EUROPEAN JOURNAL
OF NEUROSCIENCE

European Journal of Neuroscience, Vol. 40, pp. 2329-2343, 2014

NEUROSYSTEMS

Distinct local circuit properties of the superficial and
intermediate layers of the rodent superior colliculus

doi:10.1111/ejn.12579

Penphimon Phongphanphanee,’* Robert A. Marino,? Katsuyuki Kaneda,'*" Yuchio Yanagawa,*® Douglas P.
Munoz? and Tadashi Isa'**°

"Department of Developmental Physiology, National Institute of Physiological Sciences, Myodaiji, Okazaki 444-8585, Japan
2Centre for Neuroscience Studies, Queen’s University, Kingston, ON, Canada

3Department of Physiological Sciences, School of Life Science, The Graduate University for Advanced Studies (SOKENDAI),
Hayama, Japan

“Department of Genetics and Behavioral Neurosciences, Gunma University Graduate School of Medicine, Maebashi, Japan
>The Core Research for Evolutionary Science and Technology (CREST), Japan Science and Technology Agency (JST),
Kawaguchi, Japan

Keywords: inhibition, lateral interactions, mouse, patch clamp, saliency

Abstract

The superior colliculus (SC) is critical in localizing salient visual stimuli and making decisions on the location of the next saccade.
Lateral interactions across the spatial map of the SC are hypothesized to help mediate these processes. Here, we investigate lat-
eral interactions within the SC by applying whole-cell recordings in horizontal slices of mouse SC, which maintained the local
structure of the superficial (SCs) visual layer, which is hypothesized to participate in localizing salient stimuli, and the intermediate
(SCi) layer, which is supposed to participate in saccade decision-making. When effects of either electrical or chemical (uncaging
of free glutamate) stimuli were applied to multiple sites with various distances from the recorded cell, a pattern of center excita-
tion-surround inhibition was found to be prominent in SCs. When the interactions of synaptic effects induced by simultaneous
stimulation of two sites were tested, non-linear facilitatory or inhibitory interactions were observed. In contrast, in the SCi, stimula-
tion induced mainly excitation, which masked underlying inhibition. The excitatory synaptic effects of stimulation applied at remote
sites were summed in a near linear manner. The result suggested that SCs lateral interactions appear suitable for localizing sali-
ent stimuli, while the lateral interactions within SCi are more suitable for faithfully accumulating subthreshold signals for saccadic
decision-making. Implementation of this laminar-specific organization makes the SC a unique structure for serially processing

signals for saliency localization and saccadic decision-making.

Introduction

The visual world provides a rich mix of complex and dynamic stim-
uli, not all of which can be viewed by the high-acuity fovea. There-
fore, a selection process, which works via lateral interactions
between competing stimuli across the visual field, is required for
determining the goal for gaze shifts (Buswell, 1935; Yarbus, 1967).
However, it is still unknown which brain structures implement such
competitive processes. One likely area is the superior colliculus (SC),
a midbrain structure critical for computing saliency, controlling sac-
cades and spatial attention (Sparks, 1986, 2002; Gandhi & Katnani,
2011; White & Munoz, 2011; Krauzlis et al., 2013). The superficial
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layers (SCs) receive convergent visual input from visual structures
(e.g. retina, visual cortex), and the intermediate layers (SCi) are inter-
connected with parietal and frontal cortex, and with the basal ganglia
(Sparks, 1986; Gandhi & Katnani, 2011; Krauzlis ef al., 2013).
These layers contain topographical representations of visual (SCs)
and motor (SCi) space (Robinson, 1972; Schiller & Stryker, 1972).

Evidence for lateral interactions was derived from experiments
using extracellular recording and electrical stimulation in awake
monkeys (Munoz & Istvan, 1998) and in SC slices from ferrets
(Meredith & Ramoa, 1998). Other studies have shown the presence
of excitatory and inhibitory commissural neurons in the cat (Behan,
1985; Olivier et al., 2000; Takahashi et al., 2007). Models of target
selection have used the collicular map and implemented local excit-
atory and remote inhibitory interactions (Arai et al., 1999; Trappen-
berg et al., 2001; Badler & Keller, 2009; Marino et al., 2012).

In contrast, other studies do not attribute such competitive pro-
cesses in the SC. A number of neurons over a large region of the
SC are activated preceding saccades and their goal is determined by
the center of gravity of the activated population (Lee et al., 1988)
and vector-averaging between two saccade goals (Edelman & Keller,
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1998). Furthermore, in vitro experiments using SC slices failed to
identify long-range lateral interactions (Lee & Hall, 2006). How
could such contrasting arguments be reconciled? The SC is a multi-
layered structure and it has been suggested that the SCs has the cyt-
oarchitecture of a sensory area, while that of SCi is more similar to
the reticular formation (Edwards, 1980). The density of the GAB-
Aergic neurons also differs between the two layers, with the density
being much higher (> 50%) in the SCs (Mize, 1992). Therefore, the
organization of lateral connections within each layer may be differ-
ent because they participate in different processes.

To study the lateral interaction in SCs and SCi independently, we
established a novel experimental preparation, horizontal slices of
mouse SC, in which the structure of local lateral connections is pre-
served. Horizontal interactions were studied by applying electrical or
chemical stimulation to locations across the SC map to identify local
synaptic connections. In addition, the effect of simultaneous stimula-
tion of two sites was investigated to mimic the competition among
multiple potential targets in visual space. We provide compelling
evidence of significant differences in lateral interactions between
SCs and SCi, which reconcile the concurrent arguments on the role
of the SC in saliency localization and target selection.

Methods

The experimental protocol followed the guidelines for animal experi-
mentation established by the Ministry of Education, Culture, Sports,
Science and Technology of Japan and was approved by the Animal
Research Committee of the National Institutes of Natural Sciences.

Slice preparations

Procedures for slice preparation were described previously (Isa
et al., 1998). Briefly, horizontal slices (250 um thick) of the SC
were prepared from GAD67-GFP knock-in mice (Tamamaki ez al.,
2003) that were 16-20 days of age. We used this line of mice so
that we could visualize GABAergic neurons prior to recording
(Endo et al., 2003; Tamamaki et al., 2003; Kaneko et al., 2008). In
this report, we describe the results of recordings from non-GABAer-
gic neurons, which constitute the majority of projection neurons
(Endo et al., 2003; Sooksawate et al., 2005). The animals were dee-
ply anesthetized with ether and decapitated. Brains were quickly
removed and submerged in ice-cold modified Ringer solution con-
taining (in mm): 200 sucrose, 2.5 KCl, 1.25 NaH,PO,4, 10 MgSOy,,
0.5 CaCl,, 26 NaHCO; and 11 glucose, pH 7.4, for 4-6 min. Slices
were cut with a Microslicer (DTK-2000; Dosaka EM, Kyoto, Japan)
in the horizontal direction with a small declining angle on the lateral
side to fit the curved surface of the SC (Figs 1A and 5A). Other
brain blocks were sliced in the coronal direction. These coronal
slices were examined under the microscope before starting the
recording experiments to confirm that the horizontal slices were
properly made by observing the location and angle of the cutting
edge. Horizontal slices were incubated in standard Ringer solution
containing (in mm): 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 10 MgSOy,,
0.5 CaCl,, 26 NaHCOj3 and 11 glucose, pH 7.4, at room tempera-
ture for more than 1 h before recording.

Stimulation with the multi-electrode array

The multi-channel recording system (MED64 system; Panasonic,
Japan) was employed to stimulate the slice in various locations relative
to the recorded neuron. The slices were placed on the center of the
MED probe, 8 x 8 array (e.g. Fig. 1B), and perfused continuously

with standard Ringer solution at 33—34 °C. The slices were then left
for 15 min to sufficiently attach to the electrode array. Individual mi-
croelectrodes within the planar electrode array were selected by a 64-
switch box and used for stimulation. Alternatively, in the two-point
stimulation experiments, stimulus pulses were applied through two
electrodes simultaneously. Biphasic current pulses (0.1 ms cathodal
and 0.1 ms anodal) were triggered by data acquisition software
(MEDG64 Conductor 3.1TM; Panasonic).

Stimulation with the photo-uncaging system

The photolysis reaction that releases free L-glutamate for local acti-
vation of neurons in a specific area was used to avoid passing fiber
activation, which often complicates the interpretation of results
obtained by electrical stimulation (Dalva & Katz, 1994). Slices were
perfused with 9 mm MNI-caged L-glutamate (Tocris Bioscience, Ell-
isville, MO, USA), and a laser beam was emitted through a 10-pm
metal pinhole and the microscope objective lens as ten 0.1-ms
pulses at 1 kHz. To compare with the effect of electrical stimulation
at the same distance to the recording neuron, the laser beam was
directed to a location near one of the planar array stimulating
points.

Application of glutamate receptor antagonist

To isolate the effects to those produced by monosynaptic GABAer-
gic input, ionotropic glutamate receptor antagonists, 50 pum
(2R)-amino-5-phosphonovaleric acid (APV) and 10 pm 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), were dissolved in the standard
Ringer solution and bath applied to the recording slices 5-10 min
before recording the effect of antagonists.

Recordings and analysis
Whole-cell patch clamp recordings

The procedures for whole-cell recording were described previously
(Isa et al., 1998; Helms et al., 2004). Briefly, whole-cell patch-
clamp recordings were obtained from the neurons in the SCs and
SCi slices by visual control of patch pipettes. To examine the synap-
tic input to projection neurons, GFP-negative neurons (i.e. non-
GABAergic neurons) located in the central part of the slices were
selected by use of fluorescence optics, and were then clamped with
patch pipettes by use of bright-field optics. For current clamp
recording mode, patch pipettes were filled with a ‘K-gluconate’
internal solution containing (in mm): 150 K-gluconate, 2 MgCl,, 4
Na,ATP, 0.3 Na;GTP, 0.2 EGTA, 10 HEPES and 0.1 spermine, pH
7.3. By contrast, for the voltage clamp recording mode, patch pip-
ettes were filled with a ‘Cs-gluconate’ internal solution containing
(in mm): 120 CsOH, 10 EGTA, 2 MgCl,.6H,0, 2 Na,ATP, 10 He-
pes, 0.3 NazGTP and 0.1 spermine, pH 7.3. To stain the recorded
neurons, biocytin (5 mg/mL; Sigma, St Louis, MO, USA) was dis-
solved in the solution. In all experiments, we added QX-314
(2.5 mm; Sigma) to the intracellular solution to block action poten-
tial responses. The resistance of the electrodes was 4-8 M) in
Ringer solutions. The actual membrane potentials were corrected by
the liquid junction potential of —10 mV. The neurons were recorded
at their original membrane potential, —55 to —65 mV, in current
clamp mode. For voltage clamp experiments, the cell membranes
were clamped at either 0 mV, the reversal potential for glutamate
receptor channels (i.e. excitatory postsynaptic potentials, EPSPs), or
—80 mV, the reversal potential for chloride currents (i.e. inhibitory
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FiG. 1. (A) Schematic drawing indicating the cutting plane of the horizontal slice of superficial SC with arrangement of stimulating and recording from the
coronal view. The red arrows show directions of electrical stimulation that were applied. (B) Top view of the horizontal slice of superficial SC overlying an
electrode array. The pink star indicates the location of the recorded neuron. Electrical stimulation was applied from each of six electrodes in the white square
while recording from the neuron. (C) The evoked EPSPs or IPSPs from the stimulation at electrodes 1-6 in B are shown for single-pulse (top row — blue traces)
and 200-Hz (bottom row — red traces) stimulation. (D) The integration of EPSPs (positive value) and IPSPs (negative value) from the data in C 0-50 ms after
stimulation onset is summarized and plotted on the distance axis with the closest electrode to the cell set to zero. Percentages of maximal responses were plotted
against the distance between the stimulating electrode to the cell closest electrode for a single pulse (blue) and 11 pulses/200 Hz (red). (E, F) Integration of
EPSPs and IPSPs from population data in the medio-lateral direction (E; n = 10 neurons) and the rostrocaudal direction (F; n = 12 neurons).

postsynaptic potentials, IPSPs). The whole cell recordings used a
patch clamp amplifier (EPC-7; Heka, Lambrecht/Pfalz, Germany)
connected through a Digidatal322A analog/digital interface card
(Axon Instruments, Union City, CA, USA). The data were acquired
using a pClamp system (pClamp 8.0; Axon Instruments).

Data analysis

Eight sweeps of intracellular responses from each stimulation proto-
col were averaged by using a Clampfit 10.2 software (Axon Instru-
ments). These averaged responses were used for calculation of the
integrated area under the curve using a MatLab 7.0.4 (Mathworks,
Natick, MA, USA) script file. In brief, the stimulus artifacts were
first detected by their sharp rise—fall characteristics and were
removed. Then, the area under the curve was integrated within the
desired period, 50 or 200 ms in cases of single pulse or multiple

pulses, respectively. The net areas were obtained by subtracting the
negative value of the IPSP area from the positive value of the EPSP
area. All data were expressed as means == SEM. The net area of
intracellular responses to the stimulation of each electrode was trans-
formed to the color code and mapped to locations of the correspond-
ing electrodes (see Figs 3—6 and 8).

Results

Experiments were performed on 40 SCs slices and 34 SCi slices
obtained from 39 GAD67-GFP knock-in mice (up to two SCs and
two SGi slices could be obtained from each animal). Whole cell
patch clamp recordings were obtained from 51 neurons in the SCs
and 46 neurons in the SCi, all of which were identified as non-
GABAergic neurons due to the absence of GFP fluorescence in the
genetically altered mice. Stimulus strength from each electrode was
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fixed for each neuron at the current intensity which gave maximal
responses (normally 120-180 pA), if not noted.

Excitatory and inhibitory lateral interactions in the SCs

The horizontal slices of the SCs were placed on the array of micro-
electrodes. The deeper part of the optic layer (stratum opticum, SO)
was positioned toward the planar electrodes (red arrows in Fig. 1A)
so that retinal axons supplying SCs were adjacent to the electrode
array, optimizing stimulation. The effects of electrical stimulation
through the electrode array are illustrated for one neuron (pink aster-
isk, Fig. 1B), as the stimulation site was varied systematically along
the medio-lateral axis across six adjacent stimulating electrodes
(Fig. 1C). Stimulation with the electrode immediately lateral to the
neuron (i.e. location #4) evoked EPSPs in response to a single pulse
(Fig. 1C, top row). This excitatory effect was more prominent with
the increased stimulus frequency and number of pulses (Fig. 1C,
bottom row). Stimulation further laterally (location #3) produced a
smaller depolarization (Fig. 1C, top row) that was followed by a
longer latency IPSP when multiple stimuli were used (Fig. 1C, bot-
tom row). More lateral stimulation (locations #1 and #2) produced
no effect. Stimulation at a site immediately medial to the recorded
neuron (location #5) produced an EPSP (Fig. 1C, upper row). A
train of stimuli resulted in an EPSP-IPSP sequence (Fig. 1C, lower
row). Stimulation further medially (location #6) produced just the
hyperpolarization following a train of stimuli (Fig. 1C, lower row).

We quantified the evoked responses as a function of distance
between stimulation and recording locations with two different stim-
ulus protocols, single pulse vs. multiple pulses (11 pulses, 200 Hz,
for 50 ms). As shown in Fig. 1D, the excitatory effect was strong
when the site of stimulation was close to the neuron recorded. The
excitatory effect in the illustrated cell was found within a radius of
approximately 100-150 pm. This ‘excitatory area’ was surrounded
by an area from which inhibition was induced. There was consider-
able cell-to-cell variation in the response pattern, and as shown in
Fig. 1E, we calculated the average normalized amplitude of net
excitation and inhibition from ten superficial layer neurons from
medio-laterally arranged stimulating electrode arrays. The responses
were symmetrical along the medio-lateral direction, but they were
not symmetrical along the rostro-caudal direction (Fig. 1F). From
the population averages, inhibition was found only on the caudal
side, whereas the net population effect was excitatory on the rostral
side. This was because, in some neurons, only excitation was
induced from stimulation sites rostral to the recorded neurons. We
presumed that this asymmetrical shape might be caused by the com-
plication of rostral site stimulation, which might additionally activate
afferent fibers of passage, mostly retinotectal fibers that enter the SC
from the rostral side and project caudally through the SO layer
(Godement et al., 1984).

To avoid activating fibers of passage, we also examined the effect
of photo-stimulation leading to uncaging of free glutamate (Dalva &
Katz, 1994). Although electrical stimulation of the rostral site
induced excitation in the cell shown in Fig. 2, photo-stimulation
induced inhibition from electrode locations on both rostral and cau-
dal sides to the cell. The result was supported in additional experi-
ments (n = 4, Fig. 2D). Thus, as long as we could avoid electrical
stimulation of passing fibers, center excitation and surround inhibi-
tion was the most commonly observed input organization to the SCs
neurons.

We analysed the full spatio-temporal profile of the EPSPs and
IPSPs. Figure 3B illustrates the profiles evoked in a single superfi-
cial layer neuron (pink asterisk in Fig. 3A) by stimulation at various

locations across the SC map. The excitatory and inhibitory
responses had different spatial and temporal profiles during the
50-ms train of repetitive pulses. Excitation was elicited shortly after
the first stimulus pulse when stimulation was applied adjacent to the
cell, whereas the inhibition built up more gradually for stimulation
at remote locations (Fig. 3B). Thus, both excitatory and inhibitory
areas expanded during application of train stimuli, indicating that
repetitive stimuli recruited a larger number of neurons, particularly
from remote sites, compared with a single stimulus. The inhibitory
input reached its maximal amplitude at the end of stimulation (i.e.
50 ms after the first stimulus; Fig. 3C). In contrast, the excitatory
input peaked before 10 ms and was considerably weaker (> 50%) at
the end of the train (Fig. 3C and D). The latencies of the excitatory
input of the SCs neurons were 2.38 £ 0.41 ms (n = 19), which sug-
gested that the earliest component was of monosynaptic origin.
Inhibitory signals were obtained following stimulation of more dis-
tant regions, conveyed by either the long horizontal projections or
through polysynaptic connections that arrived at longer latency
(7.79 £ 0.90 ms, n = 19; significantly longer than the excitation,
paired Student’s r-test, P = 0.0016). Figure 3C and D show the time
course of EPSPs and IPSPs at a single cell and population levels,
respectively. It was thus confirmed that excitation first increased and
then inhibition followed. The results were also confirmed in voltage
clamp recordings described below (Figs 4 and 7).

Isolating excitatory and inhibitory inputs in SCs neurons

The presence of both excitatory and inhibitory responses suggests
that looking at the sum of excitation and inhibition is not the best
means to determine the full range of possible connections. For exam-
ple, short-range inhibitory connections could be masked by excita-
tion, which was earlier to develop and could also be more dominant
(Figs 2 and 3). Because of this possible overlap, it was necessary to
explore excitatory and inhibitory signals to the SCs neurons indepen-
dently. Voltage clamp recording at two different holding potentials
enabled us to examine this point. Excitatory postsynaptic currents
(EPSCs) were tracked exclusively at —80 mV, the equilibrium poten-
tial of chloride ions that pass through the GABA receptor channels.
Inhibitory postsynaptic currents (IPSCs) were observed exclusively
at 0 mV, the equilibrium potential of ionotropic glutamate receptors.
The reversal of each synaptic current component at the above
membrane potential with the present extracellular and intracellular
solutions was confirmed in separate experiments (data not shown).
Figure 4B shows the results of repetitive stimulation applied
across the SC while recording from a single SCs neuron clamped at
—80 mV (top row of traces) and 0 mV (bottom row), to respectively
investigate the profiles of EPSCs and IPSCs in isolation. The color
images in Fig. 4C show the integrated area of EPSCs (top row) and
IPSCs (bottom row) for each 10-ms period during the initial 50 ms
of repetitive stimulation. Both excitatory and inhibitory responses
reached the maximum amplitude during the period of 0-20 ms (time
to peak, 6.12 £+ 1.56 ms for EPSC, and 13.23 + 1.92 ms for IPSC,
n = 24 significantly different 7 = —2.7569, d.f. =23, P = 0.0112,
paired #-test) after stimulation onset and then declined gradually.
However, their temporal profiles were different (see below); the exci-
tation decreased earlier than inhibition. As a result, the area of the
excitatory input field became smaller than that of the inhibitory input
field during the periods 3040 and 40-50 ms. Figure 4D shows the
normalized 10-ms integrated areas of EPSCs and IPSCs for a group
of nine SCs neurons, plotted on the distance axis in the medio-lateral
direction across the maximal response. Although not significantly
different (r = —2.8037, d.f. = 3, P = 0.1072, paired r-test), the plots
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FIG. 2. Effects of photo-stimulation with caged glutamate in SCs. (A) The horizontal slice overlying an electrode array indicating the stimulating electrode
(white square) and the site of recording neuron (pink star). (B) EPSPs or IPSPs evoked by the electrical stimulation at electrode positions 1-6 are shown in the
top row (red), and the EPSPs or IPSPs evoked by the photo-stimulation at the same slice locations as the electrical stimulation are shown in the bottom row
(black). Red arrowheads indicate photo-stimulation start time. (C) Percentage of maximal responses from the data in B plotted against the distance between the
stimulating electrode to the cell closest to the electrode in the rostrocaudal direction, comparing between two types of stimulation systems, electrical stimulation
(red) and photo-stimulation (black). (D) Percentage of normalized maximal responses evoked by photo-stimulation in the population (n = 4 neurons).
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indicated that the IPSC areas tended to be broader than the EPSC epoch (40-50 ms after stimulation onset). This finding was con-
areas (the half-width area, EPSC = 129.822 4 10.387 um?, firmed within a similar experimental protocol that used the laser
IPSC = 145.632 + 15.192 um?, n = 4), particularly during the later uncaging system to stimulate the SCs (Fig. 4E).
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Excitatory and inhibitory lateral interactions in the SCi

We also investigated lateral connectivity across the SCi by making
slices mainly comprising the SCi and placing them upside down on
the electrode array (Fig. 5A) so that stimulation was delivered to the
SO layer side of the slice through which many inputs arrive in SCi
either from the SCs or via collaterals of axons innervating the SCs
originating either from the visual cortex or the SCi (Lee et al.,
1997, Isa et al., 1998; Helms et al., 2004; Phongphanphanee et al.,
2008). Most SCi neurons were recorded close to the top of the slice
(i.e. ventral part of the SCi) and the effect of electrical stimulation
of the SO (dorsal-most aspect) was tested. Both single-pulse and
repetitive stimulation across the medio-lateral extent of the SC pre-
dominantly induced excitation, as shown by the neuron illustrated in
Fig. 5C. Single-pulse stimulation induced EPSPs from nearby elec-
trodes and repetitive stimulation induced excitation from more dis-
tant sites for the sample neuron (Fig. 5D). The population profile
(n = 8) of the excitation was symmetrical in both the medio-lateral

Lateral interactions in superior colliculus 2335

and the rostro-caudal directions for the group of SCi neurons
sampled (Fig. SE and F, respectively).

We also employed the uncaging of glutamate to ensure that the
responses recorded from SCi neurons were not primarily due to acti-
vation of axons of passage. The responses evoked by the uncaging
of glutamate (Fig. 5G) demonstrated similar spatial properties. As
shown in the two-dimensional color plots in Fig. 51, the excitation
in the SCi appeared to grow gradually during the stimulation period
and only declined after the stimulation was terminated. This was dif-
ferent from in the SCs, in which the peak response appeared during
a relatively early period of the stimulation (Fig. 3).

Isolating excitatory and inhibitory inputs in the SCi neurons

To determine whether inhibition was really absent in the SCi, or
instead masked by the widespread excitation, we performed voltage
clamp experiments to isolate excitation and inhibition. In addition to
the EPSCs revealed at —80 mV (Fig. 6B, top), we also observed
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clear IPSCs by clamping the membrane potential at 0 mV (Fig. 6B,
bottom). As shown in the two-dimensional color plots (Fig. 6C), the
area from which EPSCs and IPSCs were induced mostly overlapped.
The population data of integrated EPSC and IPSC area evoked by
either electrical stimulation (Fig. 6D) or photo-stimulation (Fig. 6E)
revealed similar spatial and temporal profiles for both excitatory and
inhibitory responses. Therefore, the lack of inhibitory responses in
the SCi was largely due to masking by more dominant excitation.

Temporal profiles of synaptic transmission in the SCs vs. SCi

Figure 7A shows the normalized temporal profiles of excitation and
inhibition induced by repetitive stimulation in SCs and SCi neurons.
Both excitatory and inhibitory processes decreased during repetitive
stimulation in all of the SCs neurons recorded (n = 10). The time
constants for the desensitizing phase were 49.4 + 3.9 and
84.0 £ 10.2 ms for excitation and inhibition, respectively (Fig. 7B,
left) (significant difference, unpaired Student’s t-test, P = 0.0042).
Thus, the declining phase was slower for inhibition. These results
may account for the different spatio-temporal profiles of excitation
and inhibition (Fig. 3F and G). In contrast, the SCi neurons
(n = 10) showed increasing synaptic properties for both excitation
and inhibition during repetitive stimulation. The time constants of
the rising phase were 7.3 £ 2.2 and 9.5 £ 1.1 ms for excitation
and inhibition, respectively (Fig. 7B, right) (unpaired Student’s
t-test, P = 0.4022, n.s.). These differences in temporal properties of
excitation and inhibition might be reflected in the different structure
of excitation and inhibition fields in SCs (Fig. 4C) and SCi
(Fig. 6C) neurons. Such differences in the synaptic properties proba-
bly represent the functions of the local circuits of the individual lay-
ers. The SCs might be better suited for detecting the change of the
inputs, while the SCi might be better suited for accumulating or
integrating the input signals to produce presaccadic burst activity to
generate saccadic eye movements in the downstream brainstem cir-
cuits (Boehnke & Munoz, 2008). In SCs neurons, in particular,
although both EPSC and IPSC amplitude decreased during repetitive
stimulation, the EPSCs decayed significantly faster than the IPSCs
and this might contribute to the enhanced inhibitory response that
emerged after the initial excitation.

Long-range monosynaptic inhibition in SCs and SCi

Lateral inhibitory interactions were identified in both SCs and SCi
(Figs 3 and 5), as neurons were inhibited by distant electrode stimula-
tion. However, these lateral inhibitory connections could be the result
of either direct activation of remote GABAergic neurons, or indirect
activation of local inhibitory interneurons via excitatory synapses
from glutamatergic neurons with long horizontal axons. To clarify the
extent of the direct horizontal inhibition in both layers, we applied
glutamate receptor antagonists (10 pv CNQX and 50 um APV) to
remove the polysynaptic excitatory components. Voltage clamp
recording was performed in both SCs (Fig. 8A) and SCi (Fig. 8B)
with the holding potential at 0 mV to demonstrate only the inhibitory
response. The color plot shows the averaged responses in 10-ms time
bins during repetitive stimulation (60—-180 pA, 200 Hz, 11 pulses).
Application of the antagonists explicitly reduced the inhibitory
response in both SCs and SCi. Among neurons in the SCs (n = 6),
removal of the polysynaptic components produced a marked reduc-
tion in the extent of the propagation of inhibition. The half width of
the extent of the direct inhibition was 302 um and 90% range was
429 pm in SCs neurons (Fig. 8C, left). By contrast, removal of gluta-
matergic polysynaptic components in the SCi reduced the amplitude,
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FiG. 7. Contrast between the time course of excitatory and inhibitory
responses in the superficial and intermediate SC. (A) After removal of stimu-
lus artifacts, the normalized EPSCs (red) and IPSCs (blue) evoked by the
closest stimulating electrode are plotted in two columns, superficial slices
and intermediate slices, respectively (n = 6-10). The red bars on the top
indicate the duration of repetitive stimulation. (B) Left: the decay time con-
stant of EPSCs and IPSCs in superficial layer neurons (mean and SE). Right:
rising time constant of EPSCs and IPSCs in intermediate layer neurons
(mean and SE). **P < 0.01.

but not so much the extent of lateral inhibition (Fig. 8B). The half
width of the extent of direct inhibition was 521 um and 90% range
was > 900 pm in SCi neurons (n = 4) (Fig. 8C, right).

The interaction of two-point stimulation

It is well known that in behaving monkeys, a distractor presented
close to a saccade target causes vector averaging of neural activity,
which results in saccades directed to the location between the target
and distractor, while a distractor presented remotely relative to the
target attenuates the visual responses to the target (Edelman & Kel-
ler, 1998; Dorris et al., 2007). To mimic such target—distractor inter-
actions and explore the local circuit mechanisms which could explain
such observations, we applied electrical pulses to two stimulating
electrodes simultaneously and systematically varied their distance
from the recorded neuron. One stimulation site was located very
close to the recorded neuron, while another was placed various dis-
tances away from the cell. Representative raw data of current clamp
recordings from an SCs neuron are shown in Fig. 9B; the responses
evoked by single-point repetitive stimulation are in the upper row
and the two-point repetitive stimulation in the lower row. As shown
for a single neuron (Fig. 9C) and the population of neurons tested
(Fig. 9D, n = 8), the response net area of the two-point stimulation
at the 150-um location was substantially higher than the linear sum-
mation of responses evoked by two single stimuli alone. The interac-
tion depended on the balance of intensities of the two stimuli. In the
case shown in Fig. 9E, two points separated by 450 pm were stimu-
lated. As shown in the upper row, stimulation of point 1 (close to the
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recorded neuron) induced mainly EPSPs and stimulation of point 2
at 120 pA induced maximal IPSPs in the cell recorded close to point
1. When the stimulation of point 1 was much stronger (180 pA in
this case, which evoked maximal excitatory response), simultaneous

stimulation of points 1 and 2 induced the EPSPs with similar ampli-
tude as that induced by stimulation of point 1 only. Thus, the effect
of inhibition by stimulation of point 2 was completely eliminated. In
contrast, as shown in the lower panel, when point 1 was stimulated
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with relatively weak current intensity (90 pA), the EPSPs induced by
point 1 were substantially knocked down when stimulated simulta-
neously with point 2 (at 120 pA). Thus, we fixed the stimulation
intensity of the distant electrode to induce the maximal IPSPs and
varied the stimulus intensity of the close point that gives maximal
responses (120-180 pA) or relatively weaker current (30-120 pA)
(Fig. 9F). Then, when one stimulation site was much stronger than
the other, the two-point stimulation exhibited a winner-take-all-like
interaction. Quantitative measurement in this case is shown in
Fig. 9F. These experiments were conducted on six SCs neurons and
the result was consistent (Fig. 9G).

Two-point stimulation in the SCi produced different effects. For
the individual cell shown in Fig. 10A-C, stimulation of point 3
(close to the cell) induced the greatest excitation, while stimulation
of points 2-5 induced weaker excitation and stimulation of point 1
induced no excitation (the upper row in Fig. 10B and violet lines in
Fig. 10C). As shown in the lower panel in the bottom row in
Fig. 10B and red lines in Fig. 10C, simultaneous stimulation
induced effects similar to algebraic summation. This result was
confirmed in the population data (n = 8) as shown in Fig. 10D.

Discussion

It is well known that the SCs and SCi are organized into retinotop-
ically coded visual and saccadic motor maps, respectively (Sparks,
1986). To understand the fundamental structure of these maps, it is
necessary to analyse the spatial properties of signal processing. The
spread of activation along the dorso-ventral axis in the coronal plane
has been studied by analysing the local field potentials with a multi-
channel electrode array (Phongphanphanee et al., 2008) or by using
voltage-sensitive dye imaging (Vokoun et al., 2010, 2011). How-
ever, until now, the full extent of the lateral interactions within the
same layer has not been studied. In this study, we have introduced a
new in vitro experimental system, horizontal SC slices, in which the
lateral connections within the SCs and SCi were preserved. In these
preparations, stimulation, either by electrical or by photochemical
means, was applied to various locations across the collicular map,
while whole-cell recordings were made from single neurons.

We examined the lateral interactions within the SCs and SCi in
isolation. In the SCs slices, the afferent input fibers to the cells close
to the stimulating electrodes were presumed to be activated by the
electrodes attached to the ventral side of the slices. These afferent
fibers may include the retino-tectal fibers, which are known to inner-
vate a relatively confined area of the SCs (Tamamaki ez al., 1995).
Cortico-tectal fibers and those originating from SCi and projecting
to SCs may have also been stimulated. The latter axons were origi-
nally shown to be mainly inhibitory (Lee et al. 2007), although a
recent study showed some of them might be excitatory (Vokoun
et al., 2010, 2011). Axons of the SCs neurons projecting toward
SCi may have been antidromically stimulated, but the antidromic
spike would have been eliminated by QX-314 contained in the
intra-pipette solution, but the synaptic effects mediated by their
collaterals cannot be excluded.

In the SCi slices, the stimulation applied to the dorsal side of the
slices probably activated the axons either from the SCs or via collat-
eral axons innervating the SCs originating from either visual cortex
or SCi. However, in both SCs and SCi slices, we observed similar
responses by using electrical and photo-uncaging stimuli, with one
exception; when the rostral SC was stimulated electrically, activation
of optic fibers running from the rostral to caudal direction was a
likely contaminant (see Fig. 2). Otherwise, the results from
both electrical and chemical stimulation could be ascribed to the
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activation of the neural elements originated from around the stimula-
tion sites. This suggests strongly that the present results of electrical
stimulation closely mimicked the effect caused by physiological acti-
vation of the cell population close to the stimulation site. Stimula-
tion of passing fibers that do not innervate the neurons near the
electrode can therefore largely be neglected.

We demonstrated that both the SCs and the SCi contain lateral
excitatory and inhibitory connections that are extensive and overlap-
ping. There were, however, important differences between SCs and
SCi with regard to their spatial and temporal profiles of the lateral
interactions, as will be discussed below. These results suggest strongly
that the two layers employ different signal processing machinery.

We initially intended to correlate the somato-dendritic morphol-
ogy of the recorded cells and the effect of electrical stimulation from
individual electrodes. However, it was not easy to make clear classi-
fication even between the narrow-field vertical cells and wide-field
vertical cells in the horizontal SCs slices, because the ratio of tissue
shrinkage during preparation of histology was different along the
horizontal and dorsoventral axes of the slices. Moreover, it was not
easy to correlate the dendritic morphology and synaptic effects from
individual electrodes. This was because the synaptic effects appeared
to include polysynaptic components, and the inter-electrode interval
(150 pm) was too long to make precise estimations. We concluded
that for this purpose, the electrode array will require shorter inter-
electrode distances or mapping with a laser uncaging technique. We
therefore abandoned this analysis in this study.

Lateral interactions in the SCs

Both lateral excitation and inhibition were found over a wide range
in the SCs (Fig. 4). However, inhibition dominated excitation, and a
Mexican-hat-like, center excitation-surround inhibition type of lateral
interaction was observed. Relatively strong inhibition in the SCs
might be partly due to its higher density of GABAergic interneurons
(Mize, 1992). The spatial relationship of excitation and inhibition in
the SCs is summarized in Fig. 11 (left). After removal of excitatory
synaptic transmission (Fig. 8A and C), the extent of lateral inhibition
became shorter, but lateral inhibition was still observed within a dis-
tance of 150-200 pm. Such lateral inhibition is probably mediated
by a group of horizontal cells with long dendritic arborizations (Endo
et al., 2003). The marked shrinkage of the lateral inhibition in
Fig. 8A and C might have been caused by difficulty in directly acti-
vating the horizontal cells, which are most densely distributed close
to the dorsal surface of the SC (Langer & Lund, 1974) by stimulation
through the electrodes attached to the SO side of the slices.

When two different sites in the SCs were stimulated, sites in close
proximity markedly facilitated the excitation in a non-linear fashion,
while stimulation of remote sites markedly inhibited the excitation
induced by stimulation of a close point. The remote inhibition could
even knock down the excitation when stimulation was relatively
strong for the remote site (Fig. 9E, lower). These contrasting effects
between stimulation of close and remote sites suggest that the lateral
interactions in the SCs are suitable for enhancing the spatial contrast
of visual stimuli.

As shown in Fig. 7, when repetitive stimulation was applied, both
lateral excitation and inhibition sharply decreased in the SCs. Exci-
tation decreased faster than inhibition. This was a common finding
over all the recorded SCs neurons. This result suggests that synapses
in the SCs are optimized for detecting spatiotemporal changes in
visual stimuli.

Thus, both the spatial and the temporal profiles of lateral interac-
tions in the SCs suggest that the local circuits of the SCs are
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underlying the relationship between the responses and distances on the lateral
interaction in the SCs and SCi. The excitatory (red) and inhibitory (blue)
interactions are shown in the top row, while the net interactions (green)
resulting from subtraction of excitatory interactions from inhibitory interac-
tions are shown in the bottom row.

organized for localization of salient stimuli both in the spatial and in
the temporal domains. Recently, Mysore & Knudsen (2011) analy-
sed the neural mechanism of saliency detection in the optic tectum
of the barn owl Tyfo alba and showed the critical role of the lateral
inhibition in vivo. Here, we have demonstrated that this lateral inhi-
bition is also implemented within the mammalian SCs.

Lateral interactions in the SCi

We also identified extensive lateral excitation and inhibition in the
Si. However, as shown in Fig. 6, the extent of excitation dominated

that of inhibition, and inhibitory effects were apparently masked. As
shown in Fig. 8B and C (right), although the amplitude was smaller
than the whole inhibitory response observed before administration
of glutamate receptor antagonists, a part of the long-range inhibitory
connection was mediated by inhibitory interneurons of long horizon-
tal axons 300—450 pum in length. This is consistent with a previous
description of GABAergic SCi neurons with long horizontal axonal
projections (Sooksawate et al., 2011). The spatial relationship of
excitation and inhibition in the SCi is summarized in Fig. 11 (right).

Our results appear to contradict a previous in vitro study (Lee &
Hall, 2006), which used photo-stimulation to avoid activation of
fibers of passage. This study failed to find long-range excitation or
inhibition in the SCi. Because a single short pulse of uncaged gluta-
mate evoked excitatory synaptic responses within a limited range,
they concluded that the SCi does not have intrinsic remote inhibi-
tion. One possible explanation for such a discrepancy was that the
study of Lee & Hall (2006) employed coronal and sagittal slices of
SC, which probably cut most of the horizontal connections, to ren-
der them ineffective in the slice. In the horizontal slices that we
adopted in the present study, these lateral connections were more
probably preserved. Another possible explanation is that the major-
ity of long-range lateral inhibition in the SCi is mediated by poly-
synaptic chains of excitatory transmission connected to local
inhibitory neurons (Fig. 8B and D). Such polysynaptic linkages
could not be detected in the experiments by Lee & Hall (2000).
Regardless, our results obtained by the two-point stimulation tech-
niques (electrical and photo-uncaging of glutamate) in horizontal
slices suggest that distant excitatory and inhibitory responses were
largely caused by multi-synaptic transmission, and not activation of
fibers of passage. The response—distance curves (Fig. 6D, E) for
inhibition and excitation in the SCi are very similar. When two dif-
ferent sites in the SCi were stimulated, excitatory responses
appeared to be simply summed irrespective of the distance (Fig. 10),
which was a marked difference from the SCs. From the temporal
aspect, both excitatory and inhibitory responses in the SCi neurons
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gradually grew during stimulation and exhibited an increasing syn-
aptic profile (Fig. 7). These results suggest that the lateral interac-
tions in the SCi are more suitable for integrating the inputs added to
various locations on the SC map over time.

The precise synaptic mechanisms of lateral inhibition in the SCs
and SCi probably differ. In the SCs, the existence of GABAergic
presynaptic dendrites has been reported (Mize et al., 1994). In our
previous study (Endo et al., 2003), many of the GABAergic hori-
zontal cells in the SCs appeared to lack axons, which suggests that
the dendro-dendritic synapses mainly mediate the lateral inhibition
in the SCs. In contrast, a population of GABAergic neurons in the
SCi issued long horizontal axons (Sooksawate et al., 2011), which
suggest that lateral inhibition within the SCi is mediated by
axo-dendritic synapses.

Functional differentiation between the SCs and SCi

The striking difference in the local circuit properties between the
SCs and SCi suggests very different functions. The SCs is most suit-
able for change detection both in the temporal and in the spatial
domain and would be ideal to signal visual saliency (Itti & Koch,
2001; Boehnke & Munoz, 2008; Mysore & Knudsen, 2011). The
SCi circuit is more suitable for temporal and spatial accumulation
and integration of the signals added to various locations in visual
space. The latter property may be based on the balanced excitation
and inhibition in the circuit, and enables the SCi circuit to accumu-
late information at a subthreshold level for decision-making (Hor-
witz & Newsome, 2001; Ratcliff et al., 2003). However, as shown
in previous studies (Isa er al., 1998; Saito and Isa 2003), the SCi
circuit could be switched to non-linear bursting mode, which
depends on the activation of NMDA-type glutamate receptors when
GABAergic inhibition is reduced. Such reduction in inhibition might
be caused either by reduction in extrinsic inhibition from the sub-
stantia nigra pars reticulata, zona incerta or mesencephalic reticular
formation (Hikosaka & Wurtz, 1983; May & Hall, 1984; Ficalora &
Mize, 1989; Appell & Behan, 1990), or reduced excitation of inhibi-
tory interneurons. Moreover, we have recently shown that the inhibi-
tory interneurons in the SCi are innervated directly by GABAergic
inputs from the substantia nigra (Kaneda et al., 2008), suggesting
the excitation—inhibition balance in the SCi circuit is subject to con-
trol by the basal ganglia. Thus, when the balance between excitation
and inhibition is changed, the SCi circuit would generate and send
bursting activity to the downstream brainstem gaze center to induce
the orienting gaze shift (Sparks, 2002). Such a mode-change in the
excitation—inhibition balance in the SCi circuit might switch the
function of SCi circuits from ‘balanced information accumulator’ to
‘decision-maker’. This hypothesis might reconcile the concurrent
debate on the role of lateral interaction in the SCi map in the target
selection process (Isa & Saito, 2001; Saito and Isa 2003; Isa & Hall,
2009).

Conclusions

This study clarified that the SC contains two different layers with
sharp contrast in the mechanism of signal processing by electrophys-
iological assessment. The sensory layer (SCs) is optimized to local-
ize the single most salient stimulus and the motor layer (SCi) is
optimized to accumulate the information for decision-making. Fur-
thermore, signals are known to be directly transmitted from the sen-
sory layer to the motor layer (Lee et al., 1997; Isa et al., 1998;
Helms er al., 2004; Phongphanphanee ef al., 2008). Thus, the SC
would represent a typical example of neural machinery, which

enables efficient transformation of the sensory signals into motor
commands. Modeling of these processes with the biological parame-
ters obtained in this study is expected to help understand the most
fundamental sensory-motor processing for saliency detection.
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