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A B S T R A C T

Glycine is a primary inhibitory neurotransmitter in the spinal cord and brainstem. It acts at glycine

receptor (GlyR)-chloride channels, as well as a co-agonist of NMDA receptors (NMDARs). In the

hippocampus, the study of GlyRs has largely been under-appreciated due to the apparent absence of

glycinergic synaptic transmission. Emerging evidence has shown the presence of extrasynaptic GlyRs in

the hippocampus, which exert a tonic inhibitory role, and can be highly regulated under many

pathophysiological conditions. On the other hand, besides D-serine, glycine has also been shown to

modulate NMDAR function in the hippocampus. The simultaneous activation of excitatory NMDARs and

inhibitory GlyRs may provide a homeostatic regulation of hippocampal network function. Furthermore,

glycine can regulate hippocampal neuronal activity through GlyR-mediated cross-inhibition of

GABAergic inhibition, or through the glycine binding site-dependent internalization of NMDARs.

Therefore, hippocampal glycine and its receptors may operate in concert to finely regulate hippocampus-

dependent high brain function such as learning and memory. Finally, dysfunction of hippocampal

glycine signaling is associated with neuropsychiatric disorders. We speculate that further studies of

hippocampal glycine-mediated regulation may help develop novel glycine-based approaches for

therapeutic developments.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Glycine is a major inhibitory neurotransmitter in the spinal cord
and brain stem, acting at strychnine-sensitive glycine receptor
(GlyR)-chloride (Cl�) channels (Legendre, 2001). In the hippocam-
pus, the study of GlyRs has been largely ignored due to the
apparent absence of glycinergic synaptic transmission. However,
accumulating evidence shows the presence of non-synaptic GlyRs
containing at least the a2 subunit in the hippocampus (Becker
et al., 1993; Chattipakorn and McMahon, 2002; Malosio et al.,
1991; Racca et al., 1998; Sato et al., 1992; Thio et al., 2003).
Consistently, recent studies have revealed a GlyR-mediated tonic
inhibition of hippocampal neuronal activity (Keck and White,
2009; Mori et al., 2002; Wang and Xu, 2006; Zhang et al., 2008a).

High brain function such as learning and memory depends
critically on the balanced regulation between neuronal excitation
and inhibition. As a classical inhibitory neurotransmitter, glycine is
unique in that it can act as an agonist of both the inhibitory GlyRs
and the excitatory NMDA receptors (NMDARs). Hippocampal
glycine has been shown to simultaneously increase GlyR-mediated
inhibition and facilitate NMDAR-dependent plasticity in excitatory
synapses (Zhang et al., 2008a), thereby providing a potential
mechanism underlying balanced regulation between excitation
and inhibition in hippocampal networks. Furthermore, glycine can
regulate hippocampal inhibition through GlyR-mediated down-
regulation of another major inhibitory receptor, the GABAA

receptors (GABAARs) (Li and Xu, 2002), as well as hippocampal
excitation through the glycine binding site-dependent internali-
zation of NMDARs (Nong et al., 2003; Zhang et al., 2008c).
According to these observations, we have proposed that hippo-
campal glycine and its receptors constitute an effective system in
homeostatic regulation of hippocampal synaptic and network
plasticity (Zhang et al., 2008a) (Fig. 1).

The role of glycine in regulating hippocampal excitatory
neurotransmission has been the subject of several authoritative
reviews (MacDonald et al., 2006; Mohler et al., 2008; Wood, 1995),
which have mainly addressed the issue of neural plasticity
mediated via NMDAR glycine binding site. However, our knowl-
edge of the role of glycine and its receptors in hippocampus is still
largely incomplete. Here we review recent evidence of functional
implications, neuronal circuitries and mechanisms associated with
glycine-mediated signaling in hippocampus, with special empha-
sis on the inhibitory GlyRs.

2. Glycine in hippocampus

2.1. Glycine transporters in hippocampus

At inhibitory synapses, the postsynaptic actions of glycine are
terminated by a rapid reuptake mechanism, which is mainly

mediated by glycine transporters (GlyTs). GlyTs, which include
GlyT1 and GlyT2, belong to the family of sodium/chloride-
dependent transporters (Aragon and Lopez-Corcuera, 2003). GlyT1
is widely expressed in astrocytic glial cells and is thought to control
extracellular glycine concentration and regulate excitatory neuro-
transmission mediated by glycine binding to NMDARs (Bergeron
et al., 1998; Johnson and Ascher, 1987). However, recent studies
also indicate the neuronal expression of GlyT1 at glutamatergic
synapses (Cubelos et al., 2005; Yee et al., 2006). GlyT2 is largely
localized to the presynaptic terminals of glycinergic neurons in the
brain stem and spinal cord (Zafra et al., 1995), and is thought to
provide the principal glycine uptake mechanism at glycinergic
synapses. The unique expression patterns of GlyT1 and GlyT2
suggest that they exert distinct functions. Indeed, studies on GlyT1
and GlyT2 knockout mice revealed that they have different effects
on glycinergic synaptic transmission (Gomeza et al., 2003a,b).
GlyT1 is essential for regulating the level of ambient glycine and
thus controlling the functions of both NMDARs and GlyRs.
Newborn GlyT1 knockout mice showed severe motor and
respiratory deficits and died during the first postnatal day due
to increased activation of GlyRs caused by elevated ambient
glycine, which resulted in suppressed respiratory activity (Gomeza
et al., 2003a). Conditional disruption of GlyT1 in forebrain neurons
caused a procognitive and antipsychotic phenotypic profile,
indicating a role of GlyT1 in controlling NMDAR functions (Yee
et al., 2006). Mice deficient in GlyT2, on the other hand, showed a
lethal neuromotor deficiency that resembles severe forms of
human hyperekplexia due to the strikingly reduced amplitudes of
glycinergic miniature inhibitory postsynaptic currents (IPSCs)
(Gomeza et al., 2003b), indicating the crucial function of GlyT2 in
efficient transmitter loading of synaptic vesicles in glycinergic
nerve terminals (Rousseau et al., 2008; Xu et al., 2005).

In the hippocampus, GlyT1 is mainly expressed in astrocytes
and neuronal GlyT1 is only found at glutamatergic synapses
(Cubelos et al., 2005), which, when blocked, can facilitate the
induction of NMDAR-dependent glutamatergic synaptic plasticity
(Martina et al., 2004; Zhang et al., 2008a) (Fig. 1C). On the other
hand, the issue whether GlyT2 is expressed in the presynaptic
terminals of inhibitory synapses in hippocampus is controversial
(Fig. 1A). In general, GlyT2 is not considered to be expressed in
hippocampal neurons, consistent with the absence of hippocampal
glycinergic synapses (Zafra et al., 1995; Zeilhofer et al., 2005).
However, two recent morphological studies have demonstrated
the presence of GlyT2 in the hippocampus (Danglot et al., 2004;
Song et al., 2006), although this is not supported from the recording
of glycinergic synaptic events in hippocampal neurons (Mody et al.,
1994; Mori et al., 2002).

Interestingly, GlyTs themselves are highly regulated and
subsequently affect the extracellular glycine concentration. GlyTs
are downregulated or their uptake function can even be reversed
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