Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 December 2021 d0i:10.20944/preprints202112.0469.v1

Review

Developmental formation of the GABAergic and glycinergic
networks in the mouse spinal cord

Chigusa Shimizu-Okabe?, Shiori Kobayashi?, Jeongtae Kim®, Yoshinori Kosaka?, Masanobu Sunagawa?, Akihito
Okabec and Chitoshi Takayama*

aDepartment of Molecular Anatomy, University of the Ryukyus, Graduate School of Medicine, 207 Uehara,

Okinawa 9030215, Japan

bDepartment of Anatomy, Kosin University College of Medicine, Busan 49267, Republic of Korea

Department of Nutritional Science, Faculty of Health and Welfare, Seinan Jo Gakuin University, Fukuoka 803-

0835, Japan

* Correspondence: Chitoshi Takayama, Department of Molecular Anatomy, University of the Ryukyus, Grad-
uate School of Medicine, 207 Uehara, Okinawa 9030215, Japan; Phone +81-98-895-1103; Fax. +81-895-1405; E-
mail; takachan@med.u-ryukyu.acjp

Abstract Gamma-aminobutyric acid (GABA) and glycine act as inhibitory neurotransmitters. Three
types of inhibitory neurons and terminals, GABAergic, GABA/glycine co-releasing, and glycinergic,
are orchestrated in the spinal cord neural circuits and play key roles in the regulation of pain, loco-
motive movement, and respiratory rhythms. Herein, we first describe GABAergic and glycinergic
transmission and inhibitory networks, which consist of three types of terminals, in the mature
mouse spinal cord. Second, we describe the developmental formation of GABAergic and glycinergic
networks, with specific focus on the differentiation of neurons, formation of synapses, maturation
of removal systems, and changes in their action. GABAergic and glycinergic neurons are derived
from the same domains of the ventricular zone. Initially, GABAergic neurons are differentiated and
their axons form synapses. Some of these neurons remain GABAergic in lamina I and II. Many of
GABAergic neurons convert to co-releasing state. The co-releasing neurons and terminals remain
in the dorsal horn, whereas many of co-releasing ones ultimately become glycinergic in the ventral
horn. During the development of terminals and the transformation from radial glia to astrocytes,
GABA and glycine receptor subunit compositions markedly change, removal systems mature, and
GABAergic and glycinergic action shifts from excitatory to inhibitory.

Keywords: astrocyte; gamma-amino butyric acid (GABA); GABA transporter (GAT); GABAa recep-
tor; glutamic acid decarboxylase (GAD); glycine; glycine receptor; glycine transporter (GlyT); K*-ClI-
co-transporter 2 (KCC2); vesicular GABA transporter (VGAT)

1. Introduction

In the mature central nervous system (CNS), which includes the spinal cord, y-amino
butyric acid (GABA) and glycine are inhibitory neurotransmitters that negatively regulate
neuronal activity [1-4]. In the spinal cord, there are three types of inhibitory neurons and
terminals: GABAergic, GABA/glycine co-releasing, and glycinergic [5-7]. These neurons
and terminals are orchestrated in the spinal cord neural circuit and are involved in many
important roles, such as the regulation of somatic sense, locomotive movement, and res-
piratory rthythms [8-10]. In the first part of this review, we will focus on the three types of
neurons and terminals and describe the inhibitory networks in the mature spinal cord
from the following viewpoints: (1) distribution of neurons and terminals, (2) receptor
composition, (3) removal system, and (4) mechanisms underlying inhibitory transmission.
In the latter half of the review, we will focus on morphological development and demon-
strate the processes of how mature networks are established through the following
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neuronal differentiation processes: GABAergic and glycinergic neurons are born in the
ventricular zone, migrate in the gray matter, extend their dendrites and axons, and form
synapses. During these processes, the neuronal types alter, the composition of the receptor
subunits changes, the removal system matures, and the action of both neurotransmitters
shifts from excitatory to inhibitory.

2. GABAergic and glycinergic network in the mature spinal cord

GABAergic and glycinergic synapses are schematically illustrated in Figure 1A and
1B, respectively. GABA and glycine are synthesized within the neurons and transported
from the extracellular space, which includes the synaptic cleft. The neurotransmitters are
loaded into synaptic vesicles and released from the axon terminals. After diffusion in the
synaptic cleft, they bind to GABA or glycine receptors at the postsynaptic membrane. In
the mature spinal cord, activation of GABA or glycine receptors induces hyperpolariza-
tion of the membrane potential and negatively regulates neuronal activity. The action of
these neurotransmitters is terminated by their removal from the synaptic cleft into pre-
synaptic terminals and astrocytic sheets that surround the synapses [3, 11-13].
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Figure 1. GABAergic and glycinergic transmission in the adult spinal cord. A and B Schematic
illustration of GABAergic (A) and glycinergic (B) synapses. Various key molecules are involved in
GABAergic and glycinergic transmission. C and D Immunohistochemistry for GAD (C and D),
GlyT2 (E and F), and both (G and H) in the dorsal (C, E, and G) and ventral (D, F, and H) horns. In
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lamina I and II, GABAergic terminals are dominant (C), whereas GAD and GlyT2 double-positive
co-localizing terminals (yellow) are dominant in lamina III of the dorsal horn (G). In the ventral
horn, glycinergic GlyT2-positive terminals (green) are dominant (F), but GABAergic GAD-positive
terminals (red) are scarce (F and H).

2.1. GABAergic transmission

GABAergic transmission at the synapse is illustrated in Figure 1A. GABA is synthe-
sized from glutamate by two isoforms of glutamic acid decarboxylase (GAD65 and
GADG67) [14] and loaded into vesicles by vesicular GABA transporter (VGAT), which is
also known as vesicular inhibitory amino acid transporter (VIAAT) [15, 16]. GABA is re-
leased via the fusion of vesicles with the presynaptic membrane at the nerve terminals
and binds to GABA receptors on the postsynaptic membrane. GABA receptors are classi-
fied into three groups based on their pharmacological and biochemical characteristics:
GABAAx, GABAs, and GABAc. Among them, the fast synaptic transmission is mediated by
GABAAreceptors in the mammalian CNS [1, 17]. The GABAAa receptor is a member of the
ligand-gated ion channel receptor family and is thought to be composed of five heter-
omeric subunits belonging to seven different subunit families: a1-6, 31-3, v1-3, 9, ¢, 7, and
0 [1, 2, 17, 18]. Native GABA receptors contain at least one «, one {3, and one y subunit.
The subunit composition varies among the brain regions [19-21]. Different subunit com-
positions exhibit their own characteristic pharmacological and electrophysiological prop-
erties [1, 2, 18, 22, 23]. In situ hybridization histochemistry used to evaluate mRNA local-
ization demonstrated that in the mature spinal cord, two of the six a subunits, a2 and a3,
are highly expressed in the gray matter [20, 24, 25]. Expression of the a2 subunit is high
in motor neurons and the surrounding satellite neurons in the ventral horn. The a3 subu-
nit is highly expressed in the dorsal horn and moderately localized in other regions of
gray matter. Expression of the a1 and a5 subunits is weak, whereas the 33 and y2 subunits
are highly expressed throughout the gray matter. Immunohistochemical localization [26-
28] confirmed the mRNA distributions observed by in situ hybridization histochemistry.
However, there are some discrepancies between mRNA and protein localizations. For ex-
ample, the distribution of a1, a2 and a5 subunits differ in the dorsal horn between in situ
hybridization and immunohistochemical analysis. The results suggest that sensory neu-
rons in the dorsal horn may express receptors consisting of a3(33y2 subunits, and some
receptors might include al, a2, and a5 subunits. Motor neurons in the ventral horn may
express a2(a5)[33y2 subunits. Binding of GABA to the GABAA receptor induces the influx
of chloride ions (CI"), and mediate hyperpolarization of the postsynaptic membrane po-
tential. GABAergic transmission is terminated by the re-uptake of GABA into the nerve
terminals or uptake into the surrounding astroglia by plasma membrane GABA transport-
ers (GATs) [29]. GATs are high-affinity Na* and Cl-dependent transporters that co-
transport GABA with Na* and CI-[30, 31]. In the CNS, there are three types of GAT: GAT-
1, GAT-2, and GAT-3. GAT-2 is localized in leptomeningeal ependymal cells and the cho-
roid plexus [32]. GAT-1 and GAT-3 function at the membranes of axon terminals contain-
ing GABAergic vesicles and astrocytic sheets surrounding GABAergic synapses, respec-
tively [33-36].

2.2. Glycinergic transmission

Glycinergic transmission at the synapse is illustrated in Figure 1B. Several glycine
biosynthesis pathways have been suggested [37, 38]. For example, serine, which is derived
from 3-phosphoglycerate in the glycolytic pathway, is converted to glycine by serine hy-
droxy-methyltransferase (SHMT) within the mitochondria. However, in glycinergic neu-
rons, high-affinity uptake systems mediated by glycine transporter 2 (GlyT2) may be the
dominant supply pathway for presynaptic glycine [39, 40]. GlyT2 knockout mice die from
lack of glycine during the second postnatal week [41, 42], which suggests that de novo
synthesis by SHMT is not sufficient for glycinergic neurotransmission [4, 12, 43]. After
being loaded into vesicles via VGAT (VIAAT) [15, 16], glycine is released by exocytosis
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from the nerve terminals and binds to glycine receptors on the postsynaptic membrane.
The glycine receptor is a ligand-gated ion channel receptor that consists of five subunits
belonging to two subunit families: a1-3 and 3 in the mammalian CNS [3, 44, 45]. The «
subunit has a strychnine binding site and the 3 subunit binds to the scaffolding protein
gephyrin. The composition varies among the CNS regions. Different subunit composi-
tions exhibit their own characteristic electrophysiological properties [45, 46]. Immuno-
histochemical and in situ hybridization analysis demonstrated that the al and 3 subunits
are highly and homogeneously expressed in the gray matter of the spinal cord, which
suggests that the dominant composition of the glycine receptor may be a1 (two al and
three 3 subunits) [47-51]. In addition, the a2 and a3 subunits are weakly expressed in the
dorsal horn. Glycine receptors consisting of alf are localized at the postsynaptic mem-
brane, whereas those containing the a2 and a3 subunits may be localized at the extra-
synaptic region, as seen in the hippocampus [52]. Binding of glycine to the receptor in-
duces an influx of Cl- (Fig. 1A), as observed in GABA binding (Fig. 1B). The glycinergic
action is terminated by re-uptake into the nerve terminals and uptake into the surround-
ing glia through plasma membrane glycine transporters (GlyTs) [39]. GlyTs are high-af-
finity Na* and Cl-dependent transporters that co-transport glycine with Na* and CI-.
There are two types of GlyTs in the CNS: GlyT1 and GlyT2. In the spinal cord, as well as
in other brain regions, GlyT1 is localized at the astrocytic sheets that surround glycinergic
synapses and GlyT2 is localized at the membranes of axon terminals that contain glyciner-
gic vesicles [53, 54].

2.3. GABAergic and glycinergic transmission in the mature spinal cord

GABA or GAD immunohistochemistry [55-57] and GAD-green fluorescent protein
(GFP) labeling [58] demonstrated that the density of GABAergic neurons is high in the
dorsal horn and moderate in the middle part of gray matter central part, whereas GA-
BAergic neurons are scarce or in the ventral horn. The distribution of GABAergic termi-
nals is almost the same as that of GABAergic neurons, with high density observed in the
dorsal horn (Fig. 1C) and low density observed in the ventral horn (Fig. 1D). In contrast,
glycine immunohistochemistry [59] and GlyT2 expression analysis [8, 10] demonstrated
that glycinergic neurons and terminals are homogeneously distributed in the gray mat-
ter, except for in the superficial layer of the dorsal horn (Fig. 1E, 1F). In lamina I and II,
the density of glycinergic neurons and terminals was lower than that observed in the other
laminae (Fig. 1E) [59, 60]. Furthermore, double staining of GABA/GAD and glycine/GlyT2
demonstrated that co-localizing (functionally co-releasing) neurons and terminals are of-
ten detected in the spinal cord (Fig. 1G, 1H) [5-7], and electrophysiological studies con-
firmed that the two neurotransmitters are loaded into the same synaptic vesicles and re-
leased simultaneously [61, 62]. Co-releasing terminals have been abundantly detected in
the deep part of the dorsal horn and middle part of the gray matter. In general, GABAergic
neurons and their terminals are dominant in lamina I and II (Fig. 1G). Co-releasing neu-
rons and terminals are dominant in lamina III to VI (Fig. 1G). Glycinergic neurons and
their terminals are dominant in the lamina VII-IX (Fig. 1H) [9, 53, 63-65]. Total inhibitory
terminals, which are detected as VGAT (VIAAT)-positive dots, are homogeneously and
ubiquitously distributed in the gray matter [55]. GABA and glycine play distinct roles in
motor and sensory functions in the complex network in the dorsal [66, 67] and ventral
horns [68]. GABAergic transmission is mediated by GABAa receptors consisting of
a3B3y2 subunits in the dorsal horn and a2(a5)B3y2 subunits in the motor neurons [20,
27]. Glycinergic transmission is mediated by glycine receptors consisting of alf3 subunits
[46, 48]. GABAA and glycine receptors co-localize at the postsynaptic membrane of the co-
releasing terminals [69]. Released GABA is removed into presynaptic terminals by GAT-
1 and into astrocytic sheets by GAT-3. In contrast, uptake of released glycine into the as-
trocytic processes is mediated by GlyT1 and re-uptake of glycine into the presynaptic ter-
minals is mediated by GlyT2. Because GAT-1 distribution is identical to that of the GA-
BAergic terminals, GAT-1 is abundantly localized in the dorsal horn and sparsely
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localized in the ventral horn [70]. In contrast, GlyT2 is homogeneously distributed
throughout the gray matter [53, 71]. Although the localizations of GABAergic and gly-
cinergic terminals are different, both GAT-3 and GlyT1 are homogeneously distributed
throughout the astrocytic sheets surrounding synapses, suggesting that astrocytic uptake
may ubiquitously occur regardless of terminal distribution.

2.4. Regulation of GABAergic and glycinergic action by chloride transporters

In the CNS, the change in membrane potential exerted by GABA and glycine is de-
termined by the intracellular chloride ion concentration ([Cl-]i), which is regulated by the
balance of two different chloride co-transporters, Na*K*-Cl- co-transporter 1 (NKCC1)
and K*-ClI- co-transporter 2 (KCC2) (Fig. 2A) [72-74]. NKCC1 increases the [Cl];, whereas
KCC2 decreases the [Cl']. When the action of NKCC1 is relatively high or KCC2 is absent,
[Cl]iis high and GABA and glycine induce depolarization of the membrane potential (Fig.
2A, left). In contrast, when KCC2 expression is high compared with the expression of
NKCC1, [Cl]i is low and GABA and glycine act in an inhibitory fashion (Fig. 2A, right).
In the mature CNS, which includes the spinal cord, KCC2 is highly expressed on the mem-
branes of neuronal cell bodies and dendrites (Fig. 2C) [55], and its expression level is very
high compared with that of NKCC1 [72-74]. Thus, in the mature spinal cord, the [Cl]i is
low enough for GABA and glycine to act as inhibitory neurotransmitters [55, 75].

A | Development
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GABA/Gly GABA/Gly

VDCC R
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Shimizu-Okabe et al. Figure2

Figure 2. Molecular mechanisms underlying developmental changes in the action of GABA and
glycine. A Schematic illustration of GABA action depending on intracellular Cl- concentration ([CI-
]i), which is regulated by K*, CI- co-transporter 2 (KCC2) and Na*, K¥, Cl- co-transporter 1 (NKCC1).
In the immature stage, KCC2 expression is low and [Cl]i is high, thus GABA binding to GABA
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receptors (R) induces the efflux of chloride ions (Cl-) and mediates excitation (left). In contrast, after
maturation, KCC2 expression is high and [CI]i is low, thus GABA mediates inhibition. When
GABA/glycine elevated the membrane potential in the immature spinal cord, Ca? enters through
the activated voltage dependent calcium channel (VDCC) (left). B and C Developmental localization
of KCC2. KCC2 is weakly localized in the ventral horn at E12, but dorsal part was negative (B). In
the adult spinal cord, KCC2 is expressed throughout the gray matter (C).

3. Development of GABAergic and glycinergic neurons and their axon terminals

In general, spinal cord development progresses in the ventral-to-dorsal and rostral-
to-caudal directions [76, 77]. The formation of synapses, maturation of the removal sys-
tem, and changes in the action of GABA and glycine also proceed in the same directions.
This ventral-to-dorsal development may be regulated by sonic hedgehog signals [78-80].

3.1. Early development of the GABAergic and glycinergic neurons

The early development of GABAergic neurons has been precisely described in pre-
vious reviews [68, 81, 82]. Twelve progenitor domains are formed in the spinal cord ven-
tricular zone (neuroepithelial layer), including the vMN and vP0-vP3 domains in the ven-
tral half and the dP1-dP6 domains in the dorsal half (Fig. 3A) [76, 77]. Each domain pro-
duces distinct neuron groups (classes): MN and V0-V3 in the basal plate (ventral half) and
dI1-dI6 in the alar plate (dorsal half). The dILa and dILs classes are derived later from the
dP4 and dP5 domains. The VO class is further divided into VOv and VOb subclasses, and
the V2 class is subdivided into V2a and V2b subclasses. These classes are characterized by
the expression of marker proteins such as Isl1, Evx1/2, and Evx1 [83]. GABAergic neurons
are derived from six of the classes (VOp, V1, V2b, dI4, dI6, and dILa). After exiting the cell
cycle, neurons move out of the ventricular zone and migrate into the gray matter (Fig.
3A). Figure 3 demonstrates the developmental localization of GABAergic neurons in em-
bryonic heterozygous GAD-GFP knock-in mice [58]. In the cervical spinal cord, GABAer-
gic neurons first appear on the surface of the ventricular zone between embryonic day 10
(E10) and E11 (Fig. 3B, 3C). The neurons migrate along distinct routes and finally settle in
distinct laminae (Fig. 3A). The differentiation processes of GABAergic neurons have been
precisely demonstrated using GAD or GABA immunohistochemistry [55, 84, 85] and
GAD-GFP knock-in mice (Fig. 3B-G) [58, 86]. In contrast, early developmental processes
of glycinergic neurons are still unclear. RNA sequencing studies demonstrated that GlyT2
mRNA-expressing neuron groups were identical to those expressing GAD mRNA [87, 88].
GlyT2-GFP histochemistry and glycine immunohistochemistry demonstrated that gly-
cinergic neurons often co-localize with GABA or GAD after E13, which suggests that late
embryonic development of glycinergic neurons may be the same as that of GABAergic
neurons [60, 89]. Taken together, these findings indicate that glycinergic neurons may be
derived from the same domains as GABAergic neurons and may appear later than GA-
BAergic neurons.
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Figure 3. Developmental localization of GABAergic neurons in the spinal cord. A Schematic il-
lustration of the origin of GABAergic neurons and their migration routes. GABAergic neurons are
derived from six classes (VOp, V1, V2b, dI6, dI4, and dIL) that arise from five domains (vP0, vP1,
vP2, dP6, and dP4). Each class of GABAergic neurons migrate their own routes and settle in distinct
laminae. B-G Immunohistochemical analysis of GFP in the developing GFP-GAD knock-in mouse
spinal cord. GABAergic neurons were absent at E10 (B) and appeared at E11 (B) and expanded their
localization during embryonic development in the ventral-to-dorsal direction (D-G). In contrast to
the mature spinal cord (Figure 1B), many GABAergic neurons were detected homogeneously in the
dorsal and ventral horn of the embryonic spinal cord.

3.2. Development in the ventral horn

After motor neurons are differentiated from the MN class in the ventral horn, three
classes of cells—VO0p, V1, and V2b—develop into GABA and glycinergic neurons under
the regulation of various transcriptional factors [68, 90] and distinctly participate in the
complex network around the motor neurons (Fig. 3B-G) [91]. In the cervical spinal cord
[55], VOb neurons first appear on the ventral side of the sulcus limitans between E10 and
E11. Subsequently, these cells move ventrally and send commissural axons into the con-
tralateral marginal zone (Fig. 3C, D). The axons ascend two to four segments and enter
the contralateral motor neuron pool [55, 68, 92, 93]. Finally, they give rise to inhibitory
neurons in the mature lamina VII. Second, V1 neurons appear before E11, located ven-
trally to the VO neurons, and V2b neurons subsequently arise between E12 and E13 (Fig.
3C, 3D). These neurons settle in the ventral horn and extend their axons into the ipsilateral
marginal zone. Their axons ascend or descend for several segments [94-96]. The V1 neu-
rons develop into the major inhibitory interneurons, including Renshaw cells, in the ven-
tral horn [96]. Inhibitory neurons derived from V2b are low in number among the neurons
in lamina VII [97]. Last, the d16 neurons, which are derived from the dP6 domain, migrate
in the ventral direction into lamina VII and VIII and also take part in the ventral horn
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network (Fig. 3D, 3E). Glycinergic neurons appear at E13 in the ventral horn [60], when
GlyT2 is localized at the axon varicosities in the marginal zone [53]. Double labeling of
GABA and glycine demonstrated that glycine-positive neurons often contained GABA
immunolabeling, during embryonic development [60]. These results suggest that many
GABAergic neurons may gradually convert to co-releasing neurons in the ventral horn
after E13.

In the ventral horn, GABAergic axon terminals, identified as axon varicosities, first
appear in the marginal zone at E11 and are detected within the ventral horn at E13. They
markedly increase in number and density after E15 and often surround the cell bodies of
large motor neurons at E17 [55]. Until postnatal day 7 (P7), they continue to markedly
increase in density, and the neuropil region is occupied by numerous GABAergic termi-
nals. In contrast, glycinergic terminals appear in the ventral horn at E15 and continue to
increase during embryonic and postnatal development [53]. Double staining of GAD and
GlyT2 revealed that GlyT2 immunolabeling was usually localized at GABAergic axon ter-
minals, while GlyT2 single-positive terminals were scarce during embryonic development
(Fig. 4A). During postnatal development, GABAergic terminals gradually convert to co-
releasing terminals in the marginal zone after E14 and in the ventral horn after E16. The
co-releasing terminals markedly increase in density during the first postnatal week, and
co-releasing terminals become dominant at P7 (Fig. 4B). Between P7 and P14, the majority
of co-releasing terminals change to glycinergic terminals via the removal of GAD from the
terminals (Fig. 4C). After P21, glycinergic terminals, detected as GlyT2-positive dots, often
surround the large neurons, whereas GABAergic terminals are sparse in the ventral horn
[53]. The aforementioned shift in dominant neurotransmitters may underlie the difference
in the survival period of GAD67-knockout mice and GlyT2-knockout mice [39, 41, 42, 98-
100]. Because GABAergic inhibition is dominant at birth, GAD67-knockout mice cannot
survive after birth, whereas GlyT2-knockout mice can survive. In contrast, GlyT2-knock-
out mice suffer from neuromotor disorder and die around P10 because the dominant in-
hibitory input shifts from GABAergic to glycinergic during the second postnatal week.
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Figure 4. Developmental changes in inhibitory terminals in the spinal cord. A-C Double labeling
of GAD and GlyT2 in the developing ventral horn. Dominant inhibitory terminals are GABAergic
(red) at PO (A) and change to co-releasing terminals at P7 (B) and glycinergic terminals at P14 (C).
D-K Schematic illustrations of the developmental changes in inhibitory terminals. Initially, GA-
BAergic terminals are formed after starting GABA synthesis by GAD in the gray matter (D, E, and
H). In lamina I and II, GABAergic terminals remain (D). In lamina III to IX, GABAergic terminals
convert to co-releasing terminals by the additional glycine reuptake by GlyT2 (F, G, I, and I). In
lamina VIII and IX, GAD disappears from the terminals, and the co-releasing terminals give rise to
glycinergic terminals (K).

3.3. Development in the dorsal horn
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The dI4 class and late-born dILa subclass, which are derived from the dP4 domain,
differentiate into GABAergic neurons in the dorsal horn (Fig. 3A) [68, 81, 82]. GABAergic
neurons appear on the surface of the dorsal ventricular zone between E11 and E13, mi-
grate laterally and dorsally, and enter the dorsal horn after E13 (Fig. 3C-E) [55]. The num-
ber of GABAergic neurons markedly increases until E17, and the neurons distribute
throughout lamina I to IV by the day of birth (Fig. 3E-G). Glycinergic neurons may be
derived from the same dorsal domains under the direction of transcription factors such as
Ptfla [82, 88]. Double staining with GAD/GABA and GlyT2/glycine suggests that GABAer-
gic neurons in lamina I through IV may remain GABAergic before birth [53, 60, 89]. The
GABAergic neurons convert to co-releasing neurons in lamina IV and lamina III during
postnatal development, whereas many GABAergic neurons remain GABAergic in lamina
I and II until maturation is complete.

GABAergic axon terminals are first detected in the dorsal horn at E15, markedly in-
crease in density after E17, and are homogeneously distributed in lamina I through V at
PO [53, 55]. The density of GABAergic terminals further increases during postnatal devel-
opment. In contrast, glycinergic terminals are absent in lamina I to IV during embryonic
development. During postnatal development, GlyT2 is localized at GABAergic axon ter-
minals, as detected in the ventral horn. Thus, GABAergic terminals gradually shift to co-
releasing terminals in lamina IV during the first postnatal week and lamina III during the
second postnatal week. For two weeks after birth, co-releasing terminals increase in den-
sity in lamina III to V, but many GABAergic terminals remain in lamina I and II until
maturation is complete.

The development processes of inhibitory terminal formation and maturation are
summarized schematically in Figure 4. First, GABAergic terminals are produced by GAD
expression (Fig. 4D, 4E, 4H). In lamina I and II, many GABAergic neurons and terminals
remain (Fig. 4D). In lamina III to IX, many GABAergic terminals convert to co-releasing
terminals via the expression of GlyT2 (Fig. 4F, 4I). After the initiation of high-affinity gly-
cine uptake, both synthesized GABA and uptaken glycine are loaded into the same syn-
aptic vesicles and co-released from these terminals (Fig. 4G, 4]). In lamina III to VI, co-
releasing neurons and terminals are dominant (Fig. 4G). In lamina VII to IX (motor neuron
pools) of the ventral horn, many co-releasing terminals become glycinergic via the disap-
pearance of GAD (Fig. 4K). The mechanism underlying regional differences in the differ-
entiation of terminals is still unclear. Furthermore, this developmental shift in inhibitory
neurotransmitters from GABA to glycine has been reported previously in electrophysio-
logical experiments in the spinal cord [101, 102] and other regions [103-106].

3.4. Developmental formation of total inhibitory terminals

As VGAT/VIAAT transports not only GABA but also glycine into synaptic vesicles,
VGAT immunohistochemistry allows for the visualization of all types of inhibitory termi-
nals, including GABAergic, co-releasing, and glycinergic terminals. Inhibitory terminals
appeared in the marginal zone at E11 and ventral horn at E13 [55]. The developmental
expression of VGAT exhibit ventral-to-dorsal gradation (Figure 4), which indicates that
inhibitory terminals are gradually formed in the ventral-dorsal direction during embry-
onic and early postnatal development [53, 55].

4. Developmental changes in ionotropic GABA and glycine receptors
4.1. GABAa receptor

The subunit composition of GABAA receptors changes during spinal cord develop-
ment [24, 25], as in various other brain regions [19, 25]. In the rat spinal cord, GABAx
receptors first appear in the ventricular zone. The main subunit composition continued to
be a4plyl. These receptors in the ventricular zone may be independent of synaptic
transmission [107], because synapses have not yet been formed within the ventricular
zone. In the gray matter, developing neurons start to express the a2, a3, a5, 32, 83, y2,
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and y3 subunits. The al subunit appears after birth, but expression is low to moderate.
The a2 subunit continues to be highly expressed in the developing and mature motor
neurons in lamina VIII and IX. The expression of the a2 subunit gradually increases in
other laminae during embryonic development but decreases after birth. Expression of the
a3 and ab subunits begins homogeneously and increases in intensity during late embry-
onic and early postnatal development. After birth, a3 expression decreases in the ventral
horn but remains high in the dorsal horn. The a5 subunit also decreases in expression
throughout the gray matter, but expression remains moderate in the motor neurons. Ex-
pression of the 32 and y3 subunits declines during postnatal development and is low or
faint in the mature spinal cord. In contrast, expression level of the (33 and y2 subunits
continues to increase after birth and then remains high [24, 25]. The developmental
changes in a2, a3, 33, and y2 subunit expression parallel the change in the formation of
GABAergic synapses.

4.2. Glycine receptors

The subunit combination [48, 108] and electrophysiological characteristics [46, 109-
111] of glycine receptors also markedly change during spinal cord development. During
embryonic development, the a2 subunit is highly and exclusively expressed throughout the
gray matter of the rat spinal cord. Around the day of birth, expression of the § and al
subunits is initiated. After birth, a2 subunit expression gradually decreases, whereas al and
[ subunit expression continues to increase. During postnatal development, expression of the
a3 subunit slightly increases [47]. In the mature spinal cord, a2 and a3 expression is low.
These results suggest that the glycine receptor exists as an a2 homomeric pentamer during
embryonic development and may temporally change to an a2 heteromeric receptor. Ulti-
mately, the major composition of this receptor changes to a1 during postnatal development
[45]. These changes in composition are in agreement with the results of in vitro electrophys-
iological studies [110, 111].

5. Developmental formation of GABA and glycine removal system

GABA is specifically removed by GAT-1 and GAT-3 [31, 112, 113] and glycine is re-
moved by GlyT1 and GlyT2 during CNS development and in the mature stage (Fig. 1A,
1B) [39]. GAT-1 and GlyT2 are localized at distinct axon terminals, while GAT-3 and GlyT1
are localized on the astrocytic sheets that face the synaptic cleft [53, 55].

5.1. Uptake into the presynaptic terminals

In the marginal zone and dorsal horn, the GABA removal system at the presynaptic
terminals develops simultaneously with the formation of the presynaptic terminals [70].
First, GAT-1 is localized at the GABAergic axon terminals in the marginal zone. In the
dorsal horn, GAT-1 localization begins in the axon terminals at E15, and the GAT-1-posi-
tive terminals markedly increase in density during embryonic and early postnatal devel-
opment [70]. During dorsal horn development, localization of GATs spreads in the deep-
to-superficial direction, as is observed in GABAergic terminal formation [55]. In the ven-
tral horn, however, although numerous GABAergic terminals and synapses temporally
function during embryonic and early postnatal development, GAT-1 immunolabeling is
always sparse. These results suggest that the presynaptic GABA removal system does not
function at the temporal GABAergic synapses in the ventral horn, and GABA, which is
released from transient terminals, may be mainly removed into astrocytes near these tem-
poral GABAergic synapses. In summary, the GABA removal system develops simultane-
ously with the formation of “permanent” presynaptic terminals in the spinal cord [70].

Onset of the GlyT2 expression was almost concomitant to the initial distribution of
glycine immunolabeling [53, 60, 89]. As mentioned in section 2.2, uptake from the extra-
cellular space through GlyT2 is the main glycine supply pathway, suggesting that GlyT2
localization at the presynaptic terminals may be the common onset of both glycinergic
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transmission and glycine removal. Therefore, the development of the glycine removal sys-
tem proceeds simultaneously with the formation of glycinergic transmission [53].

5.2. Re-uptake into the astrocytes

Both GAT-3 and GlyT1 continue to localize in the astrocytic lineage cells, from radial
glial to astrocytes, during spinal cord development [70]. The onset of GAT-3 localization
on the radial glia is nearly concomitant with the distribution of GABAergic neurons in the
ventral horn at E11 and dorsal horn at E13 before the formation of GABAergic terminals
[70]. GlyT1 localization is almost concomitant with the appearance of glycinergic neurons
at E13 [60]. When GlyT2-positive glycinergic terminals were detected at E15, GlyT1 had
already been localized at the radial glial processes (Fig. 5A). These results indicate that
GABA and glycine removal system may function before synaptic transmission, and sug-
gest that extrasynaptically released GABA and glycine may be exclusively removed into
radial glial processes [114]. During spinal cord development, GAT-3- and GlyT1-express-
ing radial glia gradually spread to the dorsal area. Initially, GABA and glycine are re-
moved at distinct positions on the radial glial processes. GAT-3 is localized at the shaft of
radial processes, whereas GlyT1 is localized at the spine-like profiles of the shafts (Fig.
5A). While radial glia differentiate into astroglia and astrocytic processes surrounding the
synapses, GABAergic terminals gradually change to co-releasing terminals between E17
to P14. Concomitantly, GAT-3 and GlyT2 gradually co-localize at the astrocytic sheets that
face the synaptic clefts (Fig. 5B, C). Thus, in the co-releasing synapses, GABA and glycine
are released into the same synaptic cleft and removed by adjacent transporters, GlyT1 and
GAT-3. Development of the GABA and glycine removal system may be fixed by P21 [70].
Interestingly, although many GABAergic neurons remain GABAergic and do not convert
to co-releasing neurons in lamina I and II, GlyT1 is abundantly localized in this region. In
addition, after co-releasing terminals give rise to glycinergic terminals by disappearance
of GABA synthesis, GAT-3 continues to be abundantly localized at the astroglia sheets
[70]. The developmental formation of the removal system is illustrated in Figure 5. During
the middle embryonic stage, extrasynaptically released GABA and glycine are uptaken at
the shaft and spines of radial glial processes, respectively (Fig. 5D). In the dorsal horn,
when GABAergic synapses are formed, GABA is removed through GAT-1 and GAT-3
(Fig. 5E). Furthermore, GlyT1 is also localized near GAT-3 on the astrocytic sheets and
may remove extracellular glycine (Fig. 5E). This type of synapse remains in lamina I and
II. Next, GlyT2 appears at the presynaptic terminals and GABAergic synapses convert to
co-releasing synapses. In these synapses, GAT-3 and GlyT2 intermingle on the astrocytic
sheets (Fig. 6F). These synapses remain in lamina III to VIL. In contrast, in lamina VIII and
IX, when temporal GABAergic synapses are formed, GABA is removed through only
GAT-3 (Fig. 5G). After GABAergic synapses convert to co-releasing terminals glycine start
to be removed by GlyT1 into the presynaptic terminals (Fig. 5H). Even after co-releasing
terminals convert to glycinergic terminals, GAT-1 persists at the astrocytic sheets (Fig. 6I).
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Figure 5. Developmental formation of the GABA and glycine removal system. A—C Double stain-
ing of GAT-3 (red) and GlyT1 (green). GAT-3 is localized at the shaft of the radial glial processes
(arrows), whereas GlyT1 is localized at the spines of the processes (arrowheads) at E13. As devel-
opment proceeds, GAT-3 and GlyT1 immunolabelings gradually merge and surrounded the motor
neurons (asterisks in B and C). D-I Schematic illustrations of the development of the GABA and
glycine removal system. Initially, uptake of extrasynaptically released GABA and glycine occurs at
the shafts and spines of radial glial processes, respectively (D). In the ventral horn, GAT-1 is local-
ized at the terminals when GABAergic synapses were formed (E). After the GABAergic synapses
convert to co-releasing synapses, GlyT2 is additionally localized at the terminals (F). In contrast in
the ventral horn, GAT-1 is not localized at the terminals even although GABA is synthesized and
released in the temporally synapses. After the synapses convert to co-releasing synapses, GlyT2 is
also additionally localized at the terminals (G). Even after co-releasing synapses changed to gly-
cinergic synapses, GAT-3 continued to be localized at the astroglial sheets (I).

6. Developmental changes in GABAergic and glycinergic action

In general, GABA and glycine induce depolarization of the membrane potential in
the immature CNS, whereas these molecules act as inhibitory neurotransmitters in the
mature CNS [72, 73, 115]. This developmental change in the action of these neurotrans-
mitters occurs as a result of a negative shift in the CI- reversal potential due to the marked
increase in KCC2 localization and decrease in NKCC1 expression (Fig. 2A) [72-74].
Changes in KCC2 activity may play a pivotal role in the fine tuning of [Cl']: for the follow-
ing reasons [116-119]. During development, the expression of NKCC1 does not markedly
change [120], whereas changes in the levels of KCC2 correlate with modification of the
action of GABA. Transfection of KCC2 into hippocampal neurons converts the action of
GABA from excitatory to inhibitory, and GABA is excitatory in KCC2 knockout mice [73,
74, 116]. Furthermore, after nerve injury, expression of KCC2 is markedly decreased in
motor neurons and the action of GABA and glycine is shifted from inhibitory to excitatory
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[121-124]. At E11, weak KCC2 signals appear on the surface of the ventral horn, whereas
the dorsal horn is negative for KCC2 expression (Fig. 2B). During embryonic develop-
ment, KCC2 expression gradually increases in intensity, and the KCC2-positive area grad-
ually spreads to the dorsal horn. The gray matter becomes homogeneously labeled by the
day of birth [55, 125, 126]. Concomitantly, NKCC1 expression gradually decreases [126].
These results suggest that the action of GABA and glycine may change from excitation to
inhibition in the direction from the ventral-to-dorsal horn [55]. As the expression of KCC2
increases and that of NKCC1 decreases, the reversal potential of Cl- and inhibitory post
synaptic potentials (IPSPs) gradually decreases [120, 126, 127]. Taken together, these ob-
servations indicate that GABAergic and glycinergic action in the ventral horn may devel-
opmentally change as follows: initially, GABA and glycine mediate depolarization and
induce action potentials; next, they mediate depolarization of the membrane potential, but
the depolarization is below threshold; and finally the excitatory inputs are shut around
birthday. This membrane potential is termed “depolarizing IPSP” and this phenomenon
is called a “shunting effect”. Finally, GABA and glycine induce hyperpolarization of the
membrane potential [128, 129].

The activity of KCC2 is regulated not only by expression level but also through vari-
ous other mechanisms, such as phosphorylation/de-phosphorylation [130-132] and mem-
brane trafficking [133-135]. For example, phosphorylation of threonine residues 906 and
1007 decreases the activity of KCC2. In the developing CNS, this phosphorylation inhibits
KCC2 activity, maintains the excitatory action of GABA and glycine, and may play key
roles in morphogenesis [136]. Conversely, continuous phosphorylation affects the postna-
tal mouse brain functions; phosphomimetic KCC2 knock-in mice cannot survive due to
the lack of GABAergic inhibition [137]. The phosphorylation of serine residue 940 in-
creases the influx of K* and Cl-ions. Abnormalities in phosphorylation may cause various
neuropsychiatric diseases [131, 132]. The phosphorylation of tyrosine residue 1087 is in-
volved in internalization of KCC2, which results in the down-regulation of KCC2 activity
[135]. In addition to tyrosine residue phosphorylation, other complex mechanisms may
play roles in trafficking and endocytosis of KCC2 and regulate the activity of KCC2 in
developing neurons [133-135].

7. Discussion

Lastly, we will focus on the processes in which GABAergic excitatory action plays a
role. Glycine may play a similar role in the developing CNS. It is thought that GABA may
act as a trophic factor in the developing CNS and induce brain morphogenesis. In the
developing immature CNS, GABAA receptor-mediated depolarization activates voltage-
dependent calcium channels and/or N-methyl-D-aspartate-type glutamate receptors and
elevates cytosolic calcium ion concentration (Fig. 2A) [138-145]. The elevation of cytosolic
calcium may play roles in various steps in CNS development such as (1) stop signals for
cell proliferation, (2) cell migration, and (3) neuronal maturation, which includes synap-
togenesis [11, 14, 72, 73, 146-148]. GABA acts as an anti-proliferation molecule, reduces
DNA synthesis in the proliferating precursor cells, and depresses the rate of cellular pro-
liferation via the activation of GABA receptors and other GABA 4 receptor-related mole-
cules [107, 149]. GABA modulates neuronal migration at the femtomolar (10> M) to mi-
cromolar (uM) level [150-152]. Furthermore, exposure of neurons to GABA or GABAA re-
ceptor agonists induces the synthesis of neuron-specific molecules such as neuron-specific
enolase and neural cell adhesion molecules, enhances the growth rate of neuronal pro-
cesses, and facilitates synapse formation by inducing the expression and targeting of
GABA receptor subunits [147, 153-166]. Consequently, it is suggested that lack of GABA
synthesis and inhibition of GABA release may cause morphological abnormalities in the
CNS, including abnormalities of the spinal cord. To reveal this hypothesis, two types of
knockout mice lacking GAD67 [98-100] and VGAT [61, 167-169] were established. Alt-
hough they have common severe phenotypes, such as omphalocele, cleft palate, hunched
posture, loss of movement, and respiratory failure, and cannot survive after birth, no
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morphological abnormalities were detected in the CNS of these mice. Total GAD knock-
out mice, which lack both GAD65 and GAD67, also exhibited normal histology in the CNS
[100, 170]. Furthermore, KCC2-knockout mice, in which GABA and glycine continued to
be excitatory, exhibited similar phenotypes [116]. These results suggest that the abnormal-
ities detected in the three types of knockout mice may be the consequences of hyperexci-
tation resulting from the loss of GABAergic and glycinergic inhibition. The inhibitory ac-
tion by GABA and glycine in the ventral horn may be crucial for the survival of newborn
mice. Therefore, the function of GABAergic and glycinergic excitation is still unclear.

8. Conclusion

Initially, six groups of GABAergic neurons are derived from five domains in the ven-
tricular zone. Each group migrates along a distinct route, settles in distinct laminae, and
forms synapses. Many GABAergic neurons remain GABAergic, mainly those located in
lamina I and IL In other laminae, many of these neurons convert to GABA and glycine co-
releasing neurons by initiating glycine reuptake via GlyT2. In the ventral horn, many of
these neurons give rise to be glycinergic after GABA synthesis ceases. During these de-
velopmental processes, the subunit compositions and electrophysiological characteristics
of GABA and glycine receptors change. During changes in neuronal types, GABA and
glycine removal systems mature. Furthermore, the action of GABA and glycine shifts from
excitatory to inhibitory.
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