeetal., 1999) ,
L LB s — 2 — 0 ORNMRZEGE & > 7 X7 B8l RE KIS E IS
X5 Z DRI NIz, Zh 6 DEIFREERD 97%1 glutamate B U < I glycine &
BZWE GABA ZEHE L, £/, TN 5D 36.7% 8 glycine & GABA DT /712 %
THHZLHBMEINTNWS., ChHDOBREARAMETCRINZRKMEMEEL
Vo.r BB TFHER I N 2 MEBKR D IPSPs ' strychnine & bicuculline 12 & b 5341241
HXNh 2RI, Vor =2 —0 > D glycine fEEME: £ 721 GABA fEEItE TH 5 =
LERT. £, H8 (Omung et al., 1994,1996,1998; Taal and Holsege, 1994) &
=X (Yang et al.,, 1997) E—21—D 2 LY F 7R T BEIREEKD GABA
& glycine DML ZEZHETIILHAMO5NTED, GABA fFEMDOMFEKEK I
glycine & GABA, ZABRDBHEL TN Z &  FHTHE XN TV 3 (Bohlhaeter
et al., 1994) . —FE¥ED antagonist D HHEE = 2 — 1 LT BERODE N
i, strychnine TliX Vo.r BRRIEIC £ > T IPSPs B2l h, B#Ih T
W7z EPSPs BB U 7= %, bicuculline TIEZ W BBRI NP> L THB. 2
DT i, BRHEEH =1 —0 ORRIGE L & F 7 X9 B HIFRE K glycine %
ZHETHLDONGCGABAZEZETSHDL D =5 BT h=Z L (Bacetal,

1999) PSEATE 3. REDGKBEHBENHETIX, Vmo IZIFEA XN /=1T
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D b —P —ic Xk o THER T h 2 /MR ARIR R Vmo & HUD BRTs AR AL
(region W)IZ3 a9 % =2 —10 2 B glycine H B WX GABARBMETH B L &1
AN T3 (Turman and Chandler, 1994b; Li et al., 1996; Rampon et al., 1996) . %
7=, 7w MIBWT glycine Bt = 2 — D0 > B4 9 2 WAL RIS (Turman
and Chandler, 1994b) & 7)U7 7#% (Rampon et al., 1996) &% 2ZHF 3 Vmo
RN T 22— Bo/mT 2 Vor iCHYTS. LALLM, Zh 5 glycine
LD Vor a2 —D U DHGABAIC S GEETH B &S DI DWTIEEEHENT
AV~
BEMAHES =2 — D0 VD Vor lCEET 5 2 LI, AFFEIC BT, strychnine
X DB TN EPSPs BREALEZLEHPSHELEDPTH S, Vor =2 —0
Vi, EEN CMEMEOW S ORIER =1 — 0 U BEET S L HBEDH
221 & o THIS B2 & h T W % (Kidokoro et al., 1968a; Takata and Fujita, 1982). Z
DRFEE, KREMEEIFIBICL>T, FAOBHES =2 —D0 D 20%IC IPSPs
DEHIN B Z L (Shigenaga et al., 1988) » 5, BOHE#H — 21— P+ 7
ZBELTWVWS Vor —a—n Y MEERES 12— THd LD R
(Kidokoro et al., 1968a,b; Takata and Fujita, 1982; Shigenaga et al., 1988) & & —%(
T35, WSOLrDBOFESH =2 —0 > Tik, NMDA antagonist APV ¥, non-
NMDA antagonist CNQX IZ X D, Vo.r BBSURIBIZ X LR S LT /= IPSPs DY
BRSO, KFRICBWTE, MIEANDEBORIAZ K E 2Mligk %

ET35=a2a—D0 DOEEEBENW LIS, KRERMEED Vor —a—Do U H
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MM —a—o oTHH, N RfifERO= 2 —n U PEEH =2 -0 TH
2rbEZ6NE. £, KIETIIESTREZIT > T\ EAID, strychnine #%
HIZ Ko TREE Tz EPSPs OB, MOEEBOMEIC K> TS
ZAHEED HD. Vor =2 —1 > OBIFRIE = XERERER = 2 —0 > B4 3
% ERRERG, PRI R O = MR RAZ I H L 7= reticular formation 1 & A9
% (Nasution and Shigenaga, 1987; Yoshida etal., 1994) . L L, Vor ESHKIE K
U bicuculline #:5 C B U 7= EPSPs O k#E 0.6~1.0msec TH o/, Z DI
XA 5HID Vor EBRFIFIC X>TEIEEZ Eh D IPSPs OFBK (1.2~
1.7msec) K D& <, IPSPs IZE4T T 2B OWR LRI U THB Z &b
5, BYF 7 XMEEPSPs L EZ 5N5. ZDEPSPs 3% 2 F 7 AMICHERI W
% ERET B & RHHRERIBIC X > THZ % EPSPs LAREDOEWEIR 2R D
B9 TH5. IhoDZ i, Vor EXRIBIC X VEHOGHEE =2 —D 2 IZF
FI N5 IPSPs X =i Voor EXHIEIC X WBIOBEH — 2 —n U ICHFERI NS
By FTREBAICHYTIEE 5.

HHTNEIX, LD in vitro slice preparation % W\ THT - 1= B4 E AT
% (Kolta, 1997) T, Vo.r IZH#E L = E1d 5 \\\i&k Vmo ORI NI K Ot
HEM = XMRERES =2 — D0 OFEENRINEZ L THS. 7 Grimwood
5 (1992) & spike-triggered-averaging ¥ % FV), Vmo DWHAIER I MM & Bz
DHEH =2 —DOUBRHELTNBEILZHLPIILTNS.

SRIOIFETIX, Vor =2 —0 VEIFREE®D Vmo.dl & Vmo.vm B TDERM Y
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F 7R, MaAEE, ¥ TREFIRNICRoNE. V- T RNESE D
fmEIXZN2h 1.8 4%, 2.4 1% Vo.r-Vmo.vm & Y & Vo.r-Vmo.dl D HEH» >
oo PFTARIRR, EOSHESH =2 -0 P FTRERTHAMEHO
BB 2 —Dn eV FTRBEATEIOOLD SHBREREEZ L>TVE.,
NHDERE, AOBHESH -2 —D P FT7REATS Vor —2—D0 B
ME#H =2 —O eV F7ERTS Vor —a2—B> Kby K h#ES% IPSPs
EFRTIIREETIILEZRRLTNS. AfIEICBVWT, BAORUEEO
HEE =2 —0 X, ORENMEE XL T 2 —RKROBRED AN ZZIT S Vour
Za—-arhs EREMGEMEASL 22T 5 2 LGN, 2 LT, BAOGE
Hoa—D o ~OWMFEMANDLENIDBEETCH > . BWEOEH =2 —D >~
~OIMHEMEA S IZHBEB L > TCEETH DD, EXHREEG G =2 -1
FERM B RIML, FEBHIREEMEEEICL D R ARV E
(Shigenaga et al., 1988) , T Z(ET 2 /=DIZIERE Vor —a—n VU HB=X

MREERH =2 —0 UM A ZREE LTV 30D L.

FEREZ SR

AEICBIT 5 ERBESMTIE, BAOBGES = 2 —0 > H 2\ IIBHOGES =
2—-0YEYFTREEST S Vor —a—arh, BULATIT)-CETRIL
DAHRS TEEYHEORBICK B2 52 2 BHBEORHMIHMBHEORKESI L
BifR T 2 L WS EREE Lz, Yeow & Peterson (1991) ik, H A ICHIT 2l

RICK L HSBER—2—D0 > LD F 7RIZBUWT, active zone DILEE L Z D
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7 S-type & P-type F /=i, F-type BMIFMORE X LHBBHRE2FRDZ L 2HE
L7. X512 Pierce & Mendell (1993) &, #* I &FHEH -1 —0> ¥ F TR
2T la —RROBHEOEBBEE DT S, MEVEBIICES T 5REEN
FEDS RO ARREICLH T2 C L Z2WMELTWS. KRS BT 20497 R
E lafiRM L ORI LBEP DEETH 5. RERS I la OIZREILIEFA
> T RERT S-type DEIFRIE TH D IENHED S F 7 RITET % D Vor D
RIGIINHL S F 72X BT F £ Ptype THAPSTH 5. BIREOKE
X la ROEHED ST DS Vor —2a—n>DEFh LD D 41 FEREL, “HHTOE
WHRHLND. Vor =2 —D VORI BT S, I bar KU 7OMEE (L
3 0.24) , apposed surface area (}3% 0.24) , # active zone HifE (0.28) , >
72N (0.24, BHE) D la ROFHMRBEICBIZhIbdhasnc e
X, EEMLMEM - 2o B2 NE RS NMTE= 2 -0V DE N
LB DD LR, = R R OB HER 558 R O O ¥R T ek, &
PRz, BABPRZER L O F 7R ERT PG L DY F T REENTH
(Burke et al., 1979; Brown and Fyffe, 1981; Redman and Walmsley, 1983; Pierce and

Mendell, 1993; Bae et al., 1996; Burke and Glenn, 1996; Yabuta et al., 1996; Kishimoto et

al., 1998; Luo and Dessem,1999; Yoshida et al., 1999) . KB TRI Nz Vor =2
—0 YT, EEALTRTOIIRE D =X EESOMIE A D 5 W gk
RERESFT7RBRLTWE. —F, ZRER - 2—0 2 L —JROBHE &
DY F 7RIE, Mgk LBERERICZIZEALR AR (Maxwell et al.,

1982,1984; Réthelyi et al., 1982; Semba et al., 1983,1984,1985; Ralston et al., 1984;
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Renehan et al., 1988; Bae et al., 1994,2000; Nakagawa et al., 1997) . Nakagawa et
al.(1997)ik, FERRFEMLICH T B vibrissa —RRIOERMEIR K DS S-type T IERTFRAY
YFTRBBL, YFTRBICEE T 2MRBOEEDIMBREDERE L IED
MEBERE S DI L BME L. KMEDOHE % vibrissa —RRLGHERHFRE &
&2 9 %L, vibrissa —RKOERMEMFRAEIL, Vor =2 —D > DEIFRAEIZIER
25 EOKHEEE L TEHD (Table 1) , apposed surface area & #& active zone THfE %

RSMABDEHANES, Vor —a2a—D0 > DADB/NMNIWlEZRLE.

U EICHRERERZZEHO= 2 —0 U BTOMBRBEBEO L&IX, > -7
ADAT BEAUDPHREORES I 2RET L2 EERRNTTHLH L ERBL
W3, $iebb, —RKUBHEDOANZEZZT 2 =2—DpY (EH=a21—D >
ERE=2—D ) KDOWTE, KhBEMOBMIRERE Y F 7 2T 2738 D
RED, Mtk 2 VITBREHIRBREL S F 7R TEHHDLDREVELELD. Z
DRMEZ, H la MHEORIBIZ L 2 EPSP OIREHER = 2 — D0 > DEABHRSE
REBBREBRTYF T RT3 NS EHEZHOMRICL D XIS (Mendell
and Weiner, 1976; Jack et al., 1981; Harrison et al., 1989) . /=, Z DHEEIIEEZ
HIBFFE (Nakagawa et al., 1997) T/RE /= vibrissa SKOFEHED X D K & iRz
XX DEUDERIGEL S F TRAHEETILVHIH/RE D BT 3.

BEET, MEEXAEINEH ——a—00 TSRS 7 2N ez &t il
RIEWERHT 52 F 7 AOERKESICET 2 BRI RKTbhTWi

W, LU, BN E=2—0 T3 5 Renshow cell IT, HHEH —2—D >
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DEBIRERE L EMEREEICY FTRARZERTEILAHEIh TV

(Fyffe, 1991) . #& active zone MR & > F 7" Z/NE D FEIHEIL, Ta KOEHED
H DD vibrissa L H HHFTHPICKEN (active zone 0.62 + 0.05 vs 0.57 + 0.46, ¥
7" Z M BB 5900 + 5200 vs 5000 + 3700) . EHERZRWDIX, vibrissa KDFRHED
BB LD D Vor =2 —0O L DEFBORED /NI NE NS HBEHE (Table 1) I
b5 T, B active zone HFICIXENVWDIED SN RNV L THS. 2Ok
&, ¥F T RABIERD active zone L ICAIE T B /M afiX, Stype KD B FF -
& P-type DEFDPDVRWEEZERL, Y FHT7ABNGE2LET 2ZBR/ I F7
AERELCETIRERL SVEBOGEYHEICK W hE REHRSZ L&
ZRBRLTNWS.

FEHITRERL, Vor 22— VEIFREDY F 7 2A/MEDOKRES (59+90m, n
=26979) ¥, vibrissa —RKIDERHE & BlIFR — BRI S F 7 A 2L T 2 BIFRB D
H D (43+7nm, Nakagawa etal,, 1997) LD HRKENWZ L TH 5. COENE, K
I BT 5 KB EHIF 7265 3R L RO = XREREMIKIE T2 —Joko g
MELSFTRTDMBEKD GABABHETH S L5 Z & (Baeetal, 2000) 7
5, GABA & glycine 7% Vor =2 —10 VIR HE T 2 AlREE 2R L TW
5. ZORMIX, >F 7 ANEEIEIZH B GABA & glycine DA AD R E DR
By LURE—TH 5 &\ 3 EAbFHHT e R (Christensen and Fonnum, 1991;

Burger et al., 1991) 25X FI 3.
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F2RABHED, KiiRFEESZ 5N, POHBERS ZHE LK
BIZH D & U e KRR CIRERRRI 255 — B IR Bk AL BB, SRR RREr a8 A
WRRLEBBRICHBEZBH LU LEITE T, A ME2EDZICHEZD THHIN
22 EE Uz, ARURREE-Z AR FHPII B % 1 U KBRS bl 55 ol AR
W, CIREMERIZE _BEBOREED A 2 IE#E L EIFE T,

REIC, REBREEREDICHIEDBLOME LB RN ROV ERKICE
RSB L EIFET.



