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The current dominant concept for the control of saccadic eye movements by the basal ganglia is that release from tonic GABAergic
inhibition by the substantia nigra pars reticulata (SNr) triggers burst firings of intermediate gray layer (SGI) neurons in the superior
colliculus (SC) to allow saccade initiation. This hypothesis is based on the assumption that SNr cells inhibit excitatory projection neurons
in the SGI. Here we show that nigrotectal fibers are connected to local GABAergic neurons in the SGI with a similar frequency to
non-GABAergic neurons. This was accomplished by applying neuroanatomical tracing and slice electrophysiological experiments in
GAD67– green fluorescent protein (GFP) knock-in mice, in which GABAergic neurons specifically express GFP. We also found that
GABAA , but not GABAB , receptors subserve nigrotectal transmission. The present results revealed a novel aspect on the role of the basal
ganglia in the control of saccades, e.g., the SNr not only regulates burst initiation but also modulates the spatiotemporal properties of
premotor neurons via connections to local GABAergic neurons in the SC.
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Introduction
Burst firing in neurons of the intermediate gray layer (SGI) of the
superior colliculus (SC) is a command signal that descends to the
brainstem gaze centers, leading to initiation and regulation of
rapid orienting behaviors such as saccadic eye movements
(Wurtz and Albano, 1980; Sparks, 1986; Hikosaka et al., 2000,
2006; May, 2006). The SGI receives GABAergic inputs arising
from the substantia nigra pars reticulata (SNr), one of two output
nuclei of the basal ganglia (Jayaraman et al., 1977; Chevalier et al.,
1984; May and Hall, 1984; Karabelas and Moschovakis, 1985;
Moschovakis and Karabelas, 1985; Williams and Faull, 1988;
Harting and Van Lieshout, 1991; Bickford and Hall, 1992; Mana
and Chevalier, 2001; Cebrián et al., 2005). The SNr inhibits SGI
neurons with high-frequency tonic input (Hikosaka and Wurtz,
1985a,b). Because the SNr also receives inhibitory inputs from
the striatum (Str), transient firing of striatal neurons caused by
cortical excitation can disinhibit the SGI through the Str–SNr–
SGI “double inhibitory” pathway. Accumulating evidence indi-
cates that this disinhibition, coupled with excitatory inputs de-
rived from cortical areas such as the frontal and supplementary
eye fields, is necessary for generating burst activity in the SGI and
thus saccadic eye movements (Wurtz and Hikosaka, 1986). Such

a “disinhibition mechanism” has been widely accepted to explain
how information from the basal ganglia drives saccades (Wurtz
and Hikosaka, 1986; Hikosaka et al., 2006).

Recent studies revealed that there are a variety of GABAergic
neurons as well as glutamatergic projection neurons in the SGI
(Mize, 1992; May, 2005; Sooksawate et al., 2005; Lee et al., 2007),
but their functional roles remain essentially unknown. Most of
the GABAergic neurons are intra-SC neurons. Their axons
mainly project near their somata within SGI, or they innervate
the superficial and/or deep layers (Sooksawate et al., 2005; Lee et
al., 2007). The simplest and fundamental role of these neurons
may be to inhibit local neuronal activity within the SC. Therefore,
if these GABAergic neurons receive nigral inhibition like gluta-
matergic premotor neurons, disinhibition from the SNr may ac-
tivate these GABAergic interneurons, which in turn inhibit
nearby premotor neurons. However, in contrast to excitatory
predorsal bundle cells, it remains unknown whether these
GABAergic neurons receive nigral inhibition. To address this is-
sue, we performed tract-tracing studies and whole-cell patch-
clamp recordings using GAD67– green fluorescent protein (GFP)
knock-in mice. In these animals, GABAergic neurons can be
identified by their specific expression of GFP fluorescence (Endo
et al., 2003; Tamamaki et al., 2003; Kaneda et al., 2008). By using
these anatomical and electrophysiological techniques, here we
show that the SNr inhibits not only glutamatergic neurons but
also GABAergic neurons in the SGI. Our data suggest that the SNr
might have a more complex role in the regulation of SGI activity
through connection to the local GABAergic neurons in the SC.
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Materials and Methods
This study was approved by the Animal Research Committee of the
National Institutes of Natural Sciences. All efforts were made to mini-
mize the suffering and number of animals used in this study.

Animals. The procedures for generating and genotyping the two
strains of GAD67–GFP knock-in mice have been described previously
(Tamamaki et al., 2003). GAD67–GFP knock-in mice retain a loxP-
flanked neomycin-resistance cassette (PGK-Neo), whereas GAD67–GFP
(�neo) knock-in mice lack the PGK-Neo cassette. We used both strains
and refer to them both as GAD67–GFP knock-in mice for simplicity. We
saw no differences between the two strains. Mice heterozygous for the
GAD67–GFP allele were mated with C57BL/6 wild-type mice to obtain
heterozygous mice.

Slice preparations. The mice were killed with ether and decapitated
when 15–21 d old. The brains were quickly removed and submerged for
2–3 min in ice-cold modified Ringer’s solution containing the following
(in mM): 234 sucrose, 2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 26
NaHCO3, and 11 glucose (bubbled with 95% O2–5% CO2), pH 7.4.
Because we observed in preliminary experiments that conventional coro-
nal or parasagittal slices failed to preserve SNr–SC fibers, “modified coro-
nal slices” (300 –350 �m thick) of the SC were prepared (see Fig. 2C).
First the brain was cut in an arc parallel to the rostrocaudal SNr–SC fibers
(see Fig. 2Ca). When the brain was placed on a stage with the cut surface
facing downward, gravity pushed the originally curved rostrocaudal
SNr–SC fibers into a plane (see Fig. 2Cb). Thus, the SNr–SC fibers be-
come nearly straight (see Fig. 2Cc). Then, the brain was cut with a Mi-
croslicer (VT1200S; Leica). We also used parasagittal slices in some ex-
periments (see Fig. 3H ). The slices were incubated at room temperature
for �1 h before recording in standard Ringer’s solution containing the
following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3,
1.25 NaH2PO4, and 25 glucose (bubbled with 95% O2–5% CO2), pH 7.4.

Electrophysiological recordings. Slices were mounted in a recording
chamber on an upright microscope (BX-51WI; Olympus) and continu-
ously superfused with the oxygenated standard Ringer’s solution at a flow
rate of 2–2.5 ml/min. Whole-cell patch-clamp recordings were obtained
from the neurons in the SGI by visual control of patch pipettes. GFP-
positive and -negative neurons were selected using fluorescent optics,
and then a whole-cell configuration was obtained using bright-field op-
tics. Patch pipettes were prepared from borosilicate glass capillaries and
were filled with either of the following internal solutions. One contained
the following (in mM): 130 CsMeSO3, 5 CsCl, 2 MgCl2, 4 Na2ATP, 0.3
Na3GTP, 1 EGTA, 10 HEPES, 10 tetraethylammonium, 5 QX-314
[N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium bro-
mide], and 0.1 spermine, pH adjusted to 7.3 with CsOH. The other
contained the following (in mM): 145 K-gluconate, 2 MgCl2, 4 Na2ATP,
0.3 Na3GTP, 0.2 EGTA, 10 HEPES, and 0.1 spermine, pH adjusted to 7.3
with KOH. The estimated equilibrium potentials for Cl � (ECl�) of the
Cs-based and the K-based intracellular solutions were �51.4 and �92.5
mV, respectively. To stain the recorded neurons, biocytin (4 –5 mg/ml;
Sigma) was dissolved in the solutions. The resistance of the electrodes
was 4 – 8 M� in Ringer’s solution. The actual membrane potentials were
corrected by the liquid junction potential of �10 and �12 mV for Cs-
based and K-based intracellular solutions, respectively. All recordings
were performed at 33–34°C. Data were acquired with a Multiclamp 700B
amplifier and pClamp10 software (Molecular Devices).

To stimulate the SNr, five cathodal concentric bipolar electrodes with
a tip distance of 300 �m (Inter Medical) were placed on the SNr, and a
cathodal square-wave pulse of 200 �s duration with an intensity of up to
300 �A was delivered. The resistance of each electrode was 3.7 � 0.1 M�
in the standard Ringer’s solution. To isolate SNr stimulation-evoked
inhibitory responses, the AMPA/kainate receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) (10 �M; Tocris Cookson) and the
NMDA receptor antagonist DL-2-amino-5-phosphonovaleric acid
(APV) (50 �M; Sigma) were routinely bath perfused. To examine
whether the responses were mediated by GABAA or GABAB receptors,
gabazine (10 �M; Sigma) or CGP52432 (3-[[(3,4-dichlorophenyl)-
methyl]amino]propyl](diethoxymethyl)phosphinic acid) (3 �M; Tocris

Cookson), specific antagonists for GABAA or GABAB receptors, respec-
tively, were bath applied.

Data were analyzed with Clampfit (Molecular Devices). Values are
given as the means � SD. Statistical significance was examined with a
two-tailed Student’s paired t test, and the difference was considered sig-
nificant if p � 0.05.

Visualization of recorded neurons. After recording, the slices were fixed
with 4% paraformaldehyde in 0.1 M phosphate buffer (PB) pH 7.4, for
more than 1 d at 4°C. After fixation, biocytin-filled neurons were visual-
ized by the avidin– biotin–peroxidase complex (ABC) method (Vec-
tastain; Vector Laboratories), as described previously (Isa et al., 1998).
The soma, dendrites, and axons of biocytin-labeled neurons were recon-
structed by use of a drawing tube attached to a light microscope (BX-51;
Olympus).

Tracer injection into the SNr. In total, 10 mice of either sex, weighing
26 – 43 g, were used in the tract-tracing study. The mice were anesthetized
with a mixture of ketamine (60 mg/kg, i.p.) plus xylazine (10 mg/kg, i.p.),
and their heads were placed in a stereotaxic apparatus (Narishige). Five
mice received unilateral pressure injections of 0.2– 0.5 �l of 5% biotin-
ylated dextran amine (BDA) (10,000; Invitrogen) dissolved in 0.1 M PB,
pH 7.4, into the SNr by use of glass pipettes with a diameter of 80 –120
�m. The other five mice received unilateral iontophoretic injections of
3% BDA in 0.1 M NaCl into the SNr that were made by passing current
pulses (4 �A; 5 s on/5 s off) through a 20 �m diameter glass micropipette
for 10 –20 min. With the latter injection method, we obtained less BDA
diffusion compared with pressure injection. After a 6 –7 d survival pe-
riod, the animals were deeply anesthetized with sodium pentobarbital
(80 mg/kg, i.p.) and perfused transcardially with 0.05 M PBS, pH 7.4,
followed by fixative containing 4% paraformaldehyde in 0.1 M PB, pH
7.2. The brains were cryoprotected in 30% sucrose in 0.1 M PB, and 50- to
100-�m-thick coronal or sagittal sections were cut on a freezing
microtome.

Tracer revelation. In four mice, two of which received the ionto-
phoretic injections of BDA and two pressure injections, the BDA was first
visualized with immunofluorescence histochemistry and then with the
ABC method. In the other six mice, BDA was visualized by the standard
ABC method. For immunofluorescence histochemistry, the sections
were first incubated with ABC (ABC-Elite; Vector Laboratories), which
was diluted at 1:50 with 0.05 M PBS containing 0.3% Triton X-100 for 2 h
at room temperature, and then further incubated with 5 �g/ml Alexa
594-conjugated streptavidin in 0.05 M PBS for 2 h at room temperature.
The sections were mounted onto gelatin-coated glass slides, air dried, and
coverslipped with a mixture of 50% (v/v) glycerin and 2.5% (w/v) trieth-
ylenediamine in 0.05 M PBS. Fluorescence of GFP or Alexa 594 in the
sections was observed and photographed with a fluorescence digital mi-
croscope (Axioplan2; Zeiss) at low magnification or with a confocal mi-
croscope system (Fluoview 300; Olympus) at high magnification.

For standard ABC staining, the sections were first incubated with 0.6%
H2O2 in methanol and then further incubated with ABC (ABC-Elite;
Vector Laboratories), which was diluted at 1:50 with 0.05 M PBS contain-
ing 0.3% Triton X-100, for 2.5 h at room temperature. The sections were
then placed into 50 mM Tris-HCl buffer containing 0.01% (w/v) DAB
and 0.0003% H2O2 for 30 min. They were then mounted onto gelatin-
coated glass slides, dried, cleared in xylene, and coverslipped. The labeled
fibers were observed and photographed with digital microscopes [Axio-
plan2 (Zeiss) and BIOREVO, BZ-9000 (Keyence)].

Results
SNr fibers make synaptic contacts with SGI
GABAergic neurons
We first examined whether the distribution of nigrotectal fibers
in the SC of GAD67–GFP knock-in mice are similar to those in
other species (May and Hall, 1984; Williams and Faull, 1988;
Harting and Van Lieshout, 1991; Bickford and Hall, 1992; Mana
and Chevalier, 2001; Cebrián et al., 2005). Figure 1 shows a rep-
resentative example showing the injection site of the anterograde
tracer BDA in the SNr and distributions of labeled nigral fibers in
the ipsilateral SGI (Fig. 1A,B). The injection site covered a large
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area of the SNr with slight diffusion to the dorsal part of the SNr
and cerebral peduncle. Densely labeled nigral axons were mainly
observed in the lateral two-thirds of the SGI and deeper layers,
but not in the superficial layers, as has been reported in other
rodents such as rats and squirrels (May and Hall, 1984; Williams
and Faull, 1988; Bickford and Hall, 1992; Mana and Chevalier,
2001). Lightly labeled fibers were also observed in the contralat-
eral SGI in a symmetric location to the ipsilateral side (data not
shown). Although densely labeled axons and boutons often
masked the shape of SGI neuronal somata, we occasionally ob-
served that labeled synaptic boutons appeared to be in contact
with and surround a single neuron soma in the SGI (Fig. 1C).
Similar results were obtained from other mice tested, except that
slight differences in the densities of labeled nigral fibers were
observed because of the different injection volumes of BDA (Fig.
2A). Thus, the basic distribution patterns of nigrotectal fibers in
the SGI were similar between mice and other species.

We next investigated the distributions of fluorescently labeled
SNr fibers using fluorescent microscopy (Fig. 1D–I). The density
of GABAergic neurons was high in the superficial gray layer
(SGS), whereas it was relatively sparse in the optic nerve layer
(SO) and SGI (Fig. 1D). When we merged the images from the
GFP labeling (Fig. 1G) and the BDA staining (Fig. 1H), we found
putative synaptic contacts between SNr fibers and GFP-positive
GABAergic neurons in the SGI, in which labeled nigral fibers
seemed to attach to the somata of SGI GABAergic neurons at
several points (Fig. 1 I). Thus, these results indicated that SNr
fibers make synaptic contacts with SGI GABAergic neurons.

Electrophysiological properties of SNr
inhibition to SGI GABAergic neurons
To further confirm the anatomical find-
ings described above, we next studied elec-
trophysiologically whether SNr stimula-
tion could evoke inhibitory synaptic
responses in SGI GABAergic neurons.
When conventional coronal or parasagit-
tal slices were used, we were unable to
record inhibitory responses in either
GABAergic or non-GABAergic neurons
within SGI after electrical stimulation of
the SNr (data not shown). We postulated
that this is because the nigral fibers may be
cut during the preparation of the slices.
We thus examined the fiber trajectories
from the SNr to the SGI in serial sections
made after injecting BDA into the SNr.
Coronal sections revealed that BDA-
labeled nigral fibers emerged from the
dorsal part of the SNr, proceeded in the
mediodorsal direction, and then turned to
the dorsolateral side of the ipsilateral SC as
the fibers progressed caudally. After enter-
ing the most lateral part of the SGI, the
axons seemed to make synapses with SGI
neurons and also extend medially (Fig.
2A). In parasagittal sections, the SNr ax-
ons first traveled in a dorsocaudal direc-
tion, and then in the area around the deep
mesencephalic nucleus, the fibers as-
cended nearly in a straight line toward the
dorsorostral direction to enter into the
deep layers of the SC. Finally, they termi-
nated mainly in the SGI with patchy termi-

nal distributions (Fig. 2B). Similar fiber trajectories were re-
ported in rats (Cebrián et al., 2005). This winding course of the
fibers in both the rostrocaudal and mediolateral directions made
it difficult to preserve nigrotectal fibers in conventional coronal
or parasagittal slices. Thus, we tried making modified slice prep-
arations so that the nigrotectal fibers could be preserved. As de-
picted in Figure 2C, we first trimmed the brain in an arc parallel to
the rostrocaudal nigrotectal fibers (Fig. 2Ca). When the trimmed
brain was placed on a stage with the cut surface facing downward,
gravity pushed the originally curved nigrotectal fibers into a plane
(Fig. 2Cb). After the nigrotectal fibers became nearly straight, we
sliced the brain and obtained preparations (Fig. 2Cc).

In these slice preparations, we successfully recorded nigral
responses in GFP-positive and GFP-negative neurons in the SGI.
To stimulate a wide area of the SNr, five serial cathodal electrodes
with a tip interval of 300 �m were placed as shown in Figure 3A.
Membrane potentials were held at 0 –5 mV with a Cs-based in-
tracellular pipette solution to increase the driving force of Cl�

currents. The bath was perfused with the AMPA/kainate receptor
antagonist CNQX (10 �M) and the NMDA receptor antagonist
APV (50 �M) to eliminate EPSCs, as well as disynaptic responses.
Figure 3B shows examples of responses recorded from a GABAer-
gic neuron. In this neuron, stimulation site 1, the most lateral site,
evoked clear outward currents with fixed latencies, whereas the
other stimulation sites (2–5) did not. We recorded outward cur-
rents in 28.1% (18 of 64) and 39.2% (11 of 28) of GABAergic and
non-GABAergic neurons, respectively. Latencies of outward cur-
rents in GABAergic and non-GABAergic neurons ranged from

Figure 1. Nigral fibers make synaptic contacts with SGI GABAergic neurons. A, A photomicrograph shows an example of the
BDA injection site in the SNr in a GAD67–GFP knock-in mouse. B, Distribution of labeled SNr fibers in the SC ipsilateral to the
BDA-injected SNr. The rectangle area in B is enlarged in C. C, A high-magnification photomicrograph shows BDA-labeled buttons
encircling an SGI neuron. D–I, Double-fluorescence histochemistry for GFP and BDA in a different mouse. Low-magnification
photographs (D–F ) were taken with a fluorescence microscope, whereas high-magnification photographs (G–I ) were taken with
a confocal microscope. The rectangles in D–F are enlarged, respectively, in G–I. BDA was visualized with red fluorescence of Alexa
594. BDA-labeled axonal components are in close apposition to GFP-positive neuronal profiles (I, arrowheads). SO, Optic nerve
layer.
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2.5 to 14.3 ms and from 2.2 to 12.9 ms, respectively (Fig. 3C). The
mean latencies were not significantly different between GABAer-
gic (7.7 � 3.6 ms; n � 18) and non-GABAergic (5.9 � 4.0 ms; n �
11) neurons ( p � 0.2). Amplitudes of outward currents in-
creased with increased stimulus intensity, whereas latencies of the
response were independent of stimulus intensity (data not
shown). The outward currents were reversed when the mem-
brane potential was hyperpolarized (Fig. 3D). I–V plots revealed
that the reversal potential of the evoked currents was estimated to
be �51.8 � 7.2 mV (n � 7), which is close to the equilibrium
potential of Cl� under the present experimental conditions
(�51.4 mV) (Fig. 3E,F). Moreover, bath application of the se-
lective GABAA receptor antagonist gabazine (10 �M) abolished
the outward currents (n � 6) (Fig. 3G). Thus, these results indi-
cated that the outward currents evoked by SNr stimulation were
monosynaptic GABAA receptor-mediated IPSCs.

We also tested whether GABAB receptor-mediated responses
could be evoked in SGI GABAergic neurons by synaptic activa-
tion of SNr fibers. In this experiment, the membrane potential

was held at �55 mV with a K-based intracellular pipette solu-
tion to avoid blocking postsynaptic GABAB receptor-
mediated responses. The bath contained CNQX and APV. The
stimulating electrodes were placed just ventral to the SC, and
repetitive stimulation (20 –50 pulses at 50 Hz) was delivered to
elicit the large amount of GABA release that should be neces-
sary for activating GABAB receptors (Isaacson et al., 1993;
Mitchell and Silver, 2000; Kaneda and Kita, 2005; Kaneda et
al., 2008). Although this stimulation would activate both ni-
gral and other passing GABAergic fibers, including those from
the zona incerta and reticular formation (Ficalora and Mize,
1989; Appell and Behan, 1990; Kim et al., 1992; May et al.,
1997; Kolmac et al., 1998), the stimulation-evoked IPSCs were
not affected by bath application of the selective GABAB recep-
tor antagonist CGP52432 (3 �M) in six of six neurons tested
(Fig. 3H ). Addition of gabazine abolished all the responses,
indicating that the outward currents were mediated by GABAA

receptors. Similar results were obtained in SGI non-
GABAergic neurons (data not shown).

Figure 2. Nigrotectal tracts and the modified slice preparation method. A, Four coronal sections (50 �m thickness) are arranged from rostral on the left to caudal on the right. Section 1 represents
the center of the BDA injection into the SNr, which approximately corresponds to bregma �3.0 mm section according to the mouse brain atlas by Paxinos and Franklin (2001). B, Four sagittal
sections (100 �m thickness) are arranged from lateral on the left to medial on the right. Section 1 represents the center of BDA injection into the SNr, which approximately corresponds to lateral 1.65
mm based on the atlas. C, Schematic showing the methods to make modified slice preparations. a, First the brain was cut in an arc parallel to the rostrocaudal SNr–SC fibers with a bent blade. b, When
the brain was placed on a stage with the cut surface facing downward, gravity pushed the originally curved rostrocaudal SNr–SC fibers into a plane. c, Thus, the SNr–SC fibers became nearly straight
and were considerably preserved in the slices.
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Location and morphology of SNr-recipient
GABAergic neurons
Finally, we explored the location and morphology of GABAergic
neurons in SGI that receive nigral inhibition. As shown in Figure
4A, SNr-recipient GABAergic neurons were found in the lateral
part of the SGI. The right panel of Figure 4A shows the relation-
ship between the location of SNr-recipient GABAergic neurons
and the most effective stimulation site within the SNr, i.e., the site
at which IPSCs were evoked with a minimum current intensity.
Among 18 SNr-recipient neurons, nine, five, and four neurons
responded most effectively to the stimulation site 1, 2, and 3,
respectively. Stimulation sites 4 and 5 were never the most effec-
tive stimulation site under the present experimental condition.

Somatodendritic and axonal morphologies of 7 of 18 SNr-
recipient GABAergic neurons were reconstructed from biocytin
staining as shown in Figure 4B. Six of them exhibited multipolar
dendritic arborizations (Fig. 4Ba–Bc,Be–Bg), whereas the re-
maining neuron seemed to be a horizontal cell (Fig. 4Bd). Based
on axonal projections, four of the seven neurons were classified as
intra-SGI neurons (Fig. 4Bc–Bf), whose axons arborized densely
in the vicinity of their soma and dendrites. The axons of the other
three neurons projected to deeper (Fig. 4Ba,Bb) or to superficial
(Fig. 4Bg) layers. However, dense local collaterals were distrib-

uted within the SGI even in the three interlaminar neurons. We
further investigated a spatial relationship between the biocytin-
labeled axon terminals and labeled dendrites. At high magnifica-
tion (100� objective lens), we frequently observed that the la-
beled terminals are located near the labeled dendrites (Fig.
4Ba,Bf). This finding indicates that inhibitory influence of the
local GABAergic neurons is distributed at least in and around
their dendritic fields. Thus, the SNr-recipient SGI GABAergic
neurons were mainly SGI interneurons.

Discussion
By applying tract-tracing techniques to GAD67–GFP knock-in
mice, we found that nigral axons make synaptic contacts on
GABAergic neurons in the SGI. Although more detailed investi-
gations such as electron microscopic examinations will be neces-
sary for direct evaluation of synaptic contacts between SNr fibers
and SGI GABAergic neurons, our electrophysiological data
clearly demonstrated that the SNr provides monosynaptic inhi-
bition to GABAergic neurons in SGI.

Technical considerations
The modified slice preparations allowed us to induce IPSCs in
	30 – 40% of SGI neurons by electrical stimulation of the SNr.

Figure 3. Characteristics of nigral inhibition in SGI GABAergic neurons. A, Schematic of configuration for stimulating and recording electrodes. Five cathodal concentric bipolar electrodes with a
tip distance of 300 �m were placed on the SNr. B, Representative responses evoked by nigral stimulation in SGI GABAergic neurons in the presence of CNQX (10 �M) and APV (50 �M). Membrane
potential was held at 0 mV with a Cs-based intracellular pipette solution. In this neuron, only stimulation site 1 evoked IPSCs. Five traces are superimposed in each figure. C, Distributions of latency
of the IPSCs evoked by SNr stimulation in GABAergic (filled rectangles) and non-GABAergic (open rectangles) SGI neurons. D, Evoked IPSCs were recorded at different holding potentials. E, Plots of
IPSCs amplitudes versus holding potentials for seven neurons. F, Plots of means of normalized IPSCs amplitudes (amplitude of IPSCs at each holding potential was divided by that at 5 mV) versus
holding potentials reveal that the IPSCs reversed at �51.8 � 7.2 mV, which is close to the ECl� (�51.4 mV) under the present experimental conditions. G, The SNr stimulation-evoked IPSCs were
reversibly blocked by application of the GABAA receptor antagonist gabazine (10 �M). H, Repetitive stimulation (20 pulses at 50 Hz)-evoked IPSCs were not affected by CGP52432 (3 �M) application
(top traces). Addition of gabazine abolished the responses (bottom trace). In this experiment, membrane potential was held at �55 mV with K-based electrolyte in the presence of CNQX and APV.
Stimulating electrodes were placed just ventral to the SGI.
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These values were comparable with, but
slightly smaller than, those reported in in
vivo studies showing that 45– 60% of SGI
tectoreticular and tectospinal neurons ex-
hibited inhibition in response to SNr stim-
ulation (Chevalier et al., 1984; Karabelas
and Moschovakis, 1985). The low propor-
tion of IPSCs induction is probably not
attributable to immature nigral innerva-
tion of the SGI, because nigrotectal fibers
already exist at birth in cats (Gabriele et al.,
2006), and our slice preparations were ob-
tained from postnatal day 15–21 mice.
This is most likely a technical limitation.
Although we made modified slices, which
preserved a larger number of nigrotectal
fibers than conventional slices, some ni-
gral axons might have been cut during the
slice preparation. Thus, our findings likely
underestimate the population of SNr-
recipient GABAergic neurons. However,
we believe that the slice preparation meth-
ods developed here will be useful for and
applicable to other brain areas that are
connected with curving fibers.

We adjusted the stimulus current in-
tensity so that an effect of stimulation at
one site propagated �300 �m. This was
shown by the observation that a response
evoked at one stimulating site was not
evoked by adjacent sites. Thus, it is most
likely that the evoked IPSCs were the result
of SNr stimulation and not of stimulating
other structures or passing fibers. How-
ever, we cannot exclude the possibility that
the IPSCs were partially derived from in-
puts of the zona incerta, one of the extrin-
sic GABAergic sources to the SC (Ficalora
and Mize, 1989; Appell and Behan, 1990;
Kim et al., 1992; May et al., 1997; Kolmac
et al., 1998), because the part of zona in-
certa that projects to SGI is located adja-
cent to the rostral SNr (May et al., 1997).
Therefore, the contribution, if any, of in-
certotectal inputs to the evoked IPSCs
should be much smaller than that of the
nigrotectal inputs.

Properties of nigral inhibition
We observed very long-latency IPSCs in
some neurons compared with previous in
vivo studies (Chevalier et al., 1981, 1984;
Karabelas and Moschovakis, 1985; Mos-
chovakis et al., 1988). Because we routinely bath applied antago-
nists for ionotropic glutamate receptors, these long-latency IP-
SCs were not attributed to disynaptic activation through
glutamatergic axons inducing spikes in GABAergic neurons,
which in turn innervate the SGI GABAergic neurons. Rather, the
difference in latency may be attributable to the age of the animals
used. Immature myelination results in slow conduction veloci-
ties, and myelination becomes mature at least 4 weeks after birth
(Foster et al., 1982; Tsumoto and Suda K, 1983; Song et al., 1995).
Thus, the long-latency IPSCs likely result from the immature

myelination of nigrotectal axons in the juvenile mice (postnatal
day 15–21) used in the present study. Additional studies would be
necessary to test this hypothesis.

We found that nigrotectal inhibition was mediated by
GABAA, but not by GABAB, receptors. This result is consistent
with our previous immunohistochemical analysis demonstrating
a very low expression level of GABABR1a/b receptors in the SGI
(Kaneda et al., 2008). Moreover, similar findings demonstrated
that nigral stimulation evoked only GABAA receptor-mediated
inhibition in pedunculopontine tegmental nucleus neurons (Sai-

Figure 4. Location and morphology of SNr-recipient GABAergic neurons in the SGI. A, Left, Schematic of locations of recorded
area in the SGI and stimulating electrode. Rectangle was enlarged in the right. Right, Each circle represents the location of
IPSC-positive GABAergic neurons (n � 18). Numbers in the circles indicate the stimulation site within the SNr, the stimulation of
which evoked IPSCs with a minimum current intensity. Morphologies of 7 of 18 GABAergic neurons (a– g) are drawn in B. B,
Morphologies of biocytin-filled GABAergic neurons. Soma and dendrites are drawn in black, and axons are in red. High-
magnification photomicrographs in a and f are obtained from the rectangle areas in the drawings, respectively. The labeled
dendrites (arrowheads) and labeled terminals are located in the same focus level. SO, Optic nerve layer.
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toh et al., 2003). Conversely, both GABAA and GABAB receptors
are involved in the nigral inhibition of dopaminergic neurons
(Saitoh et al., 2004). Thus, the SNr inhibits its recipients in a
target-dependent manner by using GABAA receptors alone or
both GABAA and GABAB receptors. Because saccades are a very
rapid behavior, it is reasonable to speculate that such a system
uses fast synaptic inhibition through GABAA receptors rather
than slow inhibition via GABAB receptors, enabling SGI neurons
to be quickly disinhibited immediately after a pause in the firing
of nigral neurons.

Anatomical properties of GABAergic neurons
Previous studies have shown that there exist a variety of GABAer-
gic neurons in the SGI, including interlaminar, intralaminar,
commissural, and tectofugal projection neurons (Sooksawate et
al., 2005; Lee et al., 2007). These various GABAergic neuronal
types may have different functional roles in the SC circuitry. For
example, a population of interlaminar GABAergic neurons that
project to the SGS may inhibit SGS neuronal activity, suppressing
unwanted inputs during the course of a saccade (Lee et al., 2007).

Conversely, most of the SNr-recipient GABAergic neurons
found in the present study were intralaminar neurons, although
the axon trajectories followed in the slices were limited to within
300 –350 �m. We frequently encountered these GABAergic neu-
rons in the lateral part of the SGI. Bickford and Hall (1992) re-
ported that retrogradely labeled predorsal bundle cells are also
mainly located in the lateral extreme or flank of the SGI in rats,
with which nigrotectal terminals overlapped extensively. To-
gether, these data imply that SNr-recipient GABAergic neurons
most likely inhibit SNr-recipient predorsal bundle cells located in
the vicinity of the GABAergic neurons (Fig. 5). This is consistent
with a recent study showing that inhibitory interactions within
the SGI are locally restricted (Lee and Hall, 2006).

Functional implications
Several lines of evidence suggested that the SNr plays critical roles
in the control of saccadic eye movements (Handel and Glimcher,
1999; Basso and Wurtz, 2002; Bayer et al., 2004; Basso et al., 2005;
Basso and Liu, 2007). One of the interesting observations re-
ported by Basso and Liu (2007) is that electrical stimulation of the
SNr both reduced and prolonged saccade latency. As the authors
suggested, these bidirectional phenomena might be accounted
for by the SNr–SGI GABAergic neuron projection. If SNr neu-
rons projecting to SGI premotor neurons were stimulated, the
resultant inhibition may delay saccade initiation, whereas if SNr
neurons projecting to SGI GABAergic neurons were stimulated,
inhibition of GABAergic neurons may lead to disinhibition of

non-GABAergic neurons, resulting in rapid saccade onset. Thus,
the precise regulation of eye movements exerted by SNr inputs
may be an outcome attributed to the interactions among SNr
axons and inhibitory and excitatory SGI neurons.

It is still unclear whether individual nigrotectal axons branch
to innervate both local GABAergic neurons and predorsal bundle
cells. If this is the case, then, the next question would be whether
the targeted predorsal bundle cells receive inhibition from the
targeted GABAergic neurons. Our morphological examination
revealed that biocytin-labeled axon terminals of local GABAergic
neurons are located near the labeled dendrites of those neurons.
This finding suggests that the local GABAergic neurons inhibit
nearby predorsal bundle cells that might receive the same nigral
inputs. Future studies to address these issues will be necessary for
understanding whether the GABAergic neurons are modulating
the firing of the cells being released to fire for a saccade or whether
they are instead being released so that they can further inhibit
cells that are not being released from gating, to make the region of
bursting within the motor map more discrete.

Burst firing in SGI neurons is probably evoked by release from
nigral inhibition and concurrent cortical excitation (Isa et al.,
1998; Saito and Isa, 2003; Hikosaka et al., 2006). Conversely, the
burst firing might be terminated by cooperation between “rein-
hibition” from the SNr and the end of excitatory inputs from the
cortex, as well as intrinsic excitatory interactions within the SGI
(Saito and Isa, 2003). However, because the disinhibition likely
occurs in local GABAergic neurons and projection neurons si-
multaneously, such local GABAergic neurons might inhibit
bursting activity in SGI projection neurons more readily than the
nigral inputs. Thus, the SNr-recipient GABAergic neurons may
provide extremely rapid inhibition of SGI neurons, contributing
to the transient nature of premotor bursts in SGI neurons.

Inputs from GABAergic interneurons have a significant im-
pact on spike timing precision in cortical and hippocampal pyra-
midal cells (Cobb et al., 1995; Fricker and Miles, 2000; Pouille and
Scanziani, 2001). When nigral inhibition was released, inhibitory
inputs from temporarily active SGI GABAergic neurons could
become a major component of the influences over SGI projection
neurons. Thus, these active local GABAergic neurons could act as
modulators of spike timing in SGI premotor neurons. Alterna-
tively, given that background synaptic noise has been suggested
to play a significant role in spike timing and reliability (Mainen
and Sejnowski, 1995; Nowak et al., 1997), suppression by these
GABAergic neurons, in collaboration with excitation by extrinsic
and intrinsic excitatory neurons, might contribute to shaping the
temporal properties of spiking activity of nearby premotor neu-
rons in the SGI.

In summary, our present study sheds new light on the role of
the basal ganglia in saccade control, which is closely linked to the
importance of SGI GABAergic neurons. These neurons may
modulate the spatiotemporal profiles of activity at particular sites
within the SGI using their spatiotemporally tuned activity.
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