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1. ABSTRACT

As a well-known inhibitory neurotransmitter
in the central nervous system, gamma-aminobutyric
acid also has critical roles in immune system. Immune
cells (e.g., lymphocytes, macrophages) express the
components of GABAergic system, including GABA
receptors, GABA ftransporters, and GABA metabolic
enzymes. The functions of immune cells are highly
impacted on GABA signaling. GABAergic components
negatively regulate the immune responses, particularly
the T cell-mediated immunity, via their effects on
production of pro-inflammatory cytokines and activation
of signal pathways, like mitogen-activated protein
kinase and nuclear factor-kappaB pathways. These
results may indicate that GABAergic components
provide a new therapeutic approach for inflammatory
and autoimmune diseases, such as experimental
autoimmune encephalomyelitis, multiple sclerosis, and
inflammatory bowel diseases.

2. INTRODUCTION

Gamma-aminobutyric acid (GABA) is
distributed widely among plants and animals. GABA acts
as an key inhibitory neurotransmitter in the mammalian
cells (1). GABA mainly exists in the central nervous
system (CNS). Generally, the concentration of GABA is
the highest in the substantia nigra compacta (13.8.10.8.
umol g) and the lowest in spinal cord (0.8.£0.0.2 ymol
g") (2). The process of GABA synthesis from glutamate
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needs glutamate decarboxylase (GAD), which includes
two isoforms: GAD65 and GAD67 (3). GAD65 and
GADG67 differ in gene distribution and have diverse
functions (4-6).Upon release, GABA exerts its functions
through binding to its receptors, including GABA,,
GABA, and GABA_ receptors (7). Recently, GABA,
receptor is regarded as a subclass of GABA, receptors
by International Union of Pharmacology Committee
(8). GABA signaling in synaptic cleft is terminated by
the reuptake of excessive GABA via high-affinity GABA
transporters (GATs) namely, GAT-1, GAT-2, GAT-3 and
betaine-GABA transporter (BGT-1). These transporters
exist in presynaptic membranes. After uptake, GABA
is catabolized by GABA transaminases (GABA-T)
(1,7) (Figure 1). GAT-1 and GAT-3 are abundantly
expressed in the CNS, while GAT-2 and BGT-1 are
found in tissues such as liver, kidney and intestine
(9). Thus, GABAergic system mainly includes GAD,
GABA-T, GATs, GABA, and GABA receptors.

GABA leads to reduction of blood pressure,
reduces stress, and promotes sleep. Levels of GABA
correlate with both obesity and multiple necrosis (10-
15). Recent research highlights the immunological
function of GABA, indicating a crosstalk between
nervous system and immune system (16). Indeed, T
cells express many neurotransmitter receptors, and
their expressions are regulated by T cell receptor (TCR)
activation, cytokines, or neurotransmitters themselves
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Figure 1. The formation and transmission of GABA signaling at the synapse. There are two pathways to synthesize GABA. Pathway 1: GABA is produced
from Glu directly which is catalyzed by GAD65 or GAD67. Pathway 2: GABA is synthesized from TCA produced Glu, which is only catalyzed by GAD67.
Once GABA released, it exerts its effects through its receptors, mainly GABA, and GABA, receptors. GABA, receptor is ionotropic receptor, which opens
its integral Cl- channel after binding to GABA, whereas GABA, receptor is G protein-coupled metabotropic receptor. GABA, receptor negatively acts
on presynaptic voltage-activated Ca?* channels, but positively acts on postsynaptic inwardly rectifying K* channels. GABA signaling in synaptic cleft is
terminated by the reuptake of excessive GABA via high-affinity GATs located in presynaptic membrane. GIn: glutamine; Glu: glutamate; PAG: phosphate-
activated glutaminase; TCA: tricarboxylic acid cycle; GAT: GABA transporter; GAD: glutamate decarboxylase.

(17). GABAis present in immune cells (i.e., monocytes
and macrophages) (18). In addition to GABA, the
other components of GABAergic system are found in
immune cells. Therefore, effects of GABAergic system
on immunological function are discussed in this review
with a view focusing on GABA, GABA receptors and
GATs.

3. THE INTERACTION BETWEEN GATS AND
CYTOKINES

GATs are expressed in different immunocytes
following immune system activation and cytokine
production, presumably leading to increased
reuptake of extracellular GABA (7,19) (Table 1). Pro-
inflammatory cytokines regulate the expression of
GATs (Table 2). GAT-1 and GAT-3 are expressed in
neuronal cells and glial cells, respectively, and are
mainly involved in the maintenance of extracellular
GABA levels and the regulation of GABA, receptor-
mediated postsynaptic tonic and phasic inhibition in
the CNS (20,21). Neuro-inflammation enhances the
membrane expression of GAT-3, which is induced by
increased level of interleukin (IL)-18 (22). Similarly,
IL-18 and tumor necrosis factor (TNF)-a up-regulate
the expression of GAT-1 and GAT-3 via the mitogen-
activated protein kinase (MAPK) (23). Similarly, the
occlusion of middle cerebral artery up-regulates the
expression of GAT-1 and GAT-3 via IL-1B or TNF-a
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receptor (24). Indeed, inhibition of IL-1B or TNF-a
receptor attenuates the expression of GAT-1 and GAT-
3 (23). Interestingly, increased level of IL-6 also up-
regulates the expression of GAT-1 and GAT-3 (23).
GAT-2 expression in macrophages is induced by
interferon (IFN)-y (25).

In addition to re-uptake the excessive GABA
from synaptic cleft, GATs still play an important role
in production of cytokines. Recently, GATs have been
reported to modulate the production of cytokines and
proliferation of T cells (26). Thus, GATs can shape
the pathogenesis of inflammatory diseases. In mouse
model of experimental autoimmune encephalomyelitis
(EAE), GAT-1 deficient (GAT-17) mice have higher
expression of pro-inflammatory cytokines, like IFN-y,
IL-23, TNF-q, IL-17, and IL-6, compared to wild type
mice (27). CD4* T cells from GAT-1" mice show higher
levels of IL-2 than those from wild type mice (28).
These results indicate that GAT-1 negatively regulates
the expression of pro-inflammatory cytokines in EAE.
GAT-2 has a profound effect on accumulation of copper
in oysters (29). Excess copper induces the generation
of reactive oxygen species (ROS) (30), resulting in
tissue damage and production of pro-inflammatory
cytokines (31-33). These studies suggest that GAT-
2 may be associated with the expression of pro-
inflammatory cytokines. Furthermore, the expression
of BGT-1 is found in the platelets, which indicates that
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Table1. The distribution of GABAergic components in immune cells

GABAergic components Immunocytes Function References
GAD65 DCs' (high), Macrophages (low) Modulatlon of GABA concentration when these (19)
immune cells are stimulated
Human peripheral monocytes, Human Production of plasmatic GABA by peripheral
GADG67 ) (7)
activated lymphocytes lymphocytes
Functional GAT-1 and GAT-2 | Human activated lymphocytes GABA transportation (7)
GAT-1 Antigen-activated T cells Negative regulation in the activation and survival @7
of T-cells
Macrophages, T cells, Activated human _Reuptake of GABA from the extracellular space
GAT-2 : into the (19)
peripheral monocytes
cytosol
GABA-T Macrophages, CD4" T GABA catabolism (19), 27)
cells, Peripheral human monocytes
Functional GABA, receptor Neutrophils Chemoattractant receptor to induce the migration (56), (57)

of neutrophils

Functional GABA, receptor

T cells, Macrophages, DCs

Inhibition in the proliferation immune cells and the
production of proinflammatory cytokines

(19), (43), (53), (69)

Specific GABA, receptor subunits

€, y1, a1, a2, a3, B1, B2, B32 | Macrophages (19), (45), (53), (47)
v1, a1, B2, 23 Monocytes (83), (47)

a3, a4, 8, ¢, al, B2, B3 PBMC (47)

at, a2, B1, B2, vy3,d CD4* T cell (NOD mice) (69)

al, a2, a3, o4, a6, B3, y1,
5, p1,p2

CD4* T cell, CD8" T cell (Wistar rats)

@

at, B2, 283

CD8" T cell

(53), (69), (47)

at, B2, B3

Irradiated B-cells

(47)

"The expression of GADG5 is high in the dendritic cells, but low in the macrophages. 233 subunit is expressed at negligible levels in immune cells. GABA:
gamma-aminobutyric acid; GAD: glutamate decarboxylase; GAT: GABA transporter; GABA-T: GABA transaminase; DC: dendritic cell; PBMC: peripheral

blood mononuclear cell.

Table 2. The regulation of cytokines in the expression of GATs

Cytokines and cytokine antagonist GATs GAT expression level Reference
IL-1B GAT-1 and GAT-3 Up-regulation (23), (24)
IL-6 GAT-1 and GAT-3 Up-regulation (23), (24)
TNF-a GAT-1 and GAT-3 Up-regulation (23), (24)
IFN-y GAT-2 Up-regulation (25)

IL-1B antagonist GAT-1 and GAT-3 Down-regulation (23), (24)
IL-6 antagonist GAT-1 and GAT-3 No effect (23), (24)
TNF-a antagonist GAT-1 and GAT-3 Down-regulation (23), (24)

IL-1B, IL-6 and TNF-a up-regulate the expression of GAT-1 and GAT-3 during inflammation, while IL-1B and TNF-a antagonist down-regulate the
expression of GAT-1 and GAT-3. IL-6 antagonist has little effect on the expression of GAT-1 and GAT-3.

BGT-1

regulates the aggregation/anti-aggregation

effects of platelets because GABA analogues inhibit
signal transduction and thromboxane A2 formation in
human platelets (34,35). More detail investigations in
the function of BGT-1 in inflammation are needed.

4. GABA RECEPTORS AND IMMUNITY
There mainly are two types of neuronal

GABA receptors-GABA, receptor and GABA,
receptor. GABA, receptor (ionotropic receptor) is a
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ligand-gated ion channel, which opens its integral CI-
channel after binding to GABA (8,36-40) (Figure 1).
GABA, receptor (metabotropic receptor) is G protein-
coupled receptor, which negatively acts on presynaptic
voltage-activated Ca?* channel, but positively acts on
postsynaptic inwardly rectifying K* channel (8,36-40)
(Figure 1). At low concentration of GABA, GABA,
receptor is recruited to increase acetylcholine releases
and propulsive activities. At high concentration of
GABA, GABA, receptor is activated to decrease
acetylcholine releases and peristaltic activities (41).

© 1996-2017
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GABA, and GABA, receptors play a compelling role
in inflammation.

In  humans, GABA, receptor includes
numerous subunit isoforms, including a(1-6), B(1-
3), y(1-3), &, €, 6, m, andp(1-3), however, the most
common type of GABA, receptor is a,B,y, in the
brain(42). These subunits are expressed in different
immune cells (Table 1). GABA, receptor plays an
important role in anti-inflammation via inhibiting
the expression of inflammatory cytokines (8). For
example, the functional GABA, receptor is found in
CD4* T cells and macrophages, and GABA, receptor
inhibits the proliferation of antigen-specific T cells and
the production of IL-6, IL-12, inducible nitric oxide
synthase (iNOS), IL-1B, and TNF-a from CD4* T cells
and macrophages (43-45). GABA or GABA, receptor
agonist inhibits the immune responses of immune
cells to stimulation, including cytotoxic immune
responses, cutaneous delayed-type hypersensitivity
(DTH) (19,43,46,47). Honokiol (HNK, a GABA,
receptor modulator) alleviates the inflammatory
arthritis and allergic asthma via its effects on the
expression of cytokines (47,48). Endogenous GABA
tonically inhibits the plasma level of IL-6 via both
GABA, and GABA, receptors, and plasma level of IL-
1B through GABA, receptor (49,50). TNF-a induces
the endocytosis of GABA, receptor in mice and high
concentration of TNF-a up-regulates the expression
of GABA, receptor (51,52). It has been found that
GABA, receptor is expressed in alveolar macrophages
but not in neutrophils, and the activation of GABA,
receptor inhibits lipopolysaccharide (LPS)-induced
release of TNF-a and IL-6 from alveolar macrophages
(83). Furthermore, increased GABA, receptor and
GADG65/67 reduce lung inflammation in LPS-induced
lung injury in rats (54).

GABA, receptor consists of B1 and B2
subunits, and it is generally accepted that B1a/B2
heterodimer localizes in the presynaptic neurons,
while B1b/B2 localizes in the postsynaptic neurons
(55). GABA, receptor is expressed in neutrophils,
and acts as chemoattractant receptor, which has
significant roles in inflammatory responses (56).
In  zymosan-induced arthritis, GABA, receptor
participates in neutrophil migration to the knee joint,
which may attribute to spinal activation of p38 MAPK
(57). Likewise, baclofen (GABA; receptors agonist)
prevents loss of the expression of GABA, receptor
after acute lung injury, and significantly inhibits
the release of TNF-a and IL-1 receptor accessory
protein (IL-1R AcP), while concurrently promotes the
apoptosis of neutrophils in the bronchoalveolar lavage
(58). The up-regulation and functional augmentation
of GABA, receptor by cytokines and immune activities
may serve as a protective factor against the excitotoxic
neuroinflammation (59). For example, baclofen exerts
anti-inflammatory properties at specific doses through
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inhibition in toll-like receptor (TLR) 4-induced activation
of nuclear factor-kappaB (NF-kB) and induction of pro-
inflammatory cytokines (60). Activation of TLR4 on
microglia causes the release of IL-18, which in turn
suppresses the activities of GABAergic system (61).
GABA, receptor acts as a potential new therapeutic
target to treat inflammatory skin diseases (62).

From above discussion, pharmacological
modulation of GABA, receptor or GABA, receptor
may provide a new approach to modulate immune
responses in inflammatory and autoimmune diseases
(43,57).

5. EFFECTS OF GABA ON T CELL IMMUNITY
AND AUTOIMMUNE DISEASE

5.1. GABA-mediated T cell immunity

T cells have key function in the development
of many autoimmune diseases (63). The survival and
function of T cells not only rely on glucose, but also
depend on amino acids (63,64). Indeed, T cells have
a functional GABAergic system, which may operate
as a modulator of T-cell activation (7). Depletion of
glutamine (participates in the synthesis of GABA) in the
culture medium blocks the proliferation and cytokine
production of T cells (65). GABA s not only an inhibitory
neurotransmitter, but also an immunomodulatory.
Stimulated mouse macrophages and T cells produce
high levels of GABA (19,66). GABA is involved in the
proliferation of T cells and the production of cytokines,
which inhibits the proinflammatory T cell responses,
butincreases the regulatory T cell numbers (43,67-70).
GABA inhibits TCR-mediated T cell cycle progression
in vitro (69). Furthermore, GABAergic agents directly
affect the function of antigen-presenting cells (APCs)
via GABA, receptor, and the phosphorylation of MAPK
to inhibit the production of inflammatory cytokines from
T cells during inflammation (19). GABA inhibits Th1cell
—mediated-DTH responses in vivo (43).

In addition, there are a lot of reports that
GABA s involved in the T cell immunity via GATs, GABA
receptors. For example, GAT-1 is only expressed on
the activated T cells primed with antigens, and GAT-
1 down-regulates the proliferation of CD4* T cell
has been proved (27,28). These findings indicate
that GAT-1 is a critical modulator in T cell-mediated
immune responses (27,28). GABA, receptor inhibits
T cell responses to antigen both in vitro and in vivo
probably through the interference with the TCR/CD3-
gated signal pathway and IL-2 gene expression (43).
Currently, it has been known that the GABA, receptor
subunits are expressed in the CD4* T cells and the
CD8* T cells, and this functional channel modulates
the proliferation of T cell (71). In turn, activation of T
cells increases the expression of at least one GABA,
receptor subunit (69).

© 1996-2017
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Table 3. The distribution and function of GABAergic components in autoimmune diseases

A_ut0|mmune Tissue and cells GABAergic Function References
diseases components
T1D B-cells GABA, receptors Formation of autocrine GABA signaling system (81)
GABA Promotion in the growth and survival of B-cell (81)
GAD65/GAD67 Destruction of pancreatic B cells (78-80)
MS (EAE) Plasma GABA, GAD Reduced GABA concentration and GAD activity in blood (15)
Spinal cord GAT-1 Reduced expression of GAT-1 (27)
Activated T cells GAT-1 Regulation in T cell-mediated immune responses in EAE (27)
Hippocampus, Sensorimotor GABA Correlation W|_th reduced motor function of the (74)
cortex contralateral limbs
T2D ?(llsﬁ):ytes, Macrophages and GABA, receptors Prevention of obesity (84)
RA DCs GABA, receptors Inhibition in the secretion of IL-6 (85)

T1D: type 1 diabetes; MS: multiple sclerosis; EAE: experimental autoimmune encephalomyelitis; T2D: type 2 diabetes; RA: rheumatoid arthritis.

5.2. GABA plays an important role in autoimmune
diseases

GABA not only plays an inhibitory effect in the
nervous system, but also has a parallel inhibition in the
immune system, especially in autoimmune diseases.
GABA is a pivotal modulator in autoimmune diseases.
This review summarizes the roles of GABA in multiple
sclerosis (MS), type 1 diabetes (T1D) and the other
common autoimmune diseases (Table 3).

MS is a chronic disorder of the CNS that
leads to demyelination and neurodegeneration (72).
EAE is mediated by autoaggressive MHC class II-
restricted antigen-specific CD4* effector T cells (Th1
and Th17) (27,73). Its etiology is related to reduced
level of plasma GABA, and activities of GAD (15).
Reduced level of GABA is found in hippocampus
and sensorimotor cortex in patients with secondary
progressive MS, and the lower concentration of
GABA correlates with reduced motor function of the
contralateral limbs (74), suggesting that modulation of
GABA neurotransmission may be an important target
for neuroprotection in MS. Compared to wild type mice,
GAT-1"mice develop more aggravated EAE because
of increased expression of pro-inflammatory cytokines
in GAT-1" mice (27). In T cells, GAT-1 deficiency
results in increasing cell cycle entry and reducing
apoptosis, and it is also related to greater activation
of the NF-kB pathway, which causes the production
of pro-inflammatory cytokines (75). These findings
indicate that GAT-1 plays negative regulation in T cells
and protective roles against EAE.

T1D is a common autoimmune disease
characterized by insulitis, loss of islet B-cells, as well
as the increase in autoreactive CD4* and CD8"* T cells
(76,77). Pancreatic B cells widely express GADG65/
GADG67, which is a target of early T cell autoimmune,
leading to the destruction of pancreatic 8 cells in non-
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obese diabetic (NOD) mice (78-80). Pancreatic 3 cells
also express GABA, receptor, and secrete GABA to
form an autocrine GABA signaling system (81-83).
Furthermore, secreted GABA alleviates the disease
by causing membrane depolarization in B-cells, which
leads to the opening of voltage-dependent calcium
channels (VDCCs) and the activation of the Ca?-
dependent PI3K/Akt signaling pathway (81). Ithas been
found that GABA induces the proliferation of 8 cells, and
protects the apoptosis of B cells through inactivation
of NF-kB in both lymphocytes and islet cells (75,76).
Some studies have reported that the treatment with
rapamycin and GABA has a protective effect against
T1D via two distinct mechanisms-rapamycin induced
regulatory T cells and GABA improved islet function
(77). Collectively, these results suggest that GABA has
an important protective function against T1D.

In addition to T1D, it has been showed
that GABA, through activation of its GABA, receptor
on adipocytes, macrophages and T cells, prevents
obesity and alleviates of T2D in clinic application (84).
Beyond that, baclofen mitigates collagen-induced
arthritis (CIA), which has some features of rheumatoid
arthritis  (RA), through reducing the number of
Th17 cell and the secretion of IL-6 by dendritic cells
(DCs) (75,85). Moreover, the therapy through GABA
signaling is demonstrated to be beneficial to decrease
the inflammation in some dermatitis (62,75,86).

Summarily, all components of GABAergic
system are related to autoimmune diseases, and
modulation of GABAergic system could regulate the
pathogenesis of various proinflammatory diseases
and autoimmune diseases.

6. CONCLUSION

This review outlines the effects of GABAergic
system in immune system, especially about T cell
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mediated responses. GABAergic components are
not only expressed in the neurons, but also in the
immunocytes, such as lymphocytes, macrophages
and DCs. GABA signaling is involved in the modulation
of immune responses, mainly through negative
regulation in the proliferation of T cells and the
production of pro-inflammatory cytokines by down-
regulation of some relevant signaling pathways (e.g.,
MAPK and NF-kB pathway). Thus, GABAergic system
has great potentials to inhibit inflammatory responses.
These findings indicate that the components of
GABAergic system have a pharmacological effect and
can be a new therapeutic target for inflammatory and
autoimmune diseases.

7. ACKNOWLEDGMENTS

The authors declare no any conflicts of
interests. Our profound admiration and respect go to
researchers in this field and in our laboratories, for their
dedication and hard work. We apologize to scientists
who work in this field if their papers are not cited owing
to space limitations. This study is supported by the
earmarked fund for China Agriculture Research System
(Beef/Yak Cattle, CARS-38), Chongging Science &
Technology Commission (cstc2015shmszx8022).

8. REFERENCES

1. P. Redecker: Immunoreactivity for multiple
GABA transporters (GAT-1, GAT-2, GAT-3) in
the gerbil pineal gland. Neurosci Lett, 266,
117-120 (1999)
DOI: 10.1016/S0304-3940(99)00268-2

2. U. Tossman, G. Jonsson and U. Ungerstedt:
Regional distribution and extracellular levels
of amino acids in rat central nervous system.
Acta Physiol Scand, 127, 533-545 (1986)
DOI: 10.1111/j.1748-1716.1986.tb07938.x

3. A.B. Walls, E. M. Eyjolfsson, O. B. Smeland,
L. H. Nilsen, I. Schousboe, A. Schousboe,
U. Sonnewald and H. S. Waagepetersen:
Knockout of GAD65 has major impact on
synaptic GABA synthesized from astrocyte-
derived glutamine. J Cereb Blood Flow
Metab, 31, 494-503 (2011)
DOI: 10.1038/jcbfm.2010.115

4. M.G.Erlander,N.J.Tillakaratne, S. Feldblum,
N. Patel and A. J. Tobin: Two genes encode
distinct glutamate decarboxylases. Neuron,
7,91-100 (1991)

DOI: 10.1016/0896-6273(91)90077-D

5. M. Esclapez, N. J. Tillakaratne, D. L.
Kaufman, A. J. Tobin and C. R. Houser:
Comparative localization of two forms of

1167

10.

1.

12.

13.

glutamic acid decarboxylase and their
mRNAs in rat brain supports the concept of
functional differences between the forms. J
Neurosci, 14, 1834-1855 (1994)

S. Feldblum, M. G. Erlander and A. J. Tobin:
Different distributions of GAD65 and GAD67
mRNAs suggest that the two glutamate
decarboxylases play distinctive functional
roles. J Neurosci Res, 34, 689-706 (1993)
DOI: 10.1002/jnr.490340612

L. Dionisio, D. R. M. Jose, C. Bouzat and M.
C. Esandi: An intrinsic GABAergic system in
human lymphocytes. Neuropharmacology,
60, 513-519 (2011)

DOI: 10.1016/j.neuropharm.2010.11.007

M. Auteri, M. G. Zizzo and R. Serio: GABA
and GABA receptors in the gastrointestinal
tract: from motility to inflammation. Pharmacol
Res, 93, 11-21 (2015)

DOI: 10.1016/j.phrs.2014.12.001

B. Christiansen, A. K. Meinild, A. A. Jensen
and H. Brauner-Osborne: Cloning and
characterization of a functional human
gamma-aminobutyric acid (GABA)
transporter, human GAT-2. J Biol Chem, 282,
19331-19341 (2007)

DOI: 10.1074/jbc.M702111200

P. Ma, T. Li, F. Ji, H. Wang and J. Pang:
Effect of GABA on blood pressure and blood
dynamics of anesthetic rats. Int J Clin Exp
Med, 8, 14296-14302 (2015)

C. Sandoval-Salazar, J. Ramirez-Emiliano,
A. Trejo-Bahena, C. I. Oviedo-Solis and
M. S. Solis-Ortiz: A high-fat diet decreases
GABA concentration in the frontal cortex and
hippocampus of rats. Biol Res, 49, 15 (2016)
DOI: 10.1186/s40659-016-0075-6

K. B. Hong, Y. Park and H. J. Suh: Sleep-
promoting effects of a GABA/5-HTP mixture:
Behavioral changes and neuromodulation in
an invertebrate model. Life Sci, 150, 42-49
(2016)

DOI: 10.1016/j.1fs.2016.02.086

H. Nakamura, T. Takishima, T. Kometani and
H. Yokogoshi: Psychological stress-reducing
effect of chocolate enriched with gamma-
aminobutyric acid (GABA) in humans:
assessment of stress using heart rate
variability and salivary chromogranin A. Int J
Food Sci Nutr, 60 Suppl 5, 106-113 (2009)
DOI: 10.1080/09637480802558508

© 1996-2017


http://dx.doi.org/10.1016/S0304-3940(99)00268-2
http://dx.doi.org/10.1111/j.1748-1716.1986.tb07938.x
http://dx.doi.org/10.1038/jcbfm.2010.115
http://dx.doi.org/10.1016/0896-6273(91)90077-D
http://dx.doi.org/10.1002/jnr.490340612
http://dx.doi.org/10.1016/j.neuropharm.2010.11.007
http://dx.doi.org/10.1016/j.neuropharm.2010.11.007
http://dx.doi.org/10.1016/j.phrs.2014.12.001
http://dx.doi.org/10.1074/jbc.M702111200
http://dx.doi.org/10.1186/s40659-016-0075-6
http://dx.doi.org/10.1016/j.lfs.2016.02.086
http://dx.doi.org/10.1080/09637480802558508

GABAergic system and immunity

14

15.

16.

17.

18.

19.

20.

21.

22.

. A. Sarup, O. M. Larsson and A. Schousboe:
GABA transporters and GABA-transaminase
as drug targets. Curr Drug Targets CNS
Neurol Disord, 2, 269-277 (2003)

DOI: 10.2174/1568007033482788

E. V. Demakova, V. P. Korobov and L.
M. Lemkina: [Determination of gamma-
aminobutyric acid concentration and activity
of glutamate decarboxylase in blood serum
of patients with multiple sclerosis]. Klin Lab
Diagn, 15-17 (2003)

R. Franco, R. Pacheco, C. Lluis, G. P. Ahern
and P. J. OConnell: The emergence of
neurotransmitters as immune modulators.
Trends Immunol, 28, 400-407 (2007)

DOI: 10.1016/}.it.2007.07.005

M. Levite: Neurotransmitters activate T-cells
and elicitcrucial functions via neurotransmitter
receptors. Curr Opin Pharmacol, 8, 460-471
(2008)

DOI: 10.1016/j.coph.2008.05.001

D. J. Stuckey, D. C. Anthony, J. P. Lowe, J.
Miller, W. M. Palm, P. Styles, V. H. Perry,
A. M. Blamire and N. R. Sibson: Detection
of the inhibitory neurotransmitter GABA
in macrophages by magnetic resonance
spectroscopy. J Leukoc Biol, 78, 393-400
(2005)

DOI: 10.1189/jlb.1203604

R. Bhat, R. Axtell, A. Mitra, M. Miranda, C.
Lock, R. W. Tsien and L. Steinman: Inhibitory
role for GABA in autoimmune inflammation.
Proc Natl Acad Sci U S A, 107, 2580-2585
(2010)

DOI: 10.1073/pnas.0915139107

S. B. Schleimer, T. Hinton, G. Dixon and G.
A. Johnston: GABA transporters GAT-1 and
GAT-3 in the human dorsolateral prefrontal
cortexin schizophrenia. Neuropsychobiology,
50, 226-230 (2004)

DOI: 10.1159/000079975

X. T. Jin, A. Galvan, T. Wichmann and Y.
Smith: Localization and Function of GABA
Transporters GAT-1 and GAT-3 in the Basal
Ganglia. Front Syst Neurosci, 5, 63 (2011)
DOI: 10.3389/fnsys.2011.00063

V. Hernandez-Rabaza, A. Cabrera-Pastor,
L. Taoro-Gonzalez, A. Gonzalez-Usano, A.
Agusti, T. Balzano, M. Llansola and V. Felipo:
Neuroinflammation increases GABAergic
tone and impairs cognitive and motor

1168

23.

24,

25.

26.

27.

28.

29.

function in hyperammonemia by increasing
GAT-3 membrane expression. Reversal by
sulforaphane by promoting M2 polarization
of microglia. J Neuroinflammation, 13, 83
(2016)

DOI: 10.1186/s12974-016-0549-z

J. Su, J. Yin, W. Qin, S. Sha, J. Xu and C.
Jiang: Role for pro-inflammatory cytokines in
regulating expression of GABA transporter
type 1 and 3 in specific brain regions of kainic
acid-induced status epilepticus. Neurochem
Res, 40, 621-627 (2015)

DOI: 10.1007/s11064-014-1504-y

C. Y. Fu, X. Y. He, X. F. Li, X. Zhang, Z.
W. Huang, J. Li, M. Chen and C. Z. Duan:
Nefiracetam Attenuates Pro-Inflammatory
Cytokines and GABA Transporter in Specific
Brain Regions of Rats with Post-Ischemic
Seizures. Cell Physiol Biochem, 37, 2023-
2031 (2015)

DOI: 10.1159/000438562

A. M. Paul, W. G. Branton, J. G. Walsh, M. J.
Polyak, J. Q. Lu, G. B. Baker and C. Power:
GABA transport and neuroinflammation are
coupled in multiple sclerosis: regulation of
the GABA transporter-2 by ganaxolone.
Neuroscience, 273, 24-38 (2014)

DOI: 10.1016/j.neuroscience.2014.04.037

Z. Jin, S. K. Mendu and B. Birnir: GABA is
an effective immunomodulatory molecule.
Amino Acids, 45, 87-94 (2013)

DOI: 10.1007/s00726-011-1193-7

Y. Wang, D. Feng, G. Liu, Q. Luo, Y. Xu, S.
Lin, J. Fei and L. Xu: Gamma-aminobutyric
acid transporter 1 negatively regulates
T cell-mediated immune responses and
ameliorates autoimmune inflammation in the
CNS. J Immunol, 181, 8226-8236 (2008)
DOI: 10.4049/jimmunol.181.12.8226

Y. Wang, Q. Luo, Y. Xu, D. Feng, J. Fei, Q.
Cheng and L. Xu: Gamma-aminobutyric
acid transporter 1 negatively regulates T
cell activation and survival through protein
kinase C-dependent signaling pathways. J
Immunol, 183, 3488-3495 (2009)

DOI: 10.4049/jimmunol.0900767

B. Shi, Z. Huang, X. Xiang, M. Huang, W. X.
Wang and C. Ke: Transcriptome analysis of the
keyrole of GAT2 geneinthe hyper-accumulation
of copper in the oyster Crassostrea angulata.
Sci Rep, 5, 17751 (2015)
DOI: 10.1038/srep17751

© 1996-2017


http://dx.doi.org/10.2174/1568007033482788
http://dx.doi.org/10.1016/j.it.2007.07.005
http://dx.doi.org/10.1016/j.coph.2008.05.001
http://dx.doi.org/10.1189/jlb.1203604
http://dx.doi.org/10.1073/pnas.0915139107
http://dx.doi.org/10.1159/000079975
http://dx.doi.org/10.3389/fnsys.2011.00063
http://dx.doi.org/10.1186/s12974-016-0549-z
http://dx.doi.org/10.1007/s11064-014-1504-y
http://dx.doi.org/10.1159/000438562
http://dx.doi.org/10.1016/j.neuroscience.2014.04.037
http://dx.doi.org/10.1007/s00726-011-1193-7
http://dx.doi.org/10.4049/jimmunol.181.12.8226
http://dx.doi.org/10.4049/jimmunol.0900767
http://dx.doi.org/10.1038/srep17751

GABAergic system and immunity

30.

31.

32.

33.

34.

35.

36.

37.

38.

C.Manzl, J. Enrich, H. Ebner, R. Dallinger and
G. Krumschnabel: Copper-induced formation
of reactive oxygen species causes cell death
and disruption of calcium homeostasis in
trout hepatocytes. Toxicology, 196, 57-64
(2004)

DOI: 10.1016/j.tox.2003.11.001

H. L. Yang, S. C. Chen, K. K. Senthil, K. N.
Yu, C. P. Lee, S. Y. Tsai, Y. C. Hou and Y.
C. Hseu: Antioxidant and anti-inflammatory
potential of hesperetin metabolites obtained
from hesperetin-administered rat serum: an
ex vivo approach. J Agric Food Chem, 60,
522-532 (2012)

DOI: 10.1021/jf2040675

C.H.Huang,M.L.Yang, C.H.Tsai,Y.C.Li,Y.J.
LinandY. H. Kuan: Ginkgo bilobaleaves extract
(EGb 761) attenuates lipopolysaccharide-
induced acute lung injury via inhibition of
oxidative stress and NF-kappaB-dependent
matrix metalloproteinase-9 pathway.
Phytomedicine, 20, 303-309 (2013)

DOI: 10.1016/j.phymed.2012.11.004

E. H. Roma, J. P. Macedo, G. R. Goes, J.
L. Goncalves, W. Castro, D. Cisalpino and L.
Q. Vieira: Impact of reactive oxygen species
(ROS) on the control of parasite loads and
inflammation in Leishmania amazonensis
infection. Parasit Vectors, 9, 193 (2016)
DOI: 10.1186/s13071-016-1472-y

S. Rainesalo, T. Keranen, P. Saransaari
and J. Honkaniemi: GABA and glutamate
transporters are expressed in human
platelets. Brain Res Mol Brain Res, 141, 161-
165 (2005)

DOI: 10.1016/j.molbrainres.2005.08.013

C. F. Pan, M. Y. Shen, C. J. Wu, G. Hsiao,
D. S. Chou and J. R. Sheu: Inhibitory
mechanisms of gabapentin, an antiseizure
drug, on platelet aggregation. J Pharm
Pharmacol, 59, 1255-1261 (2007)

DOI: 10.1211/jpp.59.9.0010

R. W. Olsen and A. J. Tobin: Molecular
biology of GABAA receptors. FASEB J, 4,
1469-1480 (1990)

R. L. Macdonald and R. W. Olsen: GABAA
receptor channels. Annu Rev Neurosci, 17,
569-602 (1994)

DOI: 10.1146/annurev.ne.17.030194.003033

H. Luddens, E. R. Korpi and P. H.
Seeburg: GABAA/benzodiazepine receptor

1169

39.

40.

41.

42.

43.

44.

45.

46.

47

heterogeneity: neurophysiological implications.
Neuropharmacology, 34, 245-254 (1995)
DOI: 10.1016/0028-3908(94)00158-0O

N. G. Bowery: GABAB receptor
pharmacology. Annu Rev Pharmacol Toxicol,
33, 109-147 (1993)

DOI: 10.1146/annurev.pa.33.040193.000545

M. P. Castelli, A. Ingianni, E. Stefanini and G.
L. Gessa: Distribution of GABA(B) receptor
mRNAs in the rat brain and peripheral
organs. Life Sci, 64, 1321-1328 (1999)
DOI: 10.1016/S0024-3205(99)00067-3

M. Auteri, M. G. Zizzo, M. Mastropaolo and
R. Serio: Opposite role played by GABAA
and GABAB receptors in the modulation of
peristaltic activity in mouse distal colon. Eur
J Pharmacol, 731, 93-99 (2014)

DOI: 10.1016/j.ejphar.2014.03.003

B. Forstera, P. A. Castro, G. Moraga-Cid
and L. G. Aguayo: Potentiation of Gamma
Aminobutyric Acid Receptors (GABAAR)
by Ethanol: How Are Inhibitory Receptors
Affected? Front Cell Neurosci, 10, 114 (2016)
DOI: 10.3389/fncel.2016.00114

J.Tian,C.Chau, T.G.HalesandD.L.Kaufman:
GABA(A) receptors mediate inhibition of T
cell responses. J Neuroimmunol, 96, 21-28
(1999)

DOI: 10.1016/S0165-5728(98)00264-1

D. Han, H. Y. Kim, H. J. Lee, |. Shim and D.
H. Hahm: Wound healing activity of gamma-
aminobutyric Acid (GABA) in rats. J Microbiol
Biotechnol, 17, 1661-1669 (2007)

M. G. Reyes-Garcia, F. Hernandez-
Hernandez, B. Hernandez-Tellez and
F. Garcia-Tamayo: GABA (A) receptor
subunits RNA expression in mice peritoneal
macrophages modulate their IL-6/IL-12
production. J Neuroimmunol, 188, 64-68
(2007)

DOI: 10.1016/j.jneuroim.2007.05.013

M. Bergeret, M. Khrestchatisky, E.
Tremblay, A. Bernard, A. Gregoire and C.
Chany: GABA modulates cytotoxicity of
immunocompetent cells expressing GABAA
receptor subunits. Biomed Pharmacother,
52, 214-219 (1998)

DOI: 10.1016/S0753-3322(98)80019-X

. S. Alam, D. L. Laughton, A. Walding and A.
J. Wolstenholme: Human peripheral blood

© 1996-2017


http://dx.doi.org/10.1016/j.tox.2003.11.001
http://dx.doi.org/10.1021/jf2040675
http://dx.doi.org/10.1016/j.phymed.2012.11.004
http://dx.doi.org/10.1186/s13071-016-1472-y
http://dx.doi.org/10.1016/j.molbrainres.2005.08.013
http://dx.doi.org/10.1211/jpp.59.9.0010
http://dx.doi.org/10.1211/jpp.59.9.0010
http://dx.doi.org/10.1146/annurev.ne.17.030194.003033
DOI: 10.1016/0028-3908(94)00158-O
http://dx.doi.org/10.1146/annurev.pa.33.040193.000545
http://dx.doi.org/10.1016/S0024-3205(99)00067-3
http://dx.doi.org/10.1016/j.ejphar.2014.03.003
http://dx.doi.org/10.3389/fncel.2016.00114
http://dx.doi.org/10.1016/S0165-5728(98)00264-1
http://dx.doi.org/10.1016/j.jneuroim.2007.05.013
http://dx.doi.org/10.1016/S0753-3322(98)80019-X

GABAergic system and immunity

48.

49.

50.

51.

52.

53.

54.

mononuclear cells express GABAA receptor
subunits. Mol Immunol, 43, 1432-1442
(2006)

DOI: 10.1016/j.molimm.2005.07.025

M. E. Munroe, T. R. Businga, J. N. Kline and
G. A. Bishop: Anti-inflammatory effects of
the neurotransmitter agonist Honokiol in a
mouse model of allergic asthma. J Immunol,
185, 5586-5597 (2010)

DOI: 10.4049/jimmunol.1000630

D. K. Song, H. W. Suh, S. O. Huh, J. S. Jung,
B. M. |hn, I. G. Choi and Y. H. Kim: Central
GABAA and GABAB receptor modulation
of basal and stress-induced plasma
interleukin-6 levels in mice. J Pharmacol Exp
Ther, 287, 144-149 (1998)

R. Serantes, F. Arnalich, M. Figueroa, M.
Salinas, E. Andres-Mateos, R. Codoceo, J.
Renart, C. Matute, C. Cavada, A. Cuadrado
and C. Montiel: Interleukin-1beta enhances
GABAA receptor cell-surface expression
by a phosphatidylinositol 3-kinase/Akt
pathway: relevance to sepsis-associated
encephalopathy. J Biol Chem, 281, 14632-
14643 (2006)

DOI: 10.1074/jbc.M512489200

H. Pribiag and D. Stellwagen: TNF-alpha
downregulates inhibitory neurotransmission
through protein phosphatase 1-dependent
trafficking of GABA(A) receptors. J Neurosci,
33, 15879-15893 (2013)

DOI: 10.1523/JNEUROSCI.0530-13.2013

E. D. Stuck, R. N. Christensen, J. R. Huie,
C. A. Tovar, B. A. Miller, Y. S. Nout, J. C.
Bresnahan, M. S. Beattie and A. R. Ferguson:
Tumor necrosis factor alpha mediates
GABA(A) receptor trafficking to the plasma
membrane of spinal cord neurons in vivo.
Neural Plast, 2012, 261345 (2012)

DOI: 10.1155/2012/261345

R. D. Sanders, A. Godlee, T. Fujimori, J.
Goulding, G. Xin, S. Salek-Ardakani, R. J.
Snelgrove, D. Ma, M. Maze and T. Hussell:
Benzodiazepine augmented gamma-amino-
butyric acid signaling increases mortality
from pneumonia in mice. Crit Care Med, 41,
1627-1636 (2013)

DOI: 10.1097/CCM.0b013e31827c0c8d

S. Fortis, P. M. Spieth, W. Y. Lu, M. Parotto,
J. J. Haitsma, A. S. Slutsky, N. Zhong, C. D.
Mazer and H. Zhang: Effects of anesthetic
regimes on inflammatory responses in a rat

1170

55.

56.

57.

58.

59.

60.

61.

model of acute lung injury. Intensive Care
Med, 38, 1548-1555 (2012)
DOI: 10.1007/s00134-012-2610-4

C. F. Heaney and J. W. Kinney: Role of
GABA(B) receptors in learning and memory
and neurological disorders.  Neurosci
Biobehav Rev, 63, 1-28 (2016)

DOI: 10.1016/j.neubiorev.2016.01.007

M. J. Rane, D. Gozal, W. Butt, E. Gozal, W.
J. Pierce, S. Z. Guo, R. Wu, A. D. Goldbart,
V. Thongboonkerd, K. R. McLeish and J.
B. Klein: Gamma-amino butyric acid type B
receptors stimulate neutrophil chemotaxis
during ischemia-reperfusion. J Immunol,
174, 7242-7249 (2005)

DOI: 10.4049/jimmunol.174.11.7242

G. S. Bassi, C. M. D. Do, T. M. Cunha, F. Q.
Cunha and A. Kanashiro: Spinal GABA-B
receptor modulates neutrophil recruitment to
the knee joint in zymosan-induced arthritis.
Naunyn Schmiedebergs Arch Pharmacol,
389, 851-861 (2016)

DOI: 10.1007/s00210-016-1248-0

S. Jin, M. L. Merchant, J. D. Ritzenthaler,
K. R. McLeish, E. D. Lederer, E. Torres-
Gonzalez, M. Fraig, M. T. Barati, A. B.
Lentsch, J. Roman, J. B. Kleinand M. J. Rane:
Baclofen, a GABABR agonist, ameliorates
immune-complex mediated acute lung injury
by modulating pro-inflammatory mediators.
PLoS One, 10, €121637 (2015)

DOI: 10.1371/journal.pone.0121637

T. Crowley, J. F. Cryan, E. J. Downer and
O. F. O'Leary: Inhibiting neuroinflammation:
The role and therapeutic potential of GABA
in neuro-immune interactions. Brain Behav
Immun, 54, 260-277 (2016)

DOI: 10.1016/j.bbi.2016.02.001

T. Crowley, J. M. Fitzpatrick, T. Kuijper,
J. F. Cryan, O. O’'Toole, O. F. O’Leary and
E. J. Downer: Modulation of TLR3/TLR4
inflammatory signaling by the GABAB
receptor agonist baclofen in glia and immune
cells: relevance to therapeutic effects in
multiple sclerosis. Front Cell Neurosci, 9,
284 (2015)

DOI: 10.3389/fncel.2015.00284

X.Yan, E. Jiang and H. R. Weng: Activation of
toll like receptor 4 attenuates GABA synthesis
and postsynaptic GABA receptor activities
in the spinal dorsal horn via releasing
interleukin-1 beta. J Neuroinflammation, 12,

© 1996-2017


http://dx.doi.org/10.1016/j.molimm.2005.07.025
http://dx.doi.org/10.4049/jimmunol.1000630
http://dx.doi.org/10.1074/jbc.M512489200
http://dx.doi.org/10.1523/JNEUROSCI.0530-13.2013
http://dx.doi.org/10.1155/2012/261345
http://dx.doi.org/10.1097/CCM.0b013e31827c0c8d
http://dx.doi.org/10.1007/s00134-012-2610-4
http://dx.doi.org/10.1016/j.neubiorev.2016.01.007
http://dx.doi.org/10.4049/jimmunol.174.11.7242
http://dx.doi.org/10.1007/s00210-016-1248-0
http://dx.doi.org/10.1371/journal.pone.0121637
http://dx.doi.org/10.1016/j.bbi.2016.02.001
http://dx.doi.org/10.3389/fncel.2015.00284

GABAergic system and immunity

62.

63.

64.

65.

66.

67.

68.

69.

222 (2015)
DOI: 10.1186/512974-014-0222-3

B. Duthey, A. Hubner, S. Diehl, S. Boehncke,
J. Pfeffer and W. H. Boehncke: Anti-
inflammatory effects of the GABA(B) receptor
agonist baclofen in allergic contact dermatitis.
Exp Dermatol, 19, 661-666 (2010)

DOI: 10.1111/j.1600-0625.2010.01076.x

C. H. Chang and E. L. Pearce: Emerging
concepts of T cell metabolism as a target of
immunotherapy. Nat Immunol, 17, 364-368
(2016)

DOI: 10.1038/ni.3415

W. Ren, J. Yin, J. Duan, G. Liu, B. Tan, G.
Yang, G. Wu, F. W. Bazer, Y. Peng and Y. Yin:
mTORC1 signaling and IL-17 expression:
Defining pathways and possible therapeutic
targets. Eur J Immunol, 46, 291-299 (2016)
DOI: 10.1002/€ji.201545886

L. Berod, C. Friedrich, A. Nandan, J. Freitag,
S. Hagemann, K. Harmrolfs, A. Sandouk, C.
Hesse, C. N. Castro, H. Bahre, S. K. Tschirner,
N. Gorinski, M. Gohmert, C. T. Mayer, J.
Huehn, E. Ponimaskin, W. R. Abraham, R.
Muller, M. Lochner and T. Sparwasser: De
novo fatty acid synthesis controls the fate
between regulatory T and T helper 17 cells.
Nat Med, 20, 1327-1333 (2014)

DOI: 10.1038/nm.3704

H. Shiratsuchi, Y. Kouatli, G. X. Yu, H. M. Marsh
and M. D. Basson: Propofol inhibits pressure-
stimulated macrophage phagocytosis via
the GABAA receptor and dysregulation of
p130cas phosphorylation. Am J Physiol Cell
Physiol, 296, C1400-C1410 (2009)

DOI: 10.1152/ajpcell.00345.2008

H. Bjurstom, J. Wang, |. Ericsson, M.
Bengtsson, Y. Liu, S. Kumar-Mendu, S.
Issazadeh-Navikas and B. Birnir: GABA, a
natural immunomodulator of T lymphocytes.
J Neuroimmunol, 205, 44-50 (2008)

DOI: 10.1016/j.jneuroim.2008.08.017

G. J. PrudHomme, Y. Glinka, C. Hasilo,
S. Paraskevas, X. Li and Q. Wang: GABA
protects human islet cells against the
deleterious effects of immunosuppressive
drugs and exerts immunoinhibitory effects
alone. Transplantation, 96, 616-623 (2013)
DOI: 10.1097/TP.0b013e31829c24be

J.Tian,Y.Lu,H.Zhang, C.H.Chau,H.N.Dang
and D. L. Kaufman: Gamma-aminobutyric

1171

70.

71.

72.

73.

74.

75.

acid inhibits T cell autoimmunity and the
development of inflammatory responses in
a mouse type 1 diabetes model. J Immunol,
173, 5298-5304 (2004)

DOI: 10.4049/jimmunol.173.8.5298

N. Soltani, H. Qiu, M. Aleksic, Y. Glinka, F.
Zhao, R. Liu, Y. Li, N. Zhang, R. Chakrabarti,
T. Ng, T. Jin, H. Zhang, W. Y. Lu, Z. P. Feng,
G. J. PrudHomme and Q. Wang: GABA
exerts protective and regenerative effects
on islet beta cells and reverses diabetes.
Proc Natl Acad Sci U S A, 108, 11692-11697
(2011)

DOI: 10.1073/pnas.1102715108

S. K. Mendu, L. Akesson, Z. Jin, A. Edlund,
C. Cilio, A. Lernmark and B. Birnir: Increased
GABA(A) channel subunits expression
in CD8(+) but not in CD4(+) T cells in BB
rats developing diabetes compared to their
congenic littermates. Mol Immunol, 48, 399-
407 (2011)

DOI: 10.1016/j.molimm.2010.08.005

H. Prinsen, R. A. de Graaf, G. F. Mason,
D. Pelletier and C. Juchem: Reproducibility
measurement of glutathione, GABA, and
glutamate: Towards in vivo neurochemical
profiing of multiple sclerosis with MR
spectroscopy at 7T. J Magn Reson Imaging
(2016)

DOI: 10.1002/jmri.25356

L. E. Potter, J. W. Paylor, J. S. Suh, G. Tenorio,
J. Caliaperumal, F. Colbourne, G. Baker, I.
Winship and B. J. Kerr: Altered excitatory-
inhibitory balance within somatosensory
cortex is associated with enhanced plasticity
and pain sensitivity in a mouse model of
multiple sclerosis. J Neuroinflammation, 13,
142 (2016)

DOI: 10.1186/s12974-016-0609-4

N. Cawley, B. S. Solanky, N. Muhlert, C. Tur,
R. A. Edden, C. A. Wheeler-Kingshott, D.
H. Miller, A. J. Thompson and O. Ciccarelli:
Reduced gamma-aminobutyric acid
concentration is associated with physical
disability in progressive multiple sclerosis.
Brain, 138, 2584-2595 (2015)

DOI: 10.1093/brain/awv209

G. J. Prud’Homme, Y. Glinka and Q. Wang:
Immunological GABAergic interactions and
therapeutic applications in autoimmune
diseases. Autoimmun Rev, 14, 1048-1056
(2015)

DOI: 10.1016/j.autrev.2015.07.011

© 1996-2017


http://dx.doi.org/10.1186/s12974-014-0222-3
http://dx.doi.org/10.1111/j.1600-0625.2010.01076.x
http://dx.doi.org/10.1038/ni.3415
http://dx.doi.org/10.1002/eji.201545886
http://dx.doi.org/10.1038/nm.3704
http://dx.doi.org/10.1152/ajpcell.00345.2008
http://dx.doi.org/10.1016/j.jneuroim.2008.08.017
http://dx.doi.org/10.1097/TP.0b013e31829c24be
http://dx.doi.org/10.4049/jimmunol.173.8.5298
http://dx.doi.org/10.1073/pnas.1102715108
http://dx.doi.org/10.1016/j.molimm.2010.08.005
http://dx.doi.org/10.1002/jmri.25356
http://dx.doi.org/10.1186/s12974-016-0609-4
http://dx.doi.org/10.1093/brain/awv209
http://dx.doi.org/10.1016/j.autrev.2015.07.011

GABAergic system and immunity

76. D. Dayal, M. Samprati, N. Kaur, R. W. Minz
and D. Jayaraman: Prevalence of Beta-Cell,
Thyroid and Celiac Autoimmunity in North
Indian Children with Recent Onset Type 1
Diabetes (T1D). J Clin Diagn Res, 9, M1-M2
(2015)

DOI: 10.7860/jcdr/2015/11960.5711

77. S. He, Y. Zhang, D. Wang, K. Tao, S. Zhang,

L. Wei and Q. Chen: Rapamycin/GABA

combination treatment ameliorates diabetes

in NOD mice. Mol Immunol, 73, 130-137

(2016)

DOI: 10.1016/j.molimm.2016.01.008

78. E. Adeghate and A. S. Ponery: GABA in the

endocrine pancreas: cellular localization and

function in normal and diabetic rats. Tissue

Cell, 34, 1-6 (2002)

DOI: 10.1054/tice.2002.0217

79. S. F. Kash, B. G. Condie and S. Baekkeskov:

Glutamate decarboxylase and GABA in

pancreatic islets: lessons from knock-out

mice. Horm Metab Res, 31, 340-344 (1999)

DOI: 10.1055/s-2007-978750

80. E. A. Phelps, C. Cianciaruso, |. P. Michael,

M. Pasquier, J. Kanaani, R. Nano, V.

Lavallard, N. Billestrup, J. A. Hubbell and

S. Baekkeskov: Aberrant accumulation of

the diabetes autoantigen GADG65 in Golgi

membranes in conditions of ER stress and

autoimmunity. Diabetes (2016)

DOI: 10.2337/db16-0180

81. N. Soltani, H. Qiu, M. Aleksic, Y. Glinka, F.

Zhao, R. Liu, Y. Li, N. Zhang, R. Chakrabarti,

T. Ng, T. Jin, H. Zhang, W. Y. Lu, Z. P. Feng,

G. J. PrudHomme and Q. Wang: GABA

exerts protective and regenerative effects

on islet beta cells and reverses diabetes.

Proc Natl Acad Sci U S A, 108, 11692-11697

(2011)

DOI: 10.1073/pnas.1102715108

82. M. Braun, R. Ramracheya, M. Bengtsson,

A. Clark, J. N. Walker, P. R. Johnson and

P. Rorsman: Gamma-aminobutyric acid

(GABA) is an autocrine excitatory transmitter

in human pancreatic beta-cells. Diabetes,

59, 1694-1701 (2010)

DOI: 10.2337/db09-0797

83. H. Dong, M. Kumar, Y. Zhang, A.
Gyulkhandanyan, Y. Y. Xiang, B. Ye, J.
Perrella, A. Hyder, N. Zhang, M. Wheeler, W.
Y. Lu and Q. Wang: Gamma-aminobutyric
acid up- and downregulates insulin secretion

1172

from beta cells in concert with changes in
glucose concentration. Diabetologia, 49,
697-705 (2006)
DOI: 10.1007/s00125-005-0123-1
84. J. Tian, H. N. Dang, J. Yong, W. S. Chui,
M. P. Dizon, C. K. Yaw and D. L. Kaufman:
Oral treatment with gamma-aminobutyric
acid improves glucose tolerance and insulin
sensitivity by inhibiting inflammation in high
fat diet-fed mice. PLoS One, 6, 25338
(2011)
DOI: 10.1371/journal.pone.0025338
85. S. Huang, J. Mao, B. Wei and G. Pei: The
anti-spasticity drug baclofen alleviates
collagen-induced arthritis and regulates
dendritic cells. J Cell Physiol, 230, 1438-
1447 (2015)
DOI: 10.1002/jcp.24884
86. S. T. Boyd, L. Mihm and N. W. Causey:
Improvement in psoriasis following treatment
with gabapentin and pregabalin. Am J Clin
Dermatol, 9, 419 (2008)
DOI: 10.2165/0128071-200809060-00012

Abbreviations: APC: antigen-presenting cell;
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dendritic cell; DTH: delayed-type hypersensitivity;
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transaminase; GAD: glutamate decarboxylase;
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activated protein kinase; MS: multiple sclerosis;
NF-kB: nuclear factor-kappaB; NOD: non-obese
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cell receptor; TLR: toll-like receptor; TNF: tumor
necrosis factor; VDCC: voltage-dependent
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