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Abstract

This review presents a brief overview of the y-aminobutyric acid (GABA) system in the
developing and mature central nervous system (CNS) and its potential connections to pathologies
of the CNS. y-aminobutyric acid (GABA) is a major neurotransmitter expressed from the
embryonic stage and throughout life. At an early developmental stage, GABA acts in an excitatory
manner and is implicated in many processes of neurogenesis, including neuronal proliferation,
migration, differentiation, and preliminary circuit-building, as well as the development of critical
periods. In the mature CNS, GABA acts in an inhibitory manner, a switch mediated by chloride/
cation transporter expression and summarized in this review. GABA also plays a role in the
development of interstitial neurons of the white matter, as well as in oligodendrocyte
development. Although the underlying cellular mechanisms are not yet well understood, we
present current findings for the role of GABA in neurological diseases with characteristic white
matter abnormalities, including anoxic-ischemic injury, periventricular leukomalacia, and
schizophrenia. Development abnormalities of the GABAergic system appear particularly relevant
in the etiology of schizophrenia. This review also covers the potential role of GABA in mature
brain injury, namely transient ischemia, stroke, and traumatic brain injury/post-traumatic epilepsy.
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INTRODUCTION

y-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the adult brain. In
tandem with the excitatory neurotransmitter glutamate, GABA modulates the inhibitory-
excitatory balance necessary for proper brain function in mature brains (Markram et al.
2004; Xu et al. 2011; Kods and Tepper, 1999; Takesian and Hensch 2013). There are two
main types of GABA receptors, the ionotropic GABA receptor and the metabotropic
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GABAg receptor. In the adult brain, GABA acts primarily through activation of the fast
hyperpolarizing GABA receptors. When GABA binds to these receptors at the post-
synaptic site, the ion channel opens and chloride (CI7) diffuses into the cell along its
concentration gradient, thus hyperpolarizing the post-synaptic mature neuron (Lujan et al.
2005; Blednov et al 2014). Fast ionotropic GABA receptors are are ligand-gated chloride
ion channels comprised of a, B, y and & subunits in a heteropentameric structure (Macdonald
and Olsen 1994; Blednov et al. 2014). There is additional diversity within subunit families,
contributing to further heterogeneity of the GABAA receptor (Macdonald and Olsen 1994).
GABA receptors with unique subunit compositions are distributed differentially in the
mature brain. Receptors containing al and y2 subunits localize in the synaptic cleft whereas
receptors containing a4, a5, a6, and & subunits localize extrasynaptically/perisynaptically.
Extrasynaptic GABA receptors are high-affinity GABA receptors implicated in tonic
inhibition, whereas synaptic GABA receptors are those involved in fast, phasic inhibition
(Lee and Maguire 2014).

A second type of ionotropic GABA receptor, previously named GABA(, has been identified
broadly in the central nervous system and particularly in the vertebrate retina (Boue-Grabot
et al. 1998). It has a homopentameric structure composed solely of 3 p subunits. This
receptor displays insensitivity to the GABAp antagonist bicuculline but its relatively similar
structure and function, similar degree of variation in subunit pharmacology as that found
among GABA subunit types, and potential to partner with other GABA subunits has led
the IUPHAR Nomeclature committee to recommend its classification as a GABA receptor
subclass, GABA,-p (Barnard et al. 1998).

In contrast to the ionotropic GABA receptors, GABARg receptors are composed of two
subunits, GABARg; and GABAg>. GABAGR receptors are responsible for the later and slower
component of inhibitory transmission (Couve et al. 2000). GABAGRg receptors are found both
pre and post synaptically (Misgeld et al. 1995). Activation of these receptors is coupled to
K* and/or CaZ* channels via a G-protein mediated pathway or in a membrane delimited
manner (Misgeld et al. 1995; Lujan et al. 2005; Owens and Kriegstein 2002). In the pathway
involving second messengers, binding of GABA results in release of associated G protein
subunits, which then diffuse and activate various intracellular signal cascades and ultimately
lead to either activation of postsynaptic K* channels or inhibition of presynaptic Ca2*
channels (Couve et al. 2000). Presynaptically, this decrease in Ca2* conductance, leads to
reduced neurotransmitter release (Misgeld et al. 1995). Some evidence also exists for G-
protein mediated postsynaptic inhibition of voltage dependent Ca?* channels (Harayama et
al. 1998).

The following sections present an overview of the GABAergic system in the developing and
mature CNS and their potential roles in neurological diseases.

I. GABA and GABAergic neurons in the developing brain

1. Development of GABAergic neurons—It is generally accepted that GABAergic
neurons develop early in the cortical anlage during embryonic development, whereas
glutamatergic activity arises later (Del Rio et al. 1992; Chen et al. 1995). GABA-
immunocytochemistry on rodent coronal and sagittal brain sections of embryonic days 12
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through 19 (E12-19), as well as several postnatal points up to postnatal day 21 (P21),
revealed that GABA-immunopositive cells first appeared at embryonic day 12 (E12). Most
of the GABA-immunopositive cells seen were localized in the primitive plexiform layer at
E12 and the subventricular and ventricular zones by E13 (Del Rio et al. 1992). Staining of
neocortical sections taken from progressively more developed embryonic brains revealed
GABA-immunoreactive cells present in the preplate, subventricular and ventricular
proliferative zones by E12, subplate, marginal zone, and intermediate zones by E14, and
cortical plate by E16. At E16 the density of GABAergic cells in the proliferative zones had
markedly decreased (Haydar et al. 2000). GABAergic neurons were also detected in the
neocortical mouse brain as early as E10 at the pial surface of the neoepithelial wall (Haydar
et al. 2000).

Electrophysiological recordings of cultured mouse embryonic neurons support the model of
an early-developing GABAergic system and a later-developing glutamatergic system.
Whole-cell voltage clamp recording detected a GABA-evoked inward current in neurons
cultured from E15 embryos. 30 uM GABA was sufficient to evoke this response in cultured
neurons, 5-10 hours after plating. Furthermore, all cells at all stages responded to GABA
(Chen et al. 1995). In contrast, response of cells to glutamate was not seen until the sixth day
in culture, suggesting that glutamatergic sensitivity develops later than GABAergic.
However, in humans, there is evidence that important developments of the GABAergic
system occur during the latter half of gestation and into the first few years of infancy (Xu et
al. 2011). In fact, it is possible that the human GABAergic system does not fully mature
until postnatal adolescence (Kilb 2012).

In the rodent spinal cord, GABA-immunoreactive (GABA-ir) neurons develop in a specific
pattern, namely rostral-caudally and along a ventral-dorsal gradient. Immunohistochemistry
analysis on spinal cord sections of E9.5 to PO mice revealed GABA-immunoreactivity first
appeared at E11.5, at the highest brachial levels. By E12.5, GABA-ir somata were detected
at all levels of the spinal cord, though localized to the ventral gray matter. By E13.5, sparse
GABA-ir somata were seen in the dorsal marginal zones. The most dramatic shift came at
E15.5, at which point GABA-ir somata appeared in all future gray matter of the spinal cord,
with GABA-ir fibers spreading in the future ventral white matter. At lumbar levels, white
matter of the spinal cord had densely GABA-labeled marginal zones. At E17.5, GABA-ir
patterns were more dorsal overall, with GABA-ir fibers within the entire surrounding white
matter. By PO, there was an overall decrease in the density of labeling. Most GABA-ir cells
were localized dorsally. Thus, development of GABA-immunoreactive cells in the rodent
spinal cord spreads in a specific pattern; the dramatic shift in density from ventral to dorsal
areas occurred between E13.5 and E17.5 at both brachial and lumbar levels (Allain et al.
2004).

A substantial body of evidence indicates that cortical interneurons originate in the
subcortical telencephalon and migrate through white matter into the overlying cortex (Marin
and Rubenstein 2001; Letinic et al. 2002; Robinson et al. 2006; Petanjek et al. 2008).
Studies in rodent and chicken models reveal that nearly all GABAergic interneurons
involved in local cortical circuitry are likely to originate in the subpallium (ventral
telencephalon) in particular and migrate tangentially to the cortex (Anderson et al. 1997;

Metab Brain Dis. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu and Sun

Page 4

Marin and Rubenstein 2001; Anderson et al. 2002). This tangential migration into the
neocortex appears to be dependent upon transcription factors distal-less homeobox 1
(DLX-1) and distal-less homeobox 2 (DLX-2), as mutant mice lacking DIx-1 and DIx-2
exhibit little or no tangential cell migration into the neocortex (Anderson et al. 1997). In
contrast, glutamatergic-fated projection neurons appear to undergo radial migration from
their origin in the pallium (Tan et al. 1998; Marin and Rubenstein 2001). Of note however,
GABAergic interneurons of the rodent cerebellum appear to arise in the neuroepithelium of
embryonic cerebellar primordium, then migrate into the prospective white matter where they
receive environmental signals that induce phenotypically diverse differentiation. In this way,
the cerebellar interneuron population appears to develop from a single and unique source of
progenitor cells (Leto et al. 2009).

In contrast to rodent models, primate cortical interneuron may arise from areas in the
telencephalon other than the subpallium. There is evidence that in humans, the population of
cortical interneurons is comprised of two populations expressing different proteins and
originating in different areas. Interestingly, 65% of neocortical GABAergic neurons express
the protein Mash1 and most likely are born in the ventricular/subventricular zone of the
dorsal telencephalon. 35% of neocortical GABAergic neurons do not express Mashl and
originate from the ganglionic eminences, proliferative zones of the subpallium (Letinic et al.
2002). The finding that neocortical GABAergic neurons arise from the dorsal telencephalon
as well as the subpallium may be a property of higher primates, as this finding has been
supported by studies in the cynomolgus monkey (Petanjek et al. 2009).

Interneurons are most likely the first neurons to generate network-driven activity in the
developing brain (Ben-Ari 2004). Interneurons have been shown to mature earlier than
pyramidal cells in the rat hippocampus—indeed, evidence points to an established
interneuronal network that is active even at embryonic day 18 (E18), a time point at which
most other neurons generate no synaptic currents (i.e. are nonfunctional). Patch-clamp
recording of pyramidal neurons and interneurons in the same hippocampal slices taken from
E18 rat embryos showed that 88% of pyramidal neurons expressed no spontaneous or
evoked post-synaptic currents, whereas 65% of interneurons were already functional
(Hennou et al. 2002). In the hippocampus, these interneuron-driven post-synaptic currents
are the main generators for giant GABAergic potentials (GGPs) that play an important role
in enhancing synaptic efficiency between excitatory neurons in a Hebbian manner. This
effect was demonstrated in synapses between mossy fibers and CA3 pyramidal neurons
(Kasyanov et al. 2004). Thus, interneuron generated network-driven patterns modulate the
proper development of synapses among cortical neurons and likely play a role in priming
unorganized silent neurons for the shift into functional circuits (Ben-Avri et al. 2004).
Furthermore, these synapse-enhancing GGPs in the hippocampus, alternatively known as
giant depolarizing potentials (GDPs), appear to be under control of an inwardly-directed
cationic pacemaker current (I) in interneurons (Strata et al. 1997). In this way, interneurons
are also implicated in pacemaker properties in the developing brain.

2. Chloride transporters dictate GABA-mediated early excitatory actions in the
developing brain—It is widely appreciated that the GABAergic system plays an
important role in the developing brain even prior to synaptogenesis. At the earliest stages of
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neuronal development, GABA, acting at GABA, receptors, produces an excitatory response
that facilitates many of the early development effects attributed to GABA instead of an
inhibitory response as seen in the mature brain (Ben-Avri et al. 1994). An increasingly large
body of evidence points to a critical role for cation-chloride transporters in modulating this
time-dependent differential response, via regulation of intracellular chloride concentration
levels (JCI7];). Two major cation-chloride transporters, the inwardly directed Na-K-Cl
cotransporter (NKCC1) and the CI~ extruding K-CI cotransporter (KCC2) dictate
intracellular [CI7]; and thus GABA actions.

NKCC1 is largely responsible for the high intracellular [CI7]; that allows GABA to have an
excitatory effect in the developing brain (Sun and Murali 1999; Yamada et al. 2004; Pfeffer
et al.2009). Electrophysiological recording of the reversal potential for GABA-induced
currents (Egapa) can be used to calculate the [CI7]; using the Nernst Equation; in this way,
it is determined that a more positive Egaga correlates with high [CI7];. Single-cell patch
clamp recording on rat neocortical slices revealed that Egaga Was significantly more
positive in immature cells containing NKCC1 mRNA than in immature cells that did not
(Yamada et al. 2004). Patch-clamp recording of NKCC1 knockout (Nkcc1™~) neurons
showed much less of a positive shift in Egaga than in wild type neurons, indicating a
decrease in [CI7]; attributable to lack of NKCC1 (Pfeffer et al. 2009). NKCC1 activity, as
measured by NKCC1-dependent K* influx, shows upregulation of activity in the first
postnatal week (Sun and Murali 1999). In mouse hippocampal sections, neuronal expression
of NKCC1 was shown to be high at PO and to subsequently decrease from P1 to P15, as
measured by levels of NKCC1 mRNA (Pfeffer et al. 2009). Similarly, Western blot analysis
of rat cortical neurons in vitro and in vivo showed substantial expression of NKCC1 at PO
and maintenance of steady expression by P2 (Sun and Murali 1999). Taken together, these
results shows that NKCC1 expression is high in early development and contributes to a high
[CI7]; that facilitates GABA-mediated excitatory actions in the early developing and
postnatal brain.

The so called “GABA shift” is a fascinating change in the effect of GABA from
depolarizing action in the developing brain to hyperpolarizing action in the adult brain. The
mechanistic picture revealed thus far indicates that as cortical development progresses,
intracellular [CI7]; decreases and Egaga becomes more negative, allowing GABA to
become increasingly inhibitory. This increase in intracellular [CI7]; and subsequent GABA
shift is mediated by KCC2 activity (Rivera et al. 1999; Owens and Kriegstein 2002). KCC2
is a Cl10 extruding K* /CI~ co-transporter localized only in neurons (Williams et al. 1999).
To show that KCC2 action is coupled to GABAergic activity, P11-P13 rat hippocampal
slices were treated with antisense-A form phosphorothionate-protected antisense
oligodeoxynucleotide (antisense-A PODN) which down-regulates KCC2 protein expression.
Measurements of Egapa in these slices showed no significant hyperpolarization, whereas
control slices were always hyperpolarized, indicating that KCC2 expression is necessary for
inhibitory hyperpolarization (Rivera et al. 1999). Furthermore, patch-clamp measurements
of E18.5 spinal cord motoneurons in KCC2 knockout mice (kcc2 /) revealed that a loss of
KCC2 led to a significant increase in [CI7]; and depolarizing action of GABA (Hiibner et al.
2001). Furthermore, KCC2 mRNA expression appeared in a developmentally time-
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dependent manner, with barely detectable levels at PO but increased levels by P9 (Rivera et
al. 1999). This finding is consistent with the timeframe of the GABA shift.

To round out the picture, glutamate has been shown to have an inhibitory effect on this early
excitatory activity of the GABAergic system via metabotropic glutamate receptors, thus
providing a mechanism for excitatory-inhibitory balance in the early neocortex (Van den Pol
et al. 1998). Similarly, there is evidence that activity at GABARg receptors in the developing
(E18) rat hypothalamus modulates the excitatory responses mediated by GABA receptors,
namely by depressing the rise in intracellular CaZ*, thus further providing a mechanism for
excitatoryinhibitory balance during development (Obrietan and Van den Pol 1998).

3. GABA in neuronal proliferation and migration—Studies have shown GABA to
have a variable trophic effect in different proliferative zones of the developing embryonic
cortex, and it appears to play a role in the proliferation of neuronal progenitor cells (Wang
and Kriegstein 2009; Jovanovic and Thomson 2011). In the early stages of development,
GABA acting at GABA receptors in an excitatory manner has been shown to inhibit DNA
synthesis in cortical progenitor cells and inhibit thus the total number of these cells. The
likely mechanism for this inhibition is depolarization-induced Ca2* influx, which in turn
may affect phases of the cell cycle that are highly calcium-sensitive and thus decrease DNA
synthesis (LoTurco et al. 1995).

Recently, a more complicated picture of GABA’s effects on progenitor cell proliferation has
been suggested. Exposing mouse embryonic brain sections with GABA showed a
differential effect on proliferation of immature progenitor cells of the subventricular and
ventricular zones. Exposing embryonic brain sections with GABA increased the rate of
proliferation and size of neural progenitors in the ventricular zone, acting via GABAA
receptors, but conversely decreased the rate of proliferation of neural progenitors in the
subventricular zone (Haydar et al. 2000). This finding suggests that distinct populations of
neural progenitors might respond to GABA differently.

The early excitatory action of GABA in the developing brain is also critical for proper
morphological development of neurons. Eliminating this early excitatory action by
prematurely expressing the CI™ extruding transporter KCC2 resulted in a significant
reduction in neurite length as well as number and length of dendritic processes (Cancedda et
al. 2007). Release of GABA from local interneurons in the hippocampus induces maturation
of intermediate progenitor cells into mature granular cells (Wang and Kriegstein 2009). The
GABA, receptor-specific agonist muscimol was shown to inhibit the proliferative effect of
basic fibroblast growth factor (bFGF) on cortical neuron progenitor cells of the rat brain. In
an interesting reciprocal relationship, bFGF increased the number of neurons expressing
GABA receptors, possibly providing a feedback pathway for modulating bFGF induced
cell proliferation (Antonopoulos et al. 1997).

Populations of differentiated cortical neurons and immature ventricular zone neurons also
have a differential migratory response to high or low concentrations of GABA. Micromolar
GABA appears to increase the migration of glutamate decarboxylase (GAD) positive
cortical neurons in the rat brain and act via a G-protein coupled mechanism, whereas
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femtomolar GABA increased motility in GAD-negative ventricular zone neurons and
appeared to act via a GABAA, receptor-mediated mechanism (Behar et al. 1998). Tangential
migration also appears to be modulated by the action of GABA at GABAGg receptors, as
evidenced by results obtained from in vitro embryonic organotypic culture of rat brain
slices. Blocking these GABAGR receptors with a specific antagonist CGP52432 in culture led
to the accumulation of GABAergic interneurons in the ventricular/subventricular zones (VZ/
SVZ) of the cortex and a parallel decrease in the number of these migrating neurons in the
cortex. The accumulated population of neurons also displayed morphological differences
compared to controls, with significantly shorter leading processes than cells in control slices
(Lépez-Bendito et al. 2003).

4. GABA in proper cortical network development and plasticity—Proper cortical
network development and function has been shown to rely on appropriate modulation of
inhibitory control. When the efficacy of the cortical GABAergic inhibitory system is
decreased even just slightly in juvenile (14-18 day) rats, long-latency field potentials are
expressed. Cortical sections from juvenile rats that were incubated in a bath solution
containing the GABA receptor antagonist bicuculline methiodide (BMI) displayed such
long-latency field potentials upon orthodromic stimulation of underlying white matter/Layer
VI of the cortex. Application of D(-)-amino-5-phosphono-valeric acid (DAPV), a NMDAR
selective antagonist, blocked this long-latency response thus establishing its dependence
upon NMDAR activity. One possible role for this long-latency activity is to ensure that
delayed afferent stimuli could still reach threshold and stabilize activity-dependent
connections critical for functional network development (Luhmann et al.1990).

The developing brain displays periods of plasticity, during which modulation can affect the
structure and connectivity of the mature brain. One classical model of critical period
plasticity is the visual cortex. Studies show that the GABAergic inhibitory system modulates
onset of the critical period in the visual cortex. Enhancing GABAergic inhibition in a rodent
model by infusing the newly opened eye with benzodiazepines, a GABAA receptor allosteric
modulator, results in an earlier onset critical period. Conversely, deletion of GADG65 shifts
the onset of critical period later. In fact, application of the benzodiazepine diazepam was
sufficient to fully induce plasticity in a monocular deprivation model even in GAD65
knockout mice (lwai et al. 2003). Interestingly, reduction of intracortical inhibition can
partially reactivate ocular dominance plasticity in the adult mouse cortex (Harauzov et al.
2010).

GABAergic inhibition was also shown to affect the structural development of visual
columns. Infusion of diazepam in the cat visual cortex resulted in wider than usual columns,
whereas infusion of an inverse agonist (methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-
carboxylate) DMCM led to the development of narrower than usual columns (Hensch and
Stryker 2004).

6. GABA in the white matter—Neurons located in the adult cortical white matter are
termed interstitial neurons, which can be largely classified into GABAergic and
glutamatergic subtypes, though the exact proportions are unknown and a potential area for
future research (Suarez-Sola 2009; Judas et al. 2010). Generally, interstitial neurons of the

Metab Brain Dis. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu and Sun

Page 8

white matter are accepted to be the remnants of a subplate population of neurons (Chun and
Shatz 1989). Studies in cat and rodent models show that those neurons which remain in the
subplate either undergo cell death or become adult interstitial neurons, as the subplate
develops into adult white matter. Therefore, the interstitial neurons of the adult neocortex
are likely the oldest neurons in the cerebral cortex, due to their origin in the subplate (Chun
and Shatz 1989). A recent study has proposed that there are least two distinct and
topographically separate interstitial neuron populations in the human cortex, one arising
from fetal subplate neurons and manifesting as superficial interstitial neurons in adult white
matter, and the other arising from the subventricular/intermediate zones in the fetus and
developing into deep interstitial neurons of the adult periventricular and central white matter
(Judas et al.2010). Notably, this second population is absent in non-primates. In general,
interstitial neuronal development and presence in white matter differs significantly between
humans and non-humans. This poses a significant problem given that most information on
this population of neurons is derived from studies in non-human models, and suggests a
critical area of further investigation.

As previously stated, interstitial neurons of the white matter can be classified as GABAergic
but specific information on their proportion, development, and migration is poorly
elucidated. As studies on the origin of cortical GABAergic interneurons have revealed,
GABAergic neurons of the cortex arise from the subplate or intermediate/subventricular
zone and migrate through the white matter into the overlying cortex (Letinic et al. 2002; Xu
et al. 2011). In human periventricular and central white matter, this migration occurs mostly
over the second half of gestation, peaks at term, and decreases dramatically after birth. At
least 20% of GABAergic neurons in the white matter was found to migrate towards the
cortex during the second half of gestation. A population of non-migrating GABAergic
neurons that remained in the developing white matter and subplate may become fixed in the
subplate (which eventually becomes adult white matter) and white matter, or undergo
programmed loss postnatally (Xu et al. 2011). Evidence in a feline model shows that that
cortical interstitial neurons of the mature cat cortex originated in and distributed throughout
the cortex from an early subplate population. Furthermore, a similar decrease in density was
seen postnatally that was likely due to cell death, as suggested by a parallel increase in
small, atrophic neurons (Chun and Shatz 1989). Postnatally, a population of GABAergic
interneuron precursors are seen in the dorsal white matter area of the cortex. These GAD65-
GFP positive cells later migrate into the overlaying anterior cingulate cortex, a process that
was seen up to P21 and suggested that these GABAergic precursors could be a reservoir for
postnatally migrating interneurons (Riccio et al. 2012). In the adult white matter, a
population of large, aspiny NADPH-d neurons that express GABA was found to localize in
the superficial white matter of non-human primates (Yan et al. 1996). In the spine, long
GABAergic fibers can be seen in the ventral white matter as early as E12.5 (Allain et al.
2004).

7. GABA and oligodendrocytes—Oligodendroglial cells are the cells that give rise to
myelin in the CNS and thus a major component of CNS white matter. The subpallium which
gives rise to GABAergic neurons also generates oligodendrocytes that migrate in a similarly
tangential path to the cortex (Marin and Rubenstein 2001). Therefore, it is possible that
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oligodendrocytes and GABAergic neurons share further characteristics due to their
development in a similar milieu. Interactions between GABAergic neurons and
oligodendrocyte precursor cells (OPCs) have been shown to occur in the hippocampus, with
GABA acting at OPC GABA, receptors to increase intracellular Ca2* levels (Lin and
Bergles 2004). Developing oligodendrocytes express GABAA receptors, and GABA acting
at these receptors has been shown to depolarize the developing cell (Karadottir and Attwell
2007).

Activity at GABAA receptors has also been shown to exhibit a protective effect on
oligodendrocytes. This effect is dependent upon and modulated by the activity of NKCC1,
which maintains a high intracellular CI~ concentration. The protective effect of GABAp
activity in oligodendrocyte survival may be due to a GABA receptor mediated rise in
intracellular Ca?* levels (Wang et al. 2003). Activation of GABA4 receptors with 30 uM of
the GABA agonist muscimol significantly reduced oligodendrocyte mortality in the
absence of growth factors, and this neuroprotective affect required NKCC1 activation.
Blockage of NKCC1 activity with 10 uM of the NKCC1 antagonist bumetanide negated any
protective effect. There is evidence that oligodendrocytes also express GABAg receptors
and activation of these receptors increases the proliferation and migration of
oligodendroglial precursor cells, via a negatively coupled adenlyl cyclase (AC) signaling
pathway. Application of the GABAg receptor agonist baclofan significantly reduced cyclic
adenosine monophosphate (cAMP) and AC and led to an increase in migration (Luyt et al.
2007).

Oligodendrocytes arise from the white matter glial precursor cell O-2A, as do type-1
astrocytes. Optic nerve O-2A cells in culture have been shown to express GABA, though its
synthesis does not appear to involve GAD (Barres et al. 1990). It remains unclear precisely
what the effect of this GABA synthesis may be. O-2A cells are not the sole
oligodendryocyte precursor to have connections to the GABAergic system. Nerve/glial
antigen 2 expressing oligodendrocyte precursor (NG2) cells have been shown to receive
direct synaptic input from axons (Lin and Bergles, 2004). Some of these synapses are
GABAergic, as NG2 cells also have been shown to express GABA receptor, although it is
not known precisely what effect activity at these synpases might have. There is some
evidence that exogenously applied GABA can induce an intracellular rise in Ca2*
concentrations (Mangin and Gallo 2011). NG2 cells are the main source of oligodendrocytes
as well as the main proliferating cells in white and gray matter of the postnatal adult brain.
They undergo proliferation in response to trauma, infection and demyelination. NG2 cells
have been shown to form neuron-NG2 synapses during the process of spontaneous
remylination following demylination, a response that often contributes to the the formation
of a glial scar (Mangin and Gallo 2011).

Il. GABA and GABAergic neurons in immature brain injury

1. GABA and its role in white matter injury: anoxia-ischemia and
periventricular leukomalacia—Several white matter lesions may proceed through
mechanisms during development that involve the GABAergic system, including anoxic-
ischemic injury, periventricular leukomalacia (PVL), and schizophrenia. Release of GABA
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in the white matter has been shown to have a neuroprotective effect following anoxic injury,
as measured by post-anoxic compound action potential (CAP) recovery in the rat optic nerve
(Fern et al. 1995). Selective GABA receptor antagonists such as bicuculline and agonists
such as muscimol did not influence CAP recovery. In contrast, the GABAg receptor specific
antagonist phaclofen completely abolished the neuroprotective effect. Furthermore,
perfusion of nerve tissue with pertussis toxin (PTX), an irreversible G-protein inhibitor,
significantly reduced CAP recovery, as did perfusion of nerve tissue with the PKC-inhibitor
staurosporine. Taken together, these findings implicate a GABARg/G protein/PKC dependent
protective pathway that is activated following anoxia. Notably, this protective pathway is in
place even under control conditions, thus demonstrating that endogenous GABA is
sufficient for this protective pathway. The authors suggest that this second messenger
system could target the Na*/Ca%* exchanger, as downregulation of this membrane transport
protein could produce a protective effect consistent with the data (Fern et al. 1995).
Interestingly, there have been findings that increased GABA synthesis produces a
neuroprotective effect on GABAergic neurons in the striatum (Li et al.2010). While these
results were observed in GABAergic neurons of the grey matter, it raises the question
whether presynaptic GABA synthesis may similarly be elevated following white matter
injury events.

Comparison of telencephalon sections of human neonates (25-32 weeks of gestation) with
white matter lesions (WMLs) and without WMLSs revealed differential loss of GABAergic
neurons and oligodendrocytes in the white matter and subplate. Sections from neonates with
white matter lesions showed a fourfold decrease in density of GAD67 cells, as well as a
significant decrease in GABAergic receptor expression in the subplate and cortex as
compared to controls. While a loss of GABA receptor expression in the subplate and
increased receptor expression in the cortex is expected with migration of GABAergic cells
from the subplate to the cortex, this decrease of expression in both subplate and cortex
indicates a significant loss of GABA receptor expression in infants with WMLs (Robinson
et al. 2006). Since this period of time corresponds to a window of increased migration of
late-born GABAergic neurons through the white matter, it is likely that these findings are
due to injury to this population of migrating neurons. Infants who suffer periventricular
leukomalacia (PVL), the most common WML responsible for cognitive deficits of preterm
infants, often exhibit a sequelae of cognitive defects that may arise from abnormal cortical
development as a result of damage to these migrating GABAergic neurons (Robinson et al.
2006).

GABA and endogenously produced adenosine can interact to produce a neuroprotective
effect during white matter anoxia in the optic nerve. The mechanism also appears to be
PKC-mediated, as administration of staurosporine abolished the observed neuroprotection.
Interaction between GABA and adenosine appears to be synergistic at low concentrations,
whereas high concentrations of one in the presence of the other removed any protective
effect (Fern et al. 1994). In PVL, there is evidence that a population of migrating
doublecortin expressing (DCX+) cells may travel to necrotic foci and contribute to neuronal
regeneration/repair. A subpopulation of these DCX+ cells was shown to express GAD
65/67, which is consistent with the idea that migratory DCX+ cells differentiate into the
GABAergic phenotype (Haynes et al.2011).
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In the human brain, granular subcortical (i.e. subplate and white matter) neurons were
shown to be 50-80% less in density in white matter lesion slices than in controls. While the
study did not specifically determine which neurotransmitter the granular subcortical neurons
expressed, it is known that granular neurons in the subventricular zone/ventricular zone,
white matter, and subplate express GAD65/67. Thus, there is a likelihood that the lost
granular subcortical neurons were GABAergic in nature (Kinney et al. 2012).

In PVL and other chronic white matter hypoxia-ischemia pathologies, astrogliosis and
microgliosis, both signifiers of CNS cell damage, can be seen. Also seen is
hypomyelination, although interestingly, this is not accompanied by a significant decrease in
oligodendrocytelineage (OL) cell density. One possible explanation for this retention of OL
cell density is the possibility that oligodendrocyte progenitor cells, including NG2 cells,
proliferate following injury and thus mask any loss of oligodendrocytes. The authors suggest
that the hypomyelination may be due to inadequate repair of necrotic foci, improper
maturation of OL progenitors, an inability of mature OL to produce myelin, and/or lesion to
the axon that arrests proper signaling for myelin production (Billiards et al. 2008). Another
study supports the suggestion that a mechanism for the observed hypomyelination in PVL
involves abnormal maturation of OL cells. It was shown that in a neonatal rat model, late
oligodendrocyte precursors (pre-OLS) displayed arrested maturation, as well as failure to
differentiate and produce myelin following chronic perinatal white matter injury (Segovia et
al. 2008).

2. GABA and Schizophrenia—A substantial body of evidence points to developmental
abnormalities as a crucial part of the etiology of schizophrenia. In particular, studies show a
link between dramatic abnormalities in the white matter and this disease (Suarez-Sola 2009).
A significant general increase in the density of superficial interstitial white matter neurons
(IWMNs), a population of neurons that contains many of GABAergic phenotype, was seen
in human brain tissue of schizophrenics (Anderson et al.1996; Eastwood and Harrison 2003;
Yang et al. 2011). Intriguingly, an increase in GABAergic interstitial white matter neurons
(IWMNS) found in the dorsolateral prefrontal cortex white matter was found to be
accompanied by a deficit of GABAergic interneuron markers in the overlying gray matter
(Yang et al. 2011). A later study of GABAergic IWMNS in the orbital frontal cortex of
schizophrenics similarly showed a GABAergic deficit in the overlying gray matter (Joshi et
al. 2012). These findings suggest that GABAergic interneuron decreases in the cortical grey
matter are mirrored by increased density of neurons deeper in the white matter (Yang et al.
2011; Joshi et al. 2012; Connor et al. 2012). One possible explanation for this finding is that
the migration of interneurons from white matter to the cortex may be abnormal among
schizophrenic patients (Yang et al. 2011). In support of the neurodevelopmental hypothesis
for deficits seen in the schizophrenic brain, findings suggest that the second trimester in
humans is a time period when insults that lead to abnormalities seen in schizophrenia are
most likely to arise (Eastwood and Harrison 2003). Interestingly, the latter half of gestation
(28-38 weeks) is also the time period during which GAD67 cell density increases the most
in human subplate and white matter, indicating a window of maximal migration. It is
possible that this period of high GABAergic neuron migration may be a period of
vulnerability that leads to schizophrenic cortical deficits. This view is supported by the
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distribution of upregulation in GABA receptor binding in the prefrontal cortex of
schizophrenics, with receptor binding most markedly apparent in cortical layer |1, the last
lamina to appear during corticogenesis (Benes et al. 1996). However, other potential
explanations for the increase in IWMNS—such as in response to changes in the adult CNS
—cannot be ruled out (Conner et al. 2012).

Another observation in schizophrenic brains that may connect to GABA is a decrease of
reelin mRNA per cell. Reelin, a key developmental signaling molecule, is an extracellular
matrix protein shown to be secreted by GABAergic interneurons in the telencephalon and
plays a critical role in neuronal migration, proper morphology development, and
synaptogenesis (Pesold et al. 1998; Rice and Curran 2001). In patients with schizophrenia,
the gene transcript for reelin, RELN, has been shown to be significantly decreased in
inhibitory white matter neurons (Eastwood and Harrison 2003). Reelin is also found in
GABAergic neurons of the adult rat cortex and hippocampus (Pesold et al. 1998). Studies
using a heterozygous reeler mouse (HRM) which displays roughly half the reelin expression
of controls exhibits similar behaviors and structural deficits to those found in schizophrenic
patients. Furthermore, schizophrenic patients show a decrease in GABAergic Purkinje
neurons in the cerebellum, as well as a decrease in reelin mMRNA expression in cerebellar
granular cells. This decrease in Purkinje neurons is similarly found in HRM. Taken together,
this seems to indicate that reelin modulates the expression of GABAergic Purkinje neurons
and is dysregulated in schizophrenia (Maloku et al. 2010).

Significant gray matter abnormalities are also seen in schizophrenia. Several studies have
shown a decrease in GADG67 expression in the frontal cortex and a few give evidence of a
similar decrease in GADG5 expression (Akbarian and Huang 2006). Both GAD67 and
GADG5 are key enzymes involved in the synthesis of GABA. Studies have also shown a
decrease in GABA release thus pointing to downregulation in presynaptic GABAergic
function in schizophrenia (Costa et al.2001). Furthermore, reuptake of GABA via GABA
transporter 1 (GAT1) has been shown to be downregulated in the schizophrenic brain,
suggesting decreased GABA reuptake. The authors also provided evidence that this finding
is supported by schizophrenia-like behaviors displayed in by GAT1 knockout mice (Yu et
al. 2013).

The developmental shift from GAD25, a gene transcript related to GABA signaling, to
GADG7 is important for proper GABA synthesis. Evidence exists that a significantly
increased GAD25/GADG7 ratio is seen in the hippocampus of patients with schizophrenia,
suggesting improper maturation of the GABAergic system (Hyde et al. 2011). It has also
been suggested that there may be a link between the downregulation of GADG67 expression
and the previously mentioned downregulation of reelin (Costa et al. 2001). The authors
propose that decreased reelin expression may decrease the overall number of GABAergic
axon terminals by decreasing the overall number of dendritic spines, and in this way explain
the downregulation of GAD67 (Costa et al. 2001).

The chloride-cation transporters NKCC1 and KCC2 have also been implicated in the
pathology of schizophrenia. A general NKCC1/KCC2 expression imbalance has been
described in patients with schizophrenia. A decreased ratio of NKCC1/KCC2 expression
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indicates the proper switch has occurred from expression of the early-acting NKCC1
transporter to expression of the later-acting KCC2 transporter, a hallmark of the mature
brain. However, in schizophrenia, the NKCC1/KCC2 ratio is seen to be significantly
increased. Findings that both a NKCC1/KCC2 ratio increase and a GAD25/GADG5 ratio
increase were significantly predicted by the GAD1 genotype suggests that the mechanism
underlying these observed abnormalities is genetic (Hyde et al. 2011). Furthermore, the
GADL1 phenotype is associated with expression of a specific KCC2 transcript, AK098371,
that is seen to be lower in schizophrenic patients than controls. Another KCC2 transcript,
EXONG6B, was shown to be significantly increased in schizophrenic patients. Together, this
suggests that different transcripts of KCC2 may play a role in the abnormalities seen with
the GABAergic system in schizophrenia (Tao et al. 2012).

lll. GABA and GABAergic neurons in mature brain injury

1. GABAergic system in the mature brain—Networks of the adult cortex are
generally built from excitatory projection neurons with long processes that are then
modulated by local inhibitory interneurons expressing GABA receptors (Ben-Ari 2004;
Druga 2009). GABAergic interneurons display a remarkable level of chemical,
morphological, and connection heterogeneity, suggesting a wide array of specific functions
for these neurons. Approximately 20-30% of cortical neurons in the mature brain are
inhibitory interneurons (Druga 2009). Nearly all GABAergic interneurons can be classified
into three broad groups based upon expression of the calcium-binding protein parvalbumin
(PV), the neuropeptide somatostatin (SST), and the serotonin receptor 5SHT3aR. Each group
contains further types of interneurons with different morphology, properties, and function
(for detailed review, see Rudy et al. 2011).

2. Transient ischemia in the mature brain—Transient global ischemia, also termed
“mini-stroke,” can induce selective neuronal death. In a rodent model, large aspiny
cholinergic neurons (LA) and most GABAergic interneurons of the striatum survive
transient ischemia whereas medium spiny neurons (MS) eventually die. In fact, inhibitory
synaptic transmission in LA neurons is enhanced. Application of the selective GABAA
receptor agonist muscimol 24 hours following ischemia was shown to increase inhibitory
transmission and paired-pulse data suggested that the increased inhibitory transmission was
due to increased presynaptic release. Taken together, these findings suggest that increased
inhibitory transmission in LA neurons is mediated by presynaptic GABA, receptors,
although the exact presynaptic location of these receptors is not known (Li et al. 2009). A
later study by the same authors found that expression of GADG5 in the striatum is increased
significantly following ischemia, strongly suggesting increased GABA synthesis by the
remaining MS neurons. The increase in GAD65-expressing neurons was also shown to arise
from tonically active interneurons expressing GADG67 that undergo a genetic shift to express
GADG5 following ischemia (Li et al. 2010). The overall neuroprotective mechanism may be
one in which increased inhibition on LA neurons counterbalances excitotoxicity, a broadly
accepted major cause of postischemic neuronal cell death (Lipton 1999).

3. Stroke and GABA—Stroke is a leading cause of both death and disability.
Increasingly, evidence shows that the GABAergic system may play a role in the neuronal
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affects of stroke as well as in the potential for plasticity and repair. Tonic GABAAp receptor
activity is involved in long-term potentiation (LTP), functional organization of neuronal
circuits, and plasticity in the brain. Whole-cell voltage-clamp recordings of mouse brain
slices post-infarct show that tonic inhibition is increased in the peri-infarct zone (Clarkson et
al. 2010). This tonic inhibition has been shown to be mediated by extrasynaptic GABAA
receptors (Lee and Maguire 2014). Indeed, application of L655,708, an inverse agonist
specific to the benzodiazepine binding site on extrasynaptic GABA receptors, resulted in
early and sustained motor function recovery after stroke. Genetic knockdown of GABAA
receptors containing a5 and & subunits, found primarily in extrasynaptic GABAA receptors,
resulted in a similar increase functional recovery. These findings suggest chronic tonic
inhibition mediated by extrasynaptic GABA receptors following stroke impairs the
plasticity required for functional recovery (Clarkson et al. 2010). A specific mechanism
suggested may be a dysfunction of GABA reuptake from extracellular fluid, as tonic
inhibition is mediated by the degree of this reuptake via GABA transporter proteins (GATS).
Indeed, a reduced level of GAT 3/4 function was seen in the peri-infarct zone (Clarkson et
al. 2010).

4. Epilepsy, Traumatic Brain Injury (TBI) and Post-Traumatic Epilepsy (PTE)—
Epileptoform activity is strongly affected by GABA, receptor mediated inhibition. Slight
suppression of inhibition induced by low concentrations (< 0.5uM) of the GABA, receptor
antagonist bicuculline under conditions of focal stimulation was sufficient for horizontal
spread of neural activity mimicking partial epilepsy (Chagnac-Amital and Connors 1989).

Traumatic brain injury (TBI) often results in epileptic-related changes to the brain and may
eventually lead to long-term reorganization of neural circuits. Post-traumatic epilepsy
(PTE), a consequence of TBI, shows certain pathophysiologies involving the GABAergic
system. Evidence exists for a loss in inhibitory interneurons following experimental TBI in
animal models (Hunt et al. 2013). In humans, postmortem analysis of the dentate gyrus
shows substantial loss of hilar interneurons populations in those with PTE. These losses are
sometimes accompanied by decreased synaptic inhibition of granule cells (Hunt et al. 2013).
Interestingly, findings in a rodent model of TBI appear to show an increase in GABAp
receptor mediated tonic inhibition following injury. The authors suggest that tonic inhibition
may be a novel mechanism by which TBI contributes to functional impairment, notably loss
of memory and cognitive function (Mtchedlishvili et al. 2010).

Another potential area of GABAergic influence is the inflammatory response following TBI.
Inflammatory cytokines are known to modulate GABA receptor mediated responses and
glial overexpression of certain cytokines lead to spontaneous seizures and decrease in
GABAergic cells. Chemokines may also increase the release of neurotransmitters including
GABA, which may contribute to imbalance in network excitability and epileptogenesis after
TBI (Hunt et al. 2013). In previous studies, interleukin-1 (IL-1) was shown to enhance
postsynaptic GABA receptor function (Miller et al. 1991). Given the important role
inhibitory interneurons play in managing the balance of excitation and inhibition across
cortical networks, and the relatively little that is currently known about which interneuron
populations are affected by mechanical trauma, it is suggested that more research be
conducted to better elucidate the effects of TBI on the inhibitory system.
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SUMMARY

GABA, the main inhibitory transmitter in the adult brain, has a multitude of different
functions during development and influences the migration, proliferation, and proper
morphological development of neurons, as well as the timing of critical periods and
potentially primes the earliest neuronal networks. These effects of GABA are through
depolarizing actions of GABA receptors. Furthermore, development-dependent regulation
of the cation-chloride transporters NKCC1 and KCC2 controls CI~ homeostasis and dictates
the “GABA shift” in the CNS. The GABAergic system encompasses cortical interneurons as
well as white matter interneurons and connections to oligodendroglial cells. The latter two
have been implicated in diseases of the white matter, including perinatal white matter
injuries and schizophrenia. The specific roles of GABAergic neurons in the pathogenesis of
these diseases are not well understood. Studies suggest the most dramatic white matter
pathology in schizophrenia links its pathology to a diminishment of the GABAergic system
at both the physiological and genetic levels. The GABAergic system is also robustly
involved in the pathology of several brain injuries in the mature brain. Increased inhibitory
activity at GABAp receptors appears to have a neuroprotective role in transient ischemia
whereas tonic inhibitory activity at extrasynaptic GABAA receptors may play a detrimental
role in stroke pathology. GABA receptor mediated inhibition provides a strong restraint on
epileptoform activity, a common consequence of traumatic brain injury. Taken together, a
better understanding of the GABAergic system in the developing brain as well as under
pathophysiological conditions is warranted.
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Figure 1. GABA receptorsin disease

a. Traumatic Brain Injury (TBI) and Stroke pathologies appear to involve increased tonic
inhibition mediated by extrasynaptic GABA receptors (Clarkson et al. 2010;
Mtchedlishvili et al. 2010). Increased tonic inhibition in TBI may contribute to subsequent
functional impairment (Mtchedlishvili et al. 2010). Increased tonic inhibition impairs
functional recovery following stroke; this increase may be a result of reduced function of
GABA transporter 3/4 (GAT 3/4) mediated GABA reuptake (Clarkson et al. 2010). b.
Increased GABA release enhances neuroprotective inhibitory transmission in large aspiny
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(LA) neurons (Li et al. 2009). This effect is most likely mediated by presynaptic GABAA
receptors, however the exact location of these receptors is not known. GAD expression
increased following ischemia, which strongly suggests increased GABA synthesis.

C. Endogenous GABA acts at GABAg receptors to mediate neuroprotective effects
following anoxia-ischemia in white matter (Fern et al. 1995). A possible target of the PKC
second messenger system recruited is the Na* /Ca?* exchanger, which is reversed under
anoxic conditions. Downregulation of the Na* /Ca2* exchanger may lead to neuroprotective
effects (Fern et al. 1995). GABAg receptors also act upon K+ and Ca2* channels (see text).
D. Gray matter abnormalities seen in schizophrenia include a decrease in GAD expression
and decrease in presynaptic GABA release (Costa et al. 2001; Akbarian and Huang 2006).
Reuptake of GABA via GABA transporter 1 (GAT1) is decreased (Yu et al. 2013). The ratio
of NKCC1/KCC2 expression is increased in patients with schizophrenia, suggesting
abnormal maturation, as normal maturation is accompanied by increased KCC2 expression
and decreased NKCC1 expression (Hyde et al. 2011).
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