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QRO ore s

Abstract

The superior colliculus (SC) is a laminated midbrain structure responsible for
visual orientation behaviors. In the mature SC, neurons in the stratum gri-
seum superficiale (SGS) receive visual inputs that contribute to exciting pre-
motor neurons in the stratum griseum intermediale (SGI) through a dorso-
ventral pathway. SGI activation generates feedback signals to the SGS through
a ventrodorsal pathway. However, the developmental changes in signal
transmission within the SC around the time of eye opening are not yet well
understood. We compared the functional connections between the SGS and
SGI before and after eye opening by imaging the neuronal population res-
ponses using a voltage-sensitive absorption dye in mouse SC slices. Electro-
phoresis of a fluorescent dye from the stimulating electrodes was used to fill
the cells in the stimulated site. We here show that the dorsoventral transmis-
sion is present both before and after eye opening. This is in contrast to our
previous finding that the ventrodorsal transmission develops after eye open-
ing. Functions of intrinsic inhibitory systems mediated by gamma-aminobutyric
acid were also investigated with the antagonist. The processes stained by elec-
trophoresis from stimulating electrodes before eye opening were confined
within the respective stimulated layers. Whereas, after eye opening, the
processes were widely extended especially dorsoventrally and ventrodorsally
invading the SGI and SGS, respectively. These corresponded well to the early
component of voltage responses that is known to reflect the activation of pre-
synaptic elements, presumably the axonal arborizations and varicosities. Thus,
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the optically-revealed functional connections between the SGS and SGI were
correlated to the morphology.
Keywords

Axonal Projection, Optical Imaging, Superior Colliculus, Visual Orientation,
Voltage-Sensitive Dye

1. Introduction

The mammalian superior colliculus (SC) is a topographically organized mid-
brain structure that guides visual orientation behaviors by transmitting spatial
information from the visual system to premotor neurons involved in head and
eye movements. The SC consists of several layers, among which the stratum gri-
seum superficiale (SGS) and stratum griseum intermediale (SGI) are known to
play crucial roles in visual orientation behaviors. Neurons in the SGS receive
input from the visual cortex and retina [1] [2] [3]. These SGS neurons excite
premotor neurons in the SGI, which in turn contribute to the initiation of
orientation behaviors, such as head and saccadic eye movements [4]-[9]. Recent
studies have revealed a feed forward (dorsoventral) pathway from the SGS to
SGI that is involved in short latency eye movements, such as express saccades
[10] [11] [12]. Other studies have also reported the presence of a feedback (ven-
trodorsal) pathway from the SGI to SGS, with both excitatory [4] [13] and inhi-
bitory actions [14] on the SGS.

Evidence indicates substantial modifications in SC neuronal circuitry around
the time of eye opening [15] [16] [17]. Recently, we demonstrated that the exci-
tatory ventrodorsal pathway develops after eye opening [18]. Developmental
changes in the dorsoventral pathway are also expected because visual orientation
behavior is acquired after eye openings [19]. However, the relationship between
eye opening and maturation of the dorsoventral pathway remains unclear. A
more detailed description of the developmental differences between dorsoventral
and ventrodorsal pathways will help reveal functional changes in the SC occur-
ring at the time of eye opening.

In rodents, whose eyes have opened, activity in the SC is strongly depressed by
gamma-aminobutyric acidergic (GABAergic) inhibition. An in vitro patch-
clamp study in 17- to 24-day-old rat SC reported augmentation of dorsoventral
transmission after blocking the type-A GABA receptors (GABA, receptors) [12],
suggesting GABAergic suppression of this pathway is present in animals who are
older than postnatal day 14 (PND), when the eyes open. Similarly, a ventrodor-
sal GABAergic pathway is present in mice whose eyes have opened, as revealed
by axonal labeling [14]. A voltage imaging study of neuronal excitation in the SC
reported potentiation of both dorsoventral and ventrodorsal transmission after
blockade of GABA, receptors [20]. However, the developmental changes in ex-
citatory glutamatergic and inhibitory GABAergic pathways and their effects on
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interlaminar communication before and after eye opening have not been de-
scribed. It has been shown that the functional roles of GABAergic transmission
changes in early stages of development in various parts of the CNS [21]. It is
thus of interest that changes in GABAergic transmission in the SC may take
place around the time of eye opening.

In this study, we examined the developmental changes in the interlaminar
communication. Neuronal excitation in SC slices was visualized using the voltage-
sensitive absorption dye RH-482, which is commonly used for studying neuronal
activity in slices [22] [23] [24] [25] [26]. Excitation evoked by electrical stimula-
tion of the SGS or SGI was recorded from mouse SC slices before and after eye
opening. We also examined whether inhibition shapes the strength, kinetics, and
extent of interlaminar communication before and after eye opening by measur-
ing dorsoventral and ventrodorsal propagation in the presence of a GABA,4 re-
ceptor antagonist.

Previous studies have also used combined physiological and morphological
techniques. Injection of biotin during whole-cell patch-clamp recording revealed
the detailed morphology of the recorded single cells [27]. Injection of biotiny-
lated dextran amine after optical imaging showed the projections that are thought
to involve in the neuronal responses [11]. In this study, we introduced a fluores-
cent dye tetramethylrhodamine cadaverine (TMR-c) into neurons during stimu-
lation for optical imaging in order to stain neuronal elements that are responsi-

ble for the optically recorded neuronal activities.

2. Materials and Methods

2.1. Slice Preparation

All experiments were conducted in accordance with the Guidelines for Animal
Experiments of the University of Fukui and with EC Directive 86/609/EEC for
animal experiments. The experimental procedures have been described else-
where [18]. In short, experiments were performed in two different age groups of
ICR mice, PND 7 to 9 (infant mice; n = 12) and PND 25 to 35 (young mice; n =
16). These age ranges were chosen because they are before and after eye opening,
respectively.

Mice were anesthetized with diethyl ether and rapidly decapitated. The brains
were removed and transferred to an ice-cold slice-preparation solution [18].
Coronal SC slices of 300-um thickness were cut with a microslicer (DTK-1000,
Dosaka EM, Kyoto, Japan). After sectioning, the slices were incubated with ar-
tificial cerebrospinal fluid (ACSF) at 30°C.

2.2. Optical Imaging with a Voltage-Sensitive Dye

The SC slices were stained with the voltage-sensitive absorption dye RH-482 (0.1
mg/mL; Hayashibara Co., Ltd., Okayama, Japan) for 20 min at room tempera-
ture, and then placed in a 0.2-mL submersion-type chamber secured on an in-

verted microscope (IX-70; Olympus, Tokyo, Japan) equipped with a 120-W ha-
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logen lamp. Heat absorption and band-pass (700 %= 30 nm) filters and a me-
chanical shutter were inserted in the path between the light source and condens-
er lens. The slices were perfused with ACSF at room temperature (25°C + 2°C).
We chose this temperature in accordance with a number of previous studies in
our laboratory. However, there is a possibility that physiological temperature
may improve the results found in this study.

In fifteen cases, two bipolar tungsten electrodes were used to deliver electrical
stimuli, one positioned in the SGS under microscopic control and the other po-
sitioned in the SGI. The tungsten electrode position in the SGI was determined
according to vertical distance from the dorsal edge of the slice, 400 um for PND
7 - 9 mice or 500 - 700 pm for PND 2 - 35 mice. This position corresponds to the
SC intermediate gray layer according to mouse stereotaxic coordinates [28].
Furthermore, the cytoarchitecture of the slices was examined after optical imag-
ing using propidium iodide (PI; Thermo Fisher Scientific, Waltham, MA) stain-
ing to confirm the location of stimulation electrodes (described in Histology).

Sixteen single pulses (0.3 mA, 0.2 ms) were delivered at a constant interval
of 15 s to produce differential images (see below). This stimulus induced near-
ly the maximal response in infant slices, and the same strength was used for
young slices. The change in light absorption at 700 + 32 nm within a 0.83 x
0.83-mm area was recorded through a x10 objective (numerical aperture [NA]
= 0.3) using an imaging system (Deltalon 1700; Fujifilm Co., Tokyo, Japan)
with 128 x 128-pixel photo sensors (6.5 um?/pixel) at a frame rate of 0.6 ms.
We used 0.7 x 0.7-mm area of the image for analysis. Image acquisition started
10 ms before each stimulus, and 64 consecutive frames (38.4 ms) at 0.6
ms/frame were usually acquired by the image sensors (in some cases, 128
frames were acquired). A reference frame taken immediately before each series
of 64 frames was subtracted from subsequent frames. We then averaged 16 se-
ries of differential images. The initial frame was produced by averaging the
first 15 frames of the differential images, and then the subsequent frames were
produced by subtracting this average from each of the 64 frames of raw image
data on a pixel-by-pixel basis to eliminate the effects of noise contained in the
reference frame. Ratiometric images were then calculated by dividing the im-
aging data by the reference frame.

We first recorded the optical response of slices that were perfused with nor-
mal ACSF. We then perfused the same slices with 100 uM picrotoxin (PTX,
Sigma-Aldrich Co., St. Louis, MO) dissolved in ACSF for 15 min, and recorded
the response in the presence of PTX.

The magnitude of optical responses depends on the transparency of the slice,
because it is the percent change to the light intensity exposed to the slice. Infant
slices are much more transparent than young slices, probably largely due to less
myelination. Since the same intensity of exposed light was used for both infant
and young slices, the percent change obtained from young darker slices was less

than that from infant brighter slices even if the same magnitude of dye responses
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were induced. It is thus not appropriate to compare the magnitudes of optical
responses between infant and young slices, although the change induced by

agents such as PTX in the same region of the same slice can be evaluated.

2.3. Optical Imaging with Axonal Labeling

For thirteen cases, a glass electrode filled with 1% TMR-c (Setareh Biotech LLC,
Eugene, OR) dissolved in ACSF was used for stimulation. Both the tungsten and
glass electrodes had similar resistance (8 - 15 MQ). The dye was injected by elec-
trophoresis with the stimulation pulses. No staining was observed without sti-

mulation pulses.

2.4. Analysis of Optical Response

Sequential spatial averages in a 52 x 52-um area (8 x 8 pixels) were used to as-
sess the time course of the optical response in the SGS and SGI. Optical res-
ponses in the stimulated layer were measured in the center between tips of the
bipolar electrode. The response in the other layer was measured at the point of
largest response closest to the lamina boarder. If no clear response was ob-
served in the distal layer, we measured optical signals in the layer closest to the
lamina border. To determine whether there was any significant activity, we
compared the maximal absorption before (baseline) and after (peak) the sti-
mulus.

The fast component of the optical response was defined as the change in ab-
sorbance over the first 5 frames (3 ms) from signal onset since the response in
this brief epoch remained even after blocking synaptic transmission by removing
extracellular Ca?* ion from the saline (data not shown) similarly to other CNS
regions [29] [30] [31]. The slow component of optical response (dependent on
synaptic transmission) was defined as the first 30 frames (18 ms) after the fast
component since this signal disappeared within 18 ms in young mice. Peak la-
tency was defined as the time interval between response onset and response
peak.

We performed a spatial analysis of neural transmission using optical imaging
(Figure 1(A)). The intensity of each optical image was amplified and shifted so
that the minimal and maximal intensity became 0 and 255, respectively (Figure
1(A)-(al) and Figure 1(A)-(a2)). It is then binarized with the threshold of the
half-maximal value of 128 (Figure 1(A)-(a3)). The border of the excited region
was fitted with an ellipse and the location of the center was recorded as the cen-
ter of gravity (COG) (Figure 1(A)-(a3)). In the Figures showing the COG
movement such as Figure 3(A)-(a2) and Figure 3(B)-(a2), therefore, the actual
distances of movement may be greater than those shown in the graphs. These
data are sufficient to exhibit the difference between infant and young. These
analyses were done with the software BV Analyze (Version 08.07.20, Brain Vi-
sion Inc., Tokyo, Japan) and Image J (1.50b, National Institutes of Health, Be-
thesda, MD).
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(A) Analysis of the spread of optical response (C) Visualization of axonal varicosities

(a1) Original pseudo-color ratiometric images
7.2 ms 2.4 ms

(c1) Neurotrace

(c2) TMR-c

O mmm: 0.07%

(a3) Binalized images and ellipse fitting
7.2ms 26.4 ms

P

(B) SC slices stained with propidium iodide
(b1) Infant mouse before eye opening

(c4) Labeled varicosities

Figure 1. Analysis of the spread of the optical response in the SC and the histology. (A) Description of the spatial analysis. (al):
Original pseudo-color ratiometric images. White lines indicate the slice edge and white dashed lines the layer borders obtained by
propidium iodide (PI) staining after electrophysiological experiments. The acquisition times after a single stimulus pulse are indi-
cated above each image. Asterisks (*) indicate the position of the bipolar stimulating electrode. (a2): Gray-scale images after nor-
malization. Intensity of each optical image was amplified and shifted so that the minimal and maximal intensity became 0 and
255, respectively. (a3): Binarized images and ellipse fitting. Gray-scaled image was then binarized with the threshold of the
half-maximal value of 128. The border of the excited region was fitted with an ellipse (red), and the center of gravity (COG) (yel-
low cross) and area of the ellipse was measured; (B) Superior colliculus (SC) slices stained with PI to reveal the distinct layers in an
infant mouse (bl) and young mouse (b2). White lines indicate the slice edge. White-dashed lines indicate the borders of SC layers
stratum griseum superficial (SGS), stratum opticum (SO), and stratum griseum intermediale (SGI). Asterisks indicate the posi-
tions of bipolar electrodes for SGS and SGI stimulation. Scale bars = 200 um; (C) Visualization of axonal varicosities that arose
from the proximity of the site of stimulation electrode. ((c1)-(c2)): Fluorescent microscopic images of a slice double-stained with
Neurotrace (c1) and TMR-c (c2). The white solid line represents the brain surface while the dotted line represents interlaminar
boundaries. The red circle represents a tracer deposit. (c3): Higher magnification of a box in B. (c4): Plot of labeled varicosities.
The gray solid line represents the brain surface while the gray dotted line represents interlaminar boundaries. The scale bars = 500
um in (cl), (c2), and (c4), and 100 pm in (c3).
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Data sets were examined with the Shapiro-Wilk test to determine whether the
distribution was normal. Normally distributed datasets were compared by Stu-
dent’s t-test if variances were equal or Welch’s t-test if variances were unequal.
Non-normally distributed datasets were compared by the Mann-Whitney U-test
or Wilcoxon signed-rank test. All statistical analyses were conducted using R

software (version 3.0.1, http://cran.r-project.org/, The R Foundation for Statis-

tical Computing, Vienna, Austria). P < 0.05 was considered significant for all

tests. Data are presented as means * standard error of the mean.

2.5. Histology

To identify the SC layer borders relative to the location of the electrode tips, slice
cytoarchitecture was visualized with Nissl stain. For experiments using tungsten
electrodes, PI staining was used in infant (Figure 1(B)-(b1)) and young (Figure
1(B)-(b2)) slices. Briefly, after the optical experiments, slices were fixed with 4%
paraformaldehyde in 0.01 M PBS at 4°C overnight and then incubated in 2
uL/mL PI plus 0.3% Triton X (Sigma-Aldrich Co.) in 0.01 M PBS overnight at
room temperature. The sections were mounted on glass slides and coverslipped
with the fluorescent mounting medium Glycergel (Dako, Carpinteria, CA). Im-
ages of the SC were captured using a confocal laser microscope (LSM 5 Pascal,
Carl Zeiss, Oberkochen, Germany). PI was visualized using a 543-nm laser and
560-nm long-pass emission filter.

For experiments that used TMR-c-filled glass electrodes, Neurotrace was used
for Nissl stain and TMR-c was for axonal staining (Figure 1(C)). After optical
recording, the slices were incubated in ACSF for 6 h at room temperature [32].
Then, slices were fixed with 4% paraformaldehyde in 0.01 M PBS at 4°C over-
night and then incubated in 2 pL/mL Neurotrace 500/525 green florescent Nissl
stain (Thermo Fisher Scientific) plus 0.3% Triton X in 0.01 M PBS overnight at
room temperature. The sections were mounted on glass slides with ScaleS [33].
Z-stack images of the SC were captured at a pixel size of 0.15 x 0.15 ym and a
z-step of 5 - 6 um using a confocal laser scanning microscope (LSM 710 NLO,
Carl Zeiss) equipped with a x63 lens (NA = 1.4). The TMR-c and Neurotrace
were excited with 561-nm and 488-nm lasers, and emitted fluorescence was fil-
tered with 560-nm low-pass and 500-520-nm band-pass filters, respectively
(Figures 1(C)-((c1)-(c3))).

Acquired micrographs were analyzed with Image J. SC layers were determined
according to cell size and density (Figure 1(B) and Figure 1(C)-(c1)). TMR-c-
labeled varicosities were plotted (Figure 1(C)-(c4)), and the number of labeled

varicosities were counted in each layer.

2.6. Verification of Stimulus Location

After each experiment, slices were stained with PI or Neurotrace to identify SC
layers in relation to the location of electrode tips. The laminar structure was

clear and individual laminae were identifiable according to the size and density
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of labeled cells (Figure 1(B) and Figure 1(C)-(cl)). The SGS was distinguished
by a high density of small cells, while the SGI, especially the dorsal part, was po-
pulated by numerous medium-sized cells. The region between the SGS and SGI,
in which the density of cells was lower than that in the SGS and SGI, was identi-
fied as the stratum opticum (SO). In all imaging experiments, we confirmed that
the tissue indentations made by the tips of bipolar electrodes or TMR-c deposit
were confined to the SGS and/or SGI.

3. Results
3.1. Dorsoventral Propagation Evoked by SGS Stimulation

Stimulation of the SGS evoked optical response in both SGS and SGI regions in
slices taken from infant and young mice (2.4, 7.2 and 26.4 ms of Control in Fig-
ure 2(A)-(al) and Figure 2(A)-(b1), respectively). This indicates that the dor-
soventral transmission is present before eye opening. This is in good contrast to
our previous finding that the ventrodorsal transmission from the SGI to SGS
develops after eye opening [18] (see also Section 3.2).

In the presence of GABA, antagonist picrotoxin (PTX), the later part of opti-
cal response was augmented in infant and young (26.4 ms of PTX in Figure
2(A)-(al) and Figure 2(A)-(bl)). The time courses taken at points of the
maximal response consisted of the fast quick-raising component and slow long-
lasting components in the SGS and SGI (0 ~ 3 ms and 3 ~ 26.4 ms after stimula-
tion, respectively, Figure 2(A)-(a2) and Figure 2(A)-(a3) for infant and Figure
2(A)-(b2) and Figure 2(A)-(b3) in young). By PTX, the slow component was
augmented whereas the fast component was not altered. The changes were sig-
nificant in young as shown in box plots (Figure 2(A)-(a4) and Figure 2(A)-(a5)
for infant and Figure 2(A)-(b4) and Figure 2(A)-(b5) for young).

The optical response is the sum of presynaptic activity directly elicited by
electrical stimulation and subsequent postsynaptic activity. The early fast com-
ponent of optical response was predominantly due to presynaptic activity and
the later slow component due to postsynaptic activity because blockade of syn-
aptic transmission by removal of extracellular Ca** eliminated the optical re-
sponse occurring >3 ms after stimulation (data not shown) as in other CNS re-
gions [29] [30] [31]. Thus, we speculated that PTX would specifically alter the
postsynaptic component since the GABA, receptor is mostly expressed postsy-
naptically [34]. However, this does not exclude possible actions within the pre-
synaptic elements. It should be noted that in this slice preparation, GABAergic
inputs from other regions are not present and PTX primarily acts on the local
GABAergic transmissions.

The peak magnitude of the optical response in infant was larger in the SGS
(0.045% =+ 0.005%, P < 0.01 vs. baseline, paired t-test, 7 = 6) than in the SGI
(0.016% + 0.003%, P < 0.01 vs. baseline, paired t-test, 7 = 6). In young, the mag-
nitude in the SGS (0.051% = 0.006%, P < 0.01 vs. baseline, paired t-test, n = 9)
was still larger than in the SGI (0.017% =+ 0.003%, P < 0.01 vs. baseline, paired
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(A) Dorsoventral pathway; SGS stimulation
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Figure 2. The optical response evoked by stimulation in SC slices with a voltage-sensitive dye. (A) In dorsoventral pathway, SGS
stimulation elicited neuronal excitation both infant (a) and young (b) mice. ((al), (b1)): Pseudocolor images showing propagation
of neuronal excitation in response to SGS stimulation in the absence (control, upper row) and presence (bottom row) of PTX.
White lines indicate the slice edge and white dashed lines the layer borders obtained by PI staining after electrophysiological expe-
riments. The acquisition times after a single stimulus pulse are indicated above each image. Asterisks indicate the position of the
bipolar stimulating electrode. Scale bar = 200 pm. ((a2), (a3) and (b2), (b3)): Time courses of the spatially averaged optical res-
ponses (8 x 8 pixels) in the SGI and SGS of infant ((a2), (a3)) and young ((b2), (b3)) mice in the absence (black line) and presence
(black perforated line) of PTX at the positions indicated by closed and open white circles in (al) and (bl) (before stimulation),
respectively. The black arrowheads indicate the time of stimulation and the four dots indicate the times at which the images dis-
played as pseudocolor maps in (al) and (b1) were acquired. The time range of the fast component is indicated by the deep gray
shading and that of the slow component by the lighter gray shading. The vertical axis of scale bars is 0.03% in infant ((a2), (a3))
and 0.04% in young ((b2), (b3)) and the horizontal axis is 10 ms. ((a4), (a5) and (b4), (b5)): The mean percent change of the fast
component (left box plot) and slow component (right box plot) in the SGS ((a4), (b4)) and SGI ((a5), (b5)) caused by picrotoxin
(PTX). The fast component of the optical response was measured as the temporal average of the first 5 frames from signal onset
(deep gray shading in (a2), (a3) and (b2), (b3)) and the slow component as the temporal average of the 30 frames after the fast
component (lighter gray shading in (a2), (a3) and (b2), (b3)). Box plots show the sample minimum, lower quartile, median, upper
quartile, and sample maximum. P values indicate significance compared with the control (100%, paired t-test) in infant (22 = 6)
and young (2 = 9) mice; (B) In ventrodorsal pathway, SGI stimulation elicited neuronal excitation both infant (a) and young (b)
mice. The same as (A) except the difference in the stimulation site. The vertical axis of scale bars is 0.06% in infant ((a2), (a3)) and
0.04% in young ((b2), (b3)), and the horizontal axis is 10 ms. Orange arrow in (b1) indicates the signal in the SGS.
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t-test, n = 9). The magnitude of optical responses is comparable to other CNS
regions in our previous studies with the same voltage-sensitive dye [24] [25] [29]
[30] [35] [36], and the resolution of the imaging system used (16 bit or higher,
the minimum detectable level of 0.0015% of the exposed light intensity) was suf-
ficient to record the neuronal excitation-induced changes [37]. The magnitude
of optical response obtained in young mice was smaller than that in infant mice,
because slices taken from young mice were less transparent than those from in-
fant mice (see details in Experimental procedures).

The peak latency of optical response in infant (3.9 + 0.8 ms in SGS and 7.2 +
0.3 ms in SGI, 1 = 6) was slower than that in young (peak latencies: 2.2 + 0.2 ms
in SGS and 3.7 + 0.8 ms in SGI, n = 9). This may be due to the immaturity of

neuronal processes.

3.2. Ventrodorsal Propagation Evoked by SGI Stimulation

Stimulation of the SGI evoked optical response in both SGS and SGI regions in
slices taken from young mice (2.4, 7.2 and 26.4 ms of Control in Figure
2(B)-(b1)), while the response is confined within SGI in slices from infant mice
(2.4, 7.2 and 26.4 ms of Control in Figure 2(B)-(al)). This can be also seen in
the time courses at points of the maximal response (Figure 2(B)-(a2) and Fig-
ure 2(B)-(a3) for infant and Figure 2(B)-(b2) and Figure 2(B)-(b3) in young).
Note that no response was observed in the SGS in infant (Figure 2(B)-(a2)). The
peak magnitudes were in SGS: 0.0044% = 0.0008%, P = 0.841 vs. baseline, paired
t-test, n = 6 and SGI: 0.165% = 0.013%, P < 0.01 in infant, and in SGS: 0.005% =+
0.005%, P < 0.01 (vs. baseline, paired t-test, n = 9) and SGI: 0.022% + 0.002%, P
< 0.01 in young. We have already reported this developmental change elsewhere
[18]. We here repeated the experiment in order to examine together with the
dorsoventral communication induced by the SGS stimulation in the same prep-
arations with the same conditions.

In PTX, the slow component of optical response in SGI in infant (26.4 ms of
PTX in Figure 2(B)-(al)) and in SGS in young (26.4 ms of PTX in Figure
2(B)-(b1)) was augmented. It also appeared in the time courses (Figure
2(B)-(a2) and Figure 2(B)-(a3) for infant and Figure 2(B)-(b2) and Figure
2(B)-(b3) in young) and in the box plots (Figure 2(B)-(a4) and Figure
2(B)-(a5) for infant and Figure 2(B)-(b4) and Figure 2(B)-(b5) in young).

The peak latency in the SGI was short (1.6 + 0.1 ms, n= 6 in infant and 1.1 +
0.1 ms, 7 =9 in young) as expected from direct stimulation, whereas that in the
SGS was longer (4.0 £ 0.7 ms, n = 9 in young) due to the propagation to distant

region.

3.3. Spatiotemporal Analysis

In order to assess the spread of the optical response over the slice, the optical
response at each time point was fitted with an ellipse. The center of gravity

(COG) and area of the ellipse were measured over time in infant and young mice
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in both the absence (Figure 3(A)) and presence (Figure 3(B)) of PTX. Since the
size of image was smaller than that of optical response in some cases, the area
and the distance of COG movement could be underestimated. However, it is
sufficient to evaluate the relative changes.

In infant mice, the COG of optical response induced by SGS stimulation
moved toward SGI (Figure 3(A)-(al)), and the movement took place during the
initial period (0 - 7.2 ms, Figure 3(A)-(b1)). Whereas, that by SGI stimulation
remained at the stimulated site (Figure 3(A)-(al)). The change in the area oc-
curred during the initial period (Figure 3(A)-(b3)). The significant difference of
young mice to infant mice was the large movement of COG toward SGS for SGI
stimulation (Figure 3(A)-(a2) and Figure 3(A)-(c2)). Surprisingly, these prop-
erties were not significantly modified by PTX (Figure 3(B)).

3.3.1. Infant Mice

To be specific, in infant mice, most SGS electrodes stimulated a site at a distance
of about 100 pm from the dorsal surface and the COG of neural excitation
moved about 100 pm toward the SGI (Figure 3(A)-(al), SGS). On the other
hand, the SGI electrode stimulated a site 450 - 550 um ventral to the dorsal sur-
face. Unlike SGS stimulation, neural excitation evoked by SGI stimulation pro-
duced little movement of the COG, which remained around the site of stimula-
tion (Figure 3(A)-(al), SGI).

The vector average of the directions of movement indicated that the neural
excitation propagated from the SGS to the SGI in infant mice (Figure 3(A)-(al),
Average). The data shown in Figure 3(A)-(b1) and Figure 3(A)-(cl) also indi-
cate that the mean distance of COG movement of neural excitation from the
electrode site after SGS stimulation was similar to that after SGI stimulation at
all time points in infant mice. No significant difference was observed between
the maximum distance of movement of the COG after SGS stimulation and that
after SGI stimulation (145.6 + 17.2 um vs. 90.0 £ 15.1 um, P = 0.137, paired
t-test, n = 6).

We also analyzed the change in activated area over time and found that after
SGS stimulation (Figure 3(A)-(b3), closed circle), the activated area increased
over time, reaching a maximum at 26.4 ms after stimulation. In contrast, after
SGI stimulation (Figure 3(A)-(c3), closed circle), a large propagation area was
observed 2.4 ms after stimulation, with the maximum activation area observed
7.2 ms after stimulation. The average maximum activation area was significantly
greater with SGI stimulation than with SGS stimulation (0.493 + 0.030 um?® vs.
0.120 *+ 0.014 um? P < 0.01, paired t-test, 7 = 6). These results demonstrated
different patterns of neuronal ascending and descending connections between

the layers.

3.3.2. Young Mice
In young mice, SGS stimulation applied to a site 100 - 200 um from the dorsal

surface resulted in an approximately 100-um movement of the COG toward the
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Figure 3. Spatio-temporal analysis of optical response in the absence (A) and presence (B) of PTX. (a): The spatial movement of
the ellipse’s center of gravity (COG) in infant (al) and young (a2) mice. The movements of neuronal responses determined by
optical imaging are shown. Circles represent the stimulation sites and arrowheads represent the direction of movement. The dis-
tance of movement after SGS (left) and SGI (middle) stimulations and their averages (right) in infant mice (2 = 6), and the cor-
responding data in young mice ((a2); n = 9) are shown. The horizontal axis represents the electrode axis and the vertical axis
represents the mediolateral distance. The origin represents the boundary point of the surface of the SC. (b, ¢): The temporal
movement of the COG and area of the ellipse were measured in the dorsoventral (b) and ventrodorsal (c) pathways. The distance
of movement of the COG after SGS ((bl), (b2)) and SGI ((cl), (c2)) stimulations are shown. (b1l) and (c1) show changes in the
mean distance between the electrode and the COG over time (0, 2.4, 7.2, and 26.4 ms) after SGS and SGI stimulation, respectively.
Closed and open circles represent data for infant (22 = 6) and young (22 = 9) mice, respectively. Error bars mean SEM. (b2) and (c2)
show the distributions of the maximum distance of movement after SGS and SGI stimulations, respectively, in infant (left box
plot, n = 6) and young (right box plot, n = 9) mice. Box plots show the sample minimum, lower quartile, median, upper quartile,
and sample maximum. (b3) and (c3) show areas of neuronal activation induced by electrical stimulation. Changes in the average
neuronal activation area over time (0, 2.4, 7.2, and 26.4 ms) after SGS (b3) and SGI (c3) stimulations are illustrated. Closed and
open circles represent data for infant (2 = 6) and young (22 = 9) mice, respectively. Error bars mean SEM; (B) The spatio-temporal
movement of the ellipse’s COG in infant (a) and young (b) mice treated with PTX. The same as (A) except the presence of PTX.
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SGI and then mediolateral movement within SGS (Figure 3(A)-(a2)). The me-
diolateral movement was greater than that observed in infant mice (Figure
3(A)-(al)). After SGI stimulation, although the direction of mediolateral prop-
agation was not uniform, there was substantial movement into the SGS, as much
as 400 um.

In terms of the averaged direction of movement, as shown in Figure
3(A)-(a2), SGS stimulation resulted in movement of the COG toward the SGI
and then toward the SGS, while SGI stimulated resulted in movement toward the
SGS. The changes in the mean distance of movement of the COG from the elec-
trode site in young mice are shown in Figure 3(A)-(bl) and Figure 3(A)-(c1)
as open circles.

The average maximum distance of movement of the COG was significantly
higher with SGI stimulation than with SGS stimulation (281.3 + 38.6 um vs.
172.7 + 11.6 um, P < 0.05, paired t-test, n = 9). When the maximum distance of
movement was compared between infant and young mice, no significant devel-
opment-related difference was observed with SGS stimulation (145.6 + 17.2 um
vs. 172.7 £ 11.6 um, P = 0.197, Student’s t-test, 7 = 6 and 9, respectively, Figure
3(A)-(b2)), whereas SGI stimulation resulted in a significantly greater move-
ment in young mice than in infant mice (281.3 £ 38.6 um vs. 90.0 + 15.1 um, P<
0.01, Student’s t-test, n = 9 and 6, respectively, Figure 3(A)-(c2)). This suggests
the establishment of a ventrodorsal pathway after eye opening.

An analysis of activated area showed that the time need to achieve maximal
activated area was 2.4 ms after stimulation, and the layer stimulated was irrele-
vant to this finding. The average maximum activation area was significantly
greater in SGI stimulation than in SGS stimulation (0.320 £ 0.040 pm? vs. 0.154
+ 0.016 um? P < 0.01, paired t-test, n = 9, Figure 3(A)-(b3) and Figure
3(A)-(c3)). These results imply that presynaptic activity plays an important role

in the ventrodorsal pathway.

3.3.3.PTX

In PTX, no parameters were significantly different in infant and young mice as
seen in Figure 3(B). In infant, no significant increase in the distance of COG
movement from the electrode was observed before and after PTX administration
(SGS: 163.2 £ 19.1 um, P = 0.070 vs. control, paired t-test, 2 = 6; SGI: 86.8 + 13.6
pum, P = 0.692 vs. control, paired t-test, n = 6; Figure 3(B)-(bl), Figure
3(B)-(b2), Figure 3(B)-(c1) and Figure 3(B)-(c2)). No significant change in
the area was observed before and after PTX administration after either stimula-
tion (SGS: 0.156 + 0.027 pum? P = 0.120 vs. control, paired t-test, n = 6; SGL:
0.512 £ 0.021 um?, P=0.233 vs. control, paired t-test, 7= 6).

In young, no significant difference was observed in the distance of COG be-
fore and after PTX administration (SGS: 287.7 £ 43.1 um, P = 0.228 vs. control,
paired t-test, n = 9; SGI: 149.0 + 14.1 pm, P = 0.400 vs. control, paired t-test, n =
9). No significant difference in the area was observed before and after PTX ad-
ministration (SGS: 0.299 + 0.041 pm?, P = 0.886 vs. control, paired t-test, 7= 9;
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SGI: 0.155 + 0.022 um?, P = 0.384 vs. control, paired t-test, n=9).

3.4. Staining of Terminal Varicosities and Comparison
with Optically Recorded Voltage Response

In the previous sections, we assumed that the fast and slow components reflect
pre- and postsynaptic activity. However, an underlying anatomical basis to jus-
tify these analyses is needed. To reveal anatomical mechanism underlying the
generation of optically recorded voltage response, we used a glass pipette filled
with TMR-c for both electrical stimulation and labeling of neuronal population.
It is known that positive current pulses make small holes in the cell membrane
and also cause depolarization of the same cell, for example, as seen in juxtacellu-
lar staining [38]. Strongly labeled cell bodies were mainly found adjacent to
electrode (Figure 1(C)-(c2)). Even after 6 h incubation period, we did not ob-
serve retrogradely labeled cell bodies in distant location from electrode, suggest-
ing labeled fibers were mainly originated adjacent to electrode. Because TMR-c
can be electrophoresed with positive current, it is very likely that TMR-c is in-
troduced into the electrically activated cells, allowing visualization of the neu-
ronal population that contributes the presynaptic component of optical re-
sponse.

By TMR-c injection without stimulation pulses to TMR-c-filled electrodes, no
or minimal staining was observed (data not shown), indicating the stimulus-
dependent nature of staining. We do not yet know exactly what kinds of neu-
ronal processes uptake the dye, what fraction of active (or inactive) processes get
labeled, or whether the uptake is voltage-dependent. However, as shown below,

the results corresponded well with the voltage imaging.

3.5. Axonal Labeling by SGS Stimulation

In this experiment, we identified the projections of the dorsoventral pathway
(Figure 4(A)). First, we found that, after SGS stimulation in infant mice, signals
slowly propagated from the SGS toward the SGI, a pattern similar to that ob-
served after stimulation with a tungsten electrode (Figures 4(A)-((al)-(a3))).
Tracer-labeled varicosities (red dots in Figure 4(A)-(a4)) were superimposed on
an optical response taken 0.6 ms after stimulation (white area in Figure
4(A)-(a4)). Labeled varicosities were present in the SGS, and a few were found
in SO, but they were not observed in SGI. Laterally extending processes were al-
so observed in SGS. These may reflect the presence of labeled horizontal cells.

In young mice, neuronal responses induced by SGS stimulation quickly prop-
agated to the SGI. With time, the activity within SGS spread more laterally, but
the response in the SGI disappeared immediately (Figures 4(A)((b1)-(b3))).
The varicosities labeled in the same tissue were abundant, and mainly distri-
buted within SGS (Figure 4(A)-(b4)). However, the area of labeled boutons ex-
tended ventrally to include scattered regions within SO and SGI. There was ex-

cellent correlation between the activated area at 3.0 ms after stimulation and
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Figure 4. Staining of terminal varicosities and comparison with optically recorded voltage response in dorsoventral (A) and ven-
trodorsal (B) pathways. (A) SGS stimulation-induced neuronal excitation recorded by optical imaging and axonal tracing in infant
(a) and young (b) mice. Optical imaging and axonal trace were obtained in the same slice. ((al), (b1)): Pseudocolor images of
propagation of neuronal excitation in response to SGS stimulation. White dashed lines indicate the layer borders obtained by
Neurotrace staining. The acquisition times after a single stimulus pulse are shown above each image. Asterisks indicate the posi-
tion of the glass electrode. Scale bar = 200 pm. ((a2), (a3) and (b2), (b3)): Time courses of the spatially averaged optical responses
(8 x 8 pixels) in the SGI and SGS of infant ((a2), (a3)) and young ((b2), (b3)) mice at the positions indicated by closed and open
white circles in (al) and (b1) (before stimulation), respectively. The black arrowheads indicate the time of stimulation and the four
dots the times at which the images displayed as pseudocolor maps in (al) and (b1l) were acquired. The time range of the fast com-
ponent is indicated by the deep gray shading and that of the slow component by the lighter gray shading. The vertical axis of scale
bars is 0.01% in infant ((a2), (a3)) and 0.007% in young ((b2), (b3)), and the horizontal axis is 10 ms. ((a4), (b4)): Stained varicosi-
ties with red dots superimposed on monochrome images obtained by optical imaging. Optical images were taken 0.6 and 3.0 ms
after stimulation for infant and young mice, respectively; (B) SGI stimulation-induced neuronal excitation recorded by optical
imaging and axonal tracing in infant (a) and young (b) mice. The same as (A) except the difference in the stimulation site. In (a4)
and (b4), optical images were taken 0.6 ms after stimulation for both infant and young mice. The vertical axis of scale bars is
0.01% in infant ((a2), (a3)) and 0.02% in young ((b2), (b3)), and the horizontal axis is 10 ms.

bouton distribution in SGS. Some of the labeled varicosities were also found
within activated regions in SO and SGI, although some were not. These observa-

tions suggest that around the time of eye opening the SGS extends projections
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outside the SGS into SO and SGI, to produce a dorsoventral pathway. Further-
more, the correlation between activity and labeled fibers suggest that the initial

phase of optical responses (~3.0 ms) reflects presynaptic activity in these axons.

3.6. Axonal Labeling by SGI Stimulation

The projections of the ventrodorsal pathway were identified after eye opening
(Figure 4(B)). SGI stimulation also resulted in a propagation pattern similar to
that reported previously, where persistent responses were observed in the SGI,
but they did not propagate to the SGS in infant mice (Figures 4(B)-((al)-(a3))).
Labeled varicosities were mainly distributed in the SGI, indicating the extent of
axons within the layer (Figure (B)-(a4)). They were also observed to a lesser ex-
tent in the SO, but not in the SGS.

When labeled varicosities were superimposed on an optical response taken 0.6
ms after stimulation, the excited region and the varicosity-dense region were
almost completely matched, except for varicosities extending toward the side of
the SGI (Figure 4(B)-(a4)). In young mice, the propagation of SGI responses
toward the SGS was observed (Figures 4(B)-((b1)-(b3))). Labeled varicosities
were distributed in SGI, SO, and SGS. They were actually more widespread in
SO and SGS than in SGI (Figure 4(B)-(b4)). These observations suggest that the
local collaterals of SGI neurons are limited to the area immediately around the
parent cell, but that intralaminar projections are more widespread. The corres-
pondence between terminal distribution and activity indicates that the initial

phase (~3.0 ms) of the optical response reflects presynaptic activity.

3.7. Quantitative Analysis of Axonal Labeling

The distribution of labeled varicosities was quantified in each region. The aver-
age number of labeled varicosities was significantly higher in young mice than in
infant mice (3889 + 917 vs. 749 + 255, P < 0.05, n = 7 and 6, Student’s t-test),
suggesting development of axonal arborization during the period. We then cal-
culated the percentages of varicosities distributed in each layer (Figure 5). In in-
fant mice, the average percentages of labeled varicosities arising from SGS neu-
rons and distributed in the SGS, SO, and SGI were 92.3% + 3.8%, 7.1% * 3.4%,
and 0.7% + 0.4%, respectively (Figure 5(al), closed bar), and those arising from
SGI neurons and distributed in the SGI, SO, and SGS were 85.4% + 5.1%, 9.0% *
2.9%, and 5.7% + 2.4%, respectively (Figure 5(a2), closed bar). These results
suggest that the limited response seen in SGI after SGS stimulation mostly re-
flected postsynaptic activity.

In young mice, the average percentages of labeled varicosities arising from
SGS neurons and distributed in the SGS, SO, and SGI were 82.7% *+ 7.2%, 12.2%
* 5.5%, and 5.1% £ 1.9%, respectively (Figure 5(al), open bar), and those aris-
ing from SGI and distributed in the SGI, SO, and SGS were 33.7% + 3.5%, 20.9%
+ 2.0%, and 45.4% + 4.8%, respectively (Figure 5(a2), open bar). These results

suggest that in the ventrodorsal pathway, presynaptic activity contributes to

DOI: 10.4236/jbm.2017.58002

26 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2017.58002

N. Morita et al.

Percentage of labeled varicosities
(a1) SGS stimulation

100
[
8-3 - I\;\fant
- = O
S 3 6 oung
0 0O
Re
< & 40
20
0 & ™
SGS SO SGI
(a2) SGI stimulation
100
[
- 8 80 Infant
Q= O Young
O 9 60
§ 8
E% 40 -
O n N
o == E=
SGS o) SGI

Figure 5. The percentage of labeled varicosities in each layer. The ratio of labeled varicos-
ities in each layer are shown with the total number of labeled varicosities defined as 100.
The percentage of varicosities distributed in each layer after SGS (al) and SGI (a2) sti-
mulations in infant mice (closed bar, respectively) and young mice (open bar, respective-
ly) are shown.

optical responses in all layers, but in the dorsoventral pathway, the contribution
of presynaptic activity is greater in the SGS than in the SO and SGI.

In the dorsoventral pathway, only 0 - 6 labeled varicosities arising from the
SGS were found in the SGI of infant mice, whereas 96 - 367 varicosities were
found in young mice, suggesting the establishment of direct projection during
the period. However, no significant difference was observed between infant and
young mice in the percentage of varicosities of SGS origin distributed in the SGI
(0.7% + 0.4% vs. 5.1% * 1.9%, P=0.132, both n = 3, Student’s t-test), suggesting
that direct projection is a minor component of total projection even in young
mice. The percentage of varicosities of SGI origin in the SGS was significantly
higher in young mice than in infant mice (5.7% * 2.4% vs. 45.4% = 4.8%, P <
0.05, n = 3 and 4, Student’s t-test). These data clearly indicate that interlaminar

projection develops during the period of eye opening.

4. Discussion

4.1. Properties of Evoked Optical Responses

In this study, we used optical imaging and axonal labeling to reveal the devel-
opment of the connections between the SGS and SGI layers of the SC before and
after eye opening in mice. Analysis of dorsoventral propagation from the SGS to
SGI revealed greater spread of excitation after eye opening. The excitation
spread concentrically within ~100 pm in infant SGS. After eye opening, the
spread of excitation was biased horizontally within SGS and vertically to produce
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invasion of SGI.

The response to stimulation consisted of two kinetically distinct components,
an early fast peak within ~3 ms and a longer slow response lasting ~20 ms. Ad-
ministration of the GABA, receptor antagonist PTX augmented the slow com-
ponent to roughly the same extent in both the SGS and the SGI of infant and
young mice, indicating that the slow response arises from synaptic transmission
of excitatory activity.

We have chosen two age groups, P7-9 as infant before eye opening and P25-35
as young after eye opening. A portion of the changes seen between these time
points may be due to the effects of experience-dependent mechanisms. Other
changes may be solely due to time-dependent maturation and growth of collicu-
lar neurons. The latter may include changes both before and after eye opening.
Experiments in which eye opening is manipulated will be needed to sort these
factors out. Nevertheless, the present results provide data on the relevant starting
and end points of this process.

In contrast to dorsoventral propagation, ventrodorsal propagation from the
SGI to SGS evoked by SGI stimulation was not observed until after eye opening.
In infant mice, SGI stimulation only activated SGI. The effects of PTX were age-
dependent. In young mice, the slow component in the SGS was augmented by
PTX while the slow component in the SGI was not. Conversely, in infant mice,
the slow component in the SGI was augmented by PTX. The ventrodorsal prop-
agation increased to a greater extent than dorsoventral propagation after eye
opening. These propagation characteristics were not modified by PTX. Staining
of terminal varicosities with the tracer revealed that interlaminar direct projec-
tion was achieved in young but not in infant mice. The ratio of varicosities of the
ventrodorsal projection was far larger than that of the dorsoventral projection in
young mice.

Taken together with the results of the axonal labeling experiment, these find-
ings indicate it is very likely that prolonged SGS activity after SGI stimulation in
young mice is caused by the combination of the establishment of direct SGI-SGS
projection and persistent SGS local circuit activity. On the other hand, develop-
mental change in the persistence of SGI activity after SGS stimulation is mainly
interpreted as a change in the persistence of SGI local circuit activity. In sum,
these results indicate distinct postnatal developmental sequences for interlami-
nar projections and intrinsic inhibitory circuitry in the SC. How visual inputs

after eye opening guide these neuroplastic changes remains to be elucidated.

4.2. Dorsoventral Propagation Pathways

The change from concentric propagation within the SGS and ensuing slow entry
into SGI of infant mice (Figure 2(A)) to the more laterally directed SGS propa-
gation and weak, but fast, activity in the SGI after eye opening likely reflects
substantial development of local SGS circuitry. A previous anatomical study of

postnatal SC development showed that dendritic arborization of SGS neurons
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and organization of laminar structure are incomplete before eye opening [39]. In
addition, full maturation of the excitatory dorsoventral pathway is likely estab-
lished after eye opening [12] [40] [41] [42] [43] [44]. Indeed, before eye opening,
propagation of the fast excitatory component from the SGS to SGI was almost
negligible, while the slow component in the same pathway was prominent. Fur-
thermore, the peak latency of SGS-to-SGI propagation was slower in infant than
young mice.

In accordance with the voltage imaging, TMR-c-labeled varicosities arising
from the SGS were not observed in the SGI of infant mice, but a significant
number was observed in young mice (Figure 4(A)-(a4) and Figure 4(A)-(b4)).
It is reasonable to assume that excitation propagated slowly in infant mice be-
cause the direct projection pathway from the SGS to SGI was poorly developed.
However, although the peak latency was slow, it was insensitive to PTX. Given
that the infant SGS contains many GABAergic neurons [45] and that SC myeli-
nation occurs from PND 12 to 24 [39], the PTX-insensitive, slow SGS-to-SGI
propagation in infant SC is likely not due to polysynaptic activity but rather due
to the absence of myelination in the direct SGS-to-SGI pathway before eye
opening. In any case, we can conclude that direct projection from SGS-to-SGI
fully establishes after eye opening.

Morphological and functional development of SGS has also been shown to
depend largely on retinal spontaneous activity [46] and that signals from the
SGS are necessary for the development of deeper laminae [16]. This suggests that
propagation of activity from the SGS to SGI before eye opening is important for
development of SGI neural circuitry. Before eye opening, most retinal axons
terminate over a large area of the SGS, but this terminal zone becomes much
smaller after eye opening [46]. These changes in retinal-SGS circuitry are in
contrast to the developmental changes in propagation patterns within the SGS;
before eye opening, the area of activation was small and became larger after eye
opening. These findings suggest that during SGS development, activity is initial-
ly maintained by less-selective retinal inputs and later by lateral propagation of

activity by local neurons excited by highly selective retinal inputs.

4.3. Ventrodorsal Propagation Pathways

Stimulation of SGI-evoked optical responses within the SGI did not reach SGS in
infant mice (Figure 2(B)). In young mice after eye opening, the SGI signal in-
itially propagated within the SGI and then widely in the SGS. Furthermore, SGI
activity disappeared shortly after the stimulation in young mice. These results
are consistent with our previous developmental study [18] and with a voltage
imaging study in mature rats [20], though the latter also reported the presence of
a weak long-lasting component. It is known that local circuits in the SC continue
developing after birth [39] and that normal development of SGI neurons re-
quires inputs from the SGS [16]. These anatomical and physiological connec-

tions between SGI and SGS may contribute to the acquisition of visually guided
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orientation behaviors [18].

Analysis of the distribution of varicosities showed that they were distributed
in only the SGI in infant mice, but were more abundantly distributed in the SGS
than in the SGI in young mice (Figure 4(B)-(a4) and Figure 4(B)-(b4)). These
findings suggest that visually guided orientation behaviors, which are driven by
the SGI-to-SGS pathway, are established later than visual feedback, which is
conveyed by the SGS-to-SGI pathway. The development of ventrodorsal propa-
gation after eye opening may be responsible, in part, for saccadic suppression via
the ventrodorsal pathway [14]. The different time course of activity between the
two pathways after eye opening likely reflects their different time windows of

function.

4.4. Roles of GABAergic Inhibition

PTX produced no significant changes in the fast components, peak latencies, and
areas of the optical responses in infant and young mice, strongly suggesting that
the fast component mainly reflects presynaptic activity. Alternatively, the effects
of PTX on the slow components indicate propagation by local circuitry strongly
influenced of GABAergic interneurons. In infant mice, PTX augmented propa-
gation of the slow component evoked by local SGI stimulation, but did not faci-
litate propagation to the SGS (Figure 2(B)-(al)-(a3)), further demonstrating
the absence of a functional ventrodorsal connection before eye opening. After
eye opening, SGS stimulation evoked a larger slow component within the SGS
and SGI in the presence of PTX (Figure 2(A)). This is consistent with a previous
study by Isa, et al (1998) [12] showing that SGS stimulation activates SGI neu-
rons under GABAergic disinhibition by bicuculline. SGI stimulation in young
mice evoked a significantly larger slow component in the SGS, consistent with
previous studies [14] [18].

In contrast, SGI stimulation in the presence of PTX after eye opening evoked
no slow component in the SGI (Figure 2(B)-(b1)-(b3)), suggesting that local
inhibitory activity within the SGI is weakened after eye opening. This is consis-
tent with the change in the morphological arrangement of GABAergic neurons
after eye opening described previously [47] [48] [49]. Collectively, these studies
suggest that GABAergic inhibition in the dorsoventral pathway is of equal
strength in the SGS and SGI, while only the SGS side of the ventrodorsal path-
way is under strong GABAergic inhibition.

4.5. Asymmetric Nature in Development

Our results suggest that asymmetric interlaminar connections in the SC develop
after eye opening. The dorsoventral pathway is thought to have an important
role in transformation of visual information to activate motor commands [8].
We found that the ventrodorsal pathway is established after eye opening. This
implies that the ventrodorsal pathway has an important role similar to that of

the dorsoventral pathway for visual orientation behavior. Our result showing bi-
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directional transmission between SGS and SGI under GABAergic disinhibition
after eye opening is in accord with a previous study using optical imaging [20],
except that long-lasting low-amplitude activity in the SGI was not observed,
probably due to insufficient sensitivity or species difference. A single-cell re-
cording study reported the existence of a feedforward inhibitory circuit from the
SGI to SGS via GABAergic neurons in the SGI, suggesting that the circuit is in-
volved in saccadic suppression [14] and further that the SGI-to-SGS ventrodor-
sal pathway is critical for efficient visual information gathering.

Results of spatiotemporal analysis are consistent with the proposed functional
roles of SGS and SGI. The dorsoventral pathway may contribute to transmission
of visual inputs from the retina since movement of the COG became faster after
eye opening. The ventrodorsal pathway, on the other hand, may contribute to
the feedback process for saccadic suppression in the SC since ventrodorsal
propagation becomes larger after eye opening. In contrast to movement of the
COG, the mode of transmission was not markedly altered by PTX, suggesting
that the local GABAergic inhibition controls the gain of SC neural circuitry, es-
pecially in the SGS, but not the modes of interlaminar propagation.

In this study, we found that the development of neuronal circuits around the
time of eye opening in the SC assuming that visual information has strong ef-
fects on the development of the SC. However, during the period, a variety of
sensory systems develop and the information is also fed to the SC. Therefore, we
cannot conclude that the development found in this study is driven purely by
visual inputs. In the future, it is necessary to perform experiments on animals

whose eye is removed.
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