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General Introduction

Formation of behavioral responses to visual stimuli 1s one of the most
fundamental processes in the brain and the neuronal mechanisms of the
visuo-motor transformation is one of the central issues in the field of brain
research. The mammalian superior colliculus (SC) is an essential center
controlling visually guided behaviors such as saccadic eye movements,
orienting head and body movements and lots of behavioral, physiological and
anatomical studies have been concentrated on analysis of function of the SC
to study the visuo-motor transformation process therein (for review see Dean
et al., 1989; Sparks 1986; Wurtz and Albano 1980). Anatomically, the SC is
located on the dorsal side of the midbrain, and roughlydivided into three
layers: the superficial, intermediate and deep layers. The superficial layer
is further divided into three sublayers: the stratum zonale (S§7), the stratum
griseum superficiale (SGS) and the stratum opticum (SO). The optic fibers
run through the SO, and project to the whole extent of the superficial layer.
The superficial layer receives visual input from the retina and the primary
visual cortex with topographically organized manner, and 1n turn sends 1its
output to several regions including the pulvinar and the dorsal lateral
geniculate nucleus (dALGN) (Huerta and Harting, 1984). Neurons in the
superficial layer of the SC also project to deeper layers of the SC (Isa et al.,
1998; Lee et al., 1997; Mooney et al., 1988a). The pathway from the retina,
via the superficial layer of the SC and the pulvinar to the extrastriate cortex
is called the extrageniculate visual pathway, whichis thought to be involved
in visual orientation and spatial attention. Incontrast, the primary visual
pathway whichis thought to be involved in visual perception projects to the
visual cortex via the dLGN. Anatomical connection described above

suggests that the superficial layer of SC 1s a relay station of the
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extrageniculate visual pathway, and at the same time, can also play a
significant role in connectingthe two visual pathways. Thus, to study the
function of the superficial layer of the SC should help us understand the
mechanisms of visual processing and attentional systems 1n the brain.

There have been numerous investigations on visual response
properties of neurons in the SC superficial layer (Binns and Salt, 1997;
Cynader and Berman, 1972; Goldberg and Wurtz, 1972a,b; Humphrey, 1968;
Mooney et al., 1985, 1988; Schiller and Koener, 1971). Neurons in the
superficial layer of the SC respond to visual stimuli presented in the
contralateral visual field. The visual receptive fields have inhibitory
surround: presentation of visual stimuli in the surround suppress the
neuronal activity. Furthermore, the responses become habituated when
same visual stimuli are presented repeatedly. Inaddition to these most
fundamental properties, the responses of visual neurons are known to be
modulated dynamically by arousal and attentional level of the animal. For
example, the visual responses were enhanced when the animal have to make
saccades to the visual stimuli.

To elucidate the neural mechanisms underlyingthe information
processing in the superficial layer of the SC, it is essential to know the
fundamental properties of individual neurons composing the local circuits
and their mutual interactions in the local circuit. However, while the
morphological characteristics of individual neurons in the SC superficial
layer have been investigated in numerous anatomical studies, the
electrophysiological properties of the morphologically identified neurons have
not been studied as yet (Langer and Lund, 1974; Tokunaga and Otani, 1976;
Labriola and Laemle, 1977). Recently, Lo et al. (1998) investigated
electrophysiological and morphological properties of neurons in the SO using

rat slice preparations. However, their study 1s restricted to that of the



neurons in the SO, and fundamental properties of individual neurons in the
other layers (SZ and SZ) have still been unknown.

In this study, we investigated the electrophysiological properties and
morphological characteristics of neurons in the whole extent of the superficial
layer of rat SC including SZ, SGS and SO, using whole-cell patch clamp
recording technique. We have focused on the three points: 1) membrane
properties revealed by response to depolarizing and hyperpolarizing current
pulses and ion conductances involved in  expression of the characteristic
membrane properties (chapter I), 2) the organization of excitatory synapses,
especially on expression of functionally different subtypes of AMPA-type
glutamate receptors (chapter II})and 3) the organization of the inhibitory
synapses, especially on action of GABAg receptors (chapter III). The findings
of this study will add fundamental knowledge about the dynamic properties

of visual processing in the SC.
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Chapter 1

Intrinsic Electrophysiological Properties of
Morphologically Different Subclasses of

Neurons



Summary

We investigated electrophysiological and morphological properties of
neurcons in the superficial layver of the rat superior colliculus (SC) , using
whole-cell patch clamp technique in slices obtained from 17- to 21-day old
rats. According to the firing responses to depolarizing current pulses, the
neurons in the superficial layer (n=262) were classified into six classes: (1)
Burst spiking neurons (n=87), these neurons showed transient burst spikes
at their firing threshold. (2) Regular spiking neurons (n=131), these neurons
generated successive spikes with constant interspike intervals. (3) Late
spiking neurons (n=20), the onset of spike generation was remarkably
delayed. (4) Fast spiking neurons (n=9), these neurons sustained high-
frequency (more than 100Hz) repetitive firing throughout the depolarizing
pulse. (5) Neurons with rapid spike inactivation (n=11), spike ampltude was
rapidly reduced, and only a few spikes were generated during a prolonged
depolarizing current pulses. (6) Neurons with short spike train (n=4),
several full-sized spikes were generated, however, spike generation was
terminated duringinitial phase of the depolarizing pulses. Majority of
recorded neurons were classified either into type (1) or type (2). Inresponse
to hyperpolarizing current pulses, two different types of inward rectification
were observed: time-dependent inward rectification (“voltage sag”, n=120)
caused by hyperpolarization-activated current(Iy) and time-independent
inward rectification (n=66) caused by inward rectifier potassium channels.
Based on the somatodendritic morphology, the neurons visualized by
intracellular staining with biocytin and/or lucifer yellow (n=98) were
classified into seven groups following previous descriptions: (a) marginal cells
(n=6), (b) narrow field vertical cells (n=15), (¢) piriform cells (n=14), (d}

horizontal cells (n=18), (e) stellate cells (n=9), (f) wide field multipolar cells



(n=8), and (g) wide field vertical cells (n=28). Ingencral. each groups were
heterogeneous with respect to electrophystiological properties among which,
however. burst spiking and regular spiking neurons consisted the majority.

A notable correlation between morphology and electrophysiological properties
was that all type (g) neurons showed marked time-dependent inward
rectification by I,  Voltage clamp analysis revealed that in response to
voltage pulses from -50 to —100mV, type (g) neurons expressed I with faster
activation kinetics ( T =131*+11msec, mean = S.E.} and larger current density
(10.5 £ 1.3pA/pF) than the other subclasses (v =348 £ 31 msec, 2.6 £ 0.4
pA/pF). These results indicated the local circuits of the SC superficial layer
include wide variety of neurons with respect to electrophysiological and
morphological characteristics, and there seemed to be no specific relationship
between their firing properties and morphological cell classification as has
been established in other regions in the brain, such as neocortex,
hippocampus and striatum, except for specific expression of large and fast I

in wide field vertical cells.



Introduction

A number of studies using Golg staining or intracellular staining
techniques have demonstrated that there are several morphologically
different types of neurons in the superficial layer of the SC (Langer and Lund,
1974; Tokunaga and Otani, 1976; Labriola and Laemle, 1977; Mooney et al.,
1985; Moschovakis et al., 1988a,b). For example, in rats, Langer and Lund
(1974) described six types of neurons. Tokunaga and Otani (1976) also
divided SC superficial layer neurons in a similar manner, although their
nomenclature was different.

Incontrast to accumulating information about the morphological
characteristics of neurons in the SC superficial layer, very little 1s known
about their electrophysiological properties. To elucidate the fundamental
mechanisms of information processing in the superficial layer of the SC, it 1s
also essential to understand the intrinsic membrane properties and their
underlying membrane conductances of individual neurons composing the local
circuits, in addition to the information about their morphological
characteristics. Recently, Lo et al. (1998) investigated electrophysiological
and morphological properties of neurons in the SO using rat slice
preparations. However, their study is restricted to that of the neuronsin the
SO, and fundamental properties of individual neurons in the other layers (57
and S7) have still been unknown.

Inthe present study, we investigated the electrophysiological
properties and morphological characteristics of neurons in the SC superficial
laver including SZ, SGS and SO, using whole-cell patch clamp technique. In
the cerebral cortex, hippocampus and other structures in the brain,
characteristic relationship between the electrophysiological properties and

morphology of the cells has been described (McCormick et al, 1985; Connors




and Guttnick, 1990; Kawaguchiet al., 1987; Kawaguchiand Kubota, 1997).
We examined whether the findings established in the other parts of the brain
fit in the superficial layer of the SC.  Our laboratory has recently analyzed
the electrophysiological and morphological properties of neurons in the
intermediate layer, which generate motor output from the SC (Saito and Isa
1999). Comparison of neural elements 1n both layers will be discussed 1n
discussion and reveal characteristics of neuroncircuits of the superficial layer
dedicated to sensory processing rather than shaping of the motor command as

is processed in the intermediate layer..



Methods

Slice preparation

Frontal slices (250-400um thick) of the SC were prepared from 17- to
21-day-old Wistar rats. The animals were deeply anesthetized with ether
and decapitated. The brains were quickly removed and submerged in the
ice-cold modified Ringers' solution containing (mM) : 234 sucrose, 2.5 KCl,
1.25 NaHPO., 10 MgS0., 0.5 CaCly, 26 NaHCO3, 11 glucose and bubbled
with 95% O3 and 5% COz for 5-10 minutes. Then slices were cut with a
Microslicer (DTK-2000, Dosaka EM, Kyoto, Japan), and they were incubated
in control Ringer’s solution at room temperature for > 1 hour before recording.
The control Ringers' solution contained (mM) : 125 NaCl, 2.5 KCl, 2 CaCl>, 1
MgCls, 26 NaHCOj3, 1.25 NaH.PO,, 25 glucose, and was bubbled with 95% O
and 5% CO:z (pH 7.4).

Whole-cell patch clamp recording

A slice was mounted in a recording chamber on an upright microscope
(Axioskop FS, Zeiss, Germany or DM LFS, Leica, Germany), and neurons were
visualized with Nomarski optics. Whole-cell patch clamp recordings
(Edwards et al. 1989; Hamill et al. 1981) were obtained from randomly
selected neurons using an EPC-7 or EPC-9 patch clamp amplifier (HEKA,
Lambrecht, Germany). Patch pipettes were prepared from borosilicate glass
capillaries (GC150F-15 or -10, Clark Electromedical Instruments,
Pangbourne, England) with a micropipette puller (P-97, Sutter Instrument
Co., Novato, CA). The slice was continuously superfused with control
Ringers' solution by a peristalic pump (Minipuls 3, Gilson, Villiers, France).
For voltage-clamp analysis of activation kinetics of inward rectifter current,

the Ringer's solution contained (mM) : 145 NaCl, 2.5 KCI, 2CaCl ., 1 MgCly, 5
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HEPES, 10 glucose, and continuously bubbled with 100% O. (pH 7.4).

HEPES buffer was used so that we could add Cd?* in the solution to block the
voltage-dependent Ca?* channels for succeeding experiment, but present data
were obtained under Cd2+-free condition. Intracellular solution contained
(mM) : 140 K-gluconate, 20 KCl, 0.2 EGTA, 2 MgCls, 2 Na2ATP, 10 HEPES,
0.1 spermine, pH 7.3. To stain the recorded neurons, biocytin (5 mg/mi,
Sigma, St. Louis, MO) was dissolved in the solution. Insome cases, lucifer
vellow (1 mg/ml, Sigma) was also dissolved in the solution. The resistance of
the electrodes was 3—8MQ in the Ringer’s solutions. All recordings were
performed at room temperature (22-25°C). Data were acquired by pClamp
system (Axon Instruments, Inc., Foster City, CA) or software PULSE (HEKA).
The input resistance of each neuron was calculated from the voltage change
induced by hyperpolarizing currentpulse (typically, —40pA) from the

membrane potential of —55 to —70mV.

Histological procedure

After recording, the slices were fixed with 4% paraformaldehyde in
0.12M phosphate buffer (pH 7.4) for more than a day at 4°C.  After fixation,
lucifer yellow-filled neurons were photographed using epifluorescent
microscope (Axioplan 2, Zeiss). Biocytin-filled neurons were visualized by
staining with biocytin (Horikawa and Armstrong, 1988). The slices were
rinsed in 0.05M phosphate-buffered saline (PBS, pH 7.4) several times, and
then incubated in methanol containing 0.6% H20: for 30 min. After rinsed
with PBS, the slices were incubated in PBS containing 1 % avidin-biotin
peroxidase complex (Vector Laboratories) and 0.3% Triton-X100 for 3 hours.
After washes with PBS and then 0.05M Tris-buffered saline (TBS, pH 7.6),
the slices were incubated in TBS containing 0.01% diaminobenzidine

tetrahydrochloride, 1% nickel ammonium sulfate, and 0.0003% H.O. for 30



min. All procedures were performed at room temperature. The slices were
mounted on gelatin-coated slides, counterstained with cresyl violet,
dehydrated and coverslipped. Insome cases, the slices were incubated in
PBS containing 2% gelatin for 2 min before mounted on gelatin-coated
slides.

The morphological profiles of stained neurons were drawn using

camera lucida attached to a light microscope.




Results

Firing responses to depolarizing current pulses

We recorded voltage responses to depolarizing current pulses (in most
cases, up to 200pA in 40pA step, 400ms duration) in 262 neurons, and
classified them into six classes according to their firing properties.
Depolarizing current pulses were routinely applied from two different
membrane potentials; —-50 ~ —-65 mV (depolarized membrane potentials) and
—70~ =90 mV (hyperpolarized membrane potentials) by varyingthe intensity
of constantly injected currents. Firing properties of the recorded cells were
classified according to the firing responses from the hyperpolarized
membrane potentials, since difference in firing responses became manifest
only in this protocol as will be described below. Neurons with resting
membrane potential more negative than —50mV and overshooting spikes
were used for analysis. Majority of recorded neurons were classified into

either "burst spiking neurons” or "regular spiking neurons".

Burst spiking neurons

Figure I-1A—C shows an example of burst spiking neurons. In
response to depolarizing currentpulses, the neuronshowed transient burst of
more than two spikes (Fig. I-1A and B) followed by prominent
afterdepolarization ( Fig. I-1B, arrowhead). These burst firings appeared
with all-or-non manner at firing threshold (Fig. I-1B). The burst firing was
observed only when the current pulses was injected from relatively
hyperpolarized membrane potential (in this case, —78mV, Fig.I-1A and B).
When the current pulse was applied at more depolarized level (-60mV), the
burst firing disappeared (Fig. I-1C) and the firing occurred at more regular

intervals. Thirty-three percentage (87/262) of recorded neurons showed this




tvpe of firing.

We tested the effect of low concentration of NiZ* on transient burst
firingin 3 cells. When 0.5 mM Ni2* was applied to the extracellular solution,
the burst firing was inhibited (Fig. I-1D and E), and recoverywas observed
with wash out (data not shown). This sensitivity to low concentration of Ni2',
voltage dependency of appearance of burst firing and transient nature of the
burst suggest that low-threshold Ca2*-channels contribute to the burst

firing.

Regular spiking neuron

Figure I-2 shows an example of regular spiking neurons. Inresponse
to depolarizing current pulses, the neuron generated successive solitary
spikes at constant intervals (Fig. I-2A). The observation was confirmed
when the depolarizing current pulses were applied from both the depolarized
and hyperpolarized membrane potentials. Although some neurons
generated spikes with rigidly constant firing frequency, a majority of neurons
belonging to this group showed moderate spike frequency adaptation as
shown in figure I-2B. Fifty percentage (131/207) of recorded neurons were

classified into this class.

Other neurons

Majority (83%) of neurons recorded in the superficial layer were
classified into either burst spiking or regular spiking neurons, however,
remaining small number of neurons included another four classes of neurons:
late spiking neurons, fast spiking neurons, neurons with rapid spike
inactivation, and neurons with short spike train.

Eight percentage (20/262) of neurons were classified into late spiking

neurons. Figure I-3A exemplifies a neuronof this class. Inthis neurons,




generation of the first spike was markedly delayed when depolarizing current
pulses were injected from the hyperpolarized membrane potential (-87mV).
A small hyperpolarizing deflection was observed just after the initial
depolarization induced by the current pulse (arrowhead in Fig. [-3A}. This
delay disappeared when currentpulse was injected from more depolarized
level (-68mV). Three percentage (3/262) of neurons were classified into fast
spiking neurons and figure [-3B exemplifies a neuronin this class. These
neurons showed sustained high-frequencyrepetitive firing throughout the
depolarizing pulses. The neurons classified into this class showed repetitive
and stable firing with more than 100Hz with virtually no spike frequency
adaptation in response to currentpulses up to 200pA. Four percentage
(11/262) of neurons were classified into neurons with rapid spike mactivation
(Fig.1-3C). Spike amplitude decreased rapidly, spike width became larger
and larger, and spike train was terminated after only a few spikes were
generated, even when the membrane potential was held above the threshold
level. Two percentage (4/262) neurons were classified into neurons with
short spike train. When current pulses were injected into these neurons,
several full-size spikes were generated, but spike generation was suddenly

terminated within 200ms after onset of currentinjection.

Responses to hyperpolarizing current pulses

We recorded voltage responses to hyperpolarizing current pulses from
251 neurons among the 262 neurons described above. Forty-eight
percentage of these neurons (120/251) showed marked time-dependent
inward rectification. Figure I-4 shows examples of time-dependent inward
rectification. Inresponse to hyperpolarizing current pulses, the membrane
potential was gradually re-depolarized following initial hyperpolarization,

showing "voltage sag” (Fig. [-4A1). Involtage clamp recording, slowly
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developing inward currents were observed in response to hyperpolarizing
voltage pulses (Fig. I-4B1). This slow activation kinetics was reminiscent of
hyperpolarization-activated current (In). Consistent with this idea, ZD7288,
which selectively inhibit In (BoSmith et al., 1993: Harris and Constanty,
1995), effectively inhibited time-dependent inward rectification with a
concentration of 100 pM (n=8, Fig. [-A-D). Furthermore, time-dependent
inward rectifier currents were inhibited by 3 mM Cs* (n=7. Fig. I-E)but was
resistant to 0.5 mM Ba2*(n=6, Fig. I-F), consisting with known properties of In
(Pape, 1996). Among 120 neurons which showed this type of inward
rectification, 45 were burst spiking neurons, 61 were regular spiking neurons,
and 14 were other types of neurons (see Table I-1).

In another group of neurons, hyperpolarizing current pulses elicited
membrane hyperpolarization with a marked decrease in input resistance at
more hyperpolarized membrane potential (Fig. I-5A1). Involtage clamp
recordings from this neuron, rapidly activating outward current was observed
in response to hyperpolarizing voltage steps pulses (Fig. [-5A2). Thus, the
inward rectification in this case was time-independent and such inward
rectification was observed in 26% of recorded neurons (66/251). Time-
independent inward rectifier currents were inhibited by both 3 mM Cs* (n=4,
Fig.I-5B and C) and 0.5 mM Ba?* (n=3, Fig. I-5D and E), suggesting that
time-independent inward rectification was caused by inward rectifier
potassium current (Hagiwara and Takahashi, 1974; Standen and Stanfield,
1978). Among neurons which showed this type of inward rectification, 24
were burst spiking neurons, 31 were regular spiking neurons, and 7 were other

types of neurons (see Table I-1).

Morphological characteristics and electrophysiological properties

Among 262 neurons in which we could record responses to
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depolarizing current pulses, 98 neurons were successfully stained with
biocytin and/or lucifer yellow. Thsese neurons were classified into seven
types based on their somatodendritic morphology: marginal cells, narrow
field vertical cells, piriform cells, horizontal cells, stellate cells, wide field
multipolar cells and wide field vertical cells. The classification basically
follows that of Langer and Lund (1974) and Tokunaga and Otani (1976). In
general, neurons in each groups were heterogeneous with respect to
electrophysiological properties. Electrophysiological properties of
morphologically identified neurons are described below and summarized in

Table I-2.

Marginal cells

Six neurons were classified into marginal cells. Marginal cells were
small neurons which projected dendrites in the ventral direction. The
somata of these neurons were located just beneath the dorsal surface of the
SC, i.e.in the SZ. Their dendritic field were about 50-100pm 1n
dorsoventral direction. We could not observe the axons of these cells.

Four of six marginal cells were regular spiking neurons, and three of
them showed time-independent inward rectification (Fig. I-6) and one showed
time-dependent inward rectification in response to hyperpolarizing current
pulses. Remaining two cells were neurons with short spike train, and one of

them was with time-independent inward rectification.

Narrow field vertical cells

Fifteen neurons were classified into narrow field vertical cells.
Narrow field vertical cells were bipolar or multipolar neurons which have both
dorsally and ventrally oriented dendrites. The dorsoventral and

mediolateral length of their dendritic field were about 70-230 pm and
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80-370 pm, respectively. This type of neurons were scattered throughout
various depth in the SGS, and one cell was found in the SO.  Five of ten
narrow field vertical cells with stained axons had an axon which projected
into region dorsal to or same level with their soma (Fig. [-7A). and two of them
also had axon ventral to their soma (Fig. [-7B). Five cells with stained axons
possessed an axon which extended and issued collaterals ventral to their
soma, and two of them had an axon which reached the stratum griseum
intermediale (SGI).

Five narrow field vertical cells were burst spiking neurons. Among
them, two showed time-dependent inward rectification and one showed time-
independent inward rectification (Fig. I-7A) in response to hyperpolarizing
current pulses. Nine cells were regular spiking neurons. Among them, four
cells with time-dependent inward rectification, two were with time-
independent inward rectification, and three were without rectification
properties (Fig. I-7B). Remaining one cell was a late spiking neuron without

any rectification properties.

Piriform cells

Fourteen neurons were classified into piriform cells. Piriform cells
projected dorsally oriented dendrites from dorsal side of their soma. The
mediolateral length of their dendritic field were about 70-140um. This type
of neurons were located in dorsal half of the SGS. We could observe axons of
nine cells in this group. Seven cells had an axon which projected to region
ventral to their somata, and four of them also had axon collaterals beside
their dendritic field and/or soma (Fig. I-8A ). One cell had an axon which
reached the SGI and three had axon whichreached the SO (Fig. 1-8B ). Two
cells extended axons in the mediolateral direction and also had axon

collaterals beside their dendritic field.
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Eight piriform cells were burst spiking neurons (Fig [-8A).  Among
them, six cells showed time-dependent inward rectification and one cell
showed marked time-independent inward rectification. Three piriform cells
were regular spiking neuron(Fig[-84). One of them showed time-dependent
inward rectification. Two were classified into neurons with short spike train
and one of them showed time-dependent inward rectification. Onewas a

late spiking neuron with time-dependent inward rectification.

Horizontal cells

Eighteen neurons were classifie d into horizontal cells. Horizontal
cells projected very long dendrites in horizontal direction, and their dendritic
field were about 350-1000pm in mediolateral direction. Dendrites which
extend in dorsoventral direction were occasionally observed, but dendritic
field of these cells were longer in horizontal direction. This type of neurons
were located in the dorsal half of the SGS and just beneath the dorsal surface
of the SC. This type of cells had axon whichissued arborizations in the
region near their soma and restricted within the SGS and the SZ (Fig. [-9A
and B). Onlyone of eleven cells with stained axons had an axon which
reached the SO.

Fourteen horizontal cells were regular spiking neurons. Among
them, nine cells showed time-dependent inward rectification (Fig. I-9B) and
one showed time-independent inward rectification. Three were burst
spiking neurons with time-dependent inward rectification (Fig. [-9A).
Remaining one cell was a neuron with rapid spike inactivation which did not

show inward rectification.

Stellate cells

Nine neurons were classified into stellate cells. Stellate cells were
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relatively small, multipolar neurons. Direction of dendrites had no
particular orientation. The dendritic field was less than about 180um 1n
diameter. This type of neurons were located in the dorsal half of the SGS.
Five of six cell with axon stained with biocytin had axon arborizations mainly
within and/or beside the dendritic field (Fig. I-10B ). One cell had an axon
which reached the ventral SO.

Five stellate cells were burst spiking neurons and two of them showed
marked time-independent inward rectification (Fig. I-10B). Remaining
three stellate cells were regular spiking neurons, one was with time-
dependent inward rectification and two was with time-independent inward

rectification(Fig. [-10A).

Wide field multipolar cells

Eight neurons were classified into wide field multipolar cells. These
neurons were multipolar cells with relatively large dendritic field. The
dendritic field was about 290—450pm in diameter. This type of neurons
were located in the ventral SGS and the SO. We could observe axons of seven
cells in this group. Four cells had axon arborizations within or beside their
dendritic field, and two of them also extend collaterals in horizontal direction.
One cell had an axon which issued collaterals dorsal to the soma and the axon
reached just beneath the dorsal surface of the SC (Fig.1-11B). Two cells
extend an axon in ventral direction and the axon reached the SGI.

Five of eight wide field multipolar cells were regular spiking neurons,
three of them showed time-independent inward rectification (Fig.1-11B) and
one showed time-dependent inward rectification in response to
hyperpolarizing current pulses. One cell was a burst spiking neuronwith
time-independent inward rectification (Fig. I-11B), one was a late spiking

neuron without any rectification properties and one was a fast spiking neuron




with time-independent inward rectification.

Wide field vertical cells

Twenty-eight neurons were classified into wide field vertical cells.
Wide field vertical cells extended divergent dendrites toward the dorsal
surface of the SC, and had wide dendritic field in the horizontal direction.

The dendritic field was about 450-1000um in the mediolateral direction.

The somata of these neurons were found in the most ventral SGS and the SO,
except for only one cell whose soma was found in the dorsal SGS. Five of six
wide field vertical cells with stained axons had an axon which extended
ventral to their somata (e.g., Fig. I-12A ), three of them also issued collaterals
into the region dorsal to or same level with their soma. One had an axon
which projected into the region dorsal to or same level with their soma (e.g.,
Fig. [-12B).

Thirteen of twenty-eight wide field vertical cells showed burst spiking
property (Fig. I-12A), and the remaining cells showed regular spiking property
in response to depolarizing current pulses (Fig. I-12B). A notable property of
neurons in this class was that all neurons showed marked voltage sag caused

by time-dependent inward rectification (Fig. I-12A and B).

Activation kinetics of Iy in different types of neurons

Incurrent clamp recording, prominent voltage sag was observed in
wide field vertical cells (e.g., Fig. [-12). Incontrast, the voltage sag observed
in other neuron types was not as prominent, but appeared to be smaller in
amplitude and slower in time course than that observed in wide field vertical
cells (e.g., Fig. I-9). This observation suggested that difference exists in
activation kinetics of the I underlyingthe voltage sag between wide field

vertical cells and other cells. For comparison, activation kinetics of I between




wide field vertical cells and other cell types was investigated by applying
hyperpolarizing voltage steps from -50 to —100 mV in voltage clamp
recording. The slowly activating inward currents (In) induced in this protocol
were fitted with single exponential function, and the time constant and the
steady-state currentdensity (steady-state currentamplitude was divided by
membrane capacitance) were calculated from the function. Figure [-13A
shows examples of a wide field vertical cell. The time constant and the
steady-state currentdensity of the I, were 117 msec and 14.4 pA/pF,
respectively.. Figure I-13A shows examples of a horizontal cell. The time
constant and the steady-state currentdensity of I were 378 msec and 1.95
pA/pF, respectively. The average value of time constant and the steady-
state currentdensity of I in wide field vertical cells (n=14) were 131 £ 11
msec and 10.5 + 1.3 pA/pF (mean = S.E.M.), respectively, while the values in
non-wide field vertical cells (n=16) were 348 + 31 msec and 2.6 = 0.4 pA/pF,
respectively. As shown in Figure I- 13C, In in wide field vertical cells {(filled
circles) tended to be distributed in the region of shorter time constant and
larger current density, while In in other cells (open squares) tend to be
distributed in the region of longer time constant and smaller current density.
These results suggest that In in wide field vertical cells differs from that in

other cell types in both the activation kinetics and the current density.




Discussion

Electrophysiological properties

The results of the present study showed that neurons in the
superficial layer of the rat SC can be classified 1nto at least six groups
according to their firing responses to depolarizing current pulses. A majority
of recorded neurons were classified into either burst spiking neurons (33%) or
regular spiking neurons (50%). Burst spiking neurons showed transient
burst firing at their firing threshold in response to depolarizing current pulses
due to activation of low-threshold Ca2t channels, particularly when the pulses
were injected at more hyperpolarized level. Regular spiking neurons
composed the largest population in the present study. Most neurons
classified into this class showed moderate spike frequency adaptation.
However, some regular spiking neurons showed more regular firing.
Therefore, although we did not divide these neurons furthermore, regular
spiking neurons in this study may include a certain range of neurons with
different electrophysiological properties. The present results also show that
two different types of inward rectification are observed in neurons in the
superficial layer of the rat SC. Time-dependent inward rectification was
caused by Iy, and time-independent inward rectification were IRK channels.

Neurons with electrophysiological properties similar to those
described in this study were also described in the stratum griseum
intermediale (SGI) of the rat SC (Saito and Isa, 1999). However, compared
to the present study, burst spiking neurons composed smaller population
(13% in the SGI and 33 % in the SGS) and late spiking neurons composed
larger population (22% in the SGI and 8 % in the SGS) 1n the SGI. Regular
spiking neuronsin the SGI tended to show more regular firing than those 1n

this study. Most regular spiking neurons in the present study showed
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moderate spike frequency adaptation, resembling those described in the

neocortex (Connors and Gutnick, 1990: McCormick et al, 1985).  Thus, there
are lamina-specificity in the electrophysiological properties of neurons in the
SC that may preclude difference in the way of information processing in each

layer.

Morphological characteristicse and electrophysiological properties
In the present study, we classified neuronin the superficial layer of
the rat SC based on their somatodendritic morphology, following previous
descriptions ( Langer and Lund, 1974; Tokunaga and Otani, 1976).
Although each group was heterogeneous with respect to their
electrophysiological properties, the present results demonstrate that wide
field vertical cells had marked electrophysiological properties. All these
neurons showed clear time-dependent inward rectification caused by In, and
I in neurons in this class was lager in current density and faster in activation
time course than that in other cell types. Although differences in activation
kinetics could be due to difference in amount and distribution of same
channels on the somatodendritic membrane of the cell, difference in
properties of channels underlyingI, in these neurons could also cause the
difference in activation kinetics. Itis known that there are diversity of In
detected in different types of neurons (Pape 1996), and several members in
gene family encoding channels underlyingIx have been cloned recently (Gauss
et al., 1998; Ludwiget al., 1998; Santoro et al.,, 1998). The In1s involved in
several aspect of electrophysiological properties of neurons, such as the
resting potential, the shaping of firing patterns and the rhythmic oscillations
of the membrane potentials (Pape, 1996). Wide field vertical cells may be
lateral posterior nucleus ( LP, which corresponds to the pulvinar in primate)

projecting neurons, suggested from several lines of evidence. Neurons which
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project to the LP are located on the SO and ventral most SGS ( Donnely et al,
1983: Lane et al, 1993, 1997; Mason and Groos, 1981; Mooney et al, 1988}

In hamster SC, Mooney et al (1988b) demonstrated that about one-half of LP
projecting neurons identified by antidromic activation were wide field vertical
cells, in contrast, only 5 % of neurons which project to the dLGN were wide
field vertical cells. Therefore, it is essential to know the electrophysiological
properties of the wide field vertical cells for understanding the information
processing in the extrageniculate visual pathway (retina—SC-extrastriate
cortex), and In may play a crucial role to shaping the information processing
throughout the pathway.

Incontrast to the wide field vertical cells, other morphological
subgroups were composed of heterogeneous subpopulation. Inthe
superficial layer of the SC, horizontal, piriform and stellate cells are thought
to be GABAergic inhibitory neurons (Mize, 1992). The results of the present
study indicates that all these types contained both burst spiking neurons,
regular spiking neurons, neurons with time-dependent inward rectification
and neurons with time-independent inward rectification. Because other
morphological groups also contained neurons with these electrophysiological
properties, we could not find any electrophysiological properties specific to
inhibitory or excitatory neuron specific properties in the present study.

These situations are quite different from the neocortex, where fast spiking
neurons and late spiking neurons are specifically found among GABAergic
interneurons and pyramidal cells show either regular spiking or burst spiking

properties (Connors and Gutnick, 1990; Kawaguchiand Kubota, 1997).

Functional significance of the electophysiological properties of
the SC superficial layer neurons

In the present study, majority of recorded neurons were classified into




either burst spiking neurons or regular spiking neurons (33% and 50%.
respectively, Table 2). Burst spiking neurons are strongly activated in all-
or-none fashion at their firing threshold, showing transient burst firing.
These properties may enable these neurons to respond sensitively to changes
in synaptic inputs, and may be well suited for the detection of changes in
visual events. The burst firing occurred only when the neuron was excited at
more hyperpolarized level. Such voltage dependency suggests that response
of burst spiking neurons are affected by balance of tonic excitatory and
inhibitory inputs.

In addition to burst spiking neurons which showed transient burst
firing, regular spiking neurons also showed higher frequency of firing in the
beginning of the depolarizing current pulses, compared with its later part due
to the spike frequencyadaptation. Most of regular spiking neurons recorded
in the present study showed moderate spike frequency adaptation.
Furthermore, neurons with short spike train and neurons with rapid spike
inactivation also showed transient firing. Thus, vast majority of neurons
recorded in this study can show transient high frequency firing to excitatory
input. Previous studies have indicated that the majority of neurons in the
superficial layer of the SC shows phasic response to visual stimulation and
well respond to moving stimuli (e.g., Cynader and Berman, 1972; Goldberg
and Wurtz, 1972a; Humphrey, 1968; Schiller and Koener, 1971). These
visual response properties of neurons in the superficial layer may at least
partly depend on transient nature of firing properties of the neurons.

The present study provides evidence for the presence of specific ionic
conductances in SC superficial layer neurons. Inward rectification appears
to be due either to IRK channels or I channels. Lo et al. (1998)
demonstrated that Ca2t-activated K* channels play a significant role in

detemining the firing frequency of SO neurons. Although not specifically
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investigated in this study, the channels may also contribute to spike
frequency adaptation in regular spiking neurons recorded in the present study.
These channels are known to be significantly modulated by several
neurotransmitter systems (see Nicoll et al., 1990). Such modulatory actions
should contribute to modulation of activity of SC superficial layer neurons by

levels of arousal and attention.
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Burst Regular Late Fast Short train Inactivation
total 87 131 20 9 " 4
number of  with time-dependent a5 61 7 4 1 2

neurons " reaiiation

ward redicanon 24 31 4 3 4 0

input resistance 578147 712136 819190 8§78+151 888+104 8354271

(MQ2) (3067~121) {2054-82) (1425-244) (1711~274} {1396~329) (1494-239)
capacitance 24+1 23+1 18+2 1243 1743 1141
(pF) (58-6) {80~4) (43-8) {29-4) (34--5) (14-9)
Table I-1.

Electrophydiological properties of neurons in the superficial layer of the rat SC
Values are expressed as mean + S.E.M and range (in parentheses)




Electrophysiological properties and morphological characteristics.
Values are expressed mean + S.E.M. and range (in parentheses).
NFV: narrow field vertical cells. WFM: wide field multipolar cells.
WFV: wide field vertical cells.

Marginal NFV Piriform Horizontal Stellate WFM WFV
total 6 15 14 18 9 8 28
total 0 5 8 3 5 1 13
Burst .
Sp|k|ng T“rf\&rhatrlcr!nree-gﬂe»pmel?c?nenl 0 2 6 3 0 0 13
%)
5 .
s meams et g 1 1 0 2 1 0
2
]
% tolal 4 g9 3 14 3 5 15
S
® Regul
- eguiar wiih ime-dependent
"§ Splklng nward radification 1 4 1 9 1 1 15
2
E et 3 2 0 1 2 3 0
[
1 Late/TDIR
1 Shor 1 Lale
Other types 1 Late 1 Short 1 Inadivation 4] 0
1 Short/TIR 1 Fag/TIR
1 Short/ TDIR
input resistance 604148 562174 7601114 12777 8431149 680111 148+8
(Mg2) (839+507) (1082-197) (1765~184) (1494-343) (1859-491) (1157~305) (264-82)
capacitance 2714 2315 19+3 1942 2615 214 34+2
(pF) {35-9) (80~11) (43-8) (39~10) (53-~9) (45-7) (54~-8)
Table I-2.
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Figure I-1. Electrophysiological properties of burst spiking
neurons.

A-C are recordings from same neuron. D and E are from another
neuron. A and B: responses to depolarizing current pulses from
hyperpolarized membrane potential (-78mV ). A: responses to
depolarizing current pulses ( values given at right ). B, top: responses
to current pulses near threshold for spike generation. Bottom: Injected
current pulses. C: responses to depolarizing current pulses ( values
given at right ) from depolarized membrane potential ( -60mV ). D and
E: effect of Ni2* on transient burst. Control { D } and during application
of 0.5mM Ni2* ( E ). Values of injected current pulses were given at
right.
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Figure I-2. Electrophysiological properties of a regular

spiking neuron

A: responses to depolarizing current pulses ( values given at right ). B:
interspike interval between successive spikes, recorded at different

current intensities.
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Figure I-3. Electrophysiological properties of neurons in

four minor populations.

A: responses to depolarizing current pulses ( values given at right ) of a
late spiking neuron. The current pulses were injected from two
different membrane potentials ( -87mV, top; -68mV, bottom). B-D:
responses to depolarizing current pulses ( values given at right ) of a
fast spiking neuron ( B ), a neuron with rapid spike inactivation { C)
and a neuron with short spike train ( D ).
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Figure [-4. Time-dependent inward rectification.

A: responses to hyperpolarizing current pulses in the control solution (Al) and
during application of 100uM ZD7288 (A2, top). Injected current pulses are
shown at bottom of A2. B: voltage clamp recordings from same neuron shown
in A. Responses to hyperpolarizing voltage steps from -60mV in the control
solution (B1) and during application of 100uM ZD7288 (B2, top). Applied
voltage steps are shown at bottom of B2. C and D: current-voltage plots for
traces shown in A. The membrane potential at peak (C; 55 to 7omsec from
onset of current pulse) and steady-state level (D; 375 to 395msec from onset of
current pulse). E: effect of Cs* on time-dependent inward rectifier currents.
Control (E1) and during application of 3mM Cs* (E2). Applied voltage steps are
shown at bottom of E2. F: effect of Ba?* on time-dependent inward rectifier
currents. Control (F1) and during application of 0.5mM Ba?* (F2). Applied
voltage steps are shown at bottom of F2.



Al Vm=58mv A2

= I

50mV 400pA
100ms 100ms
-50mv
-200pA -130mV
B1 control B2 Cs*(3mM) C péx
10 L
-20
-30
-40 e Control
'50 a Cs+
-60
__|50A %
100ms 80
-90
-100 : . :
10 90 70 50 mv
D2 2.4 PA 4
D1 control Ba**(0.5mM) E o
.50 :
-100 4  Control
-150 4 o Ba®*
200 |
-50mV 250 | 8 -
-120mV
Figure I-5. Time-independent inward rectification.

A: current clamp recordings (Al, top) and voltage clamp recordings (A2,
top) from same neuron. Applied current and voltage steps are shown at
bottom. B and C: effect of Cs* on time-independent inward rectifier
currents. B: voltage clamp recordings in the control solution (B1, top)
and during application of 3mM Cs* (B2). Applied voltage steps are
shown at bottom. C: current-voltage plots for traces shown in B. The
current values at stedy-state level (775 to 795 msec from onset of the
voltage step) were measured and plotted. D and E. effect of 0.5mM

Ba2* on time-independent inward rectifier currents. Details asin B
and C.




B Vm=-83mV

L

s 50mV
e
100msec
160pA
-120pA

Figure I-6. A marginal cell

A1 and A2: photomicrographs of a lucifer yellow-filled marginal cell
taken at different focal plane. B: responses of the cell in A to current
pulses (top) and injected current pulses (bottom).
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Figure I-7. Narrow field vertical cells

A1l: photomicrograph of a narrow field vertical cell stained with
biocytin. A2: camera lucida drawing of the cell in A1. The axon is
drawn in thin line. A3: responses of the cell in A1 and A2 to current
pulses (top) and injected current pulses (bottom). B: another narrow
field vertical cell. Camera lucida drawing (B1) and responses to current
pulses (B2). Details as in A.
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Figure I-8. Piriform cells.

Al: photomicrograph of a piriform cell stained with biocytin. AZ2:
camera lucida drawing of the cell in A1. The axon is drawn in thin line.
A3: responses of the cell in A1 and A2 to current pulses (top) and
injected current pulses (bottom). B: another piriform cell. Camera
lucida drawing (B1) and responses to current pulses (B2). Details as in
A
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Figure I-9. Horizontal cells.

Al: photomicrograph of a horizontal cell stained with biocytin. A2:
camera lucida drawing of the cell in A1l. The axon is drawn in thin line.
A3: responses of the cell in A1 and A2 to current pulses (top), and
injected current pulses (bottom). B: another horizontal cell. Camera
lucida drawing (B1) and responses to current pulses (B2). Details as in
A.
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Figure I-10. Stellate cells.

A1l: photomicrograph of a stellate cell stained with biocytin. A2: camera
lucida drawing of the cell in A1. The axon could not be traced. A3:
responses of the cell in A1 and A2 to current pulses (top) and injected
current pulses (bottom). B: another stellate cell. Camera lucida
drawing (B1), responses to current pulses (B2, top) and injected current
pulses (bottom). The axon is drawn in thin line.
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Figure I-11. Wide field multipolar cells.

A1: photomicrograph of a wide field multipolar cell stained with lucifer
yellow. A2:responses of the cell in Al to current pulses. B: another
wide field multipolar cell. Camera lucida drawing (B1), responses to
current pulses (B2). The axon is drawn in thin line.
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Figure I-12. Wide field vertical cells.

A: another stellate cell. Camera lucida drawing (A1), responses to
current pulses (A2, top) and injected current pulses (bottom). The axon
is drawn in thin line. B1: photomicrograph of a stellate cell stained
with biocytin. B2: camera lucida drawing of the cell in B1. The axon is
drawn in thin line. B3: responses of the cell in B1 and B2 to current
pulses (top) and injected current pulses (bottom).
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Figure [-13. Activation kinetics of Ih in wide field vertical
cells and other cells.

Al: camera lucida drawing of a wide field vertical cell. A2: a current
response ( red trace ) of the wide field vertical cell shown in Al to a
voltage step from -50mV to -100mV was fitted with a single exponential
function ( black line ). The time constant and the steady-state current
density of the Ih were 117msec and 14.4pA/pF, respectively. B1l:
camera lucida drawing of a horizontal cell. B2: a current response ( red
trace ) of the horizontal cell shown in B1 to a voltage step from -60mV
to -110mV was fitted with a single exponential function ( black line ).
The time constant and the steady-state current density of the Ih were
378msec and 1.95pA/pF, respectively. C: plot of steady-state current
density against time constant. Data from wide field vertical cells ( filled
circles ) and from other cells ( open squares ).



Chapter II

Organization of Excitatory Synapses;
Distribution of Functionally Different
Subtypes of AMPA-type Glutamate Receptors
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Summary

Rectification property and Ca?*-permeability of AMPA-type
glutamate receptors were investigated in seven morphologically identified
subclasses of neurons in the superficial layer of the superior colliculus by
whole-cell patch clamp recording technique in slice preparations obtained
from rats ( PND17-23). Among these subclasses of neurons, AMPA
receptors with inwardly rectifying current-voltage (I-V) relationship were
found mainly in horizontal cells, while linear or outwardly rectifying AMPA
receptors were found in all the seven cell types. The inwardly rectifying
AMPA receptors were suppressed by 1 mM spermine, while those with linear
or outwardly rectifying I-V relationship were not. The degree of inward
rectification was inversely correlated with the reversal potential of current
responses of AMPA receptors in Na+-free, isotonic high Ca?* (20mM) solution,
which is an indicator of CaZ+-permeability of the receptors. Thus, Ca?+-
permeability was higherin inwardly rectifying AMPA receptors.
Furthermore, the AMPA-component of excitatory post-synaptic currents
which showed inwardly rectifying I-V relationship and markedly suppressed
by 1mM spermine was evoked by electrical stimulation. These results
indicate that Ca2+-permeable AMPA receptors are mainly expressed in

horizontal cells and involved in synaptic transmission.
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Introduction

We have investigated the membrane properties of morphologically
identified neuronsin the SC superficial layer in chapter I. To understand
the mechanisms of information processing in the local circuits, it is also
essential to obtain the information about synaptic mechanisms of these
neurons.

Glutamate is a major excitatory neurotransmitter in the central
nervous system, and -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-type glutamate receptor channels mediate fast excitatory synaptic
transmission. AMPA receptors have been classified into two functionally
distinct subtypes (Lino et al., 1990; Ozawa and Iino., 1993). One of them
(type I) exhibits an outwardly rectifying current-voltage (I-V) relatioﬁship and
little Ca2t permeability, and the other receptor subtype (type II) show
inwardly rectifying IV relationship and high Ca?" permeability. Molecular
biological studies clarified that the former receptors include GluR2 subunit,
while the latter lack the GluR2 subunit (Hollmann et al., 1991; Geiger et al.,
1995; Jonas and Burnashev, 1995). Type [l AMPA receptors are expressed
in various neuronal cell types in the central nervous system such as
hippocampal interneurons, basket cells in the hippocampus, neocortical
interneurons, spinal dorsal horn neurons (Bochet et al., 1994; Guet al., 1996;
Isa et al., 1996; Itazawa et al., 1997; Mcbain and Dingledine, 1993).
Recently, several investigations have demonstrated functional significance of
Ca?* influx through type I AMPA receptors. Type I AMPA receptors
mediate enhancement of amplitude of miniature EPSCs (Gu et al., 1996),
long-term potentiation (Mahanty and Sah, 1998) and long-term depression
(Laezza et al., 1999). Furthermore, type II AMPA receptors modulate

glycine-evoked Cl- currents (Xu et al., 1999) and suppress NMDA receptor-



mediated currents (Kyrozis et al. 1995).

Inthis study, we investigated the subtype of AMPA receptors
expressed in individual morphologically identified SC superficial layer
neurons. The results suggest that all subclasses of neurons express type |
AMPA receptors and type [IAMPA receptors were additionally expressed

mainly in horizontal cells.




Methods

The methods employed in this study were in general similar to those
described in chapter of this thesis. Frontal slices (300um thick) of the SC
were prepared from 16- to 23-day-old Wistar rats following ether anesthesia.
The slices were incubated at room temperature for > 1 hourin control Ringer’s
solution before recording. Whole-cell patch clamp recordings (Edwards et al.
1989; Hamill et al. 1981) were obtained from neurons using visual control of
the patch pipettes. The control Ringer’s solution contained (mM) : 125 NaCl,
2.5 KCL, 2 CaClz, 1 MgCl,, 26 NaHCO3, 1.25 NaH2PO,, 25 glucose, and
continuously bubbled with 95 % Oz and 5 % COz (pH 7.4). Intracellular
solution contained (mM) : 120 Cs-gluconate, 20 CsCl, 10 EGTA, 2 MgCl., 2
Na.ATP, 10 HEPES, 0.1 spermine, 5 Qx-314, pH 7.3. To investigate the
current responses mediatd by AMPA receptors, kainic acid was used as non-
desensitizing agonist of AMPA receptors. Kainic acid was applied to the
recorded cells éither by air pressure (10 mM kainic acid was dissolved in the
standard Ringer’s solution and applied with 5 - 20 psi, 5 — 20 ms square pulse
generated by PV920, World Precision Instruments, Sarasota, FL) or bath
application (100 pM kainic acid was used). Since kainate receptors are
supposed to be desensitized under this condition, the currentresponses
obtained in the present study was attributed to activation of AMPA receptors.
To obtain the current-voltage (I-V) relationship of the kainate responses,
holding potentials were systematically changed in case of air pressure
application. Inthe case of bath application, the membrane potential was
ramped from —60 or —70 to +60 mV and then shifted down from +60 to —-60 or
—70mV again at a rate of 50mV/s. The current records in the latter phase
were used. The [-V curve was obtained by subtracting the current recorded

in the standard Ringer’s solution from that obtained in the presence of
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kainate. Toestimate CaZ*-permeability, the reversal potential of KA-
induced currents in the isotonic Na*-free, 1sotonic high CaZ* solution was
measured. Inthis experiment, the control solution contained (mM): 145
NaCl, 2.5 KCL, 2 CaCls, 1 MgCl», 5 HEPES, 10 glucose, was bubbled with
100% O: (pH 7.4). The Na*-frce, isotonic high Ca2* solution contained (mM):
20 CaCls, 10 glucose, 5 HEPES, 144 N-methyi-glucamine (NMG), and was
bubbled with 100% O, (pH 7.4). When kainate-responses were investigated
in the Na*-free, isotonic high Ca?* solution, kainic acid was applied to the
recorded cells by air pressure (10 mM kainic acid was dissolved in the Na*-
free, isotonic high Ca?* solution). Excitatory postsynaptic currents (EPSCs)
were evoked by electrical stimulation (cathodal square wave current pulses,
33-42 pA, 0.2 ms duration) with a glass pipette containing 2M NaCl solution
placed about 100um away from the recorded neuron. To stain the recorded
neurons, biocytin (5mg/ml, Sigma, St. Louis, MO) was dissolved in the
solution. After recording, slices were fixed with 4% paraformaldehyde and
recorded neurons were visualized by staining with biocytin (Horikawa and
Armstrong, 1988), using ABC method. Kainic acid was obtained from
Sigma. Tetrodotoxin (TTX) was from Sankyo (Tokyo, Japan). TTX was
bath appled.



Results

Rectification properties of kainate (KA)-responses

I-V relationship of responses to kainic acid (KA) was investigated in
125 neurons in the SC superficial layer either by pressure apphication or bah
application. As shown in previous studies on the rectification properties of
AMPA receptors (Iinoet al., 1990; Isa et al., 1996; [tazawa et al., 1997),
both KA response with linear or outward rectification and that with inward
rectification could be observed. Rectification properties were estimated as
rectification index (RI) with following equation,

RI=— (Ii,v-sn/ 40) / (TIrev 60/ 60)

where Liew o and L. were the amplitudes of the KA-induced currents at the
reversal potential (E.v) plus 40 mV and the E..v minus 60 mV, respectively.
According to this index, inward rectification is expressed as RI <1.0, whereas
outward rectification as RI > 1.0. KA-responses with R.I.> 1.0 were
classified as Type Iresponses, those with R.I. < 0.25 were classified as Type II
responses and those with 0.25 = R.I. = 1.0 were classified as intermediate
type responses (Iinoet al., 1994).

Figure II-1exemplifies the current response which showed shght
outward rectification . Fig. II-1A and B shows the current responses to
pressure application of 10mM KA at different membrane potentials and its
current-voltage (I-V) relationship, respectively. The rectification index in
this case was 1.17. This type of KA-response has been described as type I
response {Ozawa et al. 1991, linoet al., 1994). The effect of 1 mM spermine,
a specific antagonist of type IIAMPA receptors (Isa et al. 1996), was tested on
the KA-induced currents in 3 neurons in the SC superficial layer with type |
response and it was turned out to be ineffective in all the cases as shown in

Fig. 1C.




Figure II-2 shows another type of KA responses. Inthis neuron,its
[-V relationship showed inward rectification between —80 and +40 mV.
Above +40 mV, the I-V relationship showed outward rectification. The
rectification index was 0.44. This type of KA-response has been classified as
“intermediate type” accordingto linoet al., (1994). Application of 1 mM
spermine showed reduction in the KA-induced current by 43 %. The effect of
1 mM spermine was tested in 3 neuronsin the SC superficial layer neurons
with inwardly rectifying KA-responses and suppression of 17 — 43 % 1n

amplitude could be observed.

Ca2*-permeability of KA-responses and its relationship to the
rectification propert y

As a following step, Ca2+-permeability was examined by measuring
the reversal potential of KA-induced currentsin the isotonic Na*-free, 1sotonic
high Ca?* solution (20mM Ca2*). Figure II-3shows an example of neurons
with type I KA-response (RI=1.15). Inthis case, the reversal potential of the
KA response in the Na-free, isotonic high Ca?* solution was -92mV. Pc./Pcs
value estimated from the reversal potential using the constant-field equation
(Iino et al. 1990 ) was 0.05, which indicates low permeability to Ca?*. In
contrast, in the neuron shown in Fig. II-4, that showed intermediate-type
KA-response (RI=0.38), the reversal potential in the Na*-free, isotonic high
Ca2*solution was —23mV and the estimated value of Pca/Pcs was 1.04, which
indicated relatively high Ca®*-permeability.

Figure II-5indicates the relationship between the reversal potential
of the KA-response in the Na*-free, isotonic high Ca2* solution and Rl in
twelve neurons in the SC superficial layer. As shown in the figure, there was
a clear negative correlation between the Rl and the reversal potential in the

Na*-free, isotonic high Ca2* solution, which was a measure of Ca®*
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permeability, as has been shown in hippocampal and neocortical neurons (Isa
et al. 1996; [tazawa et al. 1997). The observation that the values of RI were
distributed over a wide range suggest that the neurons in the SC superficial
layer express both Type Tand Type IIAMPA receptors with a varyingratio

from cell to cell.

Expression of different AMPA receptor subtypes in the
morphologically identified cell subclasses

We investigated the RI values of the KA-responses in 70
morphologically identified cells. These cells consisted of 29 horizontal cells,
12 stellate cells, 6 narrow field vertical cells, 7 piriform cells, 7 wide field
vertical cells, 5 marginal cells and 4 wide field multipolar cells.
Morphological characteristics of these subclasses were described in chapter L.
Figure II-6A shown an example of a stellate cell with outwardly rectifying
KA-response (RI=1.41). Figure II-6B shows an example of stained
horizontal cell and its KA-response with inward rectification (RI=0.72).
Figure I1-7 shows the distribution of RI values of KA-responses in all the 70
morphologically identified neurons in the SC superficial layer. As shownin
the figure, only horizontal cells included substantial number of neurons with
inwardly rectifving KA-responses. The neurons with inwardly rectifying
KA-responses consisted of 59 % (17 / 29) of the horizontal cells tested. This
result suggests that type IIAMPA receptors were mainly expressed in

horizontal cells in the superficial layer of the SC.

Inwardly rectifying and spermine-sensitive EPSCs
The results described above suggest that the inwardly rectifving and
Caz*-permeable AMPA receptors are expressed in a population of ncurons in

the superficial layer of the rat SC.  We next investigated that these receptors



are involved in synaptic transmissions onto neurons in the SC superficial
laver. Figure II-8A and B shows an example of EPSCs evoked by electrical
stimulation near the recorded cell and the I-V relationship of the peak
amplitude of the EPSCs, respectively. The recording were obtained under
the presence of 50 uM APV. The Rl value was 0.75. The EPSCs were
suppressed by 1 mM spermine (Fig. [[8C) by 32 %. Thus, we could recorded
EPSCs which had inwardly rectifying I-V relationship and were suppressed
by spermine (n=2), suggesting that inwardly rectifying and Ca?** permeable
AMPA receptors are involved in synaptic transmissions onto neurons in the

SC superficial layer.



Discussion

The results of present study have shown that both neurons with linear
or outwardly rectifying I-V relationship of AMPA receptor-mediated current
and those with inwardly rectifying [-V relationship of AMPA receptor-
mediated current are present in the superficial layer of the SC.  Eyv in Na*-
free, isotonic high Ca?* solution is inversely correlated with RI value,
indicating that neurons with stronger inward rectification showed higher
Ca2t-permeability. Previous studies have demonstrated that two types of
functionally different AMPA receptors are expressed in cultured hippocampal
neurons: one mediates outwardly rectifying KA- or AMPA-responses and
displays little Ca2*-permeability (type Iresponse caused by Type [AMPA
receptors), the other mediates inwardly rectifying KA- or AMPA-responses
and displays a substantial Ca2*-permeability (type IIresponse caused by
Type IIAMPA receptors; [inoet al., 1990; Ozawa and [ino, 1993). The
present study also showed that inwardly rectifying KA-responses are
suppressed by 1mM spermine, consisting with known properties of Type II
AMPA receptors (Isa et al., 1996). Taken together, the results of present
study suggest that both outwardly rectifying, Ca%*-inpermeable Type [ AMPA
receptors and inwardly rectifying, Ca®"-permeable Type IIAMPA receptors
are expressed in neurons in the superficial layer of the rat SC.  Since RI
values and E.. in Na*-free, isotonic high Ca2* solution are scattered
throughout the range rather than concentrated in two regions of extreme
values, each neuronin the superficial layer of the rat SC may expresses two
types of AMPA receptors with various relative amount (Bochet et al., 1994;
Geigeret al., 1995; Jonas et al,, 1994). Furthermore, we could recorded
EPSCs which had inwardly rectifying I-V relationship and were suppressed
by spermine, suggesting that inwardly rectifying and Ca** permeable AMPA



receptors are involved in synaptic transmissions onto neuronsin the SC
superficial layer.

A number of studies have described several types of morphologically
different neurons in the superficial layer of the rat SC (Langer and Lund,
1974; Tokunaga and Otani, 1976; Labriola and Laemle, 1977; Endo, in
chapter I of this thesis). The results of the present study suggest that Type |
AMPA receptors are expressed in all types of neurons, in contrast, Type 11
AMPA receptors are mainly expressed in a type of neurons, horizontal cells.
Most brain neurons which were reported to express the Type IIAMPA
receptors are GABAergic and express a Ca?* binding protein, parvalbumin
(Bochet et al., 1994; Jonas et al., 1994; Kondo et al., 1997; Leranth et al.,
1996). Horizontal cells in the superficial layer of the SC are also supposed
to be GABAergic (Mize, 1992). However, very few of the parvalbumin
immunoreactive cells are GABAergic in the SC (Mize, 1992). Inaddition,
although parvalbumin immunoreactive horizontal cells were observed (Cork
et al., 1998), these cells appear not to be major population among
parvalbumin immunoreactive cells in the superficial layer of the rat SC (e.g.,
Cork et al., 1998; Illinget al., 1990). Thus, it may be necessary to consider
another rule with respect to colocalization of the type IIAMPA receptors and
parvalbumin in the superficial layer of the rat SC.

Functional significance of the expression of the Ca2t-permeable
AMPA receptors in horizontal cells are presently unclear. Horizontal cells
in the superficial layer of the SC are thought to mediate surround inhibition
based on their horizontally long morphology. Recently, Ca2* influx through
Ca?t-permeable AMPA receptors have been suggested to mediate several
types of modulatory functions, such as enhancement of amplitude of
miniature EPSCs (Guet al., 1996), long-term potentiation (Mahanty and Sah,

1998), long-term depression (Laezza et al., 1999), enhancement of glycine-



evoked Cl-currents (Xu et al., 1999) and suppression of NMDA receptor-
mediated currents (Kyrozis et al. 1995). If CaZt-permeable AMPA receptors
in horizontal cells mediate regulation of strength of synaptic transmission
onto these cells, the effects may modulate the receptive field properties of

neurons in the superficial layer of the SC.
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Figure II-1. Outwardly rectifying KA-response.

A: current responses to pressure applied 10mM KA. The recordings
were obtained at various membrane potentials between -60 and +60mV
in 20mV steps in the control solution containing 0.25uM TTX. B: I-V
relationship of the KA-response in A. C: effect of spermine on KA-

response. control (C1), during bath application of ImM spermine (C2)
and after wash out (C3).
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Figure II-2. Inwardly rectifying KA-response.
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A: current responses to pressure applied 10mM KA. The recordings
were obtained at various membrane potentials between -60 and +60mV
in 20mV steps in the control solution containing 0.25uM TTX. B: [-V
relationship of the KA-response in A. C: effect of spermine on KA-
response. control (C1), during bath application of 1mM spermine (C2)
and after wash out (C3).



control Na'-free, 20mM Ca?*:

+60mV +60mV

P
A\

. R\\ﬁ

/

-100mV
200pA
v 1sec
C
PA | Rl=1.15
20mM Ca*
400
-200 \\
-400 control
-600
my

-80  -40 0 40 80

Figure II-3. Ca2* permeability of AMPA receptors in a
neuron with outwardly rectifying KA-response. :

A and B: current responses to pressure applied 10mM KA. The
recordings were obtained at various membrane potentials between -100
and +60mV in 20mV steps under presence of 0.25uM TTX. Recordings
in control solution (A) and high Ca?* solution (Na*-free, 20mM CaZ?t).

C: I-V relationship of the KA-response in A and B. The RI value in the
control solution was 1.15.
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Figure II-4. Ca%* permeability of AMPA receptors in a

neuron with inwardly rectifying KA-response.

A and B: current responses to pressure applied 10mM KA. The
recordings were obtained at various membrane potentials between -80
and +60mV in 20mV steps under presence of 0.25uM TTX. Recordings
in control solution (A) and high Ca?* solution (Na*-free, 20mM Caz*).
C: I-V relationship of the KA-response in A and B. The RI value in the

control solution was 0.38.




mY n=12

E.. (20mM Ca™)
g 5 B
[ )
[ J
@

&
o
@

-100
0 0.2 0.4 0.6 0.8 1.0 1.2

RI

Figure II-5. Scatter plots of reversal potentials of KA-
responses i1n high Ca* solution against RI values in control
solution.

The reversal potentials were obtained from I-V relationships in the
solution containing 20mM Ca* and no Na*. The RI values were
obtained from I-V relationships in the control solution. Note that the
reversal potential is a indicator of Ca* permeability and lager value of
reversal potential means higher Ca* permeability.
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Figure II-6. KA-response of a stellate cell and a horizontal
cell

A: photomicrograph of a stellate cell (A1) and I-V relationship of KA-
response recorded from the cell (A2). B: photomicrograph of a
horizontal cell (B1) and I-V relationship of KA-response recorded from
the cell (B2).
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Figure II-7. Correlation between RI value and morphology.

Plots of RI values against morphology. I-V relationships were obtained
from current responses to voltage ramps (+60~-60 or -70mV) in solution
containing 10-100uM KA, or current responses to pressure applied
10mM KA at various membrane potentials. All recordings were
obtained under presence of 0.25-0.5uM TTX. NFV: naroow field
vertical cells. WFV: wide field vertical cells. WFM: wide field
multipolar cell.
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Figure II-8. Inwardly rectifying, spermine-sensitive EPSCs.

A: EPSCs recorded from a SC superficial layer neuron at various
membrane potentials between +60 and -80mV in 20mV steps in
solution containing 10uM bicuculline and 50uM APV, B: -V
relationship of the EPSCs in A. C: effect of spermine on the EPSCs.
Control (C1), during bath application of 1mM spermine (C2) and after
wash out (C3).
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Summary

To elucidate the action of GABAp receptors tn the superficial layer of
the rat superior colliculus (SC), we tested the effect of specific GABAg
receptor agonist, baclofen, on neurons in slices of rat (PND 16-22) supernor
colliculus using whole-cell patch clamp technique. Bath application of
baclofen (10—30uM) elicited hyperpolarization due to an outward currentin
neurons including narrow field vertical cells, stellate cells, and wide field
vertical cells. The reversal potential of the baclofen-induced current was
nearly equal to the equilibrium potential of potassium calculated from
Nernst equation, suggesting that GABAp receptors activated the potassium
conductance. Application of baclofen also suppressed both EPSCs and
IPSCs evoked by electrical stimulation of adjacent region of recorded cells.
Furthermore, all these effect of baclofen was antagonized by application of
specific GABAp receptor antagonist, CGP55845A (0.1-1 pM). Baclofen had
no effect on current responses elicited by bath application of 10uM kainic acid
or 5uM muscimol under the presence of 0.5 uM tetrodotoxin, suggesting that
suppression of synaptic currents occurred at the presynaptic terminal. All
the above results have clarified the presynaptic and postsynaptic function of
GABARB receptors: activation of GABAg receptors at the postsynaptic
membrane cause hyperpolarization and activation of those at presynaptic
terminal suppresses the synaptic transmission at both glutamatergic and
GABAergic synapses. These effects could be observed in a wide variety of

cell types in the superficial layer of the SC.




Introduction

Inthe superficial layer of the SC, particularly in the SGS, there are
high density of GABAergic inhibitory neurons. Mize (1992) described that
three types of neurons in the SGS (horizontal, piriform and stellate cells) are
GABAergic based on his observation of morphology of soma and proximal
dendrites of cells stained with antibody to GABA. GABA concentration in
the SGS is amongst the highest found in the central nervous system, and the
GABA level in the SO was only half that of the concentration in the SGS,
however, still higherthan that in lower SC layers (Okada, 1993). The
activity of GAD, a GABA synthesizing enzyme, also parallels the GABA
levels in each layer (Okada, 1993). Inaddition to the high amount of GABA
and GABAergic neurons in the SC superficial layer, functional significance of
GABAergic inhibition in the SGS have been reported in a study by Binns and
Salt (1997). Intheir study, they reported that iontophoretic injection of
bicuculline, a GABA  receptor antagonist, into rat SC reduced surround
inhibition of visual responses, while injection of CGP35348, a GABAR
receptor antagonist, reduced response habituation.

Thus, the GABAergic inhibition 1s likely to play an important role on
modulation of visual responses of neurons in the SC superficial layer.
However, its action at the cellular level 1s largely unknown, especially with
regard to GABAg receptor-mediated inhibition. Inthe superficial layer of
the SC, there are a large amount of GABA g receptors as have been indicated
by autoradiographic studies (Chu et al., 1990; Boweryet al., 1987). Previous
studied have investigated the effects of baclofen on the field potentials
elicited by electrical stimulation of optic fibers in the guinea pig SC (Arakawa
and Okada, 1988) and the frogoptic tectum (Sivilotti and Niatri, 1988) slices.
Although they found baclofen-induced inhibition of the field potential, the



detailed mechanisms and the functions of the GABAR receptor-mediated
inhibition have not been known. The functional significance of GABA,
receptors in the nervous system have created considerable interest in recent
years. GABAjg receptors differ fundamentally from GABA receptor
channels. Incontrast to GABAx receptors, GABAg receptors require a G-
protein, are located at pre- and/or post-synaptic membrane, and are coupled
to various K* and Ca?* channels presumably throughboth a membrane
delimited pathway and a pathway involving second messengers ( for review
see Kuriyama et al., 1993; Misgeld et al., 1995; Nicoll et al., 1990 }.

Inthe present study, we investigated the effect of baclofen to
individual neurons in slices of rat SC using whole-cell patch clamp technique.
As the first step to understand the mechanisms and the functions of GABAy
receptor-mediated inhibition in the SC superficial layer, we focused on the
location of the GABAGg receptors. The present results suggest that the action
of GABAR receptors at both post- and pre-synaptic site in the superficial layer
of the rat SC.
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Methods

The methods employed in this study were in general similar to those
described in chapter I and ITof this thesis, except for several points. Frontal
slices (300um thick) of the SC were prepared from 16- to 22-day-old Wistar
rats following ether anesthesia. The slices were incubated at room
temperature for > 1 hour in control Ringer’s solution before recording.
Whole-cell patch clamp recordings (Edwards et al., 1989; Hamill et al., 1981)
were obtained from neurons using visual control of the patch pipettes. The
control Ringer’s solution contained (mM) : 125 NaCl, 2.5 KCI, 2 CaCly, 1
MgCly, 26 NaHCO3, 1.25 NaH.PO,, 25 glucose, and continuously bubbled
with 95% Oz and 5% CO2 (pH 7.4). Two types of intracellular solutions with
different composition were used. The one contained (mM) : 140 K-gluconate,
20 KC1, 0.2 EGTA, 2 MgCly, 2 NazATP, 0.5 NaGTP, 10 HEPES, 0.1 spermine,
pH 7.3. Insome cases, K-gluconate was substituted for KCl. The other
contained (mM) : 120 Cs-gluconate, 20 CsCl, 10 EGTA, 2 MgCly, 2 Na2ATP,
10 HEPES, 0.1 spermine, 5 Qx-314, pH 7.3. To stain the recorded neurons,
biocytin (5mg/ml, Sigma, St. Lowis, MO) and lucifer yellow (1mg/ml, Sigma)
were dissolved in each solution. To obtain the current-voltage (I-V)
relationship of the baclofen responses, the membrane potential was ramped
from -50 to -120 mV and then shifted from -120 to —50 mV again at a rate of
140 mV/s. The currentrecords in the former phase were used. The [-V
curve was obtained by subtracting the current recorded in the standard
Ringer’s solution from that obtained duringbath application of baclofen.
Excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic
currents (IPSCs) were evoked by electrical stimulation (cathodal square wave
currentpulses, 2.7-11.2 pA, 0.2 ms duration) with a glass pipette containing

2M NaCl solution placed about 100um away from the recorded neuron.
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After recording, slices were fixed with 4% paraformaldehyde and recorded
neurons were visualized by staining with biocytin (Horikawa and Armstrong.
1988), using ABC method. Baclofen, kainic acid and muscimol were
obtained from Sigma. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), 2-
amino-5-phosphonovaleric acid (APV) and bicuculline were from RBI (Natick.
MA). Tetrodotoxin (TTX) was from Sankyo (Tokyo, Japan). CGP535845A

was a gift from Novartis (Basel, Switzerland). All drugs were bath apphed.
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Results

Postsynaptic effect of baclofen

Action of GABAR receptors on the postsynaptic membrane was tested
by bath application of baclofen (10-30 uM) under the presence of 0.25-0.5 utM
TTX in neurons in the superficial layer of the SC.

Figure. [II-1Ashows an example of the effect of bath application of
baclofen (10uM, 120sec) elicited marked hyperpolarization (Fig. [11-1Aa). The
baclofen-induced hyperpolarization was completely suppressed when
CGP55845A (1uM), an antagonist of GABAR receptors, was added 1nto the
bath during the application of baclofen ( Fig. ITI1Ab ). Baclofen-induced
hyperpolarization was observed in 22 of 25 cells tested, and the effect was
antagonized by CGP55845A (0.1-1pM) in 11 of 11 cells tested.

Figure I1I-1Bshows the outward current response induced by
application of baclofen (30uM) recorded in another neuronat the holding
potential of =50 mV. The rapid downward deflections are current responses
to voltage ramps from —50 to —120mV. Bath application of baclofen ehcited
an outward current which was associate d with an increase in membrane
conductance as indicated by increases in the current response to the voltage
ramp (Fig. III-1B). Bath application of baclofen thus elicited an outward
currentin 9 of 13 cells tested.

To know the substrate of the membrane conductance changed by
baclofen, we investigated the reversal potential (Er..) of the baclofen-induced
current by ramping holding potential from —50 mV to —120 mV. Figure III-
2A shows an example of recordings from the neuronin Fig. [1I-1B,where the
E..s for baclofen-induced current was —102.5mV. The average value was —
105.5 £ 6.6 mV (mean + S.D., n=4), which was close to equilibrium potential

for potassium calculated from Nernst equation (-106.8mV, n 2.5 mM
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potassium at 25°C). Then we measured the E.. for baclofen-induced current
in high potassium extracellular solution (12.5 mM). Figure I1I-2Bshows an
example of recordings in this conditions, and the Er. for baclofen-induced
currentwas -61.6 mV. Inthis conditions the average value of Eqw was —
65.0 + 7.6 mV (mean £ S.D.. n=4), which was also close to the equilibrium
potential for potassium calculated from Nernst equation (-65.5mV). Figure
111-2Cshows plots of Erev for baclofen-induced current against the
extracellular potassium concentration. The E., values are distributed near
the line which indicates potassium equilibrium potential expected from
Nernst equation. These results have shown that haclofen elicited an
increase in potassium conductance in SC superficial layer neurons.

Figure [II-3shows examples of lucifer yellow-filled neurons which
exhibited hyperpolarization caused by baclofen. Baclofen elicited
hyperpolarization in narrow field vertical cells (n =8/9), stellate cells (n=

2/2 ) and wide field vertical cells (n = 3/3 ).

Presynaptic effect of baclofen

We next investigated whether GABAp receptors had any actions at
the presynaptic terminals of either excitatory and inhibitory synapses in the
superficial layer of rat SC. We tested the effect of bath application of
baclofen (10-20uM) on electrically evoked excitatory synaptic currents
(EPSCs) and inhibitory synaptic currents (IPSCs). To eliminate baclofen-
induced potassium current in the post-synaptic membrane, potassium-free

intracellular solution (Cs-gluconate) was used.
Action at the glutamatergic excitatory synapse

As exemplified in figure III-4Aand B, postsynaptic currents evoked by

electrical stimulation under the presence of 10 pM bicuculline were
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suppressed by baclofen added into the bath. This effect of baclofen (10uM)
was antagonized by CGP55845A (0.1eM). The postsynaptic currents were
almost completely suppressed by CNQX (10uM ) and APV (50-100uM),
indicating that the postsynaptic currents were glutamatergic excitatory
postsynaptic currents (EPSCs) and mediated by AMPA and NMDA-type
glutamate receptors. Similar effects of baclofen (10-20uM) and
CGP55845A (0.1uM) were observed in all cells tested (n=4 and 4,
respectively).

These results suggest that GABA receptors exist at the excitatory
presynaptic terminals of the neurons in the superficial layer of the rat SC,
and activation of these receptors resulted in suppression of excitatory
synaptic transmission. However, an alternative mechanism could mediate
the suppression. It was possible that baclofen activated postsynaptic
GABAg receptors and then directly inhibited glutamate receptors on the
postsynaptic membrane through some intracellular mechanisms. To
exclude this possibility, we directly activated postsynaptic AMPA-type
glutamate receptors by bath application of 10uM kainic acid and examined
the effect of baclofen on kainic acid-induced current. As shown in figure I1I-
4C, amplitude of inward currentinduced by bath application of kainic acid in
the control solution 1n the presence of 0.5 pM TTX was not altered by
additional application of bacloefen (n=5). These results strongly suggested
that GABAR receptors presumably located at the presynaptic terminals
suppressed the excitatory synaptic transmission at the glutamatergic

synapses in the superficial layer of the SC.
Action at the GABAergic inhibitory synapse

As shown in figure I11I-5A and B, postsynaptic currents evoked by

electrical stimulation under the presence of 10uM CNQX and 50 - 100uM
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APV were suppressed by application of 20 pM baclofen in the extracellular
solution, and application of 0.1 uM CGP55845A released the synaptic

currents from suppression by baclofen. The synaptic currents were almost
completely suppressed by bicuculline (10uM, Fig. III-5B). Thus, the
postsynaptic currents were inhibitory postsynaptic currents (IPSCs)
mediated by GABA s receptors and GABAg receptors suppressed the synaptic
transmission at the GABAergic inhibitory synapses. Inthe present study,
the IPSCs by activation of GABA 4 receptors were recorded as inward currents
at the holding potential of -80mV, since the reversal potential of the CI-
conductance was ~43 mV in the present experimental arrangement ([Cl-];
=24 mM and [Cl-]Jo = 133.5mM). Similar effect of baclofen and CGP55845A
were observed in all cells tested (n=13 and 3, respectively). These results
suggest that GABA receptors exist at the inhibitory presynaptic terminals
of the neurons in the superficial layer of the SC, activation of these receptors
resulted in suppression of inhibitory synaptic transmission.

To exclude the possible involvement of the postsynaptic effect, we
directly activated postsynaptic GABAx receptors by bath application of
5-10uM muscimol and examined the effect of baclofen on muscimol-induced
current. As shown in figure III-5C,baclofen (10pM) had no effect on currents
elicited by muscimol (n=5). These results strongly suggested that GABA3g
receptors at the presynaptic terminals suppressed the inhibitory synaptic

transmission at the GABAergic synapses in the superficial layer of the SC.
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Discussion

The present study has shown that GABAR receptor agonist, baclofen
elicits hyperpolarization in post-synaptic neurons by an increase in
potassium conductance. Furthermore, the present study demonstrated that
both glutamatergic EPSCs and GABAergic IPSCs were suppressed by
baclofen in various types of neurons in the superficial layer. Since baclofen
had no effect on post-synaptic currents induced by kainic acid or muscimol,
suppression of EPSCs and IPSCs may be caused by pre-synaptic effects of
baclofen..

GABARs receptors are known to be located at pre-synaptic terminals
and/or post-synaptic membrane (for review see Kuriyama et al., 1993;
Misgeld et al., 1995; Nicoll et al., 1990). Inthe superficial layer of the SC,
previous studied have reported that baclofen suppresses the field potentials
elicited by electrical stimulation of optic fibers in the guinea pig SC (Arakawa
and Okada, 1988) and the frog optic tectum (Sivilotti and Niatri, 1988) slices,
although these studies have not investigated the site of action of baclofen.
Autoradiographic studies have indicated that the GABARg receptors are
abundant in the superficial layer of the SC (Chu et al., 1990; Boweryet al.,
1987). The GABAR: receptor mRNA is also present in the superficial layer
of the SC as indicated in an in situ hybridization study (Lu et al., 1999).
However, all these previous studies have not demonstrated the subcellular
distribution of GABAR receptors in a neuronal membrane. The present
results suggest that GABAy receptors exist at both postsynatic membrane
and presynaptic terminals and mediate both postsynaptic and presynaptic
inhibition in the superficial layer of the rat SC.

The results of the present study also indicated that baclofen elicits

hyperpolarization in at least three morphologically different types of cells,
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narrow field vertical cells, stellate cells and wide field vertical cells.. Although
morphological classification of the neurons in which evoked EPSCs and IPSCxs
were recorded was not identified in the present study. suppression of the
EPSCs and the IPSCs by baclofen were observed in all the cases tested.

Thus, we could not demonstrate any specificity for post-synaptic cell type in
the present study, suggesting that GABA i receptor-mediated inhibition 1s
involved in synaptic transmission onto wide range of morphologically
different neurons and may affects various aspects of information processing
in the superficial layer of the SC.

Inthe neocortex and the hippocampus, various studies have suggested
that GABAp autoreceptors on the pre-synaptic terminals are involved in
regulation of long-term and short-term synaptic plasticity, such as long-term
potentiation (LTP; Davies et al., 1991), paired-pulse facilitation of EPSPs
which1s associated with depression of superimposed IPSPs (Nathan and
Lambert, 1991) and paired-pulse depression of IPSPs (Deisz and Prince,
1989:; Davies et al., 1991; Fukuda et al., 1993; Lambert and Wilson, 1993;
Nathan and Lambert, 1991). Short-lasting heterosynaptic depression of
excitatory synaptic transmission mediated by GABAg receptors located on
pre-synaptic terminals was also reported (Isaacson et al., 1993).
Furthermore, interactions between the short-term synaptic plasticity and
slow IPSPs mediated by post-synaptic GABAj; receptors give rise to complex
net effect (Buonomano et al., 1998). Inthe supetrficial layer of the SC, the
involvement of GABA R receptors in plastic events are largely unknown.
Okada and his colleagues have reported that induction of L'TP of field EPSPs
15 regulated through GABAergic mechanism, and they suggested the
involvement of GABA 4 receptors (Hirai et al., 1993: Hirai and Okada, 1993;
Okada, 1993). Although they did not examine the involvement of GABA);

receptors, involvement of GABAp receptors cannot be excluded. More




recently, it has been suggested that GABAR receptors at least partly
contribute to paired-pulse depression (Platt and Withington, 1997a ) and
response habituation (Platt and Withington, 1997b) of field EPSPs in guinea
pig shice preparations of the SC.  Contribution of GABAg receptors in
habituation of response to repetitive visual stimuli is also reported 1n intact
animals (Binns and Salt, 1997). However, understanding of synaptic
mechanisms by which GABAg receptors mediate these plastic events are still
lacking. Because the present study suggests that GABAg receptors are
involved in synaptic transmission onto various types of neurons throughboth
post- and pre-synaptic mechanisms, it is highly likely that several
mechanisms contribute to the plastic events in parallel and/or via mutual
interactions. More detailed analysis about action of GABAR receptors is
needed, and our approach, i.e. recordings in morphologically identified
individual neurons, will provide essential information to understand the
action of GABAGR receptors in the information processing in the local circuits

of the superficial layer in the SC.
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Figure III-1. Post-synaptic effect of baclofen.

A: current clamp recordings from a neuron in the superficial layer of
the SC. Aa: bath application of 10uM baclofen (Bac) elicited
hyperpolarization. Ab: baclofen-induced hyperpolarization was
suppressed by application of 1uM CGP55845A (CGP). B: current
response to application of 30uM baclofen obtained from another neuron.
The rapid downward deflections are current responses to voltage ramps
from -50mV to -120mV.
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- Figure III-2. Reversal potentials of baclofen-induced current in

the extracellular solutions containing 2.5 and 12.5mM K.

A: recordings from a SC superficial layer neuron in the solution containing
2.5mM K*. Aa: current-voltage relationships during hyperpolarizing voltage
ramps from -50 to -120mV in the control and during bath application of 30uM
baclofen (bac). Ab: subtraction of the two current responses, control and bac,
in Aa. The reversal potential was -102.5mV. B: recordings from a SC
superficial layer neuron in the solution containing 12.5mM K*. The reversal
potential of baclofen-induced current was -61.6mV. Details asin A. C: plots
of mean values of the reversal potential in the two condition against the
concentration of K in the extracellular solution. The solid line indicates the
K" equilibrium potential calculated from Nernst equation. The horizontal
axis 1s indicated as logarithmic scale.
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Figure III-3. Neurons which showed baclofen-induced
hyperpolarization.

A: photomicrograph of a lucifer yellow-filled narrow field vertical cell (Aa)
and the voltage response to bath applied baclofen (Ab). B: photomicrograph
of a lucifer yellow-filled stellate cell (Ba) and the voltage response to bath
applied baclofen (Bb). C: photomicrograph of a lucifer yellow-filled wide
field vertical cell (Ca and b) and the voltage response to bath applied
baclofen (Cc).
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Figure III-4. Effect of baclofen on evoked EPSCs.

A: electrically evoked EPSCs under presence of 10uM bicuculline. Al: effect
of baclofen (bac) and CGP55845A (CGP) on the EPSCs. Each trace is average
of five recordings. A2: time course of the effect of drugs (indicated at right)
on the EPSCs. B: effect of baclofen and CNQX on currents elicited by bath
application of 10pM kainic acid. TTX (0.5pM) was bath applied throughout

the recording.
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Figure III-5. Effect of baclofen on evoked IPSCs.

A: electrically evoked IPSCs under presence of 100pM APVand 10uM
CNQX. Al: effect of baclofen (bac) and CGP55845A (CGP) on the
IPSCs. Each trace is average of five recordings. A2: time course of the
effect of drugs (indicated at right) on the IPSCs. B: effect of baclofen
and bicuculline on currents elicited by bath application of 10pM kainic
acid. TTX (0.25uM) was bath applied throughout the recording.




General Discussion

Inthis study, we investigated the electrophysiological and
morphological properties of neurons in the superficial layer of rat SC, using
whole-cell patch clamp recordingtechnique. The results of the present study
indicate that there are wide variety of neurons with respect to the membrane
properties, expression of AMPA receptor subtype and morphology. In
contrast to these properties, we could not demonstrate any specificity for
post-synaptic cell type in the present study, although we did not identify the
presyna'ptic neurons.

Inthe neocortex and the hippocampus, previous studies have reported
that firing properties are well correlated with specific morphological
characteristics and function (excitatory or inhibitory, interneuron or
projection neuron)of the cells (Connors and Guttnick, 1990; Kawaguchiet al.,
1987; Kawaguchi and Kubota, 1997). Incontrast, in the superficial layer of
the SC, results of the present study suggest that firing properties and
morphological characteristics are not correlated. All morphologically
classified neuronal subclasses were heterogeneous with respect to firing
properties, and except for marginal cells, all groups included both regular
spiking neurons and burst spiking neurons. Such difference also seems to be
true of expression pattern of subtype of AMPA receptors and specific cell
marker protein such as parvalbumin. Most neurons which express the
Ca?t-permeabhle AMPA receptors are GABAergic and express parvalbumin in
the neocortex and the hippocampus (Bochet et al., 1994; Jonas et al., 1994;
Kondo et al., 1997; Leranth et al., 1996). In the superficial layer of the SC,
horizontal cells, which contain substantial population of neurons expressing
Caz*-permeable AMPA receptors, are supposed to be GABAergic (Mize, 1992).

Although parvalbumin immunoreactive horizontal cells were observed (Cork



et al., 1998). these cells are not the major population among parvalbumin
immunoreactive cells in the superficial layer of the rat SC (e.g., Cork et al.,
1998; Illinget al.,, 1990). Thus, it may be necessary to consider another rule
about the correlation between the electrophysiological and morphological
properties in the superficial layer of the rat SC from that established in the
neocortex and hippocampus. At this moment, the situation in the SC
superficial layer are still confusing. For example, although horizontal cells,
pirtform cells and stellate cells are supposed to be GABAergic (Mize, 1992),
we do not know whether all these cells are GABAergic because the
identification have been done only based on morphology of soma and proximal
dendrites of GABA immunopositive cells. Inaddition, Mooney et al (1988b)
demonstrated that the major population of neurons projecting to the LP and
dLGN are wide field vertical cells and narrow field vertical cells (including
piriform cells according to our criteria), and stellate cells and horizontal cell
are also contained both populations in the superficial layer of the hamster SC.
Thus, we can not safely identify neurons as projection neuronand/or
Iinterneuron simply based on the morphology at this moment.

GABAergic systems in the superficial layer of the SC bear
fundamental and complex functions. GABAergic inhibition play a
siginificant role in surround inhibition and response habituation (Binns and
Salt, 1997), that 1s the most characteristic properties of SC superficial layer
neruons. Several in vitro studies have demonstrated that GABAergic action
regulate long-term and short-term plasticity (Hirai et al., 1993; Hirai and
Okada, 1993; Okada, 1993; Platt and Withington, 1997a, 1997b).

Excitatory action of low concentration of GABA have been also reported, and
this action 1s likely to be mediated by GABA. receptors (Arakawa and Okada,
1988; Pasternack et al., 1999). However, detailed mechanisms of these

functions are mostly unknown, at least partly because of the limitation of the



recording technique. All these in vitro studies employed extracellular
recording technigue, and observed the summation of processes which occurin
parallel and may interact each.

Thus, most fundamental information essential to understand the
mechanisms of information processing in the superficial layer of the SC is
still lacking. Nevertheless, the superficial layer of the SC is an attractive
and suitable system to investigate the mechanisms of information processing
in the nervous system. There is an exact map of contralateral visual field in
the superficial layer of the SC, and direct coupling to motor system through
connection to the deeper SC layers will enable us to verify the knowledge
obtained 1n vitro experiments in behavioral context in future work. To
elucidate the mechanisms of information processing in the local circuits of the
SC superficial layer, we have to know the properties of individual neurons and
the mechanisms of their mutual interaction, and more detailed analysis is
needed. Qurapproach, 1.e. recordings in morphologically identified
individual neuréns, together with combination with other technique, will

provide essential information about this issue.
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