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Abstract

Gamma-amino butyric acid (GABA) is a predominant inhibitory neurotransmitter in the

central nervous system (CNS). Released GABA is removed from the synaptic cleft by two

GABA transporters (GATs), GAT-1 and GAT-3, and their dysfunction affects brain functions.

The present study aimed to reveal the ontogeny of the GABA-removal system by examining the

immunohistochemical localization of GAT-1 and GAT-3 in the embryonic and postnatal mouse

cervical spinal cord. In the dorsal horn, GAT-1 was localized within the presynapses of

inhibitory axons after embryonic day 15 (E15), a little prior to GABAergic synapse formation.

The GAT-1-positive dots increased in density until postnatal day 21 (P21). By contrast, in the

ventral horn, GAT-1-positive dots were sparse during development, although many transient

GABAEergic synapses were formed before birth. GAT-3 was first localized within radial

processes of radial glia in the ventral part on E12 and the dorsal part on E15. The initial

localization of the GAT-3 was almost concomitant with the distribution of GABAergic neurons.

GAT-3 continued to be localized within the processes of astrocytes, and increased in expression

until P21. These results suggested the following: (1) Before synapse formation, GABA may be

transported into the processes of radial glia or immature astrocytes by GAT-3. (2) At the

transient GABAergic synapses in the ventral horn, GABA may not be reuptaken into the

presynapses. (3) In the dorsal horn, GABA may start to be reuptaken by GAT-1 a little prior to

synapse formation. (4) After synapse formation, GAT-3 may continue to remove GABA from



immature and mature synaptic clefts into the processes of astrocytes. (5) Development of the

GABA-removal system may be completed by P21.
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Highlights

1. We examined the ontogeny of GABA-removal system in the mouse spinal cord.
2. GABA may be removed to radial glia-astrocyte lineage cells by GAT-3.

3. GABA may not be reuptaken to the presynapses in the ventral horn.

4. GABA reuptake may start a little prior to synapse formation in the dorsal horn.

5. Development of the GABA-removal system may be completed by P21.
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ABC: avidin-biotin-peroxidase-complex
AF: anterior funiculus

As: astrocyte

AX: axon

cc: central canal

CNS: central nervous system

DH: dorsal horn

E: embryonic day

f: presynapse containing flat vesicles
GABA: y-amino butyric acid

GAT: GABA transporter

GAD: glutamic acid decarboxylase
GLAST: glutamate-aspartate transporter
Gly: glycine

LF: lateral funiculus

M: month old

ML: mantle layer

MZ: marginal zone

NRS: normal rabbit serum

P: postnatal day

PB: phosphate buffer

PF: posterior funiculus

R: GABA receptor and glycine receptor
RG: radial glia

S: presynapse containing spherical vesicles
VGAT: vesicular GABA transporter
VH: ventral horn

VZ: ventricular zone

WM: white matter

I-1V: lamina I to IV in the dorsal horn
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1. Introduction

Gamma-amino butyric acid (GABA) is an important neurotransmitter in the adult

central nervous system (CNS) (Olsen and Tobin, 1990, Macdonald and Olsen, 1994). After

release from presynaptic terminals, GABA binds to the GABA receptors on the postsynaptic

membrane and is rapidly transported into the presynaptic terminals and glial processes

surrounding the synapses by the GABA transporters (GATs), GAT-1 and GAT-3 (Jursky et al.,

1994, Kanner, 1994, Borden, 1996, Gadea and Lopez-Colome, 2001, Takayama, 2005). The

establishment of this removal system is one of the most important steps in synapse formation

and is crucial for the maintenance of normal GABAergic transmission. The dysfunction of these

transporters affects brain functions and causes various diseases, such as ataxia, depression,

hypoalgesia, and tremor (Chiu et al., 2005, Liu et al., 2007a, Liu et al., 2007b, Xu et al., 2008,

Zink et al., 2009, Egawa et al., 2012, Shi et al., 2012).

Previous studies have investigated the ontogeny of the GABA-removal system in

various brain regions by in situ hybridization (Evans et al., 1996) and immunohistochemistry

(Jursky et al., 1994, Jursky and Nelson, 1999, Minelli et al., 2003b, Vitellaro-Zuccarello et al.,

2003, Takayama and Inoue, 2005, Avila et al., 2011) for the GABA transporters, GAT-1, GAT-2,

and GAT-3. Distinct types of GABA transporters were localized during development of each

region, but, as demonstrated in the adult mouse, GAT-1 was commonly localized in presynapses



and GAT-3 was located in astrocytic processes (Radian et al., 1990, Minelli et al., 1995, Itouji et

al., 1996, Minelli et al., 1996, Morara et al., 1996, Jin et al., 2011a, Jin et al., 2011Db).

We have previously investigated the developmental changes in GABA signaling in the

CNS (Takayama and Inoue, 2004c, b, a, 2005, 2006, 2007, 2010). We have also examined the

time course of GABAergic neuron localization, GABAergic synapse formation, and GABA

action in the spinal cord (Kosaka et al., 2012). In the present study, we focused on the

developmental changes in the GABA-removal system in the spinal cord, because the

GABA-removal system is crucial for the maintenance of motor and sensory functions (Chiu et

al., 2005, Xu et al., 2008). Although previous studies have demonstrated GAT-1 and GAT-3

expression and localization in the embryonic spinal cord (Jursky and Nelson, 1996), changes in

cellular and subcellular localization of the transporters and their spatial and temporal

relationship with the formation of GABAergic networks were not clearly revealed.

In the present study, to reveal the development of the GABA-removal system and its

special relationship to the development of GABAergic networks, we used light- and electron-

microscopy to examine the changes in expression and localization of GAT-1 and GAT-3 in the

embryonic and postnatal mouse spinal cord. We found that GAT-1 was localized within

presynapses in the dorsal horn a little prior to the synapse formation, but not in the ventral horn,

although many GABAergic synapses were transiently formed in the ventral horn, namely

transient GABAergic synapses (Wu et al., 1992, Gao et al., 2001, Tran et al., 2003, Allain et al.,



2006, Sibilla and Ballerini, 2009, Kosaka et al., 2012). GAT-3 was localized in the processes of

radial glia-astrocyte linage cells, after GABAergic neurons were localized. Development of the

GABA-removal system may be completed by P21.

2. Experimental Procedures

2.1. Animals

Male mice on postnatal day (P) 0, P7, P14, P21, and 2-month-old mice (P2M), and

pregnant mice (C57BI/6J) were used in this study. Adult and pregnant mice were deeply

anesthetized by intra-peritoneal injection of a mixed solution (10 ul/g body weight), containing

8% Nembutal and 20% ethanol in saline. Fetuses on embryonic day (E) 12 (EO = mating day),

E13, E15, E16, and E18 were removed from the uterus of pregnant mice. At least five mice or

fetuses were investigated for immunostaining at each stage.

These experiments were approved by the Animal Care and Use Committees of the

University of the Ryukyus (No. 5539) and were performed in compliance with the Guide for the

Care and Use of Laboratory Animals of the University of the Ryukyus. Every effort was made to

minimize the number of animals and their suffering.

2.2. Antibody characterization

Characterization of all antibodies used in the present study is listed in Table 1. The

specificity of the VGAT antibody was examined in the previous study (Takayama and Inoue,

2004c¢). To test the specificity of GAT-1 and GAT-3 immunolabeling, we performed the



immunostaining with normal rabbit serum (diluted 1:10000) instead of GAT-1 or GAT-3 anti-
body. No obvious staining was detected in the spinal cord on P2M and E15 (Data not shown).
2.3. Tissue preparation and immunohistochemistry for light microscopic analysis

Fetuses on E12 were immediately immersed in fixatives containing 4%
paraformaldehyde in phosphate buffer (PB, 0.1 M, pH 7.4). Fetuses on E13, E15, E16, E18, and
adult mice were fixed by transcardial perfusion with the same fixative. After immersion in the
same fixative overnight, the fetuses and spinal cord of postnatal mice were cryoprotected with
30% sucrose in PB for 2 days, and cut into 20 um-thick transverse sections with a cryostat. The
sections of the cervical enlargement were mounted on glass slides coated with gelatin and
immunostained. Sections were incubated methanol containing 0.3% H,O, for 30 min, PB for 10
min, 3% normal goat serum in PB for 1h, and GAT-1 and GAT-3 antibodies as previously
described (Takayama and Inoue, 2005). After rinsing three times with PB for 15 min, sections
were visualized using the avidin-biotin-peroxidase complex (ABC) method (Histofine Kit;
Nichirei, Tokyo, Japan) (Hsu et al., 1981), and were observed by a light microscopy (Olympus
AX-80).

For double staining, sections incubated with GAT-1 or GAT-3 antibodies were
visualized with anti-rabbit 1gG, conjugated to Alexa Fluor 568 (Life Technologies, Carlsbad,
CA). After rinsing three times in PB, sections were incubated with a guinea pig VGAT antibody

(Takayama and Inoue, 2004a) or a mouse nestin antibody (Millipore, Billerica, MA) and



visualized using anti-guinea pig IgG conjugated to Alexa Fluor 488 (Life Technologies, Carlsbad,

CA) or anti-mouse 1gG conjugated to Alexa Fluor 488, respectively. The immunofluorescence

images were observed by a laser scanning confocal microscope (Olympus FV 1000).

2.4. Tissue preparation and immunohistochemistry for electron microscopic analysis

P2M mice and fetuses on E15 and E18 were fixed by transcardial perfusion with 4%

paraformaldehyde in PB. After immersion in the same fixative overnight, cervical spinal cords

were cut into 300 um-thick transverse sections using a microslicer (Dosaka, Kyoto, Japan).

Sections were incubated in 3% normal goat serum for 1h, followed by primary antibodies

against GAT-1 or GAT-3 overnight at room temperature. After visualization using the ABC

method (Hsu et al., 1981), sections were post-fixed with 1% glutaraldehyde in PB for 20 min

and 1% OsO,4 in PB for 2 h at 4°C, stained with 1% uranyl acetate aqueous solution overnight,

and embedded in epoxy resin in the usual manner (Takayama and Inoue, 2004a). Ultra-thin

sections were observed under an electron microscope (H-9500, Hitachi, Tokyo, Japan). Figure

plates were prepared by using Adobe Photoshop.

3. Results

3.1. Immunohistochemical localization of GAT-1 and GAT-3 in the adult mouse spinal

cord

First, we examined the light- and electron-microscopic localization of GAT-1 and

GAT-3 in the cervical enlargement of the spinal cord of 2-month-old mice. Dense GAT-1
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immunolabeling was detected as fine dots in laminae I, I, and 111 in the dorsal horn (Fig. 1A). In
the ventral horn, the GAT-1-positive dots were sparse and the neuropil was weakly stained (Fig.
1B). Electron microscopic analysis revealed that the GAT-1 immunolabeling was localized near
the cell membrane of the presynapses, which contained many flat vesicles and often formed
symmetric synapses with dendrites (Fig. 1C), indicating that GAT-1 was mainly localized at the
presynaptic terminals of inhibitory axons. Furthermore, a small amount of immunolabeling was
detected within non-neuronal structure (arrowheads in Fig. 1C) as demonstrated in other regions
(Minelli et al., 1995, Takayama and Inoue, 2005, Jin et al., 2011a, Jin et al., 2011b). The
structure may be processes of astrocytes since it filled up the inter-neuronal regions as
previously described (Peters et al., 1991).

GAT-3 immunolabeling was diffusely detected in the neuropil throughout the gray
matter, including both the dorsal horn (Fig. 1D) and the ventral horn (Fig. 1E). Electron
microscopic analysis revealed that dense GAT-3 immunolabeling filled up the inter-neuronal
space surrounding the symmetric and asymmetric synapses (Fig. 1F), as previously reported in
other regions of the CNS (Minelli et al., 1996, Minelli et al., 2003a, Takayama and Inoue, 2005,
Jinetal., 20114, Jin et al., 2011b). The structure may be also processes of astrocytes since it
filled up the inter-neuronal regions as previously described (Peters et al., 1991).

These results suggested that GABA may be transported into presynapse by GAT-1 and

astrocytic processes mainly by GAT-3 in the adult spinal cord as demonstrated in other regions
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(Radian et al., 1990, Minelli et al., 1995, Itouji et al., 1996, Minelli et al., 1996, Morara et al.,

1996, Jin et al., 2011a, Jin et al., 2011b).

3.2. Developmental localization of GAT-1 in the spinal cord

GAT-1 was first detected in the anterior part of the marginal zone on E12 (Fig. 2A). The

faint immunolabeling spread to the lateral funiculus on E13 (Fig. 2B) and the posterior funiculus

on E15 (Fig. 2C). The dorsal horn was weakly stained on E15 and the immunolabeling gradually

increased in density and intensity on E16 (Fig. 2D) and E18 (Fig. 2E). In contrast, the signal

was faint in the ventral horn during embryonic development (Fig. 2). In the higher magnification

view, a few GAT-1-positive dots were localized within the marginal zone on E13 (Fig. 3A) and

E15 (Fig. 3B). Within the ventral horn, GAT-1-positive dots were detected on E16 (Fig. 3C) and

E18 (Fig. 3D), but were sparse compared with VGAT- or glutamic acid decarboxylase (GAD)-

positive dots on the same embryonic day (Kosaka et al., 2012). In the posterior funiculus, many

GAT-1-positive dots were moderately and clearly localized on E15 (Fig. 3E) through E18, and

their density and immunolabeling intensity were much higher than those in the anterior

funiculus. In the dorsal horn, GAT-1 immunolabeling was detected at axon varicosities and

axons on E15 (Fig. 3F). The density of the GAT-1-positive varicosities gradually increased after

E16 (Fig. 3G and 3H), and numerous dots were localized mainly in lamina Il of the dorsal horn

on E18 (Fig. 3H). Furthermore, to characterize the GAT-1-positive profiles in the developing

spinal cord, we examined the electron microscopic localization. On E18, GAT-1
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immunolabeling was localized within the presynaptic terminals, which contained flat vesicles
(Fig. 4A-C), and adjacent axons in the dorsal horn (Fig. 4C). A small amount of immunolabeling
was detected within processes of astrocytes in the embryonic spinal cord as detected in the adult
mice (arrowheads in Fig. 4).

After birth, the neuropil was weakly stained in the ventral horn and few GAT-1-
positive dots were detected (Fig. 5A-D). In the dorsal horn, in contrast, GAT-1 immunolabeling
was increased in intensity after birth (Fig. 5E-H). On PO (Fig. 5E), the densely stained
GAT-1-positive dots were mainly localized in lamina I1l. Lamina | was labeled on P7 (Fig. 5F),
and lamina Il was positive after P14 (Fig. 5G and 5H). Staining intensity and density markedly
increased between P7 (Fig. 5F) and P14 (Fig. 5G), and slightly increased until P21 (Fig. 5H).
During postnatal development, the neuropil was also weakly GAT-1- immunolabeled (Fig. 5).

These results indicated that GAT-1 was mainly localized within the presynapses in the
dorsal horn after E15, and increased in expression until P21.

3.3. Developmental localization of GAT-3 in the spinal cord

GAT-3 immunolabeling was first detected in the ventral region on E12 (Fig. 6A). On
E13, immunolabeling in the ventral region was detected in the radial fibers extending from the
central canal to the pial surface (Fig. 6B). In particular, radial fibers were heavily stained in the
white matter. On E15, the labeled fibers were localized throughout the spinal cord, and the

intensity and density of the immunolabeling was markedly increased within gray matter (ventral
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horn) (Fig. 6C). On E16 (Fig. 6D) and E18 (Fig. 6E), fibers were not clearly discernible within
the gray matter, and the GAT-3 immunolabeling exhibited small fragments that occupied the
neuropil. In contrast, radial fibers were densely labeled in the white matter. In the ventral portion
at higher magnification, weak GAT-3 immunolabeling was localized to several radial fibers
extending from the central canal to the pial surface on E12 (Fig. 7A). On E13, numerous radial
fibers were clearly labeled (Fig. 7B). In the gray matter, weak to moderate GAT-3-
immunolabeling was detected in the radial processes, which had few branches. In the white
matter, processes were densely labeled, and end feet were clearly discernible (Fig. 7B). On E15,
intensity of the GAT-3 immunolabeling markedly increased in the ventral horn and the labeled
radial fibers had many branches (Fig. 7C). On E16, radial processes were unclear and numerous
fragments or particle-like-profiles were scattered among large motor neurons (Fig. 7D). On E18,
dots and short fibrous fragments occupied the neuropil, which may have contributed to filling up
the inter-neuronal space (Fig. 7E). In the dorsal horn, radial processes were first detected on E13
(Fig. 7F). The shapes of GAT-3-positive structure gradually changed to fragment-like profiles on
E16 (Fig. 7G), and small dots scattered in the neuropil in laminar Il and I11 on E18 (Fig. 7H). To
further characterize the GAT-3-positive profiles in the developing spinal cord, we examined the
localization using electron microscopy on E15 (Fig. 8A-D) and E18 (Fig. 8E and 8F). GAT-3
was localized within the radial fibers extending straight to the pia mater, and their short branches

invading into the inter-neuronal space on E15 (Fig. 8A-D). On E18, GAT-3 was localized near
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the plasma membrane of astrocyte-like cells (Fig. 8E), and the GAT-3-positive processes were

localized near the symmetric and asymmetric synapses (Fig. 8E and 8F).

After birth, GAT-3 immunolabeling increased in intensity and density until P21, but

radial processes were not detected in either the ventral (Fig. 9A-D) or the dorsal horns (Fig. 9E

-H). On PO, fine dots or short fibrous profiles occupied the neuropil region among the large

motor neurons in the ventral horn (Fig. 9A). On P7, the immunolabeling increased in intensity

and density (Fig. 9B). On P14 and P21, the neuropil was diffusely occupied by GAT-3

immunolabeling (Fig. 9C and 9D). In the dorsal horn on PO, GAT-3 immunolabeling was

detected in all lamina including lamina I, and exhibited fine dots (Fig. 9E). Density of the

GAT-3-positive dots markedly increased during the first postnatal week (Fig. 9F) and gradually

increased until P21 (Fig. 9G and 9H). The neuropil was occupied by GAT-3 immunolabeling in

the dorsal horn on P21 (Fig. 9H).

These changes in the shape of GAT-3-positive profiles, detected by the light microscopy,

were quite similar to those of radial glia-astrocyte lineage cells, detected by

immunohistochemistry for RC1, nestin, and glutamate-aspartate transporter (GLAST) (Shibata

etal., 1997, Liu et al., 2002). Furthermore, electron microscopic analysis revealed the following:

(1) Localization of chromatin within nuclei of GAT-3-positive cells was characteristic for

astrocytes (Peters et al., 1991). (2) GAT-3 was not detected within the neuronal elements, such

as dendrites, terminals, and axons. (3) GAT-3-positive profiles filled up the inter-neuronal spaces.
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These results suggested that GAT-3 may be localized to the radial glia and astrocytes in the
ventral part of the cervical spinal cord after E12 and the plasma membrane of astrocytic
processes in the dorsal horn after E15.
3.4. Double labeling of GAT-1 and GAT-3 with synaptic and glial markers, VGAT, and
nestin

To reveal the spatial and temporal relationship between GAT-1 expression and synapse
formation, we examined the double staining with VGAT, which is a marker of inhibitory
synaptic vesicles in both GABAergic and glycinergic synapses. In the dorsal horn on E18, many
GAT-1-positive dots were colocalized with VGAT, but not fully merged (Fig. 10A). Many
GAT-1-positive but VGAT-negative dots were also detected in the same image (Fig. 10A),
indicating that GAT-1 was localized to the inhibitory terminals during embryonic period, but the
onset of the GAT-1 expression was a little prior to synapse formation. By contrast, in the ventral
horn, although VGAT-positive dots were numerous, few GAT-1-positive dots were colocalized
with VGAT (circles in Fig. 10B). These results indicated that GAT-1 was localized to the
inhibitory terminals which may remain as the presynapses of permanent GABAergic synapses in
the dorsal horn, but was not localized to the transient GABAergic synapses in the ventral horn.

Next, to reveal the temporal relationship between GAT-3 localization and development
of radial glia-astrocyte lineage cells, we examined the double labeling with nestin, which is the

intermediate filament in the neural stem cells or radial glia in the developing CNS. In the ventral
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horn on E13, the trunk of the GAT-3-positive fibers colocalized with nestin, while the branches
were GAT-3-positive but nestin-negative (Fig. 10C). In the dorsal horn on E13, many radial
fibers were nestin-positive but GAT-3-negative (Fig. 10D). In the dorsal horn on E15, a few
nestin-positive fibers were colocalized with GAT-3 immunolabeling, but many GAT-3-positive
profiles were nestin-negative (Fig. 10E). These results indicated that radial glia did express
GAT-3, but early stage of radial glia did not express GAT-3, and suggested that GAT-3 may be
expressed in the processes of radial glial development and continue to be localized in the
astrocytes.

Furthermore, to examine the positional relationship between astrocytic processes and
inhibitory terminals, we performed double labeling with VGAT. Some of the VGAT-positive
dots were attached to the GAT-3-positive fibrous profiles, but many VGAT-positive dots were
detected among the GAT-3-positive profiles (Fig. 10F), indicating that GAT-3-positive
astrocytes did not yet completely seal the synapses on E18.

4. Discussion

In the present study, we examined the immunohistochemical localization of GAT-1 and
GAT-3 in the embryonic and postnatal mouse spinal cord, and revealed the characteristic
development of the GABA-removal system. The results are summarized in Figure 11.

4.1. Developmental changes in the GABA-removal system in the mouse spinal cord

Previous studies demonstrated the early distribution of GABAergic neurons before
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synapse formation in the rodent spinal cord (Wu et al., 1992, Schaffner et al., 1993, Phelps et al.,

1999, Tran et al., 2003, Sibilla and Ballerini, 2009, Kosaka et al., 2012), suggesting that GABA

may be extrasynaptically released for several days, and play an important role in morphogenesis

of the CNS (Ben-Ari, 2002, McCarthy et al., 2002, Owens and Kriegstein, 2002, Represa and

Ben-Ari, 2005, Ben-Ari et al., 2007). The present study demonstrates that GAT-3 was localized

to the radial fibers during this developmental period. These results suggested that GAT-3 may

exclusively transport extrasynaptically released GABA into the radial glia or immature

astrocytes (Fig. 11A).

In the ventral horn, a large number of GABAergic synapses are formed during late

embryonic development (Wu et al., 1992, Gao et al., 2001, Tran et al., 2003, Allain et al., 2006,

Sibilla and Ballerini, 2009, Kosaka et al., 2012), but many of these synapses eventually

disappeared. Several previous studies suggested the possibility that transient GABAergic

synapses might be transformed into glycinergic synapses (Gao and Ziskind-Conhaim, 1995,

Nabekura et al., 2004), but the fate of these transient GABAergic synapses was still unknown.

The present study demonstrated that, except for a few, GAT-1 was not detected in the

presynapses at these transient GABAergic synapses in the ventral horn, suggesting that only

GAT-3 removes GABA into astrocytes (Fig. 11B).

In the dorsal horn, conversely, GAT-1 appeared during synapse formation. The onset

was a little earlier than that of VGAT (Fig. 10A). This result suggested that GABA released in
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the immature synaptic cleft or extracellular space, which was partially sealed by astrocytic

processes, may be transported to the astrocytic processes by GAT-3, and be reuptaken to the

developing presynapse by GAT-1 (Fig. 11C). Finally, both GATs may remove GABA from the

synaptic cleft (Fig. 11D).

4.2. Regional difference in the development of the GABA-removal system in the CNS

Developmental changes in the GABA-removal system in the spinal cord, demonstrated

in the present study, were characteristic in comparison with those in other regions as described

below. First, GABA may be removed by GAT-3 to the astrocytic processes before formation of

GABAEergic synapses. In the cerebellar cortex, no immunolabeling was detected before synapse

formation (Takayama and Inoue, 2005). In the cerebral cortex, GAT immunolabeling before

birth was weak to faint except for in the marginal zone (Jursky and Nelson, 1996, Minelli et al.,

2003b, Vitellaro-Zuccarello et al., 2003, Conti et al., 2004), although numerous GABAergic

neurons were already localized within all layers (Conti et al., 2004, Takayama and Inoue, 2010).

These results suggested that although GABA may be extrasynaptically released during

embryonic and postnatal development, no GABA-removal system was established in other

regions. Second, GAT-1-negative GABAergic axon terminals were detected in the transient

synapses in the ventral horn, although GAT-1 is localized in the majority of the presynapses of

GABAergic axons in various regions of adult and developing CNS (Jursky and Nelson, 1996,

Minelli et al., 2003a, Minelli et al., 2003b, Vitellaro-Zuccarello et al., 2003, Conti et al., 2004,
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Takayama and Inoue, 2005, Avila et al., 2011). Third, reuptake of GABA started a little prior to

the formation of GABAergic synapses, although GAT-1 appeared several days after the

VGAT-expression in the cerebellar cortex (Takayama and Inoue, 2005), and at the same time in

the cerebral cortex (Conti et al., 2004).

4.3. GAT-3 in the radial glia-astrocyte lineage

Recent studies demonstrated that radial glia, which have long radial processes, are the

neural stem cells during early developmental stages (Kriegstein and Alvarez-Buylla, 2009, Costa

et al., 2010, Molnar and Clowry, 2012). They proliferate by themselves within the ventricular

zone, and differentiate into neurons and astrocytes. During the early stage, they symmetrically

divide into stem cells, and subsequently produce neurons or neuronal progenitor cells. During

the later stage, they are differentiated into astrocytes or their progenitor cells (Kriegstein and

Alvarez-Buylla, 2009). In the present study, GAT-3 was not detected within the nestin-positive

radial process in the dorsal horn, but was colocalized with nestin on the radial process on E13

(Fig. 10C and 10D). This result suggested that GAT-3 was not expressed in the radial glia at the

early stage of proliferation and neurogenesis, and radial glia may start to express GAT-3 when

they are committed to becoming glial cells during the gliogenesis stage. The change in GAT-3

immunolabeling over time was similar to that for glutamate-aspartate transporter (GLAST), one

of the glutamate transporters, because GAT-3 continued to be expressed in the radial

glia-astrocyte lineage during the development of the spinal cord (Shibata et al., 1997).
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Figure legends

Figure 1. Immunohistochemical localization of GAT-1 and GAT-3 in the dorsal horn (A, C,

D, and F) and ventral horn (B and F) of the 2-month-old mouse spinal cord.

GAT-1-positive dots occupied the neuropil of the dorsal horn (A), but were a few in the ventral

horn (arrows in B). Electron microscopic analysis demonstrated that GAT-1 immunolabeling

was mainly localized within the terminals containing flat vesicles (f) and partly in the astrocytic

processes (arrowheads in C). GAT-3 immunolabeling was diffusely distributed in the neuropil of

both dorsal (D) and ventral horns (E). Electron microscopic pictures demonstrated that GAT-3

was localized within astrocyte processes (arrowheads in F).

I-1V: lamina I-1V, s: presynapses containing spherical vesicles, triangles: cell bodies of motor

neurons. Scale bars: A, B, D, E: 10 um, C, E: 1 um.

Figure 2. Developmental localization of GAT-1 in the embryonic spinal cord on E12 (A),

E13 (B), E15 (C), E16 (D), and E18 (E) at the lower magnification.

Weak GAT-1 immunolabeling was detected in the marginal zone (MZ) and white matter (A-C).

In the dorsal horn (DH), faint immunolabeling was detected on E15 (C), and intensity of the

GAT-1 immunolabeling increased after E16 (D and E). By contrast, in the ventral horn (VH),

GAT-1 immunolabeling was faint (B-E). Squares indicate the location of the higher

magnification photographs in Figure 3. AF: anterior funiculus, LF: lateral funiculus, ML: mantle

layer, PF: posterior funiculus, VZ: ventricular zone. Scale bar: 100 um.

Figure 3. Embryonic development of GAT-1 localization in the ventral part (A-D) and
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dorsal part (E-H) on E13 (A), E15 (B, E, and F), E16 (C and G), and E18 (D and H) at the

higher magnification.

In the ventral part, only a few GAT-1-positive dots (arrows) were localized within the anterior

funiculus (AF) and the ventral horn (VH). In the dorsal horn (DH), a few GAT-1-positive dots

were detected at the axons (arrowheads) on E13 (F), and the density of the GAT-1-positive

varicosities increased mainly in the lamina Il after E16 (G and H). Triangles: cell bodies of

large motor neurons, PF: posterior funiculus, I-111: lamina I- I11. Scale bar: 10 pm.

Figure 4. Electron microscopic localization of GAT-1 in the dorsal horn on E18.

GAT-1 was localized within the presynapse, which formed synapses (asterisks in A-C), and

axons (Ax in C). A small amount of immunolabeling was detected within processes of astrocytes

(arrowheads in A and B). Scale bar: 1 um.

Figure 5. Postnatal development of GAT-1 localization in the ventral horn (A-D) and

dorsal horn (E-H) on PO (A and E), P7 (B and F), P14 (C and G), and P21 (D and H) at the

higher magnification.

In the ventral horn, a few GAT-1-positive dots (arrows) were detected, and the neuropil was

weakly stained (A-D). By contrast, in the dorsal horn, GAT-1 immunolabeling was dense and

increased in intensity during development (E-H). GAT-1-positive dots were densely detected

mainly in the lamina I11 (111) on PO (E), lamina I (1) and I11 (111) on P7 (F), and lamina I to 111 (I,

I, 1) after P14 (G and H). Triangles: cell bodies of motor neurons. Scale bar: 10 um.
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Figure 6. Developmental localization of GAT-3 in the embryonic spinal cord on E12 (A),

E13 (B), E15 (C), E16 (D), and E18 (E) at the lower magnification.

GAT-3 immunolabeling was first detected at the radial fibers in the ventral region on E12 (A), in

the ventral half on E13 (B), and throughout the spinal cord on E15 (C). GAT-3 immunolabeling

exhibited small fragments on E16 (D) and E18 (E). Squares indicate the location of the higher

magnification photographs in Figure 7. AF: anterior funiculus, cc: central canal, DH: dorsal

horn, LF: lateral funiculus, ML: mantle layer, MZ: marginal zone, PF: posterior funiculus, VH:

ventral horn, VZ: ventricular zone. Scale bar: 100 um.

Figure 7. Embryonic development of GAT-3 localization in the ventral part (A-D) and

dorsal part (E-H) on E12 (A), E13 (B), E15 (C and F), E16 (D and G) and E18 (E and H) at

the higher magnification.

Radial fibers (arrows) were clearly discernible by GAT-3 immunostaining until E15 (A-C). In

the ventral horn (VH) on E15, many branches were detected (C). After E16, radial processes

were unclear and numerous fragments or particle-like-profiles occupied the neuropil (D and E).

In the dorsal horn (DH), radial processes (arrows) were first detected on E15 (F), and the shapes

of GAT-3-positive structure gradually changed to fragment-like-profiles on E16 (G), and fine

dots scattered in laminar 1l and I11 on E18 (H). Triangles: cell bodies of motor neurons, cc:

central canal, LF: lateral funiculus, ML: mantle layer, MZ: marginal zone, VZ: ventricular zone.

Scale bar: 10 pm.
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Figure 8. Electron microscopic localization of GAT-3 in the dorsal horn on E15 (A-D) and
E18 (E and F).

GAT-3 immunolabeling was detected within the radial fibers and their short branches (arrows)
invading into the inter-neuronal space on E15 (A-D). On E18, GAT-3 immunolabeling was
localized near the cell membrane of astrocyte (As) processes, and the GAT-3-positive processes
(arrows) filled up the inter-neuronal spaces and often attached or surrounded the symmetric and
asymmetric synapses (asterisks in E and F). Scale bars: 1 um.

Figure 9. Postnatal development of GAT-3 localization in the ventral horn (A-D) and
dorsal horn (E-H) on PO (A and E), P7 (B and F), P14 (C and G), and P21 (D and H) at the
higher magnification.

On PO, GAT-3-positive fine dots or short fibrous profiles occupied the neuropil region in the
ventral horn (A). After P7, the immunolabeling increased in density (B-D). In the dorsal horn,
GAT-3 immunolabeling was detected in all lamina (I-111) (E-H). Density of the GAT-3-positive
dots gradually increased until P21 (F-H). Triangles: cell bodies of the motor neurons. Scale bar:
10 um.

Figure 10. Double labeling of GAT-1 (red in A, B, and F) and GAT-3 (red in C, D, and E)
with synaptic and glial markers, VGAT (green in A, B, and F) and nestin (green in C, D,
and E) on E13 (C and D), E15 (E), and E18 (A, B, and F).

In the dorsal horn on E18, many of the GAT-1-positive dots were merged with fine
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VGAT-positive dots (yellow), but GAT-1 single positive dots (red) were also detected (A). By

contrast, in the ventral horn, the majority of the VGAT-positive dots were not colocalized with

GAT-1 immunolabeling; few GAT-1-positive dots were merged with VGAT (circles in B). On

E13, the trunks of the GAT-3-positive fibers were colocalized with nestin-positive fibers in the

ventral horn (C). The radial fibers were nestin-positive but GAT-3-negative (D). In the dorsal

horn on E15, many GAT-3-positive profiles were nestin-negative, and a few nestin-positive

fibers were colocalized with GAT-3 immunolabeling (arrows in E). On E18, some of the

VGAT-positive dots were attached to the GAT-3-positive fibrous profiles, but they were not

merged (F). I-1V: lamina I-1V, triangles: cell bodies of the motor neurons. Scale bar: 10 um.

Figure 11. Schematic illustrations of changes in GABA-removal system.

Before synapses are formed, GABA, released from the axons and growth cones of GABAergic

neurons, may be transported into the processes of radial glia (RG) by GAT-3 (A). In the dorsal

horn, GABAergic synapses were formed during late embryonic and postnatal development. In

the immature GABAergic synapses, GABA may be reuptaken into presynapses by GAT-1 and

transported into the developing astrocytes by GAT-3. After astrocytic processes seal the

GABAEergic synapse, GABA in the synaptic cleft may be removed by GAT-1 and GAT-3 into

presynapses and neighboring astrocyte processes, respectively (B). In the ventral horn, many

GABAEergic synapses were transiently formed and disappeared during postnatal development,

namely transient GABAergic synapse. In the transient GABAergic synapses, GABA may be
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transported into the developing astrocytic processes by GAT-3, but may not be reuptaken into
presynapse (C). The fate of this transient GABAergic synapse was not revealed, but several
studies suggested the transformation into the glycinergic synapses.

1: GAT-1, 3: GAT-3, As: astrocytes, Gly: glycine, R: GABAA or glycine receptor.
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Table 1. Antibody characterization.

Antigen Immunogen Manufacturer, Dilution
species, antibody type
GABA transporter | Synthetic peptide, Sigma-Aldrich 1:2000
-1 (GAT-1) aa 588-599 of rat GAT-1 (SAB2102222, St. Louis
MO),
rabbit, polyclonal
GABA transporter | Synthetic peptide, Sigma-Aldrich 1:2000
-3 (GAT-3) aa 607-627 of rat GAT-3 (G8407, St. Louis MO),
rabbit, polyclonal
Nestin nestin purified from embryonic | Millipore 1:2000
rat spinal cord (MAB353, Billerica, MA),
mouse, monoclonal (1IgG1)
VGAT Synthetic peptide, Guinea pig, polyclonal 1 pug/ml

aa 1022-1042 of mouse VGAT

(Takayama and Inoue, 2004a)
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