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Abstract

Traditionally known as purely an inhibitory neurotransmitter, y-aminobutyric acid (GABA), its’
receptors and enzymes involved in GABA metabolism and catabolism have been shown to be widely
distributed outside the brain and central nervous system. One of the organ systems expressing
GABA, and GABA; receptors and other parts of the GABA system is the immune system. GABA and
GABA analogous have primarily an inhibitory effect on the immune system, although the effect of
activating GABA; receptors seems to be more complex and include immune stimulation. Molecular
changes evoked by GABAergic compounds also translate to potential in vivo treatment of diseases
associated with the immune system. Activation of immune cells leads in some cases to increased
GABA; receptor expression, suggesting a ‘natural’ function of these receptors in immune system
functioning.

PART 1. THE GABA SYSTEM

v-Aminobutyric acid or y-aminobutyrate (GABA) is, along with glycine, a major inhibitory
neurotransmitter in the mammalian central nervous system (CNS). Together with the excitatory
neurotransmitters glutamate and aspartate they form a large portion of the synaptic activity in the
CNS. Although GABA had previously been reported in trace amounts in blood and urine, its’ presence
in the brain of a number of mammalian species was independently reported by both Awapara et al.
and Roberts and Frankel in 1950 [1,2]. Interestingly, GABA and GABA receptors are also present in a
number of other organisms, such as yeast, higher plants and several insect species [1,3,4].

GABA synthesis and transport

As the major inhibitory neurotransmitter, GABA is involved in a variety of CNS processes,
which include anxiety-related behavior, cognitive processing, discrimination of information and
sensorimotor gating [5]. Because it does not cross the blood-brain barrier, GABA is synthesized in the
brain by a metabolic pathway known as the ‘GABA shunt’ (figure 1). The final step of this pathway
yields the non-protein amino acid GABA through the conversion of the excitatory neurotransmitter
and amino acid L-glutamate by glutamic acid decarboxylase (GAD). This enzyme exists in two
isoforms with different localization and regulatory properties [6]. Both isoforms are products of
distinct genes: the GADgs gene (the number refers to the molecular mass of the enzyme) is located
on chromosome 10, while the GAD¢; gene is located on chromosome 2 [7]. The isoform GADg; is
localized in the neuronal body, while GADg; is primarily expressed in nerve terminals. This distinction
suggests a more important role for the latter in synaptic neurotransmission and for the former in
regulating GABA synthesis [5]. Both GADs are also expressed outside of the CNS, such as in
pancreatic B-cells, testis and epithelium of the oviduct [7].

As GABA is formed continuously in an amount exceeding usual requirements for
neurotransmission, an enzyme that’s also an important part of the ‘GABA shunt’ is y-aminobutyric
acid transaminase (GABA-T) [8]. Although GABA-T can synthesize GABA from succinic semialdehyde,
its primary function seems to be degradation of GABA, as the anticonvulsant y-vinyl GABA
(vigabatrin), an irreversible inhibitor of GABA-T, causes GABA accumulation in glial cells of the retina
[9]. In addition, other GABA-T inhibitors also produce a significant increase in GABA in the brain in
vivo [8]. The presence of the cofactor pyridoxal-5’-phosphate is required as a carrier to yield succinic
semialdehyde. The back reaction from succinic semialdehyde to GABA is also unlikely to happen to
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any important extent in vivo due to the co-localisation of high activity of succinic semialdehyde
dehydrogenase (SSADH) and GABA-T [8]. In the brain, GABA-T is primarily expressed in glial and
endothelial cells [7]. Therefor, it can be concluded that (in the CNS) GABA anabolism and catabolism
occur in the neurons and glial cells, respectively. Although an integral part of GABAergic systems in
the CNS, GABA-T is also expressed in a variety of other tissues, including liver, pancreas, kidneys,
lungs, heart, stomach, hair follicles, the placenta and even platelets [8,10]. On a sub-cellular level
expression seems to be concentrated to the inner mitochondrial membrane [8].
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Figure 1. GABA shunt: synthesis and degradation. The neurotransmitter GABA is synthesized
by GAD from glutamate, which is converted from a-ketoglutarate, an intermediate of the Krebs
cycle, by GABA-T. GABA can be degraded by GABA-T to succinic semialdehyde and subsequently
to succinic acid, also an intermediate in the Krebs cycle. y-aminobutyric acid; GABA-T, y-
aminobutyric acid transaminase; GAD, glutamic acid decarboxylase; SSADH, succinic
semialdehyde dehydrogenase.

After release into the synaptic cleft, GABA is rapidly removed from the intercellular space by
specific transporters to prevent GABA spillover to neighboring synapses and tonic activation of GABA
receptors [11]. The majority of the released GABA is transported back into the synapse, while a
smaller fraction is taken up by astrocytes surrounding the synapse [12]. Currently, four of these
GABA transporters (GATs) have been described: GAT-1 through GAT-3 (rat nomenclature) and the
Betain/GABA transporter type 1 (BGT-1), a receptor that uses both GABA and betain as substrates.
GATs are GABA Na*/Cl” coupled transporters, with the Na* gradient being the primary driving force
for GABA uptake, while CI" can significantly enhance uptake [10]. GAT-1 seems to be conserved in
mammals displaying a high degree of amino acid sequence homology in rat, mouse and human and
essentially identical pharmacological properties. GAT-2 and GAT-3 show a higher degree of sequence
identity with each other and BGT-1 than with GAT-1. In the adult rat brain GATs are mainly localized
in astrocytes and some neuronal terminals, hypothesized to be GABAergic synapses. Expression of
GAT-1 differs strongly between brain regions, with high expression in the forebrain, intermediate
expression in the cerebellum and lower expression in the majority of the hindbrain [13].



GABAAa receptors

In the brain, 17-20% of all neurons are GABAergic and most of the physiological activities of
GABA are generated through GABA, receptors (GABAA-Rs) [14]. These ionotropic receptors or ligand-
gated ion channel (LGIC) are chloride anion (CI') channels that can be opened and activated by the
endogenous neurotransmitter GABA and several drug classes, including benzodiazepines,
barbiturates, steroids, anesthetics and convulsants. As the primary receptor for GABA in the CNS,
GABA, receptors are involved in a variety of behavioral and cognitive processes [14].

Structure

GABA, receptors are composed of 5 protein subunits, which all have a large extracellular N-
terminal domain, four transmembrane (TM) domains, a large intracellular loop between TM3 and
TM4 and a relatively short C-terminal domain (figure 2A). The number of different subunits is 19, not
including different splice variants, and that makes this set the largest of any among the mammalian
ion channel receptors [14]. These subunits can be divided into 2 categories: 16 (a1-6, B1-3, y1-3, 6, &,
6 and m) which can be combined to form the traditional GABAA-R and 3 p (rho) subunits (Greek
letters signify >70% sequence identity). Receptors containing p subunits are sometimes referred to as
GABA. receptors, though that is recommended against by the International Union of Basic and
Clinical Pharmacology (IUPHAR) [15]. The most prevalent GABAs-Rs contain a, B and y subunits, but
native receptors lacking a y subunit do exist. In the CNS approximately 75-80% of the receptors
contain y2, while y1 and y3 are rarer. The most common a subunit is al, often colocalized with B2
and y2. Among the B subunits B2 is the most abundant, while Bl is the least common [15].
Interestingly, birds express also B4 and y4 subunits, but seems to lack both € and 8 subunits [16].

The protein subunits are combined in different ways and arranged around a central pore,
which allows CI" to pass through (figure 2B). The receptors roughly share their structure with other
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Figure 2. GABA, receptor and subunit structure. A) Each subunit consists of a large N-terminal
domain, 4 transmembrane domains (TMs), a large loop between TM 3 and 4 and a relatively short C-
terminal domain. The characteristic ‘cys-loop’ is located in the N-terminal domain. B) Five subunits are
grouped around a central pore to form a GABA, receptor.



closely related Cys-loop pentameric LGICs. This superfamily also includes nicotinic acetylcholine
receptors (nAChR), inhibitory glycine receptors, ionotropic 5-HT; (serotonin) receptors and a Zn*-
activated ion channel [16]. All 44 subunit members of the superfamily show around 30% sequence
homology and greater secondary and tertiary structure similarity [15]. They all use similar sequences
and functional domains in ion channel structure, endogenous ligand binding sites and membrane
topology. In 2005 the structure of the nAChR in a species of electric ray (Torpedo marmorata) was
resolved to a resolution of 4 A, through cryo-electron microscopy and image reconstruction [17].
More recently the structure of a toxin-bound murine nAChR-subunit was determined in 2007 [18].
Also two high resolution X-ray studies of prokaryotic pentameric LGICs have provided significant
insight into structure [19,20]. And, although the structure of the GABAA-R has not been determined,
it can therefore be approximated through homology modeling. The resulting models of the majority
of GABA, receptors (those containing 1y, 2 a and 2 B subunits), show not only the arrangement of
subunits within the receptor, but also several structural features in the extracellular domain and their
binding pockets [15]. The benzodiazepine binding site (Bz BS) is located at the interface of an a and y-
subunit. Classic benzodiazepines, such as diazepam, exhibit a high affinity for specific subunit
combinations. These diazepam sensitive (DS) receptors include those composed of alBy2, a2py2,
a3By2 and a5By2, as well as less well known analogues containing the y3-subunit. Some Bz BS
ligands are also able to interact with receptors composed of a4By2 and a6By2, while diazepam is not.
These can therefore be referred to as diazepam insensitive (DI) receptors [21].

Function and distribution

Interestingly, the large diversity of GABA, receptors that can be created by combining
different subunits seems to be directly linked to their function, as their expression In the CNS and
other organs differs considerably. In addition, some subtypes have a prominent role in seizure
susceptibility, while others are involved in anxiety or memory and learning (Table 1).

Table 1. Action of benzodiazepines at al-6B3y2 receptor subtypes [21]

Subtype Associated effect
al Sedation, anterograde amnesia, some anticonvulsant action and
ataxia.
a2 Anxiolytic, hypnotic (EEG) and some muscle relaxation.
a3 Some anxiolytic action, some anticonvulsant action and possibly some

muscle relaxation.
a4 Diazepam insensitive (DI) receptor

a5 Negative effect on cognition and temporal and spatial memory.
May also be involved in the memory component of anxiety.

a6 Diazepam insensitive (DI) receptor

The combination of specific subunit combinations and distinct effects allows the development of
subtype selective ligands in order to elicit a specific respons [21]. Also other non-a subunits can be
important in neuropharmacology: y2-subunits are involved in anxiety, while 6-subunits have a role in
learning and memory [22]. Akinci and Schofield provide a comprehensive summary on receptor
subunits and associated effects [23]. Although the a5 subunit is relatively rare in the brain, its
expression is high in the hippocampus, which corresponds with its link to temporal and spatial
memory. The a4 and a6 subunits are highly expressed in the forebrain and cerebellum [15].



Outside of the mammalian CNS and peripheral nervous sytem (PNS), GABA, receptor subunits
are also expressed in a variety of other tissues. In cell lines subunits are also expressed. For example,
mRNA for the a2, a3, B2, B3, y2 and &€ subunits can be found in the NCI-H295R adrenocortical
carcinoma cell line, which could be sufficient to form functional receptors [24]. In mice TM3 Leydig
cells, mRNA of subunits al, a2 B1, B3 and y1 was present and cell proliferation was significantly
increased by selective GABA, receptor agonists [25]. In an article on experiments in rats, Akinci and
Schofield report mRNA detection of many GABA,-R subunits in a number of peripheral tissues [23].
Placenta, ovaries and testis all have a large repertoire of subunits, while the repertoires of the small
intestine and uterus are smaller. Interestingly, in the endocrine tissues in these experiments, p3
mMRNA was only present in the testis. In the testis, mRNA of al-5, f1-3, yl and y2, §, €, p1 and p2 was
also reported, while in the uterus al, a2 and a6, B3, v1, € and p1 mRNA was detected [23]. GABA,-Rs
are also present in other parts of the female reproductive system such as the oviduct mucosa and
fallopian tubes [26].

Healthy human hepatic tissue expresses a number of GABA, receptor subunits: B3, g, m. In
addition to these, in some hepatocellular carcinoma cells also a3 mRNA can be found [27]. Literature
on the effects of administration of GABA,-R agonists on hepatocyte proliferative activity is conflicting
[27-29]. Both a decrease and increase on hepatocellular carcinoma cells has been reported, while on
nonmalignant cells a decrease in proliferation was reported. Biju et al. proposed GABA, receptors on
hepatocytes have an important role in maintaining normal liver mass by reducing DNA synthesis [29].
In other malignancies such as pancreatic cancer, GABA,-R activation has been reported to be
associated with increased growth [30]. In both healthy and malignant thyroid tissue, also a number
of subunits are expressed. For example, B2 mRNA and protein could be found in thyroid vasculature,
while a2 was expressed in malignant thyrocytes [31]. In chondrocytes isolated from the rat tibial
growth plate, also mRNA of GABA,-R subunits can be detected, including al-4, a6, B1-3 and 6. In the
same experiment, murine embryonal carcinoma-derived ATDC5 cells, which undergo chondrogenic
differentiation in vitro, showed an increase in proliferation in response to the GABA,-R agonist
muscimol [32].



GABAg receptors

In addition to acting on the ionotropic GABA, receptor, GABA is also an endogenous agonist of
the GABA; receptor (GABAg-R). The GABAg-R is a member of the large metabotropic G-protein
coupled receptor (GPCR) superfamily, with 367 known members in humans as of 2003, a major
target of pharmaceutical drugs and involved in for example taste, smell, metabolism, reproduction,
development, hormonal homeostasis, and behavior [33]. It can be found in the brain, at both
excitatory and inhibitory synapses, and in several other organs. By interacting with multiple
downstream signaling cascades, GABAg-Rs have many physiological roles [34].

Structure and signaling

A functional GABAg-R consists of two distinct subunits, known as GABAg; (also GABBR1 or
GABAzR1) and GABAg, (GABBR2), which form heterodimers (figure 3). Interestingly, unlike other
GPCRs such as metabotropic glutamate (mGlu) receptors, GABAg-R dimers can also form large
complexes with other dimers [35]. Both subunits comprise seven transmembrane (7TM) domains.
The GABAg; subunit interacts with external ligands, while the GABAj, subunit is needed for
membrane targeting and signal transduction [34]. Gene splicing gives rise to two predominant
isoforms of GABAg; subunit: GABAg;, and GABAg,,, which show highly similar pharmacological and
biophysical properties in vitro, but other splicing variants do exist. Not surprisingly these isoforms
also have a high structural similarity, differing only in the N-terminal ectodomain. The sushi repeats,
only present in the GABAg,, variety, may mediate association with distinct auxiliary proteins and cell
adhesion molecules. Expression of the GABAg;, isoform results from the presence of a second
transcription initiation site within the fifth GABAg;, gene. In neurons, both isoforms are possibly
always co-expressed and, until 2006, no solid evidence existed for differential subcellular localization
[36]. In 2006, two papers reported on the inhibition of synaptic transmission, between layer 1 (L1)
and 5 (L5) neurons in the hippocampus, by GABAergic interneurons. GABAz-Rs located on the
interneuron’s presynaptic terminal contained the GABAgi, isoform, while receptors on the
postsynaptic terminal on the L5 pyramidal neuron contained the GABAg,, isoform. Through these
receptors, release of GABA from the interneuron, could cause long-lasting inhibition of glutamatergic
transmission between the L1 and L5 neurons [37,38].

. GABA

GABAg,

Figure 3. General GABAg receptor heterodimer structure. The functional GABAg receptor is
composed of the 2 subunits and associates with heterotrimeric G proteins upon GABA binding.



As a type of GPCR, GABA;-Rs transduce extracellular signals via heterotrimeric G proteins,
particularly the Gya- and G,a-types. Through binding and activating G protein subunits, GABAz-Rs are
coupled to a variety of effectors, including enzymes and ion channels. For example, GABAz-Rs couple
to several types of voltage-gated Ca®* channels. High-voltage activated Ca®* channels of the N- or
P/Q-type or intermediate-voltage-activated R-type can be potently inhibited by GBy complexes, that
bind specific channel subunits upon activation and liberation from G, proteins [39,40]. L-type Ca**
channels (“Long-Lasting”) can be both inhibited and augmented by GABAg-R activation. The latter
effect may be partly mediated by protein kinase A (PKA) or, more effectively, protein kinase C (PKC)
activity [41]. More recently, it has also been reported that the GABAg, subunit can interact directly
with L-type Ca”" channels. Through the formation of a protein complex, this interaction modulates
Ca®* influx [42]. In addition to Ca** channels, GABAg-Rs are also coupled to K* channels. K;.3 (or GIRK)
is a subfamily of ‘inwardly rectifying potassium channels’. Activation of K;3 channels results in situ in
a K* efflux, thereby hyperpolarizing the cell and inhibiting excitability [39]. It is likely GABAg-Rs are
also coupled to other types of K' channels. Specifically blocking rapidly inactivating A-type K*
channels, for example, inhibits a GABAg agonist-induced current in neurons [39]. Small-conductance
Ca’*-activated K* (SK) channels, important in regulating synaptic plasticity, memory and learning, are
activated by GABA [43]. This activation may be due to inhibition of cyclic adenosine monophosphate
(cAMP) production through GABAg-Rs [39].

GABA;-Rs influence levels of cAMP, a major component in signal transduction, by indirectly
inhibiting and enhancing different adenylate cyclases. One soluble and nine transmembrane isoforms
of adenylate cyclase have been identified, all of which catalyze the conversion of adenosine
triphosphate (ATP) to cAMP. Isoforms |, Ill, V and VI are inhibited by G,a and G,a proteins, while GBy
protein complexes enhance |, IV and VII and inhibit Il. The enhancement of adenylate cyclases by
GABA;-Rs is dependent on activation of other GPCRs [39,44]. Modification of the intracellular cAMP
levels reduces or enhances the activity of protein kinase A (PKA). PKA is composed of four subunits
that dissociate upon binding of cAMP to the two regulatory subunits [45]. Following dissociation, the
two catalytic subunits can enter the nucleus, where they activate the cAMP response element-
binding (CREB) protein. Activated CREB recruits its co-activator CREB-binding protein (CPB) and binds
to a specific DNA sequence called cAMP response element (CRE). When bound to CRE, gene
transcription is enhanced through association of CPB with RNA polymerase Il (Pol II) complexes.
Genes with CREs in the promoter include neuropeptides, neurotransmitters and growth factors, and
factors involved in metabolism, immune regulation, cell survival and cycle, cell structure and
transport [46].

Another signaling pathway induced by GABAg-Rs is the PI-3-kinase—Akt pathway [47]. Akt, also
known as protein kinase B (PKB), regulates key cellular functions, such as nutrient metabolism, cell
growth, apoptosis and survival by several mechanisms, including inactivating the pro-apoptotic
proteins Bad and caspase-9 [48]. Activation of GABAg-Rs, for example, leads to neuroprotection via
PI-3-kinase, independent of cAMP levels [49]. The PI-3-kinase binds the activated GPCR, which actives
it to convert membrane-bound PI(4,5)P, to PI(3,4,5)Ps. The PIP; recruits the two kinases Akt and
phosphoinositidine-dependent protein kinase 1 (PDK1) and the latter activates Akt in conjunction
with a third kinase. The activated Akt dissociates from PIP; and phosphorylates target proteins [50].
Interestingly, activation of Akt by GABAz-Rs may also be direct, since GABAg, subunits can interact
and complex with Akt [47].

Also an important target of GABA-Rs is the protein kinase C (PKC) family, which shares a
significant sequence homology with PKB [50,51]. The PKC family has 12 members in mammals and
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other eukaryotes. All PKC isoforms share a highly conserved carboxy-terminal kinase domain [52].
Analogous to other GPCRs coupled to Gia- and G,a-type G proteins, when GBy complexes are
released following G protein activation by the GABA;-R, they are able to activate the phospholipase
CB (PLCB) [51]. Subsequently, activation of PLCB leads to the formation of diacylglycerol (DAG) and
inositol 1,4,5-triphosphate (IP3). The latter product acts as an agonist on IP3-gated Ca®* channels,
opening them to release Ca®* into the cytosol from stores in the endoplasmatic reticulum (ER).
Combined, the free Ca®* and DAG recruit PKC to the plasma membrane and activate it. An important
downstream of PKC is nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), a
transcription factor which regulates genes involved in cell growth and differentiation and
inflammatory response. Another target of PKC is the protein kinase D (PKD) family, which can also be
activated by DAG [53]. It’s likely, that pathway allows GABAg-Rs to activate ERK, a mitogen-activated
protein kinase (MAPK) also involved in proliferation and differentiation and a downstream target of
several growth factor receptors [54,55].

Distribution

Like GABA, receptors and other parts of the GABA system, GABAg-Rs are expressed in a wide
range of tissues and organs. In the CNS, GABAg-Rs are expressed in the thalamus, cerebellum,
hippocampus, cerebral cortex, dentate gyrus, interpenduncular nucleus and dorsal root ganglia
[56,57]. GABAg-Rs can also be found in peripheral organs, such as the esophagus. In rats, GABBR1 is
present in the adrenals, pituitary, spleen, kidney, liver and prostate [57]. Functional receptors have
also been reported in airway epithelial cells and smooth muscle, islets of Langerhans, the placenta
and fallopian tubes [55,58]. Expression of GABAg;,, GABAg. (a truncated subunit) and GABAg, has
been detected in the NCI-H295R adrenocortical carcinoma cell line [24]. Interestingly, GABAg-Rs are
also expressed in cancer cells. In human prostate cancer cells, the GABAz-R agonist baclofen
promotes migration, while suppression has also been reported, for example in hepatocellular
carcinoma cells [59].
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GABA and the immune system

The components of the immune system can be categorized in various ways, one of which is the
distinction between ‘humoral’ and ‘cellular’ immunity. The former focuses primarily on antibodies,
but the complement system and other antimicrobial substances may also be categorized as part of
the humoral immune system. The cellular immune system includes a diverse repertoire of cell types
and is extensively intertwined with the humoral part.

Cells of the immune system

The cell types of the human immune system (figure 4) can be divided into two main categories:
cells which are part of the ‘innate’ immune system and those which are part of the ‘adaptive’
immunity. The most prominent cells of the innate immunity are phagocytes; cells that engulf foreign
substances, such as bacteria and fungi, and the remnants of dead cells. Phagocytes are also mainly
responsible for secretion of pro- and anti-inflammatory cytokines and antigen presentation.
Examples of mononuclear phagocytes are macrophages, monocytes and dendritic cells. Chow et al.
extensively reviewed mononuclear phagocyte functioning [60]. Neutrophil granulocytes, also
referred to as polymorphonuclear neutrophils (PMNs), are another class of phagocytes and account
for approximately 70% of all leukocytes (white blood cells). Other granulocytes include eosinophils
and basophils. Natural killer (NK) cell are also considered to be part of the innate immune system,
but are in origin more closely related to other lymphocytes, such as T and B cells. NK cells recognize

Figure 4. Basic hematopoiesis in humans. Hematopoietic Stem Cells (HSCs) in the bone marrow
give rise to all lymphoid and myeloid lineages.
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and eliminate virus-infected and cancer cells. Sun and Lanier recently provided valuable insight in NK
cell development and function [61].

Cells considered part of the adaptive immunity consist of T and B lymphocytes. The latter are the
producers of all classes of antibodies, also known as immunoglobulins. Some antibodies are
produced in response to infection, while IgM, for example, is also secreted ‘naturally’ by B cells [62].
T lymphocytes can be further divided into a number of types, which include CD8" (cytotoxic) T cells,
which can be activated by CD4" T (helper) cells. Zhang and Bevan recently reviewed CD8" T cell
activation and functioning [63]. Other types include Regulatory T (T,g) cells, which can suppress
immune activation, and more recently discovered and not completely understood y6 T cells and
Natural killer T (NKT) cells. Turchinovich and Pennington [64] summarize current research on y&6 T
cells, while Godfrey and Rossjohn have published a review on NKT cells [65].

GABA metabolism and the immune system

Like in the CNS and other peripheral organs and tissues, components of the GABA system are
also present in the immune system. Although not strictly a part of the immune system, platelets are
closely related. Also known as thrombocytes, platelets are cytoplasm-containing cell fragments
pinched-off from megakaryocytes. Early in the megakaryocyte-lineage megakaryocytes, and
therefore platelets, share progenitors with all other hematopoietic cells (figure 4). Megakaryocytes
are most closely related to erythrocytes and granulocytes than to monocytes and lymphocytes. More
recently, it has also become clear the role of thrombocytes is not confined to thrombosis and also
extends to immune response [66]. Platelets express a number of neurotransmitter receptors. GABA
seems to be present in cultured platelets, but in much lower concentrations than in cultured
hippocampal and cortical tissue [67]. Addition of gabaculine, an irreversible GABA-T and GABA
reuptake inhibitor, increased GABA concentrations significantly suggesting the expression of
functional GABA-T in platelets. This increase was largely abolished by the removal of calcium from
the medium.

GABA has been reported in cultured resting murine macrophages, and was also found in
extract of macrophages cultured from peripheral blood monocytes [68]. Macrophages and
lymphocytes in skin of psoriasis patients are positive for GABA [69]. The enzyme GADgs was present
in significant amounts in dendritic cells (DCs) and in lower concentrations also in peritoneal
macrophages, suggesting these cells posses functional synthetic machinery to produce GABA [70].
Macrophages, DCs and T lymphocytes also secrete GABA. Stimulation of macrophages and DCs with
lipopolysaccharide (LPS) increased GADgs expression, while the amount of secreted GABA wasn’t
influenced significantly. Stimulation of CD4" T cells with anti-CD3 and anti-CD28 antibodies also had
no effect on the concentration of GABA in the medium. The presence of GABA-T was reported in
macrophages and T lymphocytes. Stimulation increased the expression of GABA-T in T cells, but did
not significantly alter expression in macrophages [70]. Expression of GAD67 mRNA was reported in
70-80% of resting and 100% of activated lymphocytes [71]. Both B cells and T cells were present in
this lymphocyte isolate. It is likely, that the studied population was mainly formed by T cells since a
specific T lymphocyte mitogen (phytohemagglutinin; PHA) was used for stimulation and the T:B cell
ratio was about 3:1,. B-T cell interactions however, may have influenced expression. The vesicular
inhibitory amino acid transporter (VIAAT) protein, detected in most resting and activated isolated
lymphocytes, was clustered, suggesting this transporter of GABA and glycine may be associated with
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vesicular compartments that store GABA in these cells. GAT-1 mRNA was present in 50% of resting
lymphocyte samples, while in activated samples, both GAT-1 and GAT-2 mRNA expression was
reported. Stimulated lymphocytes showed significantly higher GABA uptake than resting cells.
Depletion of Na* largely diminished this increase [71]. Intact GADg and GADg; are also present in
neutrophil granulocytes, indicating neutrophils may also produce GABA [47]. Surprisingly, neither
GADg; nor GADg; are expressed by microglia, resident macrophages of the CNS, but these cells do
express GABA-T [72].

Table 2. GABA, receptor subunits expression by mammalian immune cells

Cell type mRNA Protein
Neutrophil granulocyte ? al [73]
Monocyte B2 [77] Possibly a1, a4, B2, B2, y1 and/or &
[76]
Macrophage al, a2, 2, B3 and 6 [76] al [76]
Dendritic cell ? ?
Peripheral lymphocytes  ail, a3, a6, y2, § and p2 (resting) [71] ?
al, a3, a6, B3,y2, 6 and p2 (activated)
B lymphocyte al, a3, B2 [73] al[73]
CD4" T lymphocyte al, a2, a3, B1, B2 and & (naive) [75] Possibly al [73]
al, a2, a3, B1, B2, 6 and y3 (stimulated)
CD8" T lymphocyte al, B2 [73] Possibly al [73]
PBMCs al, a3, a4, B2, B3,y2, 6 and € [73] al[73]
Peripheral blood a3, B3, 6 [74] ?
leukocytes
Jurkat cells al, a3, a4, a6, B1-3,y2, e and 6 [73] al [73]
HL-60 cells ? al[73]
THP-1 a4, B2,yland 6 [77] ?

GABAA receptors and the immune system

Transcripts of GABA, receptor subunits have been reported in a number of immune cell types
(Table 2). Jurkat T cell leukemia cells for example, express al, a3, a4, a6, B1-3, y2, € and 6 subunit
MRNAs [73]. Human peripheral blood mononuclear cells (PBMCs), which include lymphocytes,
monocytes and macrophages, expressed a more limited repertoire comprising of al, a3, a4, B3, §
and € mRNA. Human B and T cells and Human promyelocytic leukemia (HL-60) cells also seemed to
express al subunit protein, while neutrophils did not. Irradiated B cells and CD4" T cells expressed a3
subunit mMRNA, while CD8" T cells and macrophages did not. In dendritic cells (DCs) neither al nor B2
mRNA was present. Unfractionated human peripheral blood leukocytes expressed a3, B3 and 6
subunit RNA [74]. Tian et al. studied the expression of CD4" T lymphocytes [75]. GABAs-R al, a2, B1,
B2 and & subunit RNA was present in these in naive CD4" T cells. Furthermore, when activated with
anti-CD3 and anti-CD28 antibodies, 1 expression increased and y3 RNA, not present in naive cells,
became detectable. In some resting lymphocytes from healthy humans, al, a3, a6, y2, 6 and p
subunit mMRNA was present, while activated lymphocytes also expressed B3 [71].Reyes-Garcia et al.
reported on the expression of subunits in murine peritoneal macrophages [76]. GABA,-R al protein
was present in these macrophages and al, a2, B3 and 6 subunit mRNA was also detected. Notable is
the increase of immunoreactivity of al protein after stimulation with lipopolysaccharide (LPS).
Recently the subunit expression profiles of human myleomonocytic cell line (THP-1) cells and human
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monocytes were researched [77]. Of all the 19 known subunits, only B2 mRNA was present in freshly
prepared monocytes, while THP-1 cells also expressed a4, y1 and 6 subunits.

Although several types of immune cells do express GABA, receptor subunit mRNA and protein, it
can not be deduced from that, that these cells also posses fully functional receptors. Bath et al.
studied the effects of GABAA-R ligands on cytokine production and intracellular signaling [70]. The
anti-convulsant topiramate, a drug with GABA,-R agonist properties, inhibited the cytokine
production of antigen challenged murine splenocytes in dose-dependent manner. Both pro-
inflammatory tumor necrosis factor (TNF), interleukin 17 (IL-17) and IL-6 and anti-inflammatory IL-10
showed significant reduced production. Activated purified T lymphocytes on the other hand, showed
no significant influence of GABA,-R agonists on proliferation and production of interferon y (IFNy),
TNF, IL-17 or IL-6. Surprisingly, Tian et al. did report inhibition of antigen-induced T cell proliferation
by the GABA,-R agonist muscimol [78]. Peritoneal macrophages isolated from mice treated with
either the GABA-T inhibitor vigabatrin or topiramate, produced after LPS stimulation significantly
lower quantities of pro-inflammatory IL-1B [70]. The same diminished production was also seen in
dendritic cells. Interestingly, macrophages from animals treated with topiramate reduced the
production of pro-inflammatory IFNy by T cells when co-cultured. The reverse of this setting did not
have a comparable effect. Production of other cytokines by macrophages was also modified by
GABA,-R activation [76]. GABA added to cultured murine peritoneal macrophages decreased IL-6 and
IL-12 production, while the non-competitive GABA,-R antagonist picrotoxin, reversed this inhibition
in a dose-dependent manner, suggesting the effect was mediated by GABA4-Rs.

GABABg receptors and the immune system

Although the presence of GABA, receptors on immune cells has been studied extensively, less is
known about GABA; receptors. Thrombocytes do seem to have functional GABA; receptors in
addition to the GABA metabolizing enzyme GABA-T [67]. Adding of GABA alone to platelet rich
plasma and washed platelet suspension did not significantly influence platelet aggregation, while
addition of both GABA and the calcium ionophore A23187 markedly increased aggregation over both
compounds alone [67]. Increasing concentrations of the PI-3-kinase inhibitor Wortmannin decreased
this aggregation concentration-dependent, therefore indicating functional GABAg-Rs may be present
on platelets. Expression of functional GABAg-Rs seems to start early in immune cells development
[79]. GABAg; gene products (both mRNA and protein) were present in CD34" hematopoietic
progenitor and stem cells (HSPCs). Interestingly, expression was found to be higher in immature cells
than more mature progenitors. Seidel et al. also confirmed GABAg-Rs on CD133" HSPCs isolated from
mobilized peripheral blood [80]. Neutrophil granulocytes seem to retain expression of GABAg-Rs [47].
Both immunoblotting and confocal microscopy showed the presence of GABA;, protein in
neutrophils. Kuhn et al. reported the expression of both GABAgihe and GABAg, protein and
receptors responding to the GABAg-R agonist baclofen in macrophage-like microglial cells [81]. The
functional approach was also employed by Duthey et al. and suggested the presence of GABA;-Rs in
PBMCs [82].

Functional research on GABA; receptors and the immune system is relatively scarce compared to
GABA, receptors. Pretreating neutrophils with 10 uM of the GABAg-R agonist baclofen significantly
induced chemotaxis, measured as migration across a polyethylene membrane, although less effective
than chemoattractant fMLP (N-Formylmethionine leucyl-phenylalanine) [47]. Furthermore, the
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GABA;-R antagonist CGP52432 significantly inhibited baclofen-stimulated neutrophil chemotaxis.
Reduction of chemotaxis by the reversible PI-3-K inhibitor LY294002 was partly reverted by baclofen,
suggesting induction of chemotaxis in neutrophils is mediated by PI-3 kinase. Functional GABAz-Rs
expressed by PBMCs were also reported to have a notable effect on cytokine production [82]. PBMCs
activated with PHA showed a significant 40% decrease in TNFa and a slight (non-significant) increase
in IL-4 production in response to baclofen, while IFNy, IL-2, IL-5, IL-6 and IL-10 showed no significant
changes. Microglia stimulated with LPS secreted a significant amount of pro-inflammatory IL-6 and IL-
12p40 compared to controls [81]. Co-incubation of LPS and baclofen caused a considerable
concentration-dependent reduction in secretion of these cytokines. Baclofen had no notable effect
on IL-6 and IL-12 in unstimulated controls. Migration of CD133" HSPCs is primarily regulated by
stromal cell-derived factor-la (SDF-1a) [80]. Adding SDF-1a increase locomotion of these cells by
approximately 50% and co-incubation with baclofen normalizes migration. Treatment with baclofen
alone results in a slight decrease of migration compared to untreated controls. The reduction by this
GABA;-R agonist is comparable to GABA itself in the same concentration, indicating the effect is
primarily mediated by GABA;-Rs. In addition to mentioned molecular effects, GABAg-R agonists

potentially influence various other cellular functions (figure 5).
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GABA, GABA receptors and the immune system in vivo

The influence of GABA, and GABAz-R agonists and other GABAergic agents on cytokine
production and cellular signaling results in various in vivo effects. Treatment of mice with
experimental autoimmune encephalomyelitis (EAE), a model used to mimic inflammatory
demyelinating diseases of the CNS such as multiple sclerosis, with GABA-T inhibitor vigabatrin or anti-
convulsant topiramate significantly reduces the severity of symptoms [70]. Non-obese diabetic (NOD)
mice are prone to developing autoimmune insulin dependent diabetes mellitus. Splenic T cells
respond spontaneously to B cell antigens by secreting the pro-inflammatory cytokine IFNy [75].
Adding GABA inhibits this spontaneous response ex vivo. Consequently, NOD/scid (severe combined
immunodeficiency) mice implanted with pallets releasing GABA over a period of 21 or 60 days,
showed a much slower progression to diabetes. NOD mice implanted two times consecutively with a
similar pallet, releasing GABA over a total period of 180 days, showed a similar effect. While placebo
treated controls developed diabetes from 20 weeks of age on, the GABA treated group showed no
diabetes prevalence until after 40 weeks. Collagen-induced arthritis (CIA) is a mouse model sharing
many immunological and pathological features with human rheumatoid arthritis. Mice treated orally
with GABA had a lower disease severity than controls [83]. Splenic T lymphocytes in vivo primed with
bovine collagen type Il (bCll) peptide showed reduced proliferation ex vivo in a GABA-containing
medium. Levels of total immunoglobulin G (IgG) and subtype 1gG2a specific for bCll in serum of
collagen immunized mice, were lower in those treated with GABA. Mice suffering from allergic
contact dermatitis benefited of treatment with GABAg-R agonist baclofen [82]. The ear swelling
response for example, was markedly reduced by intraperitoneal baclofen injection. Histology also
showed a reduction of inflammatory infiltrate, visible as a reduced number of macrophages,
monocytes, CD45" lymphocytes and neutrophils. A study on the GABAg-R agonist phenibut
demonstrated the immunomodulating effects in immune hyperactivation [84]. Mice injected with
Pseudomonas aeruginosa-derived LPS showed characteristics of immune stress, including increased
delayed-type hypersensitivity and phagocytic activity of neutrophils. These parameters normalized
after phenibut intra-abdominal injection. In contrast to these immunosuppressive effects, another
study on phenibut showed it to be a potent immunostimulant [85]. Mice intraperitoneally injected
with the immunosuppressant cyclophosphamide had a reduced spleen weight, thymus weight,
delayed-type hypersensitivity response, antibody response and reduced numbers of nucleated cells
in the spleen and thymus. Treatment with different phenibut salts normalized one or more of these
parameters.

The mentioned in vivo and in vitro research both point to the potential of modifying the
peripheral GABA system in the clinic. Pharmaceuticals that inhibit GABA degradation could be used
to reduce inflammation in autoimmune diseases. GABA, receptor agonists could serve the same
purpose, especially when designed to hinder activation in the CNS. Both local (topical) and systemic
use is possible. GABA,-R antagonists and compounds which reduce GABA synthesis may be useful in
treating drug-induced immune suppression, for example in patients treated with cytostatics. GABAg
receptor agonists, especially those recently designed to act primarily on peripheral receptors [86],
have potential in treating autoimmune disease. Its potential seems more restricted, but may be
successful in diseases dominated by TNF-a, such as rheumatoid arthritis, asthma and inflammatory
bowel disease [87-89].
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PART 2. MINI INTERNSHIP

Materials and methods

Cell isolation. Peripheral blood mononuclear cells (PBMCs), kindly provided by S. de Kivit (Division
of Pharmacology, Utrecht Institute for Pharmaceutical Sciences, Faculty of Science, Utrecht
University, Utrecht, the Netherlands), were isolated from human donors and stored as previously
described [90].

Stimulation. When appropriate, PBMCs were stimulated with either LPS or anti-CD3 (1:10,000,
Sanquin, Netherlands) and anti-CD28 (1:10,000, Sanquin, Netherlands) antibodies or both, through
24 h incubation.

Staining. Before staining 2 x 10° PBMCs were transferred to 96-well plates and washed in FACS
buffer (PBS/2% FCS). Cells were stained with rabbit anti-GABBR2 (EP2411Y) (1:100, Abcam,
Cambridge, UK), goat anti-rabbit FITC (FO112) (1:50, R&D Systems, Minneapolis, USA), anti-CD4-
PerCP-Cy5.5 (1:50, BD Biosciences) and/or anti-CD14-PerCP-Cy5.5 (1:50, BD Biosciences). PBMCs
were incubated in FACS buffer supplemented with antibodies for 30 minutes for staining. Cells were
fixed in 150uL FACS buffer supplemented with 50uL 2% paraformaldehyde (PFA). After staining and
fixing, cells were analyzed with the FACS Canto Il (BD Biosciences).

Results

GABBR2

Using forward scatter (FSC) and GABBR2 FITC fluorescence, it can be determined that human
blood contains several mononuclear cell populations, some of which are weakly or strongly express
GABAg, receptors (figure 6). To further identify the different cell types present and the extent of their
GABBR2 expression, samples were labeled for CD4, a surface marker primarily expressed by T helper
lymphocytes and monocyte/macrophage-marker CD14. In addition, cells were stimulated with either
LPS or anti-CD3/28 to explore the effect of activation on GABBR2 expression.

Most of unstimulated CD14" monocytes expressed GABAg, receptors on their membranes (figure
7B, red). Also a number of CD14" cells expressed GABAg, receptors. Interestingly, after stimulation of
the PBMCs with LPS, the number of cells expressing membrane GABAg, receptors increased in both
CD14" (figure 7C, red) and CD14 cells. Stimulation of unfractionated PBMCs with anti-CD3 and anti-
CD28 antibodies seems to have increased membrane-bound CD14 and slightly increased both CD14
and GABBR2 expressing cells (figure 8A, blue). Surprisingly, co-stimulation with both anti-CD3 and

Figure 6. GABAg, receptor
expression on
unfractionated PBMCs. A
number of cell populations
differing in size express the
GABBR2 (A). Gating of two
clear-cut populations (B)
indicates these comprise of
lymphocytes  (red) and
monocytes (blue).
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Figure 7. GABAg, receptor expression by monocyte CD14" cells. Based on FSC and SSC monocyte
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and LPS-stimulated (C).

anti-CD28 antibodies in addition to LPS ameliorated the increase in CD14"GABBR2" cell caused by LPS
(resp. figures 8B, blue and 7C, red).

Based on cell size and complexity, the cell cluster most likely to contain CD4" T cells was gated
(figure 9A, red). As shown in figure 9B, this cluster includes both CD4* (upper quadrants), which are
most likely T helper cells, and CD4  cells, which include other lymphocytes such as B cells, CD8" T cells
and NK cells. Large numbers of CD4 lymphocytes expressed GABAg, receptors (figure 9B, green),
while practically no GABBR2'CD4" lymphocytes were present (figure 9B, purple). Stimulation with LPS
did not significantly alter the number of GABBR2" lymphocytes (figure 9C). Incubation of the PBMCs
with anti-CD3 and anti-CD28 antibodies did also not notably influence GABBR2 expressing numbers
(figure 9D). Not surprisingly, stimulation with both antibodies and LPS did not increase the number of
GABBR2" cells (figure 9E).

Discussion

CD14

Although not as pronounced as GABA, receptors, GABA; receptors do have immunomodulatory
effects [82]. Analogous to several other neurotransmitter receptors [86], including GABA, receptor
subunits, membrane GABAg, levels are influenced by T cell and monocyte stimulation. It is highly
likely that immune cells expressing GABBR2 also express GABBR1, as functional GABA; receptors

have been identified on several immune cell types (page 14). Direct activation of monocytes with LPS
anti-cD3/28 anti-CD3/28 + LPS

A B

Figure 8. GABBR2 expression
on CD14" monocytes. The
CD14" monocyte and
macrophage-like cell populations
selected as in fig. 7A were
plotted against GABBR2 after
stimulation with anti-CD3/28 (A)
or anti-CD3/28 and LPS (B).
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led to an increase of membrane GABBR2 expressing monocytes. Specific T cell stimulation did also

increase the number of GABBR2® monocytes and slightly increased the amount of GABBR2

expression on monocytes. This indicates GABBR2 expression in monocytes can be induced via T cells.

As GABAg-R agonists have anti-inflammatory properties [82], this increased receptor expression may

possibly temper monocyte activation and proliferation in vivo. Treatment with both antibodies and

LPS does not increase or induce GABBR2 expression in monocytes. These effects may be mediated by

cell-cell contact or cytokines, as cytokine production in response to anti-CD3/28 and LPS differs

slightly and may compensate for or complement each other. Treatment with different cytokines can

elucidate the specific mechanism. None of the activation strategies induced GABBR2 expression in T

lymphocytes, suggesting functional GABAz-Rs may not have any significant function in T cell

activation and proliferation.

Activation of monocytes and T lymphocytes with both anti-CD3/28 and LPS did not modify
GABBR2 expression on monocytes. Anti-CD3 and anti-CD28 antibodies mimic T cell receptor (TCR)
binding to an antigen presented in a major histocompatibility complex (MHC), combined with a

costimulatory signal. LPS mimics the presence of gram-negative bacteria. Since treatment with the

antibodies and LPS did not influence GABBR2 expression on monocytes, while treatment with either

separately did, it stands to reason that in vivo immune activation by both peptide antigens and non-

peptide microbial products also does not influence GABBR2 expression on monocytes. This allows

immune activation to proceed in the presence of both types of foreign substances, while immune

activation is reduced or blocked by peripheral GABA when only one type is present.
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