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Abstract
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Glutamate and γ-aminobutyric acid (GABA) are the principal excitatory and inhibitory
neurotransmitters in the central nervous system (CNS). They both can activate their ionotropic
and metabotropic receptors. Glutamate activates ionotropic glutamate receptors (iGlu - AMPA,
kainate and NMDA receptors) and GABA activates GABA-A receptors which are modulated by
many types of drugs and substances including alcohol. Using real time quantitative polymerase
chain reaction, I have shown that iGlu and/or GABA-A receptor subunits were expressed
in the hippocampus dentate gyrus (HDG), orbitofrontal cortex (OFC), dorsolateral prefrontal
cortex (DL-PFC), central amygdala (CeA), caudate and putamen of the human brain and their
expression was altered by chronic excessive alcohol consumption. It indicates that excitatory
and inhibitory neurotransmission may have been altered in the brain of human alcoholics. It
is possible that changes in one type of neurotransmitter system may drive changes in another.
These brain regions also play a role in brain reward system. Any changes in them may lead to
changes in the normal brain functions.

Apart from the CNS, glutamate and GABA are also present in the blood and can be
synthesised by pancreatic islet cells and immune cells. They may act as immunomodulators
of circulating immune cells and can affect immune function through glutamate and GABA
receptors. I found that T cells from human, rat and mouse lymph nodes expressed the mRNAs
and proteins for specific GABA-A receptor subunits. GABA-evoked transient and tonic currents
recorded using the patch clamp technique demonstrate the functional GABA-A channel in T
cells. Furthermore, the mRNAs for specific iGlu, GABA-A and GABA-B receptor subunits
and chloride cotransporters were detected in peripheral blood mononuclear cells (PBMCs) from
men, non-pregnant women, healthy and depressed pregnant women. The results indicate that
the expression of iGlu, GABA-A and GABA-B receptors is related to gender, pregnancy and
mental health and support the notion that glutamate and GABA receptors may modulate immune
function. Intra- and interspecies variability exists in the expression and it is further influenced
by physiological conditions.
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[Ca2+]i Intracellular calcium concentration  
[Cl−]i Intracellular chloride concentration 
µM micro molar 
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
CA Cornu ammonis 
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CNS Central nervous system 
CRAC Calcium release activated calcium channel 
DL-PFC Dorsolateral prefrontal cortex 
ECl

− Equilibrium or reversal potential of chloride 
EPSP Excitatory postsynaptic potential 
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GABA-T GABA transaminase 
GAD Glutamic acid decarboxylase 
GAT GABA transporter 
GPCR  G-protein coupled receptor   
HDG Hippocampus dentate gyrus 
iGlu Ionotropic glutamate  
IPSP Inhibitory postsynaptic potential 
KCC K+-Cl- cotransporter 
LGIC   Ligand-gated ion channel 
LTD Long term depression 
LTP Long term potentiation 
mGlu Metabotropic glutamate  
mM milli molar 
NKCC Na+-K+-Cl- cotransporter 
nM nano molar 
NMDA N-methyl-D-aspartate 
OFC Orbitofrontal cortex 
PBMC Peripheral blood mononuclear cell 
pM  pico molar 
pS pico Siemen 
SOCE Store operated calcium entry 
TCR T cell receptor 
VGAT Vesicular γ-Aminobutyric acid transporter 
VGCC Voltage-gated calcium channel 
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Introduction 

Human brain, the most complicated organ of the body, contains roughly 100 
billion neurons making more than 1000 trillion synapses. These neurons are 
electrically excitable brain cells that process and transmit information by 
means of electrochemical signalling. Generally in the adult brain, neurons do 
not multiply and are irreplaceable. The activity of a neuron is determined by 
the type of neurotransmitters it is responsive to and the receptors that are 
expressed on the surface of neuron. Neurotransmission happens at a site 
called “synapse” in between the presynaptic and the postsynaptic terminal of 
the neurons (Figure 1). At synapse, vesicles containing neurotransmitter fuse 
to the presynaptic terminal and the released neurotransmitter binds to the 
receptors available on the postsynaptic terminal. 

 

 
Figure 1. Representation of a synapse showing presynaptic terminal, postsynaptic 
terminal and astrocytes in the brain. (NT, neurotransmitter) 
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1) Excitatory and inhibitory neurotransmission in brain 
A neurotransmitter binds to specific receptors and produces specific activi-
ties in the postsynaptic neuron (Figure 1). There are various types of neuro-
transmitters in the brain, of which, GABA and glutamate are the main inhibi-
tory and excitatory neurotransmitters, respectively. To evoke their actions in 
the neurons, glutamate binds to glutamate receptors and GABA binds to 
GABA receptors. Every neuron in the brain has receptors for glutamate and 
GABA. Both glutamate and GABA receptors are further subdivided into 
ionotropic and metabotropic receptors which are two broad families of re-
ceptors. 

Ionotropic (i) receptors  
Ionotropic receptors are ligand-gated ion channels (LGICs) located in mem-
brane. They are homo- or heteromeric channels made up of 4 or 5 subunits 
(Olsen and Sieghart, 2008; Traynelis et al., 2010). The extracellular portion 
of the LGICs is responsible for ligand binding and the transmembrane por-
tion forms the integral ion channel pore. LGICs open in response to neuro-
transmitter binding during neurotransmission and mediate fast postsynaptic 
effects (millisecond time scale). Opening the channel involves conforma-
tional changes in the transmembrane domain followed by subsequent pas-
sage of ions through the channel pore. Generally, the ion selectivity is de-
termined by the charge and sign of the amino acids lining the selectivity 
filter region of the ion channel and also by the pore size. LGICs are either 
cation selective (iGlu - NMDA, Kainate, AMPA receptors, nicotinic acetyl-
choline (nAch) receptors) or anion selective (GABA-A or glycine receptors) 
(Olsen and Sieghart, 2008; Traynelis et al., 2010). Anion-selective LGICs 
are inhibitory receptors whereas cation-selective LGICs are excitatory recep-
tors (Keramidas et al., 2004; Olsen and Sieghart, 2008; Smart and Paoletti, 
2012; Traynelis et al., 2010). 

Metabotropic (m) receptors 
Metabotropic receptors are not ion channels but are G-protein coupled recep-
tors. The neurotransmitter binds to the extracellular portion whereas G-
proteins are coupled to the intracellular portion (Bowery et al., 2002; 
Niswender and Conn, 2010; Swanson et al., 2005). Thus, neurotransmitter 
binding to metabotropic receptors activates G-proteins resulting in effects 
such as modulation of kinase activity or ion channels. These receptors exert 
long lasting effects but the effect varies depending on which type of G-
protein is activated by the receptors. For instance, Gi/0 protein inhibits ade-
nylyl cyclase (thus, inhibits cAMP production from ATP) and Gs protein 
activates adenylyl cyclase (thus, promotes cAMP-dependent pathway). 
These receptors include metabotopic glutamate (mGlu), muscarinic acetyl-
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choline (mACh) and GABA-B receptors (Bettler et al., 2004; Bowery, 2010; 
Niswender and Conn, 2010; Swanson et al., 2005). 

A) Glutamate and glutamate receptors  
Glutamate is the most prominent excitatory neurotransmitter in the mamma-
lian central nervous system as it drives about 70 % of synaptic neurotrans-
mission and abundantly present in μM to mM concentrations in the brain 
(Gass and Olive, 2008). It is stored into the vesicles in the synaptic terminal 
and is released into the synaptic cleft mostly by vesicular release. Glutamate 
can be taken up by presynaptic neuron or by surrounding glial cells through 
excitatory amino acid transporters (EAATs), stored or converted to gluta-
mine which can be transported back into the neurons for glutamate synthesis. 
At the postsynaptic terminal, glutamate acts on ionotropic and metabotropic 
glutamate receptors leading to excitatory postsynaptic potential (EPSP) and 
intracellular events which results in excitatory signalling, synaptic plasticity, 
long term potentiation (LTP) or depression (LTD) (Gass and Olive, 2008; 
Smart and Paoletti, 2012). These glutamate mediated processes are important 
for normal brain functions such as excitatory-inhibitory balance in neuronal 
networks, learning and memory, motor functions, etc. Glutamate receptors 
can also be found in non-neuronal cells such as glial cells and immune cells 
(Gass and Olive, 2008; Traynelis et al., 2010). 

I) Ionotropic glutamate (iGlu) receptors 
These are glutamate-gated ion channels formed by a tetrameric assembly of 
subunits with a central pore which conducts cations (Figure 2A). The iGlu 
receptors are divided into 4 subfamilies based on sequence homology and 
pharmacology and named after the agonist that activates them - AMPA re-
ceptors (GluA1, A2, A3, A4), kainate receptors (GluK1, K2, K3, K4, K5), 
NMDA receptors (GluN1, GluN2A, N2B, N2C, N2D, GluN3A, N3B) and 
delta receptors (GluD1, D2) (Table 1). The functional receptors are formed 
by the coassembly of four subunits from the same subfamily (Smart and 
Paoletti, 2012; Traynelis et al., 2010). The subunits are assembled in the 
endoplasmic reticulum and the stable tetramer is trafficked to the plasma 
membrane. The subunit composition primarily determines the biophysical 
and the pharmacological properties of the receptors. Due to presence of 4, 5, 
7 and 2 subunits in AMPA, kainate, NMDA and delta subfamily, respective-
ly, many combinations of glutamate receptor subtypes are possible 
(Moykkynen and Korpi, 2012; Traynelis et al., 2010). The subtypes of glu-
tamate receptors which are active in the cell depend on the genes that are 
transcribed and this can differ depending on age, brain region, type of neu-
ron, synaptic activity and even disease such as alcoholism. The receptors 
form complexes with auxiliary proteins which can also modulate their recep-
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tor functions (Gass and Olive, 2008; Moykkynen and Korpi, 2012; Smart 
and Paoletti, 2012; Traynelis et al., 2010). 

Table 1. Subfamilies and subunits of iGlu receptors 

Ionotropic glutamate receptor subunits 
AMPA Kainate NMDA Delta 

GluA1 
GluA2 
GluA3 
GluA4 

    GluK1     GluK4 
    GluK2     GluK5 
    GluK3 

    GluN1   GluN2A    GluN3A 
                  GluN2B    GluN3B 
                  GluN2C 
                  GluN2D 

GluD1 
GluD2 

 

 
Figure 2. A) Tetrameric assembly of iGlu channels with an integral cations permea-
ble central pore. B) Structure of an iGlu receptor subunit. 

Structure 
The receptor is made up of four subunits with a central pore (Figure 2A). 
There is a structural similarity in all 18 ionotropic glutamate receptor subu-
nits. Each subunit is made from four distinct domains (Figure 2B) – intracel-
lular carboxyl terminal (CTD), transmembrane domain (TMD), large extra-
cellular amino terminal domain (ATD), and extracellular ligand binding 
domain (LBD). The TMD forms the central pore and consists of three trans-
membrane helices M1, M3, and M4 and a membrane re-entrant loop M2 
(Sobolevsky et al., 2009). The LBD consists of two segments of amino acids 
termed as S1 (between ATD and M1) and S2 (between M3 and M4). ATD 
and LBD participate in ligand binding via a venous fly-trap motif (Gouaux, 
2004). The CTD, which is especially long in GluN2 subunits, is the site for 
direct interactions with many cellular proteins including kinases and phos-
phatases. The QRN site which is responsible for Ca2+ permeability in AM-
PA, kainate and NMDA receptors is located in the membrane re-entrant loop 
M2 (Smart and Paoletti, 2012; Traynelis et al., 2010). 
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a) AMPA receptors 
The GluA1, A2, A3, A4 subunits can combine to form homo or heteromeric 
AMPA receptor channels. AMPA receptors are cationic channels which are 
permeable to Na+ and K+ with exception of some which can also conduct 
Ca2+ ions. The most common native AMPA receptors have highest permea-
bility for Na+ and negligible permeability for Ca2+ ions. This Ca2+ imperme-
ability is due to edited form of GluA2 where Glutamine (Q) is replaced with 
Arginine (R) (Smart and Paoletti, 2012). AMPA receptors lacking edited 
form of GluA2 are permeable to Ca2+ ions. Activation of AMPA channels 
results in influx of Na+ ions and out flux of K+ ions, however, the Na+ influx 
is much larger than of K+ out flux (Smart and Paoletti, 2012; Traynelis et al., 
2010). They have four detectable conductance levels (8-32 pS) probably 
related to multiple arrangement of M2 helix in each subunit (Traynelis et al., 
2010). The conductance is weakly voltage-dependent resulting in linear cur-
rent-voltage relationship. The reversal potential of AMPA receptor mediated 
currents is close to 0 mV which indicates inward currents due to Na+ is bal-
anced by outward K+ currents (Smart and Paoletti, 2012; Traynelis et al., 
2010). AMPA receptors are most common at excitatory synapses and deter-
mine the synaptic strength and size of EPSP (Gass and Olive, 2008). 

b) Kainate receptors  
The GluK1, K2, K3 can combine to form homo or heteromeric channels but 
GluK4 and K5 form only heteromeric channels with GluK1, K2, K3 subu-
nits. The conductance of kainate receptors is lower than that of AMPA and 
NMDA receptors (Lerma, 2003; Smart and Paoletti, 2012). Similar to GluA2 
subunit of AMPA receptors, GluK1 and GluK2 also exist in edited forms 
where Glutamine (Q) is replaced with Arginine (R) resulting in low unitary 
conductance in GluK1 and GluK2 containing kainate receptors and Ca2+ 
impermeability (Smart and Paoletti, 2012; Traynelis et al., 2010). 

Presynaptic kainate receptors act as autoreceptors to sense the concentra-
tion of neurotransmitter in synaptic cleft and modulate the release at both 
excitatory and inhibitory synapses. Thus, they are involved in facilitation 
and anti-facilitation, forms of short term plasticity (Lerma, 2003). At 
postsynaptic terminal, kainate receptors coexist together with AMPA and 
NMDA receptors (the distribution is limited) and contribute to the excitatory 
synaptic transmission e.g. in the hippocampus, cortex, and spinal cord. In 
retina, at synapses between cones and bipolar cells, postsynaptic transmis-
sion is mainly mediated by kainate receptors (Huettner, 2003; Lerma, 2003). 
Kainate receptor mediated currents have slower kinetics which permits the 
development of tonic depolarization in the cell where they are present. This 
kainate receptor mediated tonic depolarization may enhance single postsyn-
aptic input (Huettner, 2003; Lerma, 2003; Traynelis et al., 2010). 
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c) NMDA receptors 
NMDA channels are essentially heteromers as they are made of 2 obligatory 
GluN1 and 2 other subunits, GluN2 or GluN3. Glutamate has binding site on 
the GluN2 subunit while glycine has binding site on the GluN1 and GluN3 
subunits (Smart and Paoletti, 2012). Most native NMDA receptors are glu-
tamate and glycine gated GluN1-GluN2 heteromer whereas heterologously 
expressed GluN1-GluN3 receptors are glycine gated channels. The NMDA 
receptors have higher calcium permeability than any other ligand-gated ion 
channel. Higher calcium permeability imparted to NMDA receptors is due to 
asparagine (N) at QRN site (Awofala, 2013; Smart and Paoletti, 2012; 
Traynelis et al., 2010). An important thing about the NMDA receptors is that 
at the resting membrane potential, the channel pore, when opened after lig-
and binding, is plugged by extracellular Mg2+ ions and thus, the channel is 
impermeable. This Mg2+ ion block is voltage dependent and can be removed 
by membrane depolarisation by a process called electrostatic repulsion. Once 
opened, NMDA receptors have high permeability for Na+ and Ca2+ ions and 
much higher conductance (depending on which subunit is accompanying 
GluN1) compared to AMPA and kainate receptors.  For instance, the GluN1-
GluN2A/B NMDA receptors have the highest conductance among all iGlu 
receptors (Smart and Paoletti, 2012; Traynelis et al., 2010). The GluN1-
GluN2A receptors are mainly synaptic whereas GluN1-GluN2B receptors 
are mainly extrasynaptic in the adult brain (Traynelis et al., 2010).  

d) Delta receptors  
The GluD1 and GluD2 subunits share approximately 20 % sequence homol-
ogy with other iGlu subunits. They can form homomeric channels but their 
functional roles are not known as after ligand binding, the receptors become 
electrically silent. They are insensitive to all known iGlu ligands (Smart and 
Paoletti, 2012). However, current research suggests association of GluD1 
with increased risk for developing schizophrenia and association of GluD2 
delta receptors in Purkinje cells of cerebellum with the balance in motor 
functions (Maier et al., 2014; Treutlein et al., 2009). 

Pharmacology 
Glutamate is the natural ligand for all ionotropic glutamate receptors. Each 
subunit has ligand binding domain which means that up to 4 glutamate bind-
ing sites are available in a functional receptor. This is true for AMPA and 
kainate receptors. The GluN1-GluN2 NMDA receptors have 2 binding sites 
for glutamate and 2 for glycine whereas the GluN1-GluN3 receptors do not 
have any glutamate binding site (they are gated by glycine) (Smart and 
Paoletti, 2012).  

Initially, iGlu receptors were classified as NMDA and non-NMDA recep-
tors depending on their sensitivity to NMDA. Further, non-NMDA receptors 
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were classified as AMPA and kainate receptors based on their specific ago-
nist AMPA and kainate. CNQX and DNQX are non-selective antagonists of 
AMPA and kainate receptors whereas AP5 and ifenprodil are selective an-
tagonists of NMDA receptors. Memantine, MK801 (Dizocilpine) and keta-
mine are open channel blockers for NMDA receptors (Traynelis et al., 
2010). Ethanol application decreases currents mediated by all 3 iGlu recep-
tors but NMDA receptors have the highest sensitivity for ethanol (Lovinger 
and Roberto, 2013; Lovinger et al., 1989; Moykkynen and Korpi, 2012). 
Both AMPA and NMDA receptors can be modulated by neurosteroids 
(Korpi et al., 2015; Sedlacek et al., 2008). 

Synaptic transmission 
All ionotropic glutamate receptors participate in fast glutamatergic synaptic 
transmission. As action potential depolarises the presynaptic terminal, vesi-
cles fuse and glutamate is released into the synaptic cleft. At the postsynaptic 
terminal, glutamate binding opens the iGlu receptor channels causing cation 
flux across the cell membrane, resulting in inward currents and EPSP (Korpi 
et al., 2015; Smart and Paoletti, 2012; Traynelis et al., 2010). AMPA and 
NMDA receptors are usually co-distributed at neuronal synapses. Kainate 
receptors are mostly in the presynaptic terminal but they also coexist with 
AMPA and NMDA receptors at postsynaptic terminal (Lerma, 2003).   

AMPA receptors normally mediate fast synaptic transmission through 
Na+ influx leading to membrane depolarisation. This is beneficial for remov-
ing the Mg2+ ion block of NMDA receptors which allows them to conduct 
Na+ and Ca2+ in the cell. With high frequency presynaptic stimulation, Ca2+ 

levels in the cell are elevated high. The Ca2+ through participation in second 
messenger signalling brings about synaptic plasticity and modification of 
synaptic strength e.g. by phosphorylation of AMPA receptors which increas-
es their conductance or by insertion of new vesicles containing AMPA re-
ceptors which increases the number of AMPA receptors in the plasma mem-
brane. The Ca2+ can also activate transcription factors like CREB (cAMP 
response element-binding protein) which can modulate gene expression, 
local mRNA translation and thus, de novo receptor synthesis or cytoskeletal 
remodelling. Stronger synapses are associated with LTP and thus, with long 
term memory. LTP can be sustained for very long time ranging from hours 
to years. This is one of the mechanisms involved in formation of learning 
and memory (Gass and Olive, 2008; Korpi et al., 2015; Moykkynen and 
Korpi, 2012; Smart and Paoletti, 2012). 

II) Metabotropic glutamate (mGlu) receptors  
Glutamate released from presynaptic terminal, not only binds to iGlu but 
also to mGlu receptors present on pre- or postsynaptic terminal (Shigemoto 
et al., 1997; Swanson et al., 2005). The mGlu receptors are G-protein cou-
pled receptors and exist as 8 subtypes: mGluR1-mGluR8 which are catego-
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rised into 3 groups (I, II, III). Each mGlu receptor is composed of 3 distinct 
domains; a long N-terminal extracellular domain (a venus flytrap and a cys-
teine-rich domain) which has ligand binding site conferring agonist selectivi-
ty, a transmembrane domain consisting of 7 coding regions with 3 intracellu-
lar and 3 extracellular loops and an intracellular domain which consists of a 
loop critical for G protein-coupling and receptor localization (Niswender and 
Conn, 2010). 

Glutamate binding to mGlu receptors causes phosphorylation of G pro-
teins. Once activated, the G proteins modify intracellular biochemical cas-
cades that results in activation or inhibition of enzymes and ion channels in 
the cell which in turn can increase or decrease the excitability of the 
postsynaptic cell depending on the type of mGlu receptor involved in the 
signalling (Niswender and Conn, 2010). The mGlu receptors can modulate 
synaptic plasticity e.g. by modulating postsynaptic protein synthesis through 
second messenger systems. For instance, mGluR1 and mGluR5 (Group I 
mGlu) are connected to NMDA receptors by homer proteins and positively 
regulate them though PKC activity. They also regulate the release of Ca2+ 
from intracellular stores (Gass and Olive, 2008). Other mGlu receptors 
(Group II: 2, 3 and Group III: 4, 6, 7, 8) are associated with decrease in the 
activity of adenylyl cyclase. At presynaptic terminal, they (Group II and III) 
can act as an autoreceptors to decrease glutamate release. Like iGlu recep-
tors, all mGlu receptors, can be modified by kinases (Gass and Olive, 2008; 
Niswender and Conn, 2010; Shigemoto et al., 1997; Swanson et al., 2005). 

B) GABA and GABA receptors 
The γ-aminobutyric acid (GABA) is the principal inhibitory neurotransmitter 
in the mammalian central nervous system. GABA has been shown to affect 
many biological functions in the brain e.g. cognition, learning, emotions, 
locomotion, circadian rhythms and sleep. Furthermore, GABA also has roles 
in cellular events such as differentiation, proliferation, migration, axonal 
growth, synapse formation and neuronal death (Birnir and Korpi, 2007; Kilb, 
2012). In addition to GABA signalling in the brain, GABA is also synthe-
sized by some non-neuronal tissues like pancreatic islets, glia cells, adrenal 
medulla, germ cells, testes and immune cells and these tissues also often 
express GABA receptors (Gladkevich et al., 2006; Levite, 2012). 

The GABA signalling system is composed of proteins that are involved in 
synthesis, store, release, effects, re-uptake and metabolism of GABA. 
GABA exerts its effects through ionotropic GABA-A and metabotropic 
GABA-B receptors expressed in the plasma membrane of the cells (Olsen 
and Sieghart, 2008). The receptors are highly expressed in the central nerv-
ous system where GABA signalling plays a key role in the control of neu-
ronal excitability. The receptors expression pattern and distribution varies 
depending on the type of cells, brain region, and developmental stage. The 
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GABA-A receptors are part of the cys-loop family receptors with an integral 
chloride channel (Birnir and Korpi, 2007; Olsen and Sieghart, 2008; 
Thompson et al., 2010) while the GABA-B receptors are G-protein coupled 
receptors (GPCRs) that activate intracellular cascades resulting in e.g. acti-
vation of voltage-gated calcium channels (VGCCs) or inwardly rectifying 
potassium channels (Bowery, 2010; Bowery et al., 2002). 

GABA synthesis, storage, release and breakdown 
In the brain, GABA when released into the synaptic cleft is available in mM 
concentrations which is thousand to million times higher than extrasynaptic 
concentrations (nM to µM). Outside the CNS, the physiological concentra-
tion of GABA in plasma of healthy humans may be up to 100 nM (Birnir 
and Korpi, 2007; Bowery, 2010; Li et al., 2015). 

 
Figure 3. GABA shunt pathway showing the components making and breaking the 
GABA. 

GABA is mainly synthesized from glucose by a metabolic pathway called 
the GABA shunt (Figure 3). The α-ketoglutarate, one of the products of 
Kreb’s cycle, is transaminated to L-glutamic acid (carboxyl ion is L-
glutamate) by the enzyme GABA-transaminase (GABA-T). Further, decar-
boxylation by the enzyme glutamic acid decarboxylase (GAD) yields 
GABA. GABA is loaded into synaptic vesicles by vesicular GABA trans-
porters (VGAT) and released into synaptic cleft by calcium-dependent exo-
cytosis following presynaptic activation (Kilb, 2012). Released GABA (≈ 3 
mM) acts on the synaptic GABA-A receptors and desensitizes them quickly 
if not removed (Semyanov et al., 2004). Thus, GABA is removed from the 
synaptic cleft by the action of GABA transporters (GAT) that take up GABA 
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from synaptic terminals into presynaptic neuron for reutilization or into sur-
rounding glia cells (Kilb, 2012). GABA-T metabolises GABA into succinic 
semialdehyde. The fact that GABA synthesizing cells have GAD is used to 
identify GABAergic neurons in the brain. GAD has two isoforms: GAD65 
which is abundant in nerve terminals and is anticipated to synthesize GABA 
for vesicular release, and GAD67 which is abundant in the cytoplasm and is 
involved in synthesizing cytoplasmic GABA (Kilb, 2012). 

I) GABA-A receptors 
GABA-A receptors are heteropentameric GABA-gated ion channels with a 
central pore permeable to anions, mainly to Cl− but to a lesser extent to 
HCO3− ion (Figure 4A) (Olsen and Sieghart, 2008). GABA and GABA-
analogues bind to postsynaptic GABA-A receptors and hyperpolarise the 
membrane of mature neurons resulting in decreased neuronal excitability 
(Olsen and Sieghart, 2009). GABAρ receptors, previously called GABAC 
receptors and now recognized as a subclass of the GABA-A receptor family, 
are abundant in retina (Johnston, 2002). They are homomeric or heteromeric 
GABA-gated ion channels but with different pharmacology from that of the 
other GABA-A receptor subtypes (Olsen and Sieghart, 2008). 

 
Figure 4. A) Heteropentameric assembly of GABA-A receptors with a central pore 
able to conduct Cl− ions. The heteropentamer consists of 2α, 2β and 1 other subunit 
from γ, δ, ε, θ and π family. GABA, steroid and benzodiazepine (BZ) binding sites 
are shown. B) GABA-A receptor subunit is made up of four transmembrane helices.  
The M2 helix forms the wall of the channel pore. Intracellular loop contains consen-
sus sequences binding of cellular molecules. 

Structure and subunit composition 
In mammals, there are 19 different genes that encode GABA-A receptor 
subunits (8 subfamilies: α1-6, β1-3, γ1-3, δ, ε, θ, π and ρ1-3) (Olsen and 
Sieghart, 2008). Each subunit consists of a long extracellular N-terminus 
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followed by four transmembrane α-helices (M1, M2, M3 and M4), an intra-
cellular loop between M3 and M4 and a short extracellular C-terminal region 
(Figure 4B). The M2 domain from each of the 5 subunits forms the walls of 
the channel pore. The intracellular loop between M3 and M4 can affect func-
tional properties such as ion conductance of the receptor since it contains 
phosphorylation sites as well as consensus sequences for binding of intracel-
lular proteins which ultimately can influence functional properties and fate 
of GABA-A receptors (Olsen and Sieghart, 2008). The subunits within the 
family share ≈ 70 % amino acid sequence homology whereas subunits from 
different family share ≈ 20 % homology. They have similar functional do-
mains to form ion channel structure and ligand binding sites (Birnir and 
Korpi, 2007; Sieghart et al., 2012; Sigel and Steinmann, 2012). 

If all the 19 subunit can be incorporated in pentameric structures, an 
enormous number of combinations are possible. However, only 25-30 differ-
ent combinations of GABA-A receptors are thought to be formed in nerve 
cells (Birnir and Korpi, 2007; Olsen and Sieghart, 2009). Most frequent 
combinations which form functional channel are 2 α, 2 β and 1 of γ or δ or 
other subunits (Birnir and Korpi, 2007; Olsen and Sieghart, 2008). The ρ 
subunit containing GABA-A receptors can form homomeric channels in 
retina or can combine with other GABA-A subunits to form functional chan-
nels. The physiological and pharmacological properties, kinetics and distri-
bution of receptors are determined by the specific subtype expressed in the 
cells. It can also vary depending on type of cells and developmental stages 
(Olsen and Sieghart, 2008, 2009; Sigel and Steinmann, 2012). 

The receptor is assembled from different subunits in the endoplasmic re-
ticulum and transported for insertion into the cell membrane (Jacob et al., 
2008). There are several intracellular or transmembrane associated proteins, 
some of which forms a part of GABA-A receptor complex and can regulate 
the receptor trafficking (GABARAP - GABA receptor-associated protein) 
and clustering (radixin, gephyrin) (Birnir and Korpi, 2007; Jacob et al., 
2008). This in turn can influence the expression and function of GABA-A 
receptors and thus can affect the pharmacology of GABA-A receptors in 
neurons. Gephyrin clusters γ2 containing GABA-A receptors at the synapse 
whereas radixin clusters α5 containing GABA-A receptors outside the syn-
apse (Birnir and Korpi, 2007). 

Distribution  
Most of the CNS GABA-A receptor combinations are αβγ or αβδ. The α1, 
β2, γ2 subunits are the most abundantly expressed among the respective α’s, 
β’s, γ’s families whereas other subunits have moderate to rare expression in 
the brain (Olsen and Sieghart, 2008). The highly expressed α1, β2 and γ2 
subunits coexist together to form the most abundantly found GABA-A re-
ceptor combination - α1β2γ2 in the brain (Whiting et al., 2000). The GABA-
A receptor combinations made of other subunits such as α2-α6 subunits with 
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β subunit (β1 and β3) and the γ1, γ3, δ, ε, θ, π subunits have specific spatial 
and cellular distribution. These subunits may be highly expressed in specific 
neurons or brain regions (Olsen and Sieghart, 2008; Rudolph and Knoflach, 
2011).  

In rodents, the α5 subunit has high expression in the hippocampus and 
possibly in some other brain regions where it can combine with β and γ2 
subunit to form extrasynaptic channels mediating tonic inhibition (Jin et al., 
2011b; Korol et al., 2015). Similarly, the α4 and α6 subunits have high ex-
pression in forebrain and cerebellum, respectively where they can combine 
with β and δ subunit to form extrasynaptic channels mediating tonic inhibi-
tion  (Farrant and Nusser, 2005; Wisden et al., 2002). The α1, α2, α3 and γ2 
subunit containing receptors are often synaptic receptors mediating the pha-
sic inhibition (Jacob et al., 2008). In the retina,  subunits are highly ex-
pressed but can also be found elsewhere in the brain (Johnston, 2002). 

Polarity of GABA responses and Chloride transporters 
GABA-A receptors are chloride ion channels and thus, if their activation 
should result in depolarisation or hyperpolarisation of the cell membrane is 
associated with the intracellular chloride concentration [Cl−]i which is de-
termined by specific chloride transporters expressed in the cell (Blaesse et 
al., 2009; Knoflach et al., 2016; Rivera et al., 1999). The [Cl−]i is mainly 
controlled by the NKCCs (Na+-K+-Cl− cotransporter) and the KCCs (K+-Cl− 
cotransporter) in the cell plasma membrane (Figure 1). The NKCCs 
(NKCC1-2) and KCCs (KCC1-4) transport chloride ions into or out of the 
cell, respectively, and maintain [Cl−]i at a constant value for a particular cell-
type. The intracellular chloride together with extracellular chloride deter-
mines the equilibrium/reversal potential for chloride (ECl

−). If the ECl
− is neg-

ative to the resting membrane potential, then GABA-A receptor opening 
hyperpolarises the membrane or vice versa.   

NKCC1 and KCC2 transport Cl− ions in isoosmotic solution while 
NKCC2, KCC1, KCC3, KCC4 are involved in cell volume regulation and 
operate in hypo- or hyperosmotic environment. However, all of them be-
come active if the cell is exposed to osmotic challenge (Blaesse et al., 2009; 
Flatman, 2007; Kaila et al., 2014; Medina et al., 2014). So one could expect 
that NKCC2, KCC1, KCC3 and KCC4 may remain silent in isoosmotic con-
dition (more like homeostatic) while NKCC1 and KCC2 would function to 
transport Cl− in and out of the cell, respectively. The NKCC2 and KCC2 are 
exclusively expressed in kidney and brain, respectively. Here, one can con-
sider pregnancy as an example where there is a lot increase in fluid volume 
in the body. Increased fluid volume may suggest possible changes in the 
distribution and expression of various ion transporters in order to maintain 
homeostasis of potentially altered functions.  

The [Cl−]i in adult neurons (≈ 5-10 mM) is lower than immature neurons 
(≈ 30 mM) (DeFazio et al., 2000). This is due to high KCC2 and low 
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NKCC1 expression in adult neurons compared to immature neurons. Thus, 
in adult neurons the chloride reversal potential is normally negative to the 
resting membrane potential (DeFazio et al., 2000; Kahle and Staley, 2012) 
and GABA has hyperpolarising effects on the membrane potential. Thus, 
opening of GABA-A channel in mature neurons reduces the neuronal excit-
ability and decreases the likelihood for action potential firing (Rivera et al., 
1999). In contrast, in immature neurons GABA has depolarising effects due 
to high [Cl−]i (low KCC2 and high NKCC1 expression) (Ben-Ari et al., 
2007; Kilb, 2012). Experimental down-regulation of KCC2 in adult neurons 
results in excitatory effects of GABA-A receptors (Sarkar et al., 2011).  

Thus, the [Cl−]i determined by chloride transporters brings polarity in 
GABA responses. 

Currents 
GABA released from presynaptic terminal can bind to the GABA-A recep-
tors present in the synapse or away from the synapse in the postsynaptic 
terminal. Thus, depending on the cellular locations, they are called as synap-
tic or extrasynaptic GABA-A receptors. The synaptic GABA-A receptors 
have low affinity for GABA while the extrasynaptic receptors have higher 
affinity to GABA. The currents produced by synaptic receptors are transient 
(milliseconds) and of large amplitude, also called phasic currents. Whereas 
the currents produced by extrasynaptic receptors are long-lasting and of 
small amplitude, also called tonic currents (Birnir and Korpi, 2007; Jin et al., 
2011b; Olsen and Sieghart, 2008; Semyanov et al., 2004). In general, phasic 
(synaptic) currents synchronize network activity whereas tonic currents 
modulate basal excitability of neuronal networks (Semyanov et al., 2004). 
GABA-A receptors mediate rapid phasic and slower tonic inhibition in dif-
ferent brain regions. Most common GABA-A receptor combinations in brain 
are thought to be 2 or . The 2 containing receptors are located both 
synaptically and extrasynaptically whereas the  containing receptors are 
exclusively localized extrasynaptically (Birnir and Korpi, 2007; Farrant and 
Nusser, 2005; Jin et al., 2011b; Korol et al., 2015; Semyanov et al., 2004). 
The conductance of GABA-A channels varies greatly (10-100 pS) (Birnir 
and Korpi, 2007). 

Pharmacology 
GABA is the natural ligand for GABA-A receptors. The binding sites are 
present at the interface of α and β subunits at N-terminal region. GABA-A 
receptors are also activated by selective agonists such as muscimol and 
THIP. Bicuculline and gabazine (SR95531) are competitive antagonists. 
GABA-A channels when open can be blocked by picrotoxin in a non-
competitive manner (Rudolph and Knoflach, 2011; Uusi-Oukari and Korpi, 
2010). 
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Many allosteric modulators such as benzodiazepines, barbiturates, etha-
nol, anaesthetics, steroids act at the GABA-A channel to potentiate the ef-
fects of GABA (Olsen and Sieghart, 2008; Uusi-Oukari and Korpi, 2010). 
The physiological and pharmacological properties of the receptors such as 
selectivity and affinity for GABA or other modulators are determined by the 
specific receptor subunit composition. Receptors containing the α4, α5, α6 
subunit (extrasynaptic receptors) normally have high affinity (≈ pM to μM) 
for GABA while receptors containing α1, α2, α3 subunits often have lower 
affinity (≈ 10-100 μM) (Jacob et al., 2008). The δ subunit confers high ster-
oid sensitivity and the γ2 subunit is required for potentiation by benzodiaze-
pines. The δ subunit also enhances the affinity of extrasynaptic receptors by 
enabling them to respond to low levels of ambient GABA (Farrant and 
Nusser, 2005; Olsen and Sieghart, 2008). The  subunits have different 
pharmacological sensitivity than other GABA-A receptor subunits. The ho-
momeric  subunit containing receptors are neither blocked by bicuculline 
and gabazine (SR95531) nor modulated by benzodiazepine, barbiturates and 
anaesthetics but they are sensitive to steroids and can be blocked by picro-
toxin (Olsen and Sieghart, 2008). 

The benzodiazepine binding site is at the interface between the α and γ 
subunits. Thus, the α subunit, but not β, along with obligatory γ subunit de-
termines the receptor sensitivity to benzodiazepines. The γ2 containing re-
ceptors are potentiated by traditional benzodiazepines with high sensitivity 
whereas the γ1 and γ3 containing receptors are modulated by selective ben-
zodiazepines and with less sensitivity than the γ2 containing receptors (Jacob 
et al., 2008; Olsen and Sieghart, 2008; Rudolph and Knoflach, 2011). Ben-
zodiazepines potentiate the GABA effect by increasing the probability of 
channel opening, channel conductance and mean open time of channel. Clin-
ically used classical benzodiazepines such as diazepam acts prominently, 
with comparable efficacy and affinity, at α1, α2, α3 and α5 containing recep-
tors but α4 and α6 containing receptors are relatively insensitive. Zolpidem, 
an imidazopyridine with overlapping binding site with the benzodiazepines, 
has 20 times higher affinity for α1 subunit containing receptors than α2 and 
α3 subunit containing receptors and no affinity at α5 containing receptors 
(Jacob et al., 2012; Olsen and Sieghart, 2008; Rudolph and Knoflach, 2011; 
Sieghart et al., 2012). Barbiturates also enhance GABA effects by increasing 
the channel conductance and mean open time of channel (Olsen and 
Sieghart, 2008; Uusi-Oukari and Korpi, 2010). 

Steroids such as progesterone, pregnenolone and their derivative neuro-
steroids such as allopregnanolone, THDOC, THROG are positive allosteric 
modulator of GABA-A receptors at low concentration (nM-μM) but they can 
activate GABA-A channels alone in absence of GABA at higher concentra-
tions (MacKenzie and Maguire, 2014; Uusi-Oukari and Korpi, 2010). Neu-
rosteroids primarily increase the decay time of miniature inhibitory postsyn-
aptic potentials (mIPSCs) of synaptic receptors but the effect can be neuron 
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specific or region specific. The receptors containing δ subunit partnered with 
α4 or α6 are highly sensitive to neurosteroids (physiological concentrations 
10-100 nM) and their expression can even be regulated by the neurosteroids. 
Interestingly, the neurosteroid binding site is between α and β subunit of the 
heteropentamer and is independent of the δ subunit (MacKenzie and 
Maguire, 2014; Mody and Maguire, 2011; Olsen and Sieghart, 2009; 
Sieghart et al., 2012). 

II) GABA-B receptors 
GABA-B receptors are G-protein coupled inhibitory receptors in the brain. 
They are activated by GABA but have different pharmacology and structural 
features than GABA-A receptors. GABA-B receptors are present in both 
presynaptic and postsynaptic membranes. Presynaptic GABA-B receptors 
act as auto-receptors to decrease of GABA released from presynaptic termi-
nals and postsynaptic GABA-B receptors exert slow neuronal inhibition 
(Bettler et al., 2004). 

GABA-B receptors normally are thought to be different from typical 
metabotropic receptors (which are monomers) as GABA-B receptors require 
2 different subunits (GABA-B1 and GABA-B2) to form functional GABA-B 
receptors (Bettler et al., 2004; Jones et al., 1998). Each subunit is a high 
molecular weight as it contains 7 transmembrane spanning helices with a 
long extracellular N-terminal domain. The subunits are coupled to each other 
by a coiled-coil region at C-terminal domain to form heterodimer in endo-
plasmic reticulum (Figure 5). Properly assembled heterodimer is then traf-
ficked to cell surface. The ligand binding domain is situated in N-terminal 
domain of GABA-B1 subunit. The GABA-B2 subunit has binding site for 
allosteric modulators and for G-protein coupling (Figure 5) (Bowery et al., 
2002) and is necessary for receptor trafficking on cell surface (Baloucoune et 
al., 2012). Binding of agonist produces conformational changes in GABA-
B1 subunit which allows GABA-B2 subunit to activate the G-proteins and 
thus, downstream signalling. Both of these subunits are required for classical 
GABA-B responses (Bettler et al., 2004). Knockout mouse or heterologous 
expression system have shown that GABA-B1 subunit alone is not trafficked 
to the surface and is non-functional in absence of GABA-B2 subunit where-
as GABA-B2 subunit, in absence of GABA-B1, can be trafficked to surface 
but it does not produce the classical GABA-B response. GABA-B1 subunit, 
in addition, is required for stable expression of the GABA-B2 subunit 
(Bowery, 2010; Bowery et al., 2002; Gassmann et al., 2004). 

The effects of GABA-B receptors are mediated through the specific G-
protein coupling. Postsynaptic GABA-B receptors can activate K+ channels 
through Gβγ-protein coupling, which results in hyperpolarization in the 
postsynaptic neurons thereby prevents opening of voltage-gated Na+ channel 
and hence no action potential generation. Presynaptic GABA-B receptors 
often inhibit adenylyl cyclase (inhibits cAMP production) activity through 



 26 

Gi/o-protein coupling thereby decreasing protein kinase activity which is 
responsible for regulation of high voltage-activated Ca2+ channels (L-, P/Q-, 
N- type). This decreases presynaptic Ca2+ entry, in turn, decreases GABA 
release (Bettler et al., 2004; Bowery et al., 2002). GABA-B receptor subu-
nits may interact with transcription factors to regulate gene expression 
(Bowery et al., 2002). 

 

 
Figure 5. GABA-B receptor structure and GPCR signalling. GABA-B1 and GABA-
B2 subunits are represented as 7 transmembrane helices connected though coiled 
coil c-terminal region. Ligand binding site is in GABA-B1 subunit whereas GABA-
B2 subunit has binding site for allosteric modulators (extracellular) and G-protein 
coupling (intracellular). GPCR signalling mechanisms are showing the modulation 
of ion channels and adenylyl cyclase activity. 

GABA-B receptors are activated by GABA (affinity in nM range) and a 
selective agonist e.g. baclofen but not by GABA-A ligands or modulators 
such as muscimol or benzodiazepines or inhibitors such as bicuculline and 
picrotoxin (Bowery, 2010). 

GABA-B receptors are distributed throughout the brain. GABA-B1 subu-
nit is expressed abundantly while GABA-B2 subunit expression varies from 
low to undetectable levels in the various brain regions. The expression of 
GABA-B receptors is not limited to brain, since the subunits are detected in 
peripheral tissues too. The low or no expression of GABA-B2 subunit indi-
cates the possibility that GABA-B1 subunit may form functional receptor 
alone or combine with other proteins (Bowery, 2010; Calver et al., 2000).  
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2) Human brain and brain regions 
The human brain is a soft, jelly like organ protected inside skull and is the 
most complicated organ in the body. Anatomically, the human brain can be 
divided into the frontal, parietal, occipital and temporal lobe and the cerebel-
lum. The brain structures that I have studied in this thesis such as the hippo-
campus and amygdala resides in the limbic system and the caudate and the 
putamen resides in the basal ganglia in the medial temporal lobe. The pre-
frontal and the orbitofrontal cortex, as the names indicate reside in the 
frontal lobe (Figure 6). Different structures in the brain communicate with 
each other through afferent and efferent neuronal connections and co-
ordinate to perform higher order task such as locomotion and cognition as 
well as automatic processes such as respiration, maintenance of heart rate 
and body temperature, recognition of thirst and hunger. The brain structures 
that I studied are briefly discussed below. 

A) Hippocampus dentate gyrus (HDG) 
Hippocampus is a horse shoe like structure present in the medial temporal 
lobe and is an important part of the limbic system. It has very important role 
in the formation of new memories as demonstrated by studies on Henry Mo-
laison. The sensory information is sent to hippocampus for consolidation 
into long-term memory. The memory formed by hippocampus is declarative 
or explicit memory i.e. the memory about facts and principles. Hippocampus 
does not store memories but rather acts as a relay station for formation of 
memories. Memories after processing in hippocampus are stored in other 
cortical and subcortical regions (Bird and Burgess, 2008; Neves et al., 2008). 

Dentate gyrus (DG) is a part of the hippocampus and it consists of molec-
ular and granular layers of granule cells (major excitatory neurons in DG) 
which receives excitatory inputs from cortex (layer II of entorhinal cortex) 
through the perforant pathway and they project to CA3 pyramidal cells with 
their axons called mossy fibres and also to the interneurons present in DG. 
Further, CA3 pyramidal cells synapse on CA1 pyramidal cells through the 
schaffer collateral pathway and together (DG-CA3-CA1 neurons) form the 
trisynaptic circuit in hippocampus. This circuit is completed by connection 
of CA1 pyramidal cells to layer V of entorhinal cortex (Neves et al., 2008). 
The hippocampus also has projections to other areas such as the thalamus, 
hypothalamus, amygdala and cerebellum (Bird and Burgess, 2008). This 
circuit allows developing processes such as LTP or LTD at neuronal connec-
tions and involves glutamate receptors. Also, DG is one of the areas in the 
brain where neurons can regenerate (Neves et al., 2008). 
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Figure 6. A cartoon of lateral section of a human brain representing brain structures. 

B) Central amygdala (CeA) 
Amygdala is an almond like structure present in the limbic system and can 
be divided into sub-regions i.e. lateral, basolateral, medial and central amyg-
dala. It is known as the emotion center of the brain as it is involved in emo-
tional learning, emotional behaviour, emotional motivation and also, in deci-
sion making. Intense emotions such as stress, fear and sex stimulate the 
amygdala. In amygdala, memory and emotions are combined since the 
memories that have emotional touch are rapidly stored as long-term memory 
e.g. sweet memories such as engagement, marriage, baby birth, graduation or 
bad memories such as trauma, fight, accident, physical attack, sexual abuse 
(Roozendaal et al., 2009).  

The amygdala has inputs for all 5 senses (smell, touch, taste, vision and 
hearing). Olfactory sensory information comes to medial amygdala from the 
olfactory bulb. Auditory, visual and somatosensory information comes to 
lateral amygdala from the temporal and anterior cingulate cortices. Since the 
amygdala is very important in emotional learning, it is not surprising that 
these visceral inputs to amygdala are a major input source. Also, the path-
ways from hypothalamus, thalamus and ventral tegmental area to amygdala 
are particularly important in emotional learning (Roozendaal et al., 2009).  

The central nucleus of the amygdala communicates somatic and emotion-
al information from different brain regions with other subregions within the 
amygdala and is critical in emotional learning of drug reward (Koob, 2013). 
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Stress hormones such as cortisol and emotional imbalance induced by drug 
abuse, dependence and relapse are known to affect both the amygdala and 
the hippocampus and decrease their cognitive performances. 

The prefrontal cortex is involved in processing and storing short-term 
memory. The prefrontal cortex in collaboration with other cortical areas 
(from where it extracts the stored information) performs the executive func-
tions such as decision making, responding to questions. This is termed as 
working memory (Goldstein and Volkow, 2011; Lara and Wallis, 2015). 

C) Dorsolateral prefrontal cortex (DL-PFC) 
DL-PFC is a part of the prefrontal cortex (Brodmann area 9 and 46) and is 
involved in planning higher motor functions. It is also thought to mediate 
social behaviours such as handling complex social situations, judging, guess-
ing and interpreting other views, behaving intelligently and smartly, decep-
tion and lying (Goldstein and Volkow, 2011). 

D) Orbitofrontal cortex (OFC) 
OFC is also a part of prefrontal cortex (Brodmann area 10, 11 and 47) and is 
involved in decision making and building the expectations. OFC has been 
identified to contain structures known as hedonic hotspots which mediate 
pleasure or "liking" reactions (Berridge and Kringelbach, 2015; Goldstein 
and Volkow, 2011).  

Caudate and putamen together are referred to the dorsal striatum. Dorsal 
striatum receives excitatory inputs from cortex and processes that infor-
mation to relays back into different cortical regions. These regions are in-
volved in automatic thinking, behaviour and movement. The dorsal striatum 
is implicated in drug seeking behaviors (Grahn et al., 2008). 

E) Caudate 
Caudate participates in cognitive tasks and some aspects of automatic think-
ing resulting in actions as consequences. In another words, caudate partici-
pates in goal directed behaviours such as food or drug seeking and thus, in 
incentive driven procedural memory. Caudate is connected to dorsolateral 
prefrontal cortex and oculomotor cortex in human. The tasks and thoughts 
happening in the caudate are transformed into action. In short, caudate is 
more about decoding the thoughts into actions (Alexander et al., 1986; 
Grahn et al., 2008).  
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F) Putamen  
The putamen is the primary motor structure in the striatum and is connected 
to the premotor and sensorimotor cortex in humans. It is associated with 
automatic motor movements. Together with motor cortex, putamen is in-
volved in storage of motor memory (Alexander et al., 1986). Putamen is 
thought to mediate habitual behaviours which are more about learning phys-
ical skills such as bike riding, making signatures and thus, participates in 
action driven procedural memory (Grahn et al., 2008; Nombela et al., 2013). 

All structures that are studied are part of the reward system in brain. Any 
alteration in these may lead to potential alterations in behavioral outputs 
such as cognitive impairments and motor dysfunction.  

3) Alcoholism – alterations in excitatory and inhibitory 
signalling  
Alcohol is an addictive substance. Beverages containing alcohol are most 
commonly consumed worldwide and not surprisingly, abused. Alcohol has 
both acute and chronic effects on brain. Magnetic resonance imaging studies 
have demonstrated that alcoholic individuals have reduced volumes of hip-
pocampus, prefrontal cortex, amygdala and ventral striatum (den Heijer et 
al., 2004; Jernigan et al., 1991; Makris et al., 2008; Medina et al., 2008; 
Sullivan et al., 1995). Chronic alcohol treatment selectively increased the 
density of neuronal spines in putamen nucleus of monkeys but not in caudate 
nucleus. There was also a selective increase in intrinsic excitability of medi-
um spiny neurons due to increased glutamatergic but decreased GABAergic 
neurotransmission in putamen nucleus of monkeys in response to chronic 
alcoholism indicating a shift in the excitatory-inhibitory balance (Cuzon 
Carlson et al., 2011). Similarly, alcohol treatment during gestational period 
has reduced the density of glutamate and GABA positive neurons in sensory 
and motor cortices of the monkey offsprings (Miller, 2006). Chronic alcohol 
consumption has deteriorative effects on brain and may lead to addiction, 
tolerance, cognitive and executive dysfunction i.e. behavioural impairment. 
These chronic effects may be due to change in the expression and function of 
several neurotransmitter and neuropeptide systems which in the long term 
can lead to alcohol induced synaptic plasticity, thus, affecting the higher 
brain functions (Korpi et al., 2015; Moykkynen and Korpi, 2012; Sommer 
and Spanagel, 2013; Uusi-Oukari and Korpi, 2010).  

Studies performed on rodents to understand the effects of chronic alcohol 
exposure on neurotransmitter systems in the brain are important and have 
greatly contributed to the knowledge about alcohol induced neuronal plastic-
ity. However, rodent models do not fully mimic the human alcohol related 
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disorders (Crabbe et al., 2013). Therefore, the information from studies on 
human neuroimaging and human post-mortem brain tissues is very valuable 
and helpful in understanding the mechanisms behind alcohol dependent dis-
orders in humans. 

Alcohol’s first target is the ions channels present in the neuronal mem-
brane. Alcohol at low to intoxicating concentrations (3-100 mM) can affect 
several neurotransmitter systems including glutamate and GABA signalling 
systems (Jin et al., 2011a; Korpi et al., 2015; Lovinger and Roberto, 2013). 
Here, focus is given on ionotropic glutamate and GABA-A receptors. 

iGlu receptors 
All 3 types of iGlu receptors – AMPA, kainate and NMDA receptors are 
inhibited by acute alcohol application in rodent and primate brain slices 
(Ariwodola et al., 2003; Cuzon Carlson et al., 2011; Lack et al., 2008; 
Lovinger and Roberto, 2013; Lovinger et al., 1989). The NMDA receptors 
are most sensitive to ethanol and the peak-current amplitude is reduced by 
clinically relevant concentrations of ethanol (20 mM) in a concentration 
dependent manner over a range that can produce intoxication (Lovinger et 
al., 1989). Ethanol also inhibits AMPA receptors by increasing their rate of 
desensitization (Lovinger and Roberto, 2013; Moykkynen and Korpi, 2012). 
The effects can be seen at concentrations as low as 10 mM ethanol. Howev-
er, the potency of inhibition of AMPA receptors is lower than that of NMDA 
receptors. Clinically relevant concentrations (5-20 mM) of ethanol also in-
hibit kainate receptors (Gass and Olive, 2008; Lovinger and Roberto, 2013). 

NMDA together with AMPA receptors are involved in many physiologi-
cal processes e.g. in LTP, LTD, signal transduction, excitotoxicity (thus, in 
neuronal survival). Thus, iGlu receptor inhibition by alcohol will inhibit the 
excitatory signalling and may alter physiological processes which will con-
tribute to the observed decrease in cognition and memory formation in rela-
tion to heavy ethanol intoxication (Gass and Olive, 2008; Korpi et al., 2015; 
Lovinger et al., 1989; Moykkynen and Korpi, 2012).  

In rodents, chronic ethanol treatment induced upregulation in the function 
and number of NMDA receptors (GluN1 and GluN2B subunits mRNA and 
protein) in the brain leading to increase in excitatory neurotransmission 
(Awofala, 2013; Chandrasekar, 2013; Moykkynen and Korpi, 2012). En-
hanced function and expression of AMPA and kainate receptors on chronic 
alcohol exposure has also been reported (Lovinger and Roberto, 2013).  

GABA-A receptors  
Alcohol binds to GABA-A receptors and in contrast to its inhibitory effects 
on glutamatergic neurotransmission, alcohol potentiates GABA-mediated 
synaptic and tonic inhibition in rodent and primate brain (Ariwodola et al., 
2003; Cuzon Carlson et al., 2011; Lovinger and Roberto, 2013). The binding 
site for ethanol is probably between the M2 and M3 transmembrane domain 
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of the GABA-A receptor subunits (Mihic et al., 1997). Alcohol effects on 
GABA-A receptor is concentration dependent (Olsen et al., 2007). Lower 
concentrations of ethanol (3-30 mM) potentiate tonic currents produced by 
extrasynaptic (α4, α5, α6, δ containing) receptors while higher concentra-
tions (> 60 mM) of alcohol can directly affect the phasic inhibition through 
synaptic (γ2 containing) receptors. Both, presynaptic GABA release and 
postsynaptic transmission are enhanced. It is thought that, postsynaptically, 
Protein kinase C (PKC) mediated phosphorylation of γ2 or δ subunit is in-
volved in some of the intracellular effects of alcohol (Lovinger and Roberto, 
2013). Chronic alcohol exposure appears to differentially alter subunit 
mRNA and protein expression in brain region specific manner (Lovinger and 
Roberto, 2013).  

Balance between excitation and inhibition 
In order to maintain a stable, but adapting neuronal network where all neu-
rons function within their dynamic range, a certain balance between excita-
tion and inhibition is necessary (Remme and Wadman, 2012; Yizhar et al., 
2011). Chronic alcohol exposure induces neuroadaptive changes in the brain. 
One consequence is hyperexcitability during withdrawal (Awofala, 2013; 
Lovinger and Roberto, 2013). Tolerance developed during chronic alcohol-
ism may alter the expression, post-translational modification, localization, 
intracellular signalling or neurosteroid sensitivity of iGlu and GABA-A re-
ceptors (Chandrasekar, 2013; Kumar et al., 2009). Long term changes in 
subunit expression may be an attempt by neuronal network to maintain the 
balance between the excitation and the inhibition. This balance may, howev-
er, differ from the normal excitation-inhibition balance in non-addicted indi-
viduals. Furthermore, it is not known if the change in one neurotransmitter 
system drives the change in the other neurotransmitter system. 

In the rodent brain, iGlu receptors are inhibited by acute alcohol applica-
tion and chronic exposure increases the subunit expression whereas GABA-
A receptors are potentiated by acute application and chronic exposure differ-
entially affects subunit expression. Although rodents are valuable model for 
human diseases, it is very important to examine if alcohol has similar effects 
in the human brain (Crabbe et al., 2013). Genetic factors do also contribute 
to the development of alcoholism. Several candidate iGlu and GABA-A 
receptor subunit genes have been associated with alcohol related disorders 
(misuse, dependence, addiction, tolerance, withdrawal and relapse) in hu-
mans. Some of the changes in iGlu and GABA-A receptor subunits during 
chronic alcohol exposure reported in humans and primates are summarized 
in Table 2.  
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Table 2. Polymorphisms and changes in iGlu and GABA-A receptor subunits in 
human and primate due to chronic alcohol consumption. 

  

 Affected subunit References 

Polymorphism detected 
in human genes by gen-
otyping 

GRIK1  (GluK1) (Kranzler et al., 2009) 

GRIN1  (GluN1) 
GRIN2B (GluN2B) 

(Kim et al., 2006; 
Wernicke et al., 2003) 

GRIN2A (GluN2A) (Domart et al., 2012) 

GABRA2 (α2) 
GABRG1 (γ1) 

(Borghese and Harris, 
2012; Enoch et al., 
2009; Li et al., 2014)  

GABRA6 (α6) 
(Li et al., 2014; 
Sander et al., 1999) 

GABRG2 (γ2) 
(Buck and Hood, 
1998; Li et al., 2014) 

GABRG3 (γ3) (Dick et al., 2004) 

GABRR1 (ρ1) 
GABRR2 (ρ2) 

(Xuei et al., 2010) 

Human superior frontal 
and anterior motor 
cortex 

α1,  α3 mRNA ↑ 
α1 protein ↑ 

(Dodd and Lewohl, 
1998; Lewohl et al., 
1997)  

Human hippocampus 
dentate gyrus 

α1, α4, α5, β1, γ1 mRNA ↑ 

(Jin et al., 2011a) 
Human orbitofrontal 
cortex 

β2, δ  mRNA ↓ 

Human dorsolateral 
prefrontal cortex 

No change 

Monkey dorsolateral 
prefrontal cortex 

β1, β2,  γ1, δ, GluA4,  
GluA4 flip variant, 
GluN1- variant 1 mRNA ↓ 

(Acosta et al., 2011; 
Acosta et al., 2010; 
Hemby et al., 2006) 

Monkey orbitofrontal 
cortex 

α2, α4, β1, β3, γ1, γ2, γ3,  
GluN1- variant 1 mRNA ↓ 
GluN1- variant 2 mRNA ↑ 

Monkey anterior cingu-
late cortex 

No change 
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4) Nervous and immune system cross-talk 
 

 
Figure 7. A cartoon representation of an active synapse and an immune cell. Neuro-
transmitters released in the synapse can diffuse out of synapse and can reach to ex-
trasynaptic receptors as well as surrounding immune cell where it may affect the 
function of that immune cell. In turn, cytokines and neurotransmitters released by 
immune cell can affect the function of neurons. (NT, neurotransmitter) 

For many decades, the brain was thought to be an immune privileged organ. 
But the immune cells do enter the brain by crossing blood-brain barrier lo-
cated between CNS microvessels (fenestrated capillaries) and brain paren-
chyma via choroid plexus (Engelhardt and Ransohoff, 2012). In an autoim-
mune disease multiple sclerosis, immune cells infiltration in the brain is en-
hanced (Engelhardt and Ransohoff, 2012; Sospedra and Martin, 2005). The 
discovery made in 2015 also shows the presence of dural lymphatic vessels 
in the human brain which are able to transport immune cells during the lym-
phatic drainage of brain to deeply located cervical lymph nodes (Aspelund et 
al., 2015; Louveau et al., 2015), suggesting that brain is not an immune priv-
ileged organ. Once immune cells enter the brain parenchyma, they can find 
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their way back through lymphatic or glymphatic pathways (Iliff et al., 2015). 
As they travel through the brain, they can release cytokines and modulate 
neuronal responses as well as they can face the neurotransmitters which can 
modulate the immune activity (Figure 7). Therefore, it is possible that im-
mune cells have some overlapping expression of molecules and receptors 
with the neurons and the same neurotransmitters and receptors allow a cross-
talk between immune and nervous system. Immune cells sometimes secrete 
neurotransmitters and express components of neurotransmitter system in-
cluding the receptors and enzymes responsible for making and breaking of 
neurotransmitters. The roles of neurotransmitter signalling in immune cells 
are not well established yet.  

Immune cells are always circulating in the blood. In response to particular 
stimuli such as wound or infection, they start to migrate to that site. They 
encounter many molecules including neurotransmitters when migrating 
throughout the body (through the spleen, liver, lymph nodes, thymus, brain) 
and they can adapt in response to the molecules they encounter. Neuro-
transmitter signalling is normally associated with the nervous system but 
there is growing evidence that many neurotransmitters and neuropeptides 
such as dopamine, glutamate, histamine, serotonin, epinephrine, endorphins, 
somatostatin, substance P and neuropeptide Y can be synthesized and re-
leased by cells of the immune system (Levite, 2012). Most of the immune 
cells can express the receptors for neurotransmitters. These receptors can be 
regulated by TCR-stimulation, cytokines, hormones or the neurotransmitters 
themselves. In turn, the neurotransmitters through their receptors can modu-
late the immune cell functions such as proliferation, migration, cytokine 
secretion and cytotoxicity highlighting the importance of the neurotransmit-
ter signalling systems in immune cells (Levite, 2012).  

In my thesis, most of the work about immune cells is done on peripheral 
blood mononuclear cells (PBMCs). They are mononuclear white blood cells 
with no granules in the cytoplasm. They are a mixture of variety of immune 
cells such as lymphocytes (T cells, B cells, NK cells), monocytes, macro-
phages and dendritic cells. T cells comprise the largest portion of the 
PBMCs, approximately 50-70 %. T cells can further be divided into regula-
tory CD4 and cytotoxic CD8 T cells based on presence of specific surface 
receptor. A short summary of how T cell receptor signalling works is given 
here. 
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5) T cell receptor signalling 
T lymphocytes interact with antigen resulting in engagement and activation 
of the T cell receptors (TCR), followed by activation of tyrosine kinases and 
phospholipase C (PLC). Phospholipase C further breaks down phospholipid 
phosphatidylinositol 4,5-bisphosphate (PIP2) into secondary messengers 
called inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol (DAG). IP3 
binds to IP3 receptors (a Ca2+ channel on the endoplasmic or sarcoplasmic 
reticulum) and releases Ca2+ from intracellular stores. Emptying of intracel-
lular stores activates entry of extracellular Ca2+ through calcium release acti-
vated calcium (CRAC) channels and this phenomenon is known as store-
operated calcium entry (SOCE). In addition to CRAC channels, at least the 
voltage-gated calcium channel, Cav1.4, are also present in human T lympho-
cytes and contribute in TCR signalling (Omilusik et al., 2011). Interestingly, 
these channels can potentially conduct Ca2+ in voltage independent manner 
in immune cells (Badou et al., 2013). Elevated Ca2+ levels are essential for 
activation/dephosphorylation of transcription factor called nuclear factor of 
activated T cell (NFAT) through the phosphatase cacineurin. Activated 
NFAT migrates to the nucleus and transcribes 70-80 % of new genes respon-
sible for proliferation, cytokine production and other cellular functions. In 
summary, antigen stimulation of T lymphocytes results in raised intracellular 
calcium concentrations and activates second messenger pathways modulat-
ing proliferation and cytokine secretion (Feske et al., 2012; Smith-Garvin et 
al., 2009).  

Voltage dependent Kv1.3 are slowly inactivating channels and KCa3.1 are 
calcium dependent channels which can open in response to even small in-
crease in [Ca2+]i. They both contribute to maintain the negative resting mem-
brane potential in many cell types which is also one of the prerequisites for 
SOCE in T lymphocytes as it serves as driving force for SOCE. The SOCE 
is dependent on chemical and electrical gradients and can be regulated by 
ion channels present in the plasma membrane. For instance, depolarisation 
mediated by plasma membrane ion channels decreases the driving force for 
SOCE and thus, decreases [Ca2+]i. In contrast, hyperpolarisation mediated by 
K+ efflux due to opening of Kv1.3 and KCa3.1 channels, restores SOCE and 
thus, [Ca2+]i (Chandy et al., 2004; Huang et al., 2014; Wulff et al., 2009). 
Therefore, changes in the membrane potential of immune cells will modulate 
proliferation and cytokine secretion.  

Supporting the notion that anything that affects the membrane potential 
(i.e. opening of plasma membrane ion channels such as AMPA, kainate, 
NMDA and GABA-A receptors), will affect functions of immune cells. 
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6) Neurotransmitter signalling in immune cells  
 The immune cells have some overlapping expression of molecules and re-
ceptors with neurons. Immune cells may secrete neurotransmitters and ex-
press the neurotransmitters receptors. I will discuss glutamate and GABA 
signalling in immune cells here.   

A) Glutamate signalling 
Glutamate and its receptors are also identified in peripheral systems such as 
digestive, reproductive, urinary, cardiac systems and there, they can regulate 
different functions. Plasma glutamate concentrations range from 260 μM to 
290 μM (Schmidt et al., 2016). Glutamate regulates immune functions 
through functional ionotropic or metabotropic glutamate receptors expressed 
in the immune cells (Ganor et al., 2003; Lombardi et al., 2001; Lombardi et 
al., 2004; Miglio et al., 2005; Poulopoulou et al., 2005) indicating that glu-
tamate can act as an immunomodulator. Moreover, glutamate can be re-
leased by variety of immune cells including T cell, dendritic cells, mono-
cytes and macrophages where it can act in both autocrine and paracrine fash-
ion (Ganor and Levite, 2014).  

The GluA3 (AMPA) and GluN1 (NMDA) subunits have been identified 
so far, on mRNA and protein level in primary human T cells (Ganor et al., 
2003; Miglio et al., 2005) whereas other iGlu subunits had differential ex-
pression and were detected on mRNA levels only. The expression of iGlu 
subunits is also dependent on the state of cells, for instance, resting cells 
expressed GluA3, GluN1 and GluN2B whereas activated cells expressed 
GluN1, GluN2A, GluN2B and GluN2D subunits (Miglio et al., 2005). In 
addition to the mentioned subunits, expression of GluA2, GluA4 (AMPA), 
GluK2, GluK3, GluK4, GluK5 (kainate), GluN3A and Glu3B (NMDA) sub-
unit mRNAs is also reported in Jurkat T cells (Ganor and Levite, 2014; 
Miglio et al., 2007). All of the reported iGlu subunit mRNAs were detected 
by semi-quantitative PCR. 

Glutamate seems to affect immune cells through different glutamate re-
ceptors in a concentration dependent way and depending on state of the cells. 
Resting human T cells express GluA3 AMPA receptors which induce chem-
otactic migration of resting cells towards chemokines and adhesion to lam-
inin and fibronectin (Ganor et al., 2003). When T cells are activated, GluA3 
subunit gets cleaved by the action of granzyme B. So if functional AMPA 
receptors are formed in activated human T cells, it might be made of subu-
nits other than GluA3 if other AMPA subunits are expressed, but this is not 
investigated yet. The GluA3 subunit expression was restored when cells 
came back to resting state which indicates that TCR activation regulates 
GluA3 AMPA receptors (Ganor et al., 2007). The GluA3 subunit expression 
is increased in multiple sclerotic human T cells where glutamate promotes 
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their proliferation. This probably also indicates that iGlu antagonists can be 
used in the treatment of multiple sclerosis to inhibit glutamate induced ef-
fects on T cells (Ganor and Levite, 2014). 

Apart from AMPA receptors, kainate, NMDA and mGlu receptors were 
also reported to modulate K+ currents or Ca2+ influx depending on the state 
of cells. In resting cells, Glutamate, at 1-10 μM potentiated whereas at 100 
μM – 1 mM suppressed KV1.3 currents. This potentiation effect was mim-
icked by mGluR I agonist and suppression effect was mimicked by mGluR 
II agonist. Kainate also contributed in dose dependent suppression of KV1.3 
currents but to a smaller extent (Poulopoulou et al., 2005). Glutamate and 
iGlu receptor agonists AMPA, kainate and NMDA but not mGlu agonists, at 
100 nM -10 μM, enhanced Ca2+ influx in activated cells (Lombardi et al., 
2001). At mM concentrations, glutamate but not iGlu receptor agonists AM-
PA, kainate and NMDA, also inhibited cell proliferation through the de-
crease of cellular Glutathione level (Lombardi et al., 2004). Even though 
NMDA did not affect cell proliferation, NMDA antagonists ifenprodil, D-
AP5, memantine and MK-801 inhibited cell proliferation, affected cytokine 
production and also inhibited KV1.3 and KCa3.1 currents (Kahlfuss et al., 
2014; Lombardi et al., 2004; Miglio et al., 2007; Miglio et al., 2005; Simma 
et al., 2014). 

B) GABA signalling 
Similar to glutamate signalling, GABA and its receptors have been identified 
in various non-neuronal tissue such as the digestive, reproductive, urinary, 
endocrine (pancreatic islet cells) and immune systems (Gladkevich et al., 
2006; Jin et al., 2013; Tian et al., 1999). This indicates that GABA is not 
only a neuroactive molecule in the CNS, but is also produced by, and affects 
the function of many other cell types in addition to neurons (Jin et al., 2013; 
Rane et al., 2005; Stuckey et al., 2005; Taneera et al., 2012; Wheeler et al., 
2011). GABA is thus widely distributed extracellular signalling molecule. 

In the 1980’s, in vivo studies showed that peripheral administration of 
GABA inhibited antibody production and induced phagocytosis by macro-
phages (Frangulyan et al., 1985). Benzodiazepines were also shown to be 
immunosuppressive. However, the very first evidence for the presence of 
GABA-A receptors in the T cells was provided in 1998 (Bergeret et al., 
1998). A year later, GABA was shown to suppress the proliferation of T 
cells and it was concluded that GABA inhibits immune responses through 
the functional receptors (Tian et al., 1999). GABA does not cross blood 
brain barrier but T cells can enter in the brain and pancreatic islets. There 
and also in blood, T cells can encounter the extracellular GABA. This im-
plies that both, central as well as peripheral GABA could be involved in 
immune cell regulation (Tian et al., 1999). The GABA that is present in the 
blood (≈ 100 nM) may acts as an immunomodulator of circulating immune 
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cells and can most likely modulate immune function through GABA-A and 
GABA-B receptors (Bjurstom et al., 2008; Duthey et al., 2010). The role of 
GABAergic signalling in immune cells, nevertheless, is not well understood 
today and there is a lot more to explore in this field before we fully under-
stand how the GABA immunomodulation comes about and the effects it has.  

I) GABA receptors in immune cells 
a) GABA-A receptors  
Recent studies in the field have shown that immune cells such as lympho-
cytes (Bjurstom et al., 2008; Dionisio et al., 2011; Tian et al., 2004), macro-
phages (Bhat et al., 2010; Reyes-Garcia et al., 2007), monocytes (Wheeler et 
al., 2011) and dendritic cells (Bhat et al., 2010; Fuks et al., 2012; Sakai et al., 
2005) express functional GABA-A receptors. While some immune cells 
such as neutrophils (Rane et al., 2005), monocytes (Alam et al., 2006), mac-
rophages (Bhat et al., 2010; Stuckey et al., 2005) and activated T lympho-
cytes (Bhat et al., 2010) can, at least sometimes, synthesize GABA as they 
have the GABA synthesizing enzyme GAD. This implies that GABA can 
regulate immune functions through functional receptors. The neuronal com-
ponents of the GABA system such as GAD67, VGAT, GAT1, GAT2 and 
GABA-T together with some GABA-A receptor subunits were also found in 
human T lymphocytes (Dionisio et al., 2011). This indicates the presence of 
an independent GABA signalling system in lymphocytes which is similar to 
the neuronal one. The prevalence of expression of the 19 GABA-A receptor 
subunits and GABA synthesizing machinery in immune cells varies between 
the species and depending on the status of cell (naive or activated), type of 
cell and also, pathological conditions. For instance, previous studies showed 
that human PBMCs expressed α1, α3, α4, β2, β3, δ and ε subunits (Alam et 
al., 2006); human T cells expressed α1, β3 (activated cells only), δ, ρ2 subu-
nits and Jurkat T cells, a human lymphocytic cancer cell line, expressed α1, 
β3, δ, γ2, ρ2 subunits (Dionisio et al., 2013; Dionisio et al., 2011); human 
monocytes expressed β2 subunit while the human monocyte cell line THP-1 
expressed α4, β2, γ1 and δ subunits (Wheeler et al., 2011); human macro-
phages expressed β1 and ε subunits (Bhat et al., 2010). Different immune 
cells express different subunits and thus, they may have different subtypes of 
GABA-A receptors which indicates that immune cells can exert diverse 
pharmacological responses to GABA and other molecules (Birnir and Korpi, 
2007; Jin et al., 2013).  

GABA (at 1 mM) inhibited fMLP induced increase in intracellular Ca2+ in 
PBMC (Alam et al., 2006). GABA (100 μM) completely prevented increase 
in [Ca2+]i and transcriptional activity of NF-κB (nuclear factor kappa-light-
chain-enhancer of activated B cells) (measure by ELISA using antibody 
against NF-κB subunit P65) and proliferation of human T cells in response 
to anti-CD3 and these effects were reversed by picrotoxin which indicates 
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that effects were mediated through functional GABA-A receptors 
(Prud'homme et al., 2013). Diazepam, a positive allosteric modulator of 
GABA-A receptors, is shown to inhibit IFN-γ production dramatically in 
human CD4+ and CD8+ T cells in response to anti-CD3 (Wei et al., 2010). 

GABA-A receptors in immune cells are similar to the extrasynaptic 
GABA-A receptors in neurons with respect to the concentration of GABA 
(nM-μM) they may face. Plasma GABA concentration (≈100 nM) (Li et al., 
2015) may be enough to open the GABA-A channels on immune cells. But 
if GABA mediated opening of GABA-A channels will depolarise or hy-
perpolarise the cell, depends on [Cl−]i (Rivera et al., 1999) in the immune 
cells which is in turn set by chloride transporters. In different types of im-
mune cells, the [Cl−]i  may vary from 24 mM to 100 mM (Table 3). These 
concentrations are higher than that of in adult neurons (≈ 5-10 mM) 
(DeFazio et al., 2000). 

 Table 3. The reported intracellular chloride concentrations in different types of 
immune cells 

      Cells         [Cl−]i 
Corresponding    
         ECl

− 
Reference 

Mouse  
lymphocytes 

40 mM  ̶  65 mM -30 mV  ̶  -20 mV  (Cremaschi et al., 

1990) 

Rat  
lymphocytes 

70 mM  ̶  85 mM -18 mV  ̶  -12 mV (Garcia-Soto and 

Grinstein, 1990) 

Porcine  
lymphocytes 

56 mM -23 mV (Pilas and Durack, 

1997) 

Jurkat  
T cells 

24 mM -45 mV (Heimlich and 

Cidlowski, 2006; Lai 

et al., 2003) 

Human  
lymphocytes  

30 mM -39 mV (Köneke J, 2001) 

Human  
monocytes, 
neutrophils 

75 mM  ̶ 100 mM -16 mV  ̶  -9 mV (Ince et al., 1987; 

Menegazzi et al., 

2000; Simchowitz 

and De Weer, 1986) 

The corresponding range of chloride reversal potential (ECl
−) (was calculated 

by the Nernst equation and not stated in the original articles) for the reported 
[Cl−]i  range will be from -45 mV to -9 mV which is positive to the resting 
membrane potential of immune cells (≈ -40 mV to -70 mV) (Mello de 
Queiroz et al., 2008). With this scenario, GABA action on GABA-A recep-
tors would be expected to depolarize the immune cells (Bjurstom et al., 
2008; Tian et al., 1999) as the chloride reversal potential is positive than the 
resting membrane potential. GABA mediated depolarisation of immune cells 
may vary between different cell types. The cell types with high [Cl−]i  will 
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have larger depolarisation and the one with low [Cl−]i  will have smaller de-
polarisation of membrane potential. Persistent depolarisation of T lympho-
cytes can affect the Ca2+ influx (Chandy et al., 2004). Thus, opening of 
GABA-A receptors on T lymphocytes potentially can regulate the cell cy-
cling and cellular functions such as cytokine production and proliferation 
(Bjurstom et al., 2008; Tian et al., 1999).  

b) GABA-B receptors 
A number of studies showed that GABA-B receptors are also expressed in a 
variety of peripheral tissues, implicating that the receptors may be functional 
outside the brain. Nevertheless, there are very few studies about GABA-B 
receptors in immune cells. Rat microglia, the resident immune cells in the 
brain, were shown to express proteins for both GABA-B receptor subunits. 
The receptors were functional as GABA-B receptor agonist baclofen induced 
K+ currents and inhibited lipopolysaccharide (LPS) induced cytokine (IL-6 
and IL-12) release suggesting GABA-B receptor mediated suppression of 
microglia (Kuhn et al., 2004). 

A study of human neutrophils (granulocyte) showed that GABA-B2 sub-
unit protein is expressed in association with protein kinase B (also known as 
AKT) and the receptors were functional as baclofen induced whereas antag-
onist CGP52432 blocked neutrophil chemotaxis (Rane et al., 2005). Another 
study of the peripheral blood mononuclear cells showed that baclofen inhib-
ited their migration towards various chemokines and decreased TNFα (Tu-
mor necrosis factor α) secretion in vitro. Baclofen reduced infiltrating neu-
trophils, monocytes and lymphocytes in mouse model of allergic contact 
dermatitis indicating functional role of GABA-B receptors in leukocyte mi-
gration (Duthey et al., 2010). Activation of GABA-B receptors affects the 
immune response; however, the underlying mechanism seems to vary among 
the immune cells. These studies also pose a question if different immune 
cells have differential expression of GABA-B receptor subunits.  

For classical GABA-B receptor responses, coassembly of the 2 subunits is 
required. However, there are evidences for non-classical GABA-B receptor 
responses in neurons from GABA-B2 knockout mice. In contrast, there were 
no responses from GABA-B1 knockout mice implying that GABA-B1 but 
not GABA-B2 is absolutely necessary for GABA-B signalling (Gassmann et 
al., 2004). Cell surface expressed GABA-B1 subunit couples with G-
proteins and forms functional receptor in absence of GABA-B2 subunit in 
heterologous expression system (Baloucoune et al., 2012). It is also possible 
that GABA-B1 subunit can combine with other proteins to form a functional 
dimer. For instance, GABA-B1 subunit can combine with GABA-A subunit 
γ2S in absence of GABA-B2 subunit and can be trafficked to the cell surface 
(Balasubramanian et al., 2004). It has been previously shown that GABA-B1 
subunit is abundantly present in many tissues but the GABA-B2 subunit is 
specifically expressed in the nervous system (Calver et al., 2000). This raises 
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a possibility that all immune cells may not have GABA-B2 subunit or that 
only specific types of immune cells such as neutrophils may have it. There-
fore, it is possible that immune cells have functional GABA-B receptors 
with only one subunit (GABA-B1) and non-classical responses may be 
evoked by the receptors. GABA-B receptors through intracellular signalling 
may open or close voltage dependent calcium channels CaV1.4 channels in 
immune cells. 

II) GABA signalling in diseases 
GABA has been implicated in several autoimmune diseases such as multiple 
sclerosis, type 1 diabetes, psoriasis and rheumatoid arthritis for its curative 
properties (Bhat et al., 2010; Nigam et al., 2010; Rissman and Mobley, 2011; 
Soltani et al., 2011; Tian et al., 2004; Tian et al., 2011). 

Type 1 diabetes (T1D) 
Increased infiltration of immune cells in pancreatic islets and rise in inflam-
matory cytokines is a characteristic of type 1 diabetes (T1D). This also con-
tributes to the destruction of the islet beta cells. GAD is one of the major 
beta cell autoantigen (immunogenic self peptide) in type 1 diabetes 
(Gladkevich et al., 2006). Suppression of autoimmune responses is one of 
the major treatments of type 1 diabetes. The well-studied animal models for 
type 1 diabetes are the BioBreeding rats (Schranz and Lernmark, 1998) and 
the Non-Obese Diabetic mice with Severe Combined Immuno Deficiency 
mutation (NOD-SCID) (Makino et al., 1980). Previously it was shown that 
GABA alone significantly delays the onset of type 1 diabetes in NOD-SCID 
mice (Tian et al., 2004). Further, GABA in combination with GAD (autoan-
tigen) or proinsulin/alum has synergistic effects on survival of pancreatic 
beta cells and reduction of T cell autoimmunity (Prud'homme et al., 2013; 
Soltani et al., 2011; Tian et al., 2014; Tian et al., 2004). GABA has been 
shown to inhibit immune responses which manifested as reduced systemic 
inflammatory cytokines and decreased beta cell damage. This indicates a 
protective role of GABA in type 1 diabetes. These effects were modulated 
when GABA is used together with GABA-A receptor agonist muscimol or 
antagonist bicuculline which suggests involvement of GABA-A receptors in 
mediating these protective effects of GABA (Soltani et al., 2011). Similarly, 
the GABA-B receptor agonist, baclofen, treatment in NOD mouse model 
delayed the onset of type 1 diabetes implying that GABA-B receptors are 
also involved in exerting protective effects in type 1 diabetes but the under-
lying mechanism was not explored yet (Beales et al., 1995). A study from 
our laboratory showed that CD8+ T lymphocytes from biobreeding rats, 
model for type 1 diabetes, had upregulated the expression of specific 
GABA-A receptor subunits as compared to control rats but CD4+ T lympho-
cytes had similar level of expression in both groups (Mendu et al., 2011). 
This suggests a possibility that increased GABA-A receptor expression in 
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CD8+ T lymphocytes may be essential for inhibition of cytokine production 
in type 1 diabetes. 

Multiple sclerosis (MS) 
Recent reports in the field have shown involvement of the CNS GABA in 
the pathophysiology of multiple sclerosis. It is an autoimmune inflammatory 
disease in the CNS which involves demyelination of neurons mainly due to 
autoimmune attack against myelin resulting in neurodegeneration or neu-
ronal dysfunction in the late phases. It involves infiltration of immune cells 
such as T cells and macrophages into the brain and spinal cord (Engelhardt 
and Ransohoff, 2012; Sospedra and Martin, 2005). The serum GABA levels 
and expression of GABA signalling components such as GAD, GAT-1, 
GABA-T, GABA-A receptor subunits are decreased in multiple sclerosis 
and experimental autoimmune encephalomyelitis (EAE) models suggesting 
dysregulation of GABAergic signalling in multiple sclerosis (Carmans et al., 
2013; Vanheel et al., 2012; Wang et al., 2008). GAT-1 knockout mice have 
significantly aggravated EAE and enhanced splenocytes proliferation and 
inflammatory cytokine production. GAT-1 was localised in T cells suggest-
ing that downregulation of GAT-1 during EAE may confers proliferative and 
cytotoxic immune responses in T cells (Bhat et al., 2010; Wang et al., 2008). 

Enhancement of intrinsic GABAergic activity, by treatment with vigaba-
trin (GABA-T inhibitor) or topiramate (anti-epileptic drug considered to act 
partially through GABA-A receptors), reduces the progression of inflamma-
tion in MOG-EAE (chronic myelin oligodendrocyte Glycoprotein) mouse 
model. Vigabatrin or topiramate treatment inhibited proliferation and in-
flammatory cytokine release from antigen presenting macrophages and sple-
nocytes through the inhibition of MAPK/ERK (mitogen-activated protein 
kinases/extracellular signal-regulated kinases) signalling pathways and also 
inhibited EAE induction in naive mice when PLP-induced (proteolipid pro-
tein induced) splenocytes were adoptively transferred (Bhat et al., 2010). 
Whereas systemic GABA treatment worsened EAE outcome due to increase 
in inflammatory cytokine production (Carmans et al., 2013) suggesting that 
rise in intrinsic GABA is crucial for treatment of EAE and MS. 

Rheumatoid arthritis 
It is a chronic inflammatory autoimmune disorder characterized by pain in 
the joints. GABA was proposed to downregulate production of proinflamma-
tory agents (through inhibition of p38 MAPK) involved in pathogenesis of 
rheumatoid arthritis and thus, decreases chronic inflammation implying a 
role for immune cells in rheumatoid arthritis with a possibility of involve-
ment of GABA-B receptors (Kelley et al., 2008). Orally administered GABA 
has reduced the collagen induced arthritis in mouse model of rheumatoid 
arthritis. T cell from GABA-treated mice had low proliferative responses 
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which may contribute to reduce the severity of rheumatoid arthritis (Tian et 
al., 2011). 

Psoriasis 
It is a chronic inflammatory autoimmune disorder characterized by itching. T 
cells are persistently active and release interferon-γ and IL-17 which can 
induce release of inflammatory mediators from other immune cells in psoria-
sis (Ferenczi et al., 2000; Ghoreschi et al., 2007). The proportion of GABA 
and GABA-A receptors positive immune cells in skin of psoriatic patient 
was increased (Nigam et al., 2010). It indicates altered GABA signalling in 
immune cells in psoriasis.  

Anaesthetics risk  
Anaesthetics are positive allosteric modulators of GABA-A receptors and 
have binding sites on the receptors. It was shown that propofol and thiopen-
tal can inhibit migration and phagocytosis of primary human monocytes and 
this was blocked by bicuculline and picrotoxin (Wheeler et al., 2011). It 
indicates that propofol and thiopental can modulate the immune response 
through GABA-A receptors by inhibiting normal monocyte behaviour which 
may create severe risk of infection in critically ill patient.  

III) GABA signalling and hormonal alterations  
Neurosteroids are the metabolic products of steroid hormones e.g. allopreg-
nanolone is a metabolite of progesterone. As the hormonal levels can fluctu-
ate in the brain and body, the level of neurosteroids will also vary. Physio-
logical condition characterized by fluctuations in hormonal levels such as 
puberty, oestrous cycle, pregnancy, stress, depression can affect the expres-
sion and function of neurosteroid-sensitive receptors including GABA-A 
(major target) and iGlu receptors in the CNS (MacKenzie and Maguire, 
2014; Sedlacek et al., 2008).  

Hormonal fluctuation  
There are differences between men, non-pregnant women, and pregnant 
women in terms of the type and levels of hormones produced in the body. 
Men have low levels of progesterone and estradiol and higher levels of tes-
tosterone than women. Women have fluctuating levels of steroid hormone 
during oestrous cycle while men are more stable. For instance, the concen-
tration of allopregnanolone, a metabolite of progesterone, is higher in luteal 
phase (4 nM) than in follicular phase (1 nM) of oestrous cycle in women 
(Genazzani et al., 1998). Pregnant women have much higher levels of steroid 
hormone and neurosteroids compared to non-pregnant women. As the gesta-
tional weeks progress, levels of estradiol, progesterone and allopregnanolone 
start rising. An increased fetoplacental synthesis of steroids (up to 200 fold) 
with the corresponding increase in neurosteroid levels is essential for suc-
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cessful pregnancy (Luisi et al., 2000). Neurosteroids can be synthesized lo-
cally in the brain, placenta and gonads. In addition to increased hormonal 
levels in pregnancy, immune tolerance is developed towards the partly for-
eign fetus (Erlebacher, 2013; La Rocca et al., 2014). Further, GABA-active 
neurosteroids can be involved in the pathogenesis of depression during preg-
nancy (Hellgren et al., 2014). Persistent stress can suppress immune system 
due to continuous increases in cortisol. 

GABA signalling 
Neurosteroids are allosteric modulators of GABA-A receptors. In nM con-
centrations, neurosteroids potentiate δ containing GABA-A receptors but in 
high concentrations (not physiological), they can modulate and open a wide 
range of receptor subtypes directly without GABA (MacKenzie and 
Maguire, 2014). Fluctuations in neurosteroid levels due to various physio-
logical or pathological conditions can alter the expression and function of 
neurosteroid-sensitive GABA-A receptors at least in the rodent brain 
(MacKenzie and Maguire, 2014; Mody and Maguire, 2011). Progesterone 
and its metabolite allopregnanolone have been shown to affect GABA-A 
receptor subunit composition without affecting the steroid receptors. In the 
pregnancy and postpartum period, changes in neurosteroid concentrations 
are quiet sharp and, thus, GABA-A receptor subunit plasticity is observed in 
the animal brain (MacKenzie and Maguire, 2014). GABA-A receptors in the 
brain can be regulated by steroid hormones but in turn, GABA appears to 
regulate the synthesis of steroid hormones (Mody and Maguire, 2011). 

As the circulating immune cells are also exposed to the fluctuating levels of 
steroids and neurosteroids present in blood, they may influence expression 
and function of iGlu and GABA receptors in immune cells. 

In pathological conditions such as autoimmune disorders (T1D, MS), the 
cellular signalling in immune cells is disrupted (Bhat et al., 2010; Tian et al., 
2014). GABA is implicated for its potential curative properties in these dis-
eases as it inhibits T cells through GABA-A receptors and reduces autoim-
munity (Bhat et al., 2010; Soltani et al., 2011; Tian et al., 2014; Tian et al., 
2004; Tian et al., 2011). Similar to GABA, glutamate also have a role in 
immune functions and iGlu antagonists are implicated in the treatment of 
MS and Alzheimer's disease (Ganor and Levite, 2014). Thus, GABA and 
glutamate signalling systems itself can act as modulators of immune re-
sponses (Bjurstom et al., 2008; Ganor and Levite, 2014). With the 
knowledge from GABA and glutamate signalling in immune cells, it seems 
likely that new approaches including pharmacological modulation of the 
intrinsic GABA and glutamate systems could be developed for better treat-
ments of autoimmune diseases. 
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Aims of the Thesis 

 
The aim of this PhD project was to explore which ionotropic glutamate re-
ceptor and GABA receptor subunits are present in different brain regions and 
in immune cells and if the expression is affected by conditions such as alco-
hol abuse, type of species or physiological differences. 

In this thesis, I investigated following questions:  
 
1) Does chronic excessive alcohol exposure affect expression of iono-

tropic glutamate and/or GABA-A receptor subunits in the hippo-
campal dentate gyrus (HDG), orbitofrontal cortex (OFC), prefrontal 
cortex (PFC), central amygdala (CeA), caudate and putamen of hu-
man brain? 
 

2) Which GABA-A receptor subunits are expressed by T cells? Does 
the expression vary among species? Do the expressed subunits form 
functional channels? 
 

3) Which ionotropic glutamate (iGlu), GABA-A and GABA-B receptor 
subunits are expressed by human PBMCs? Does the expression vary 
according to physiological conditions such as gender, pregnancy and 
depression? 

This project is an effort to investigate the similarities and differences in the 
neuronal cells and immune cells in terms of neurotransmitter receptors ex-
pression, and also, if immune cells are modulated by neurotransmitter. 
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Materials and Methods 

Samples 

Paper I, II, III:  Human postmortem brain samples 
Postmortem human brain samples from the hippocampus dentate gyrus 
(HDG), orbitofrontal cortex (OFC), prefrontal cortex (PFC), central amygda-
la (CeA), caudate and putamen were obtained at the New South Wales Tis-
sue Resource Center (TRC), University of Sydney, Australia. All samples 
were collected by qualified pathologists under full ethical clearance. Indi-
viduals in control group had consumed no or < 20 gm of alcohol/day on 
average whereas the ones with chronic alcohol dependence had consumed > 
80 gm alcohol/day for most of their adult lives. 

Paper IV: Animal and human lymph node samples 
The study was approved by the regional ethics review board in Uppsala. 
Mesenteric lymph nodes were collected from Wistar rats and C57BL/6J 
mice and pancreatic lymph nodes were collected from human adipose tissue 
obtained from cadaver donors (Nordic Islet Transplantation Program, UU). 
Jurkat E6.1 cells were obtained from European Collection of Authenticated 
Cell Cultures (ECACC, Salisbury). 

Paper V, VI: Human blood samples  
The study was approved by the regional ethics review board in Uppsala and 
involves 75 individuals - 16 men and 19 non-pregnant women and 42 preg-
nant women. All individuals were 20 - 43 years old and similar with respect 
to demographic characteristics such as age, BMI, SSRI or nicotine use. 

Pregnant women visited the lab between 36 and 41 gestational weeks. 
Pregnant women scoring ≥ 13 in depression rating scale MADRS-S (Mont-
gomery-Åsberg Depression Rating Scale – Self rated version) or fulfilling 
the criteria for an ongoing depressive or anxiety disorder in MINI (mini in-
ternational neuropsychological interview) were considered as “depressed” 
pregnant women, otherwise, considered as “healthy” pregnant women. There 
were 25 healthy and 15 depressed pregnant women involved in the study. 
Men and non-pregnant women did not undergo MADRS-S and MINI. The 3 
ml venous blood sample was collected in EDTA tubes from all study indi-
viduals. 
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Cell isolation 

Paper IV:  CD4+ and CD8+ T cells 
The single cell suspension obtained by trituration of lymph nodes was treat-
ed with specific antibodies and then with magnetic microbeads (Miltenyi 
Biotec) to isolate CD4+ and CD8+ T cells.  

Paper V, VI:  PBMCs 
PBMCs were isolated from whole blood or buffy coat by density gradient 
centrifugation and stored in RNAlater until mRNA analysis or freshly isolat-
ed PBMCs were used for immunostaining. 

Real-time quantitative RT-PCR 
All the samples were processed to isolate total RNA which was quantified 
with Nanodrop and reverse transcribed into cDNA using Superscript III re-
verse transcriptase (Invitrogen). Real-time qPCRs were performed in a 10 μl 
reaction mixture containing 3 mM MgCl2, 0.3 mM dNTP, 1× PCR buffer, 
1× ROX, 5× SYBR Green I, 0.8 U JumpStart Taq DNA polymerase (Sigma-
Aldrich), 0.4 μM each of forward and reverse primer and 4 μl cDNA. Ampli-
fications were performed in 384 well optical plates using the ABI PRISM 
7900 HT Sequence Detection System (Applied Biosystems) with an initial 
denaturation of 5 min at 95˚C, followed by 45 cycles of 95˚C for 15 s, 60˚C 
for 30 s and 72˚C for 30 s. Amplifications were followed by melt curves.  

RT negative control was done to ensure no genomic DNA contamination 
in the RNA. The primers were designed using NCBI Primer-Blast or 
GETPrime and validated on cDNA from human brain by a melt curve to 
ensure the amplification of a single PCR product and by gel electrophoresis 
to ensure detection of a single band of specific size. The primers covered all 
the transcripts for a particular gene and are listed in the respective papers. 
The SDS 2.4 and RQ Manager 1.2 softwares were used to analyse the cycle 
threshold (Ct) values. The mRNA expression of target genes was normalised 
to one or two reference genes using Data Assist v 2.0 by 2−ΔCt method 
(Schmittgen and Livak, 2008).  

Western Blot 
Protein samples were prepared from cells or brain in lysis buffer and stored 
at -20oC until western blot analysis. Concentration was measured using RC 
DCTM protein assay kit (Biorad) in multiskan ascent plate reader at 750 nm. 
Further, SDS-PAGE was performed on samples, followed by transfer on 
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PVDF membranes. PVDF membranes were incubated with primary antibody 
at 4oC overnight and next day, with 1:10000 diluted HRP-conjugated sec-
ondary antibodies (Jackson lab) for 1 hour at room temperature. The protein 
bands were developed on high performance chemiluminescence film using 
ECLTM detection kit (GE Healthcare). 

Table 4. Primary antibodies against GABA-A receptor subunits 

Primary  
antibody 

Host  
animal 

Specificity 
according 
to provider 

Dilution Mol. Wt 
(kDa) 

Anti - α1-6 Rabbit α1 – 100 % 
α2 – 80 % 
α3 – 71 % 
α4 – 76 % 
α5 – 71 % 
α6 – 55 % 

1:200 51-62 

Anti - α1 Rabbit 100 % 1:1000 52 
Anti - β3 Goat 100 % 1:500 54 
Anti - γ2 Rabbit 100 % 1:500 54 

The specificity of antibody against γ2 subunit was evaluated by pre-
incubating antibody with γ2 peptide to achieve elimination of protein band. 

Immunostaining and confocal microscopy  
We have used suspension cells or cells attached to TESPA (3-tri ethoxy silyl 
propyl amine) coated cover slips for immunostaining. Freshly isolated cells 
were fixed in 4 % paraformaldehyde for 20 minutes, blocked in 5 % bovine 
serum albumin solution for 15 minutes, followed by overnight incubation 
with primary antibody at 4oC. Next day, cells were incubated with secondary 
antibody (Jackson Laboratory) for 1 hour at room temperature followed by 
DAPI (4', 6-diamidino-2-phenylindole) treatment for 5 minutes. Cells were 
dispensed in fluorescent mounting media on slide. The images were acquired 
using confocal microscopes LSM 510 or LSM 700. 

Negative control experiment was performed for Anti - γ2, anti-GluK4, anti-
GluK5, anti-GluN2C and anti-GluN2D antibodies by pre-incubating them 
with their respective control peptide in 1:10 proportion. Additional negative 
control experiment was performed by omitting primary antibody during 
overnight incubation. 
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Table 5. Antibodies against GABA-A and ionotropic glutamate receptor subunits 

Primary  
Antibody 

Host 
animal 

Dilution 
used 

Secondary Antibody 
Fluorophore 

Dilution 
used 

Anti - α1 Rabbit 1:50 DyLightTM 488 1:800 
Anti - α1 Rabbit 1:500 DyLightTM 488 1:800 
Anti – α2 Rabbit 1:500 DyLightTM 488 1:800 
Anti - γ2 Rabbit 1:500 DyLightTM 488 1:800 
Anti - β3 Mouse 1:500 Rhodamine RedTM-X 1:600 
Anti - GluK4 Rabbit 1:300 Alexa Fluor® 488 1:800 
Anti - GluK5 Rabbit 1:300 Alexa Fluor® 488 1:800 
Anti - GluN1 Rabbit 1:300 Alexa Fluor® 488 1:800 
Anti - GluN2C Rabbit 1:300 Alexa Fluor® 488 1:800 
Anti - GluN2D Rabbit 1:300 Alexa Fluor® 488 1:800 

Patch clamp electrophysiology 
The conventional patch-clamp method and Nanion’s Port-a-Patch chip tech-
nology (Nanion, Germany) were used to record the cells suspended in extra-
cellular solution. In the conventional patch-clamp set up, cells were patched 
with glass pipette while in Port-a-Patch set up, cells were placed on a record-
ing chip. For the conventional patch-clamping, symmetrical chloride solu-
tions were used (so the chloride equilibrium potential was 0 mV). For the 
Port-a-Patch, the intracellular solution was adjusted so that resulting chloride 
equilibrium potential was -20 mV. The whole-cell configuration was estab-
lished and currents were recorded at holding potentials of -80 mV or -60 mV 
and +40 mV using Axopatch 200B amplifier, filtered at 2 kHz, digitized on-
line at 10 kHz using an analogue-to-digital converter and analysed with 
pClamp 10.2 software (Molecular Devices). GABA (1 μM / 1 mM) alone 
and with antagonists (100 μM) - SR95531 or bicuculline or picrotoxin was 
applied to the cells to evoke or block GABA induced currents. 

Statistical Analysis  
Data were plotted with GraphPad Prism 6 and statistical analysis was carried 
out using Statistica 11 after omitting the outliers by Tukey test. Normality 
was determined by Shapiro–Wilk normality test. The differences between 
groups were assessed by one-way ANOVA with Bonferroni or turkey post 
hoc test (for parametric data) or by Kruskal–Wallis ANOVA on ranks with 
Dunn’s post hoc test (for non-parametric data). A significant level was set to 
p < 0.05. A general stepwise linear regression model was used to identify 
covariates wherever necessary.  
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Results and Discussion 

Paper I, II, III 
 

Results  

 

In 6 brain regions, the expression pattern of iGlu receptor subunits is 
similar, but not that of GABA-A receptor subunits 
The hippocampus dentate gyrus (HDG), orbitofrontal cortex (OFC), dorso-
lateral prefrontal cortex (DL-PFC), central amygdala (CeA), caudate and 
putamen of human brain consistently expressed 16 GABA-A receptor subu-
nits (α1-6, β1-3, γ1-3, δ, ε, θ, and ρ2) and 15 iGlu receptor subunits (GluA1-
A4, GluK1-K5 and GluN1, N2A-2D, N3A). Expression of π, ρ1, ρ3 and 
GluN3B subunits was variable. In addition to these, central amygdala (CeA), 
caudate and putamen were screened for and expressed GluD1 and GluD2 
subunits. The expression pattern for iGlu and GABA-A receptor subunits in 
control and alcoholic individuals in 6 brain regions is shown in figure 8 and 
9. Note that in figure 8B and 9B the data for expression of GABA-A receptor 
subunits in HDG, OFC and DL-PFC is included from a research article (Jin 
et al., 2011a) from our laboratory for comparison.  
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Figure 8. The expression of iGlu and GABA-A receptor subunits in HDG, OFC, 
DL-PFC, CeA, caudate and putamen of control individuals. The GluD1 and GluD2 
subunits were not screened and the π, ρ1 and ρ3 subunits were not expressed in any 
sample from HDG, OFC and DL-PFC. Data points are mean of normalized mRNA 
expression (mean 2-ΔCt ± SEM). Data for GABA-A receptor subunit expression in 
HDG, OFC and DL-PFC is from (Jin et al., 2011a). 
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Figure 9. The expression of iGlu and GABA-A receptor subunits in HDG, OFC, 
DL-PFC, CeA, caudate and putamen of alcoholic individuals. The GluD1 and 
GluD2 subunits were not screened and the π, ρ1 and ρ3 subunits were not expressed 
in any sample from HDG, OFC and DL-PFC. Data points are mean of normalized 
mRNA expression (mean 2-ΔCt ± SEM). Data for GABA-A receptor subunit expres-
sion in HDG, OFC and DL-PFC is from (Jin et al., 2011a). 
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Table 6. Reference genes used for normalization of mRNA expression in 6 brain 
regions 

Brain  
region 

Reference gene / genes Expression 
stability value,   
           M 

References  

HDG β-actin (ACTB),  
ubiquitin C (UBC) 

0.25 (Johansson 

et al., 2007) 

 

(Kuzmin et 

al., 2009)  

 

(Sarkisyan 

et al., 2015) 

OFC Phosphoglycerate kinase 1 (PGK1), 
peptidyl prolyl isomerase A (PPIA) 

0.13 

DL-PFC β-actin (ACTB),  
ribosomal large P0 (RPLP0) 

0.22 

CeA Phosphoglycerate kinase 1 (PGK1), 
TATA-binding protein (TBP) 

0.29 

Caudate β-actin (ACTB)  0.42 
Putamen β-actin (ACTB) 0.35 

 

The data is normalized to a reference gene or geometric mean of 2 reference 
genes (Table 6). The differences in expression level of reference genes (fig-
ure 10) will change the apparent expression of GABA-A and iGlu receptor 
subunits. To compare the expression pattern of GABA-A and iGlu receptor 
subunits across different regions, the data was thus normalized to prominent-
ly expressed iGlu and GABA-A receptor subunits GluA2 and γ2 respective-
ly, in 6 brain regions (Figure 11 and 12). 

 

 
Figure 10. Geometric means of cycle threshold (Ct) values of 2 reference genes (for 
HDG, OFC, DL-PFC, CeA) or Ct values of a reference gene (ACTB for caudate and 
putamen) mentioned in Table 6 are plotted (as a scatter dot plot with mean and 
SEM). 
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Figure 11. Data in figure 8 for control individuals is normalized to GluA2 and γ2 
subunit in 6 brain regions. 
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Figure 12. Data in figure 9 for control individuals is normalized to GluA2 and γ2 
subunit in 6 brain regions. 

The normalized expression pattern for iGlu receptor subunits is very similar 
in 6 brain regions (Figure 11A and 12A), high expression levels of GluA2 
and GluN1; modest levels of GluA1, GluA3, GluN2B and lower levels of all 
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other subunits. This is in contrast to the expression pattern of the GABA-A 
receptor subunits which vary more in between the brain regions (Figure 11B 
and 12B). The relative expression of α2, α4, α5, δ and γ1 subunits is higher 
in caudate and putamen as compared to other regions. The relative expres-
sion of α5 subunit is lower in OFC and DL-PFC as compared to other re-
gions.  The α1 subunit in OFC and DL-PFC and α2 subunit in HDG, CeA, 
caudate and putamen have the highest expression level among the 6 subunits 
from α family. The β1 and β2 subunits have relatively lower expression in 
CeA as compared to other regions. 

Chronic excessive alcohol consumption altered the expression of specific 
iGlu and GABA-A receptor subunits 
The changes mediated by chronic excessive alcohol consumption in human 
brain are summarized in figure 13. These changes were not affected by the 
age, post-mortem interval (PMI), brain pH, RNA quality indicator (RQI) and 
smoking history of the individuals. 

 

 
Figure 13. A cartoon of human brain showing changes in the expression of iGlu and 
GABA-A receptor subunits mRNAs in 6 brain regions – HDG, OFC, DL-PFC, CeA, 
caudate and putamen by chronic excessive alcohol consumption. Data for GABA-A 
receptor subunit expression in HDG, OFC and DL-PFC is from (Jin et al., 2011a) 
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Discussion 
Acute alcohol application to neurons does decrease AMPA, kainate and 
NMDA currents and enhance GABA-A currents in brain (Gass and Olive, 
2008; Lovinger and Roberto, 2013; Lovinger et al., 1989). Chronic excessive 
alcohol exposure decreases the volumes of the hippocampus, prefrontal cor-
tex, amygdala and ventral striatum in humans and changes the number of 
receptors in the brain of humans and rodents (Alvarez et al., 1989; den 
Heijer et al., 2004; Jernigan et al., 1991; Makris et al., 2008; Medina et al., 
2008; Sullivan et al., 1995; Wrase et al., 2008). Therefore, it is valuable to 
look at the molecular substrates (mRNA, proteins and function) involved in 
these changes in alcoholism. The modulation of mRNA levels gives an in-
clination of what may have changed on functional level.  

Expression pattern for the different iGlu receptor subunits in these 6 brain 
regions was similar whereas that of GABA-A receptor subunits was more 
variable. This may suggest that the subtypes of iGlu receptors formed in the 
brain will have similar composition of subunits and thus, will exert similar 
excitatory activity in these brain regions. In contrast, GABA-A receptor sub-
types in different regions can be expected to vary due to the differential ex-
pression of subunits and thus, different subunits composition in the receptor 
which then lead to variable functional and pharmacological properties. These 
subtypes could be synaptic or extrasynaptic depending on which subunits are 
involved in formation of functional receptor. Relative expression of α4, α5 
and δ subunits is higher in caudate and putamen as compared to other re-
gions which supports prominent levels of extrasynaptic receptors (Jacob et 
al., 2008) giving rise to large tonic currents. This is in accordance with large 
tonic currents observed in dorsal striatal neurons in rodents (Ade et al., 
2008). Tonic inhibition is important in determining the basal excitability 
levels in brain (Semyanov et al., 2004). 

Dorsolateral prefrontal cortex is involved in decision making and short-
term memory processing (Goldstein and Volkow, 2011) and putamen is in-
volved in learning physical skills such as bike riding (Nombela et al., 2013). 
Both of these regions are unaltered in chronic excessive alcohol consump-
tion which probably indicates that processes involved in working and habit-
ual memory are not influenced. Orbitofrontal cortex is a part of prefrontal 
cortex and is involved in decision making and building the expectations. It is 
also known to have hedonic hotspots structures which favour liking for par-
ticular things e.g. sweet, special food, special habits such drinking alcohol 
(Berridge and Kringelbach, 2015). In orbitofrontal cortex, GABA-A subunits 
β2 and δ are downregulated (Jin et al., 2011a) and iGlu subunit GluN3A is 
upregulated in chronic alcoholism. These changes may alter the normal func-
tioning of orbitofrontal cortex. It could be speculated that decrease in δ sub-
unit may decrease in tonic inhibition and thus, may increase basal neuroex-
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citability (Semyanov et al., 2004) which may further enhance liking for al-
cohol drinking. 

Several changes are observed in the hippocampus dentate gyrus, central 
amygdala and caudate which may suggest that chronic excessive alcohol 
consumption may affect memory formation and consolidation. Hippocampus 
is responsible learning and memory (Bird and Burgess, 2008) and amygdala 
is responsible for emotional experiences such as fear, anxiety and love 
(Roozendaal et al., 2009) whereas caudate is involved in processing goal-
directed behaviour (Grahn et al., 2008). All the subunits modulated by 
chronic alcoholism in the hippocampus dentate gyrus are upregulated where-
as the ones modulated in the central amygdala are downregulated. In the 
caudate, some of the subunits are upregulated and some are downregulated 
by chronic alcoholism (Figure 13).  

Ten out of 16 iGlu receptor subunits are upregulated in the hippocampus 
dentate gyrus of alcoholic individuals. Probably, cellular processes such as 
synaptic strength, presynaptic release and neuronal plasticity mediated by 
AMPA (GluA2, GluA3 upregulated), kainate (GluK2, GluK3, GluK5 upreg-
ulated) and NMDA receptors (GluN1, GluN2A, GluN2C, GluN2D, GluN3A 
upregulated), respectively, in the hippocampus are influenced by chronic 
alcohol exposure. Acutely, alcohol inhibits iGlu receptor mediated currents 
and thus neuroexcitability. It is possible that to compensate this inhibition in 
long term alcohol exposure, iGlu receptor subunits are upregulated in HDG. 
These changes will remodel the hippocampal excitability in order to cope up 
with chronic alcoholism. This may further disturb the natural balance be-
tween excitation and inhibition (Remme and Wadman, 2012). To avoid this 
imbalance and to maintain the neural excitability in dynamic range, GABA 
neurotransmitter system also seems to be changed as the upregulation of α1, 
α4, α5, β1 and γ1 subunits is observed in the hippocampus dentate gyrus in 
the postmortem brain of human alcoholics (Jin et al., 2011a). Neither it is 
know which system and which brain region gets affected first by chronic 
alcoholism nor if one system or brain region is affected first and then pro-
motes changes in another.   

Acute effects of alcohol in the amygdala are similar to that in the hippo-
campus. But downregulation in 5 (GluA1, GluA4, Gluk2, GluN2D, GluD2) 
iGlu and 1 (α2) GABA-A receptor subunits in the central amygdala is ob-
served. This is in contrast to the hippocampus dentate gyrus where specific 
subunits are upregulated in response to chronic alcoholism. If this difference 
is due to the functional differences between the hippocampus and the amyg-
dala is not known. Also, in alcoholism, only the basolateral amygdala but not 
the central amygdala has been decreased in volume (Alvarez et al., 1989; 
Wrase et al., 2008). The central amygdala sends and receives projections to 
and from other parts of the amygdala, thalamus and hypothalamus. If the 
changes observed in the central amygdala affect the function of other parts 
of amygdala or other brain regions is not known. In rodents, increased ex-
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pression of GluA1 receptors in the central amygdala facilitates opioid de-
pendence (Cai et al., 2013) and drug seeking behaviour whereas inhibition of 
α2 decreased alcohol dependence (Liu et al., 2011). This in contrast to what 
is observed in the human central amygdala on chronic alcohol exposure 
where GluA1 and α2 expression is reduced in chronic alcoholism. 

The GluN2A, NMDA subunit present in synaptic receptors, is decreased 
in caudate of alcoholics which may indicate decrease in synaptic glutama-
tergic transmission. Alcohol increases release of neurosteroids. The γ1 subu-
nit is sensitive to neurosteroids and thus, may be upregulated in chronic al-
coholism. Though the α4 and α5 subunits have relatively high expression, 
they together with δ subunit form extrasynaptic GABA-A receptors which 
exerts tonic inhibition. Decrease in δ subunit may imply decrease in tonic 
inhibition and thus, increase in basal neuronal excitability (Semyanov et al., 
2004) which may contribute to increase in goal directed behaviours such as 
drug seeking (Goodman and Packard, 2016). Altered gene expression in 
caudate due to chronic alcoholism may underlie caudate mediated increase 
in compulsive alcohol-seeking behavior in alcoholics and probably could 
explain the initial steps in progression of alcoholism (Cuzon Carlson et al., 
2011; Lovinger and Roberto, 2013).  

Several genes encoding iGlu and GABA-A receptor subunits have been re-
ported to carry polymorphism in chronic alcoholics e.g. GluK1, GluN1, 
GluN2A, GluN2B, α2 (strong association), α6, γ1, γ2, γ3, ρ1 and ρ2 (Table 
2). How these polymorphisms contribute in promoting or favouring alcohol-
ism is not known. 

The receptors involved in excitatory neurotransmission may be similar 
across different brain regions, while the type of inhibitory neurotransmission 
may modulate the fine balance between excitatory and inhibitory neuro-
transmission in normal healthy human brain. Modulation of expression of 
iGlu and GABA-A receptors in alcoholism was strictly brain region specific 
and hippocampus dentate gyrus is strongly affected brain region in chronic 
alcoholism. The altered mRNA expression of specific iGlu and GABA-A 
receptor subunits due to chronic excessive alcohol consumption may point 
towards the molecular substrates underlying the new balance between the 
excitatory and inhibitory neurotransmission in alcoholism. Further, altered 
GABA system may drive changes in glutamate system (or vice versa) to 
avoid inhibitory-excitatory imbalance and to maintain network activity in 
alcoholism (Remme and Wadman, 2012; Yizhar et al., 2011). 
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Paper IV  
Results  

Different subtypes of GABA-A receptors are expressed in human, mouse 
and rat T lymphocytes 
The CD4+ and CD8+ T cells obtained from lymph nodes of humans, mice 
and rats and Jurkat cells were examined for the expression of GABA-A re-
ceptor subunits. The mRNAs for 5, 8 and 13 different GABA-A receptor 
subunits were detected in human, mouse and rat CD4+ and CD8+ T cells, 
respectively. Human T cells expressed α1, α5, β1, π and ρ2 subunits and 
mouse T cells expressed α2, α3, α5, β2, β3, γ1, γ2 and δ subunits whereas rat 
T cells expressed α1, α2, α3, α4, α6, β2, β3, γ1, θ, π, ρ1, ρ2 and ρ3. The ex-
pression levels were identical in CD4+ and CD8+ T cells. The Jurkat cells 
expressed mRNAs for 9 (α1, α3, α5, α6, β1, β2, β3, π and ρ2) GABA-A 
receptor subunits. It was noticeable that only mice T cells expressed the γ2 
mRNA. These results indicate that T cells have the subunits to form GABA-
A receptors. GABA-A receptor subunit proteins were detected using West-
ern blot analysis (Bhandage, 2011). Antibodies against α(1−6) or α1 and β3 
subunits were used to detect bands in protein lysate from rat CD4+ and CD8+ 
T cells and in Jurkat cells. In addition to those, γ2 subunit protein was de-
tected in mouse T cells. The GABA-A receptor subunit proteins were im-
munostained in the T cells. The α1, α2, β3 subunits were localised in rat T 
cells; the α2 and γ2 subunit in mouse T cells and similarly, α1 in human T 
cells. The staining pattern of α1 and β3 subunit in Jurkat cells was a diffused 
rather than punctate as observed in other cells. The γ2 protein bands and 
immunostaining in T cells were successfully blocked using the γ2 control 
peptide. T cells have small volume of cytoplasm but large nucleus, location 
of subunit staining was not differentiated between cytoplasm and membrane. 
Functional GABA-A receptors were expressed in the T cells as GABA 
evoked transient and tonic currents were recorded in the rat T cells and 
Jurkat cells using the patch-clamp technique.   

Discussion 

The GABA-A receptor subunits expression varied between species. Since 
GABA-A receptors are assumed to have similar function in different species, 
the results indicate that the physiological environment in the animals influ-
ences which subunits of GABA-A receptors will be expressed in the cells. 
Different subunit composition in different species confer different functional 
properties and pharmacology to GABA-A receptor channels (Olsen and 
Sieghart, 2008). Interestingly, only mouse T cells, but not rat and human 
cells, expressed the γ2 subunit which confers benzodiazepine sensitivity. 
Functional GABA-A receptors may depolarise the membrane and modulate 
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physiological processes in T cells such cytokine production, proliferation by 
reducing the Ca2+ entry in the cell by affecting opening or closing of CRAC 
or VGCC.   

Paper V, VI  

Results 

The iGlu, GABA-A and GABA-B receptors subunits and chloride 
transporters are expressed in human peripheral blood mononuclear cells 
and the expression is altered by gender, pregnancy and mental health 
The 18 iGlu, 19 GABA-A, 2 GABA-B receptors subunits and 6 chloride 
transporters were examined in PBMCs for the presence of mRNA and the 
results are summarized in figure 14.  

 
Figure 14. Summary of mRNAs expressed in PBMCs. The mRNAs are shown into 
2 groups, one that were expressed in more than 55 % and another that were ex-
pressed in less than 41 %. 

It is important to note that all of iGlu subunit mRNAs reported previously 
were detected by semi-quantitative PCR. Here, for the first time, all 18 iGlu 
subunits were examined for presence of mRNA in the PBMCs by real time 
quantitative PCR. Out of 18 iGlu receptors subunits, mRNAs for 12 subunits 
were detected in the PBMCs (Nowak, 2015; Williamsson, 2015). The 
GluA3, GluK4, GluK5, GluN1, GluN2C, GluN2D, GluN3A, GluN3B and 
GluD1 subunits were expressed in ≥ 80 % samples whereas only few sam-
ples expressed the GluA4, GluK2 and GluD2 subunits. The mRNAs for 
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GluK4, GluK5, GluN2C and GluN2D subunits were expressed at higher 
levels than other subunits.   

Out of 19 GABA-A receptors subunits, mRNAs for 14 subunits were de-
tected in the PBMCs. The β1, β2, δ and ρ2 were expressed in 67-93 % sam-
ples and α6, γ2 and ε were expressed in 23-40 % samples whereas only few 
samples expressed α2, α3, α4, α5, γ1, γ3 and ρ3 subunits. The mRNAs for ρ2 
subunit was expressed at higher level than other subunits. 

Only one (GABA-B1) out of two GABA-B receptor subunits is expressed 
in the PBMCs. Similarly, 4 chloride transporters (NKCC1, KCC1, KCC3 
and KCC4) out 6 examined were expressed. The GABA-B2, NKCC2 and 
KCC2 were not expressed in any sample. The expression levels of GABA-
B1 and chloride transporters were greater than that of GABA-A and iGlu 
receptor subunits. The level of expression is related to the type of function of 
the receptors. E.g. GABA-B receptors are G-protein coupled receptors and 
participate in intracellular signalling, whereas iGlu and GABA-A receptors 
are ion channels and regulate membrane potential. Chloride transporters are 
required in setting the [Cl−]i  in the cells. The expression levels that were 
quantified for iGlu, GABA-A and GABA-B receptor subunits and chloride 
transporters correlate with this theory. 

The expression is compared among four distinct groups: men, non-
pregnant women, healthy pregnant women and depressed pregnant women 
and results are summarized in Table 7. 

Table 7. A summary of changes in expression of iGlu, GABA-A and GABA-B recep-
tors subunits and chloride transporters mRNAs by gender, pregnancy and depres-
sion in PBMCs. Arrows pointing up or down indicate increased or decreased mRNA 
expression level or number of individuals respectively. 

Changes 

Gender 
 

Men - women 

Pregnancy 
 

Men and women - 
pregnant women 

Depression 
 

Healthy - depressed 
pregnant women 

↓ δ  
GluA3, GluK4, 
NKCC1, KCC4  

GluN2D, ε  

↑ GluD1, α6, γ2 GluN2D, δ, ε,ρ2   β1, GABA-B1  

Despite of several research articles available about iGlu receptors in human 
immune cells, only GluA3 and GluN1 subunit were shown to express on 
protein level (Ganor et al., 2003; Miglio et al., 2005). Here, along with 
GluN1 subunit, other subunits - GluK4, GluK5, GluN2C and GluN2D were 
also examined for presence of immunostaining. PBMCs immunolabeled with 
antibodies against GluK4, GluK5, GluN1, GluN2C and GluN2D subunits 
were positively stained and this staining was successfully blocked by pre-
incubating antibodies with their respective control peptide. The results are 
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very novel in the field and shows cellular localisation of specific iGlu recep-
tor subunit proteins in human PBMCs.  

Discussion 
In the paper IV, interspecies differences in the expression of GABA-A    
receptors subunits in T cells were observed. Here, it is examined that if there 
are any detectable differences in the mRNAs of iGlu, GABA-A, GABA-B 
receptors subunits and chloride transporters in peripheral blood mononuclear 
cells (PBMCs) due to gender and physiological state such as pregnancy and 
mental health in humans. Human PBMCs expressed various subunits of iGlu 
and GABA-A receptors which means they have the necessary material make 
functional AMPA, kainate, NMDA and GABA-A channels. Localisation of 
iGlu subunit proteins (GluK4, GluK5, GluN1, GluN2C and GluN2D) re-
vealed that mRNAs are translated into proteins. In paper IV, GABA-A subu-
nits α1 and β3 subunit proteins were also localised in human T cells and 
Jurkat T cells. Among GABA-B receptor subunits, human PBMCs only 
expressed GABA-B1 subunit. If GABA-B1 subunit alone can form a func-
tional GABA-B receptor in immune cells is not known. PBMCs expressed 
specific chloride transporter supporting a tight control over [Cl−]i. 

Men, non-pregnant and pregnant women have differences in the type and 
amount of hormones produced in the body which suggests that humans differ 
in normal physiology depending on the condition they are in. Depression 
further complicates the scenario. As the circulating immune cells are also 
exposed to the fluctuating levels of steroids and neurosteroids present in 
blood, they may influence expression and function of iGlu and GABA recep-
tors on immune cells. The results are consistent with that the mRNA expres-
sion is changed by gender, pregnancy and depression during pregnancy (Ta-
ble 7). Gender altered the expression of α6, γ2 (benzodiazepine sensitive), δ 
(steroid sensitive) and GluD1 subunits. Pregnancy increased the expression 
of δ, ε, ρ2, GluN2D and decreased the expression of GluA3, GluK4, NKCC1 
and KCC4 in comparison to non-pregnant individuals. A decrease recorded 
in NKCC1 and KCC4 expression indicates differential regulation of Cl− in 
immune cells in pregnant women. Specially, a significant decrease observed 
in NKCC1 could suggest a corresponding decrease in [Cl−]i as compared to 
PBMCs from non-pregnant individuals. This would alter the ECl

− and thus, 
the depolarising action of GABA on PBMCs in pregnant women resulting in 
altered immune functions. These changes in immune cells during pregnancy 
might have a role in development of immune tolerance toward partly foreign 
fetus in maternal placenta. Further, depression during pregnancy increased 
β1, GABA-B1 but decreased GluN2D expression in comparison to healthy 
pregnant women. It is possible that β1, GABA-B1 and GluN2D may be used 
as a biomarker for depression in pregnant women. 
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How the subunits combine to form functional channels and how the chan-
nels can be modulated is well studied in neurons. But in immune cells, these 
subunits may form receptors in different fashion and might have different 
function and modulation. So far, there are no studies in immune cells 
demonstrating which subunits can form a functional receptor. It is likely that 
the subunits from iGlu, GABA-A and GABA-B families can combine with 
subunits from their own family. But how they interact with other ion chan-
nels like potassium channels, voltage gated calcium channels (VGCC), cal-
cium release activated calcium channels (CRAC) in immune cells remains to 
be studied. However, functional AMPA, NMDA and GABA-A receptors 
have been reported in immune cells (Bjurstom et al., 2008; Ganor et al., 
2003; Lombardi et al., 2001; Miglio et al., 2005; Tian et al., 1999) and they 
affect immune functions such as proliferation, cytokine secretion, migration 
by themselves or through the KV1.3 and KCa3.1 channels (Kahlfuss et al., 
2014; Poulopoulou et al., 2005; Simma et al., 2014), but the detailed mecha-
nisms are not known. If these channels on circulating immune cells remain 
open or get desensitized on exposure to the physiological concentration of 
glutamate (260-290 uM) (Schmidt et al., 2016) and GABA (100 nM) (Li et 
al., 2015) in the blood is also not known today. 

 
Figure 15. Representation of immune cell equipped with various ion channels and 
transporters. The components that are studied in detail in my thesis are iGlu, GABA-
A and GABA-B receptor subunits and chloride transporters in human PBMCs. 
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Conclusion 

In this PhD thesis, I have compared and contrasted the expression of       
glutamate and GABA receptor subunits in the brain and immune cells and 
how it may be altered by physiological conditions. 

Paper I, II, III 
The hippocampus dentate gyrus (HDG), orbitofrontal cortex (OFC), dorso-
lateral prefrontal cortex (DL-PFC), central amygdala (CeA), caudate and 
putamen of the human brain expressed iGlu and GABA-A receptor subunits. 
The expression pattern for the iGlu receptor subunits in the different brain 
regions was similar while that for the GABA-A receptor subunits was more 
variable. Thus, the types of excitatory neurotransmission are likely to be 
similar across different brain regions whereas the types of inhibitory neuro-
transmission may be more variable. 

Chronic excessive alcohol consumption altered expression of specific   
iGlu and/or GABA-A receptor subunits in specific brain regions: HDG, 
CeA, caudate and OFC but not in PFC and putamen. Changes in one neuro-
transmitter system may drive a change in the other to avoid excitatory-
inhibitory imbalance and to maintain network activity in alcoholism. The 
changes in the brain of alcoholics were more prevalent in the areas associat-
ed with  formation of new memories. 

Paper IV 
The CD4+ and CD8+ T cells from human, rat and mouse expressed mRNA 
and protein for specific GABA-A receptor subunits. GABA-evoked GABA-
A currents demonstrate functional GABA-A channel in T lymphocytes. Var-
iations in subunit expression indicate that GABA-A channel subtypes in T 
cells may have different properties in different species. This needs to be 
considered when planning animal models for human diseases. Modulation of 
the GABA signalling system in the immune cells may provide new targets 
for drug discovery programs.  

Paper V, VI 
PBMCs from men, non-pregnant women, healthy and depressed pregnant 
women expressed specific iGlu, GABA-A, GABA-B receptor subunits and 
chloride transporters indicating that they have necessary material to form 
functional channels. The expression was regulated by gender, pregnancy and 
depression which support the idea of physiology-driven changes in neuronal 
receptor subtypes in the immune cells. 
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