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Abstract GABA and glycine are major inhibitory neu-
rotransmitters in the CNS and act on receptors coupled to
chloride channels. During early developmental periods,
both GABA and glycine depolarize membrane potentials
due to the relatively high intracellular CI™ concentration.
Therefore, they can act as excitatory neurotransmitters.
GABA and glycine are involved in spontaneous neural
network activities in the immature CNS such as giant
depolarizing potentials (GDPs) in neonatal hippocampal
neurons, which are generated by the synchronous activity
of GABAergic interneurons and glutamatergic principal
neurons. GDPs and GDP-like activities in the developing
brains are thought to be important for the activity-depen-
dent functiogenesis through Ca®" influx and/or other
intracellular signaling pathways activated by depolariza-
tion or stimulation of metabotropic receptors. However, if
GABA and glycine do not shift from excitatory to inhibi-
tory neurotransmitters at the birth and in maturation, it may
result in neural disorders including autism spectrum
disorders.
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CNS Central nervous system

GABA  y-Aminobutyric acid

GDP Giant depolarizing potential

KCC2 Potassium chloride cotransporter 2
NKCC1 Sodium potassium chloride cotransporter 1
NMDA  N-methyl-p-aspartate

SPSP Spontaneous postsynaptic potential

The subject of this review is the depolarizing and excita-
tory effects of GABA and glycine in the developing hip-
pocampus and other CNSs.

GABA, receptors and strychnine-sensitive glycine
receptors are ligand-gated chloride ion channels that
belong to the Cys-loop pentameric ligand-gated ion chan-
nels (LGIC) superfamily, which also includes nicotinic
acetylcholine receptors and 5-HT3 receptors [1]. Since the
equilibrium potential of chloride ions is usually more
negative than the threshold of action potentials, GABA and
glycine are regarded as major inhibitory neurotransmitters
in the adult CNS. However, in the 1960s, Obata and col-
leagues [2, 3] reported that GABA and glycine were
excitatory in embryonic chick spinal neurons.

The first studies that gathered attention regarding the
importance of GABA as an excitatory neurotransmitter in
the developing CNS included a paper by Ben-Ari et al. in
1989 [4] and a subsequent short but comprehensive
review in 1991 [5]. They [4] studied immature rat hip-
pocampal CA3 neurons and found giant depolarizing
potentials (GDPs), which were concluded to be primarily
driven by synchronous pulsatile activity of GABAergic
neurons. GDPs consist of low frequency pulsatile activity
(between 0.005 and 0.2 Hz) when measured using intra-
cellular recording in CA3 neurons (Fig. 1a). GDP begins
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Fig. 1 Schematic representation of a recording of GDPs in an
immature rat hippocampal CA3 neuron. a GDPs are seen as large
depolarizing events among GABAergic spontaneous synaptic poten-
tials. GDPs are GABA-mediated spontaneous pulsatile depolarizing
events that occur at a frequency of 0.005-0.2 Hz. b A typical GDP
rises abruptly concomitant with several action potentials, decays
within 200-300 ms, and is followed by transient hyperpolarization.
¢ Electrical stimulation at the hilus evokes a depolarizing event
similar to a GDP after a stimulus intensity dependent short latency

with a rather steep depolarization lasting several hundred
milliseconds and several concomitant action potentials,
and is usually followed by hyperpolarization (Fig. 1b).
Interestingly, stimulation of the hilus can evoke a large
depolarization (evoked GDP) that is nearly identical to
spontaneous GDPs (Fig. 1c). Even though GDPs have
been shown to be primarily driven by GABA and com-
pletely blocked by specific GABA, receptor blocker
bicuculline, antagonists for NMDA receptors also block
spontaneous and evoked GDPs, suggesting that gluta-
matergic activity contributes to GDPs through the NMDA
receptor. AMPA-type glutamate receptors have also been
shown to act in GDP generation [6], and GDPs are
thought to be generated by the synergistic action of
GABA and glutamate. GDPs disappeared early in the
second postnatal week, though spontaneous hyperpolar-
izing potentials, similar to GDPs in duration and fre-
quency, were sometimes observed at the beginning of the
second postnatal week.
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NMDA receptors are thought to be important in devel-
oping CNS. They are often present at silent synapses, in
which other types of glutamatergic ionotropic receptors are
absent [7] or presynaptic glutamate release is insufficient to
activate them [8]. NMDA receptors have three important
characteristics [9]. First, they can pass Ca®" as well as Na™
and K*. Second, they cannot be opened by glutamate
unless the Mg”" block is removed by sufficient depolar-
ization. Thus, NMDA receptors work as “AND-gates” for
GABAergic depolarization and glutamatergic stimulation
causing Ca’" influx as outputs (Fig. 2). Synchronized
activation of GABAergic and glutamatergic input in GDPs
and GDP-like network activity have been shown to
increase intracellular Ca®* and potentiate connectivity in
neural circuits in several regions of CNS [10, 11]. Third,
they require glycine as co-agonist of glutamate, though a
relatively low concentration of glycine is sufficient.
Gaiarsa and colleagues showed that glycine can modulate
GDP network activity by binding to the glycine binding
site on the NMDA receptor in a strychnine insensitive
manner [12, 13].

GDP network activity is, in a sense, quite robust. It can
be seen, as originally observed, in hippocampal slice
preparation and it has been observed in vivo in hip-
pocampus using extracellular recordings as “sharp waves”
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Fig. 2 Ca®* influx by GABAergic neural inputs in an immature
neuron in immature neurons, NKCC1 is more active than KCC2 and
intracellular C1™ concentration is maintained at a relatively high level.
GABA released from GABAergic interneurons opens GABA,
receptor ClI™ channels and CI™ efflux results in the depolarization
of the neuron. Depolarization opens voltage dependent calcium
channels (VDCC) and removes bound Mg** from NMDA receptors,
resulting in Ca>" influx through VDCCs and glutamate-activated
NMDA receptors. (The glycine binding site on NMDA receptors has
been omitted)
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[14]. In addition, it can be seen in cultured neuron clusters
[15] and organotypic slice cultures [16]. Furthermore,
GDPs can be seen in small portions of sectioned slices of
the hippocampus [17]. Using rat neonatal slice preparations
containing both hippocampi and medial septa, Leinekugel
et al. [17] showed that the GDPs from the temporal portion
of the left and the right hippocampus and the septa were
synchronized to the GDPs at the septal portion of hip-
pocampi with a slight delay. The separated septum alone
cannot generate GDPs whereas a small section of a hip-
pocampus can still generate GDPs. The frequency of GDPs
in temporal portion of a hippocampal slice greatly
decreases, when separated from the septal portion of hip-
pocampus, whereas the frequency in the septal portion
remains unchanged. From these observations and other
studies [14, 18], GDPs are thought to be initiated in the
hippocampal CA3 region near the septum by relatively
small clusters of neurons. Afterwards, the GDPs syn-
chronously propagate to both hippocampi, spread to the
septum, and then spread farther in the limbic system.

Although the role of glycine as a neurotransmitter in
forebrain seems to be quite limited, in the adult CNS, the
expression of functional glycine receptors has been found
almost everywhere in the developing brain [19, 20]. In
1991, Ito and Cherubini found strychnine-sensitive glycine
receptors in rat hippocampal CA3 neurons in the first
postnatal week [21]. The postsynaptic cell response to
glycine was quite similar to its response to GABA. It is
excitatory during the first neonatal week and the reversal
potential is identical to that of GABA. The polarity chan-
ges from depolarization to hyperpolarization early in the
second postnatal week. However, the response to glycine
disappears at the end of the second postnatal week, whereas
the response to GABA persists in adult neurons (Fig. 3).

In addition to GDPs, spontaneous postsynaptic poten-
tials (SPSPs) are also seen in neonatal CA3 neurons
(Fig. 1a). Hosokawa et al. [22] studied these SPSPs and
showed that SPSPs during the first postnatal week are
mainly GABAergic despite being excitatory and that glu-
tamatergic SPSPs are scarce. GABAergic SPSPs shift from
depolarizing to hyperpolarizing at the end of the first
neonatal week concomitant with the disappearance of
GDPs and the gradual increase of glutamatergic excitatory
SPSPs. Interestingly, Safiulina et al. observed [23] that the
frequency of SPSPs becomes significantly higher prior to
the onset of each GDP.

The depolarizing and excitatory effects of GABA and
glycine are seen throughout the developing CNSs in vari-
ous vertebrates, as summarized in the review by Ben-Ari
et al. [24]. However, Bregestovski and Bernard raised
several questions about the excitatory effects of GABA and
glycine in the developing brain [25]. They discussed the
possibility that pathologically high intracellular C1™
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Fig. 3 Schematic membrane potential responses of rat neonatal CA3
neurones to GABA and glycine bath application of GABA and
glycine lead to quite identical responses on neonatal CA3 neurone in
the presence of TTX, except that GABA and glycine were specifically
antagonized by bicuculline and strychnine, respectively, and glycine
response disappeared in the 3rd neonatal week. Responses changed
polarity from depolarization to hyperpolarization between the 1st and
the 2nd postnatal weeks, despite the resting membrane potential
remaining unchanged at approximately —65 mV
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concentration in in vitro artificial conditions result in
misleading excitatory activity including GDPs. Their
arguments were immediately refuted by Ben-Ari et al. [26],
and it is improbable that all GDPs and GDP-like activities
including in vivo observations are mere artefacts. We must
still be aware that GDPs in the slice preparation may not
accurately represent occurrences in the hippocampus of
intact neonates.

The role of extra-synaptic receptors and the tonic effects
of their agonists have been studied during the develop-
mental period [27-31] and have been shown to modulate
neural network activities including GDP. Tonic effects of
agonists on extra-synaptic receptors can be revealed by a
shift in the resting membrane potential, or tonic current in a
voltage clamp, by specific antagonists and, especially, by
specific uptake blockers of putative agonists. Naturally,
GABA and glycine have been shown to be tonic agonists
on GABA, and glycine receptors [26-28]. In addition,
taurine and B-alanine are proposed to be tonic glycine
receptor agonists because they are abundant in the extra-
cellular environment and the uptake blocker of taurine
potentiates glycine receptor-mediated tonic effects [30,
311

Excitatory responses to GABA and glycine in immature
neurons are explained by the relatively high intracellular
CI” concentration. As shown in Fig. 2, the intracellular
CI™ concentration is regulated mainly by two cation-
chloride cotransporters, NKCC1 and KCC2 [32]. NKCC1
imports C1~ whereas KCC2 extrudes intracellular CI™. In
addition, a relatively lower expression of KCC?2 is thought
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to cause a high intracellular C1™ concentration in devel-
oping neurons [33, 34]. Thus, the reversal potential of C1™
is kept higher than the resting membrane potential and an
efflux of C1™ through receptor chloride channels activated
by GABA or glycine causes a depolarizing response. It
must be emphasised that the intracellular concentration of
ClI™ is actively controlled with considerable energy cost
when the reversal potential differs from the membrane
potential.

The intracellular CI™ concentration gradually decreases
during the early developmental period due to changes in
the balance of activities of NKCC1 and KCC2 [35],
whereas the resting potential remains relatively constant
(Fig. 4a). In the case of rat CA3 neurons, the shift from
depolarization to hyperpolarization (D/H shift) occurs at
the end of the first postnatal week [4, 21]. Tyzio and col-
leagues found an amazing phenomenon in mouse hip-
pocampal and cortical neurons that occurs at birth (Fig. 4a)
[36]. Although GABAergic response is excitatory both in
the embryonic and early postnatal periods, it transiently
shifts to inhibitory at birth. This shift was found to be
caused by maternal oxytocin which crosses the placenta,
blocks NKCC1 and results in a lower intracellular CI1™
concentration. They hypothesized that this transient D/H
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a NKCC1 > KCC2
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potential V at birth
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// ----------------------
resting. I
potentia
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Fig. 4 The time course of the change in neural intracellular C1™
concentration during early developmental periods. a During the
embryonic and early neonatal periods, NKCCI is more active than
KCC2 and the reversal potential for Cl™ is maintained above the
resting potential. However, at the birth, maternal oxytocin acts on the
fetal neurons and suppresses NKCC1 activity resulting in a transient
hyperpolarizing shift of Cl™ reversal potential. After birth, KCC2
becomes gradually more active than NKCC1 and the Cl™ reversal
potential finally becomes more negative than the resting potential.
Failure of sufficient oxytocin action at birth has been suggested to be
a cause of pathological conditions such as autism spectrum disorders.
b Responses to GABA and glycine change from excitatory to
inhibitory between the st and the 2nd postnatal weeks due to the
increase of intracellular C1~ concentration
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shift works by calming down neural activity, and that it
protects the immature brain from harmful stress such as
excessive catecholamine release during delivery.

A transient D/H shift during delivery and a gradual
decrease of intracellular C1™ after birth were found to be
impaired in autism models in rodents [37]. Pre-treatment
with bumetanide, a specific NKCC1 blocker, can improve
symptoms of autism by lowering intracellular C1~. While
oxytocin itself has been recently tested as a treatment for
autism spectrum disorders (ASDs) [38-40], trials of
bumetanide for ASD patients are now ongoing with some
significantly positive results [41, 42].

In conclusion, spontaneous synaptic events including
SPSPs and GDP-like activity work to refine neural net-
works, and the tonic effects of agonists on extra-synaptic
receptors in the microenvironment control the excitability
of neurons. Both are the most important mechanisms for
activity-dependent morphogenesis and functiogenesis in
which GABA and glycine play major roles. On the other
hand, failure of a shift to inhibitory at the appropriate
timing causes pathological problems of the brain function.
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