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Abstract

Gamma-aminobutyric acid (GABA) is involved in the proliferation, differentiation, and migration  
of several cell types including cancer cells.  Whether GABA may be involved with acute lymphoblastic 
leukemia (ALL) is unclear.  Therefore, the goal of this report was to examine if GABAergic signaling 
expression is altered in bone marrow lymphocytes of ALL children.  RT-PCR and western blot analysis  
were used to examine the expression of the GABA synthetizing enzyme glutamic acid decarboxylase 
(GAD) isoforms (GAD65 and GAD67), and type-A GABA receptor (GABAAR) subunits [α(1–6), β(1–3),  
γ(1–3), δ, ε, θ, π, and ρ(1–3)] in bone marrow lymphocytes of 19 ALL children before chemotherapy.   
The data obtained were compared with those in 13 age-matched non-ALL children.  Immunofluorescent  
staining was used to examine the cellular localization of GAD.  We found that GAD and GABAAR subunits  
were expressed in bone marrow lymphocytes of ALL children.  Moreover, RT-PCR and western blot showed  
that GAD and several GABAAR subunits were significantly increased in ALL children as compared with  
the data of non-ALL children.  Our present study reveals up-regulation of GABAergic signaling events in  
bone marrow lymphocytes in ALL children.  However, the role of this signaling system in lymphocyte 
proliferation and invasion as related to the progression of ALL requires further investigation.
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Introduction

Acute leukemia, of which approximately 80% is  
lymphoblastic, comprises 31% of all cancers in chil-

dren (14).  Childhood acute lymphoblastic leukemia  
(ALL), characterized by excessive proliferation and 
invasion of lymphoblasts (leukemic cells), is one of 
leading causes of death in children (22), although the  
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cure rate in early diagnosed ALL has been reported  
to be at 85% in developed countries (3, 15).  The iden- 
tification of biological features that influence cell 
survival, proliferation and differentiation in ALL, as 
well as effective targets for treatment, and the risk of  
failure in treatment represent topics of current interest  
for investigation (19).

Gamma-aminobutyric acid (GABA) is a major 
inhibitory neurotransmitter in the adult brain (16), 
which is synthesized from glutamic acid by two iso-
forms of glutamic acid decarboxylase (GAD65 and  
GAD67, with 65 and 67 kD molecular weight, respec-
tively).  GABA induces a rapid inhibitory effect in  
neurons by activation of the type-A GABA receptors  
(GABAARs), which are pentameric ligand-gated Cl-  
ion channels, that results in Cl- influx and membrane  
hyperpolarization (16).  In mammals, 19 GABAAR 
subunits have been cloned: α1-6, β1-3, γ1-3, δ, ε, π, θ, 
and ρ1-3 (26).  GABA also exerts trophic actions in  
the developing brain by regulating neuronal cell pro-
liferation and maturation (13, 23).  In addition, some  
non-neuronal cells express a GABAAR-mediated auto-
crine signaling mechanism.  For instance, it has been  
reported that activation of GABAAR-mediated auto-
crine signaling in embryonic stem cells controls cell  
proliferation (2).

It is interesting to note that lymphocytes express  
both GAD and functional GABAARs (11), indicating  
that lymphocytes are endowed with an auto- or para- 
crine GABAergic signaling mechanism.  The physio- 
logical and pathophysiological relevance of GABA- 
GABAARs signaling in lymphocytes remains obscure  
and, therefore, under active investigation.  It has been  
shown that GABA inhibits proinflammatory CD4+ T 
cell response (11) and modulates CD8+ T cell cyto- 
toxicity in vitro (4).  Moreover, GABA decreases T cell  
autoimmunity and the development of inflammatory  
responses in a mouse model of type 1 diabetes (25).   
Taken together, the above reports suggest that GABAergic  
signaling may mediate immunoinhibition.  Whether 
GABAergic signaling affects lymphocyte prolifera-
tion is controversial.  Bjurstöm and colleagues re-
ported that GABA halted proliferation of activated  
lymphocytes (7), whereas a study by Bhat and col-
leagues showed that GABAergic agents had no direct  
effect on T cell proliferation (5).  In addition, it is un- 
clear whether GABAergic signaling events exist in  
lymphoblasts and whether it plays a role in the patho- 
genesis of ALL.

Considering the important role of the GABAergic  
signaling system in regulating neuronal and non-
neuronal cell proliferation, we hypothesized that  
GABAergic signaling events may exist in lymphocytes,  
and may also play a role in regulating leukemic cell 
proliferation in ALL children.  In an attempt to ad-
dress these issues, the present study was performed 

to determine whether GABAergic signaling was al-
tered in lymphocytes in ALL children.

Materials and Methods

Subjects

This case-control study was performed in the 
Department of Pediatric Hematology and Oncology 
of the Provincial Hospital Affiliated with Shandong 
University, and in the Department of Physiology, 
School of Medicine at Shandong University, China, 
during the period of June 1, 2011-June 1, 2012.  The 
experiments with human subjects were performed in  
accordance with the Declaration of Helsinski and 
approved by the Medical Ethics Committee of Shan-
dong University (number MECSDUMS 2011058).  
All procedures were performed with the adequate 
understanding and written consent of the supervisors  
of tested children.

A sample size of 19 ALL children and 13 non- 
ALL children was included in this report as calcu-
lated assuming a power of greater than 80 and 5 
percent levels of significance and based on our pilot  
experiments.  These 32 children were selected ran-
domly from 83 outpatients and inpatients aged 3 to  
6 years old who were subjected to bone marrow 
aspiration (BMA) for the diagnosis of ALL in the 
Department of Pediatric Hematology and Oncology 
of the Provincial Hospital Affiliated with Shandong  
University.  Fifty-two of these 83 children agreed to  
participate in this study with the adequate under-
standing and written consent of their supervisors.  As  
based upon the results obtained from the bone marrow  
morphology test, acute leukemia immunophenotyping,  
and chromosome and fusion gene test, 21 of these 52  
children were newly diagnosed with ALL (19 were 
diagnosed with acute B-lymphoblastic leukemia and  
were enrolled in this study, while the remaining 2 
were diagnosed with acute T-lymphoblastic leukemia  
and were excluded from the study because of sample  
size limitation).  The remaining 31 children were diag- 
nosed as non-ALL, 13 of whom with normal bone mar- 
row were used as the reference control group, and the  
remaining 18 with abnormal bone marrow (11 of them  
were diagnosed with aplastic anemia, 7 of them were  
diagnosed with acute myeloid leukemia) were excluded  
from the study.  The 19 ALL children, who had not been  
subjected to any chemotherapy before BMA, con-
sisted of 11 males and 8 females while the 13 non-
ALL children had 8 males and 5 females.

BMA and Separation of Bone Marrow Lymphocytes

Bone marrow was collected from the sternum or  
the anterior tibia by means of BMA, using EDTA as  
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anticoagulant.  Lymphocytes were separated from the  
bone marrow using a separating solution (mainly com- 
posed of dextranum and Cardiografin) according to  
the manufacturer’s instructions (Tian Jin HAO YANG  
Biological Manufacture CO., LTD, Tian Jin, PRC).  
Briefly, the bone marrow was diluted by an equal 
volume of saline, loaded onto the separating solu- 
tion, and centrifuged for 20 min at 2,000 rpm.  
Lymphocytes were washed twice with saline, resus-
pended in saline, and then centrifuged for 20 min at 
2,000 rpm.  The supernatant was then collected and 
stored at -80°C for further studies.

Western Blot Analysis

Purified lymphocytes were lysed in RIPA buffer  
containing 50 mM Tris-HCl, 10 mM EDTA, 1% Triton  
X-100, 2 mM PMSF and 10 mg/ml each of aprotinin  
and leupeptin.  The protein concentration was deter- 
mined by a Bradford assay, using bovine serum albu-
min as a standard (10).  The supernatant containing  
100 μg total protein was diluted in 2x sample buffer,  
loaded onto 10% SDS-PAGE, and transferred to nitro- 
cellulose membranes.  After being blocked with block- 
ing buffer (5% non-fat dry milk in Tween-Tris-buffered  
saline), the membranes were treated with antibodies  
specific for GAD65/67 (Sigma, St. Louis, MO, USA),  
GABAAR β2-3 (Millopore, Billerica, MA, USA), or  
GABAAR α1 subunits (Millopore) as primary anti- 
bodies and horseradish-labeled goat anti-rabbit IgG  
antibody (Sigma) as the secondary antibody.  Specific  
immunoreactive bands were detected using an ECL 
system (Amersham Biosciences, Buckinghamshire,  
UK).  Densitometric analysis was performed using 
Scion Image for Windows supplied by the Scion 
Corporation, USA.  For immunoblotting assays of  
GAD65/67 and GABAAR subunits, a rat cerebral cor- 
tex was used as the positive control.

Immunofluorescent Staining

Bone marrow slides were fixed using 4% para- 
formaldehyde.  After fixation for 20 min, slides were  
permeabilized with 0.1% Triton X-100, blocked with  
10% donkey serum for 60 min, and then incubated  
overnight at 4°C with rabbit anti-GAD65/67 (Sigma).   
Primary antibodies were omitted in negative controls  
to ensure stain specificity.  Slides were subsequently  
incubated with a Cy3-conjugated secondary antibody  
(Invitrogen, NY, USA) for 30 min at room tempera- 
ture.  Confocal images were visualized using a Carl- 
Zeiss laser confocal fluorescence microscope (model  
780) and Zeiss LSM program.  The fluorescence 
intensity for a specific protein stain was set below 
the threshold for the negative control and analyzed 
using the Image J software.

RT-PCR

Purified lymphocytes were homogenized in 
Trizol for total RNA extraction.  RNA reverse tran-
scription was performed using the high capacity 
cDNA reverse transcription kit (Applied Biosystems,  
Carlsbad, CA, USA).  The primer pairs used are shown  
in Table 1.  RT-PCR amplifications were conducted  
under conditions of 95°C for 5 min, followed by 36  
cycles of 95°C for 45 s, 60°C for 45 s, 72°C for 45 s,  
with final extension at 72°C for 10 min.  PCR products  
were resolved on a 1% agarose gel, stained with ethi- 
dium bromide and visualized under UV illumination.   
Densitometric analysis for a specific mRNA was per- 
formed using the Image J program to compare the 
mRNA levels between the study groups.  The band 
was expressed as relative mRNA amounts compared 
to GAPDH (loading control).

Statistical Analysis

Data are expressed as the mean ± standard errors  
and were compared by means of unpaired Student’s 
t-test.  P < 0.05 was considered as being statistically  
significant.  All statistical analyses were performed 
using the SPSS software (Chicago, USA)

Results

Expression of GAD and GABAAR Subunits in Bone 
Marrow Lymphocytes of ALL Children

Using an antibody that recognizes both the 
GAD65 and the GAD67 isoforms (GAD65/67), im-
munofluorescent staining of GAD65/67 in bone mar-
row smears of ALL children was initially performed.   
Confocal microscopy of the stained bone marrow smears  
showed that GAD65/67 was expressed in the cyto- 
plasm of all lymphocytes (Fig. 1A, left panel, arrow).   
In accordance with the immunostaining result, western  
blot assays detected the expression of GAD65/67, 
GABAAR α1 and GABAAR β2/3 subunits, which are  
thought to be contained in most GABAARs (6), in  
the separated bone marrow lymphocytes of 19 ALL  
children.  Of note, the expression profiles of GAD65/67  
and beta 2/3 subunit in bone marrow lymphocytes  
were different from those in rat cortices that were  
used as positive controls in our immunoblot assays.   
For GAD, the results showed that only GAD65 was  
expressed in lymphocytes, and for the β2/3 sub-unit,  
only a 57 kD band was detected.  Taken together, the  
immunostaining and immunoblot results revealed that  
bone marrow lymphocytes of ALL children possessed  
GABA production mechanisms and the presence of 
GABAARs, thus forming the potential for complete 
GABAergic signaling events.
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Up-Regulation of GABAergic Signaling in Bone Marrow 
Lymphocytes of ALL Children

RT-PCR analysis of the separated lymphocytes  
was next performed to investigate whether the ex-
pression levels of GABAergic signaling events in 
ALL children differ from those of non-ALL children.   
In contrast to the immunoblot results, no GAD65  
mRNA expression was detected in either ALL or non- 
ALL children.  Interestingly, GAD67 mRNA expres- 
sion was higher in ALL compared to non-ALL children  
(473.2 ± 45.1% of non-ALLs, n = 19, P < 0.05).  Simi- 
larly, mRNA expression levels of the GABAAR sub-
units α1, α5, β2, β3, γ2, ρ2, ε, and π in lymphocytes  
were all significantly increased in ALL versus non-ALL  
children (214.9 ± 23.2%, 293.7 ± 43.6%, 219.7 ±  
17.9%, 477.0 ± 44.2%, 400.1 ± 36.1%, 497.5 ± 32.7%,  
320.7 ± 28.7%, and 179.4 ± 23.9% of non-ALLs, 
respectively, n = 19, P < 0.05, Figs. 2A and 2B).  In 
agreement with our RT-PCR findings, western blot 
results revealed that GABAAR β2/3 subunit protein 
expression in lymphocytes was significantly in-
creased in ALL children compared with that of non-
ALL children (297.4 ± 28.2% of non-ALLs, n = 19,  
P < 0.05, Figs. 2C and 2D).  Taken together, these re-
sults demonstrated that GABAergic signaling events  
were up-regulated in bone marrow lymphocytes of 
ALL children.

Table 1.  Primers used in RT-PCR assays

cDNAs Forward primers
(5’-3’)

Reverse primers
(5’-3’)

Size of products  
(base pairs)

References

GAD65 TTCCTCCAAGCTTGCGTACT ACCATGCGGAAGAAATTGAC Not detected (20)
GAD67 GAGAATGGCTGACATCAACG GAAGTACTTGTAGCGAGCAG 200 (17)
α1 ATAGCCTTCCCGCTGCTATTTGGA TTCCCAGTGCAGAGGACTGAACAA 142 (18)
α2 TGTGCCTGCAAGAACTGTGTTTGG TGGCAGTTGCATAAGCCACTTTGG Not Detected (18)
α3 GGACCACCTATCCCATCAACCT TTGGTCTCAGTCGGGCTGTC Not Detected (1)
α4 TTGGGGGTCCTGTTACAGAAG TCTGCCTGAAGAACACATCCA Not Detected (24)
α5 AGTCCATCGCTCACAACATGACCA AGCTGCCAAATTTCAGAGGGCAAG 161 (18)
α6 ACCCACAGTGACAATATCAAAAGC GGAGTCAGGATGCAAAACAATCT Not Detected (24)
β1 TTGTGTTTGTGTTCCTGGCTCTGC TTTCCAGGGTGCTGAGGAGAATGT Not Detected (18)
β2 TCCCGCATATTCTTCCCAGTGGTT TCCAGTGGGAGGCCATGTTTTAGTT 108 (18)
β3 ACCGTTCAAAGAGCGAAAGCAACC TTCTCGAGGCATGCTCTGTTTCCT 177 (24)
γ1 GACCCTGCATTTGGGAAACTGTGT TCAATTACTGTGGGCCTCACTCCT Not Detected (18)
γ2 CGCCCAAGATCAGCAACCATTCAA TGTCTCCAAGCTCCTGTTCGACAA 166 (24)
γ3 AACCAACCACCACGAAGAAGA CCTCATGTCCAGGAGGGAAT Not Detected (24)
δ AGCGATGAATGACATCGGCGACTA ACTCCATGTTGGCCTCTGAGATGT Not Detected (18)
π GGCTGGTGTTTGAAGGCAACAAGA ATACAGGACCGTGCCATTGGAGAA 163 (18)
ε TGGATTCTCACTCTTGCCCTCTA GGAGTTCTTCTCATTGATTTCAAGCT 107 (24)
θ CCAGGGTGACAATTGGCTTAA CCCGCAGATGTGAGTCGAT 68 (24)
ρ1 ATTTCAGCATGAGGCCTGGCTTTG GCTGAGGTTGTTGGTGCTTGGAAA Not Detected (24)
ρ2 CCTAGAAGAGGGCATAGACATCG TCCAGTAGCTGCTGCATTGTTTG 99 (24)
ρ3 TGATGCTTTCATGGGTTTCA CGCTCACAGCAGTGATGATT Not Detected (24)

GAPDH TTCACCACCATGGAGAAGGC GGCATGGACTGTGGTCATGAG 216 (8)

Lymphocytes

GAD65/67

GAD65/67 Negative
Control

52 kd

Positive
Control 1 2 3 4

67 kd
65 kd
57 kd
55 kd

43 kd

Beta2/3

Alpha1

Actin

A

B

Fig. 1. Expression of GABAergic signaling events in bone 
marrow lymphocytes of ALL children.  (A) Representa-
tive confocal images of immunofluorescent staining of  
GAD65/67.  Arrows indicate GAD staining in lympho-
cytes while arrow heads indicate non-specific staining 
in red blood cells.  The primary antibody was omitted in 
the negative controls for GAD65/67.  Scale bar, 50 μm.   
(B) Representative immunoblots of bone marrow lym-
phocytes for GAD65/67 and the indicated GABAAR 
subunits.  A rat cerebral cortex was used as positive con- 
trol for GAD65/67 and GABAAR subunits.  Numbers 1, 
2, 3, and 4 refer to four different ALL children.
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Discussion

The findings of this study demonstrate potential  
involvement of GABAergic signaling events in bone  
marrow lymphocytes of ALL children.  GAD expres-
sion was shown in bone marrow lymphocytes in im-
munostaining.  Expression of GAD (GAD65 but not  
GAD67) and some GABAAR (α1 and β2/3) subunits  
was also detected in western blot analysis.  In contrast,  
mRNA encoding GAD67, but not GAD65, was ex-
pressed in both ALL and non-ALL children.  This 
apparent conflict in the results between mRNA and 
protein levels of GAD expression requires further 
investigation to resolve.  The RT-PCR results are in  
agreement with that of Dionisio and colleagues, who  
reported only GAD67 mRNA expression in human  
peripheral blood lymphocytes (11).  GAD67 is be-
lieved to provide GABA to function as a signaling  
molecule during development, source of energy, regula- 
tor of redox potential during oxidative stress (9), and  
neurotransmission in GAD65 knockout mice (27).  Our  
findings, together with those of Dionisio and colleagues  

(11), reveal that bone marrow lymphocytes in ALL  
children may serve as a source of peripheral GABA.  
However, the concentrations as well as the mecha-
nism of GABA release from the bone marrow of 
ALL children remain to be investigated.

Our RT-PCR experiments also demonstrated that  
mRNAs corresponding to several GABAARs (Fig. 2)  
were expressed in both bone marrow lymphocytes  
of ALL and non-ALL children.  This result is con- 
sistent with previous studies showing that functional  
GABAARs are expressed in lymphocytes (7, 11, 25).   
We also demonstrate up-regulation of GAD and several  
GABAAR subunits in ALL children compared to that  
in non-ALL controls.  However, it was not possible to  
identify differences in the composition or function of  
GABAARs on the membranes of bone marrow lym-
phocytes between ALL and non-ALL children in the 
present experiment.

The pathophysiological significance of this up- 
regulation of GABAergic signaling events is cur- 
rently unknown.  Nevertheless, findings reported here  
provide a foundation to speculate on some potential  
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Fig. 2. Up-regulation of GABAergic signaling events in bone marrow lymphocytes of ALL children.  (A) Representative agarose gel  
electrophoresis of RT-PCR products comparing mRNA expression of GABAAR subunits and gad in ALL and non-ALL children.   
M: DNA marker; lanes 1 to 3: samples from 3 different non-ALL children; lanes 4 to 7: samples from 4 different ALL children.   
GAPDH was used as a loading control.  (B) Semi-quantification of mRNA expression levels.  (C) Representative immunoblot  
of GABAAR beta2/3 subunit is of representative subjects of ALL and non-ALL children.  GAPDH was used as a loading 
control.  (D) Semi-quantification of protein expression.  Data were normalized to non-ALL controls (* P < 0.05).
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implications.  Firstly, if the increased GABA resulting  
from GAD up-regulation in lymphocytes has an auto-  
or paracrine effect on B cells, T cells, antigen-presenting  
cells or macrophages, which express GABAARs as 
previously reported (5), it may have a direct impact 
on the progression of ALL.  Secondly, the increased 
GABAAR subunits on the membranes of bone mar-
row lymphocytes, together with increased concentra- 
tions of GABA derived from GAD up-regulation in 
the bone marrow, could possibly change the number 
or composition of GABAARs on cell membranes, 
thereby affecting the nature of GABAARs in lym-
phocytes, contributing to lymphoblast proliferation 
or invasion in ALL children.  Finally, since the in-
tracellular Cl- concentrations of lymphocytes were 
reported to be about 30 mM (21), up-regulation and 
activation of GABAergic signaling events might  
depolarize lymphocytes by causing an efflux of Cl-,  
resulting in inhibition of the CRAC channels in lym- 
phocytes and reduction of Ca2+ influx (1), thus affect- 
ing Ca2+-dependent gene expression and epigenetic 
changes in lymphocytes (12).  In conclusion, the pre- 
sent study reveals an up-regulation of GABAergic  
signaling events in bone marrow lymphocytes of ALL  
children.  Further investigations will be required to 
understand the role and implications of this GABA 
signaling events in lymphocyte proliferation and in- 
vasion under physiological and malignant conditions.   
Subsequently, development of strategies for using 
GABAergic drugs for treating ALL may be realized.

Acknowledgments

This study was supported by grant (2011GN037)  
from Independent Innovation Foundation of Shan-
dong University (IIFSDU), grant (20120131120044) 
from Research Fund for the Doctoral Program 
of Higher Education of China (RFDP), and grant 
(BS2013SW019) from Excellent Young and Middle- 
aged Scientists of Shandong Province.

References

  1. Alam, S., Laughton, D.L., Walding, A. and Wolstenholme, A.J.  
Human peripheral blood mononuclear cells express GABAA re-
ceptor subunits.  Mol. Immunol. 43: 1432-1442, 2006.

  2. Andäng, M., Hjerling-Leffler, J., Moliner, A., Lundgren, T.K., 
Castelo-Branco, G., Nanou, E., Pozas, E., Bryja, V., Halliez, S.,  
Nishimaru, H., Wilbertz, J., Arenas, E., Koltzenburg, M., Charnay,  
P., El Manira, A., Ibañez, C.F. and Ernfors, P.  Histone H2AX-
dependent GABAA receptor regulation of stem cell proliferation.  
Nature 451: 460-464, 2008.

  3. Armstrong, S.A. and Look, A.T.  Molecular genetics of acute lym- 
phoblastic leukemia.  J. Clin. Oncol. 23: 6306-6315, 2005.

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

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

  6. Birnir, B. and Korpi, E.R.  The impact of sub-cellular location and  
intracellular neuronal proteins on properties of GABAA receptors.   
Curr. Pharm. Des. 13: 3169-3177, 2007.

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

  8. Bonvin, M., Achermann, F., Greeve, I., Stroka, D., Keogh, A., 
Inderbitzin, D., Candinas, D., Sommer, P., Wain-Hobson, S., 
Vartanian, J.P. and Greeve, J.  Interferon-inducible expression of 
APOBEC3 editing enzymes in human hepatocytes and inhibition  
of hepatitis B virus replication.  Hepatology 43: 1364-1374, 2006.

  9. Buddhala, C., Hsu, C.C. and Wu, J.Y.  A novel mechanism for 
GABA synthesis and packaging into synaptic vesicles.  Neurochem.  
Int. 55: 9-12, 2009.

10. Chen, C.Y., Jia, J.H., Zhang, M.X., Meng, Y.S., Kong, D.X., Pan, 
X.L. and Yu, X.P.  Proteomic analysis on multi-drug resistant cells  
HL-60/DOX of acute myeloblastic leukemia.  Chinese J. Physiol. 
48: 115-120, 2005.

11. Dionisio, L., José De Rosa, M., Bouzat, C. and Esandi, M.C.  An 
intrinsic GABAergic system in human lymphocytes.  Neurophar-
macology 60: 513-519, 2011.

12. Feske, S.  Calcium signalling in lymphocyte activation and disease.   
Nat. Rev. Immunol. 7: 690-702, 2007.

13. Fiszman, M. and Schousboe, A.  Role of calcium and kinases on the  
neurotrophic effect induced by γ-aminobutyric acid.  J. Neurosci. 
Res. 76: 435-441, 2004.

14. Gowda, C. and Dovat, S.  Genetic targets in pediatric acute lym-
phoblastic leukemia.  Adv. Exp. Med. Biol. 779: 327-340, 2013.

15. Hunger, S.P., Lu, X., Devidas, M., Camitta, B.M., Gaynon, P.S., 
Winick, N.J., Reaman, G.H. and Carroll, W.L.  Improved survival 
for children and adolescents with acute lymphoblastic leukemia 
between 1990 and 2005: a report from the children's oncology 
group.  J. Clin. Oncol. 30: 1663-1669, 2012.

16. Kittler, J. and Moss, S.  Modulation of GABAA receptor activity by  
phosphorylation and receptor trafficking: implications for the effi- 
cacy of synaptic inhibition.  Curr. Opin. Neurobiol. 13: 341-347, 
2003.

17. Korpershoek, E., Verwest, A.M., Ijzendoorn, Y., Rottier, R., 
Drexhage, H.A. and de Krijger, R.R.  Expression of GAD67 and  
novel GAD67 splice variants during human fetal pancreas develop- 
ment: GAD67 expression in the fetal pancreas.  Endocr. Pathol. 
18: 31-36, 2007.

18. Limon, A., Reyes-Ruiz, J.M. and Miledi, R.  Loss of functional 
GABAA receptors in the Alzheimer diseased brain.  Proc. Natl. 
Acad. Sci. USA 109: 10071-10076, 2012.

19. Lo Nigro, L.  Biology of childhood acute lymphoblastic leukemia.   
J. Pediatr. Hematol. Oncol. 35: 245-252, 2013.

20. Matsukawa, S. and Ueno, H.  Expression of glutamate decar-
boxylase isoform, GAD65, in human mononuclear leucocytes: a 
possible implication of C-terminal end deletion by western blot 
and RT PCR study.  J. Biochem. 142: 633-638, 2007.

21. Pilas, B. and Durack, G.  A flow cytometric method for measure-
ment of intracellular chloride concentration in lymphocytes using 
the halide-specific probe 6-methoxy-N-(3-sulfopropyl) quino-
linium (SPQ).  Cytometry 28: 316-322, 1997.

22. Pui, C.H., Carroll, W.L., Meshinchi, S. and Arceci, R.J.  Biology, 
Risk Stratification, and Therapy of Pediatric Acute Leukemias: 
An Update.  J. Clin. Oncol. 29: 551-565, 2011.

23. Represa, A. and Ben-Ari, Y.  Trophic actions of GABA on neu-
ronal development.  Trends Neurosci. 28: 278-283, 2005.

24. Smits, A., Jin, Z., Elsir, T., Pedder, H., Nistér, M., Alafuzoff, I., 
Dimberg, A., Edqvist, P.H., Pontén, F., Aronica, E. and Birnir, B.  
GABA-A channel subunit expression in human glioma correlates 



 Up-Regulation of GABA Signaling Events in ALL 125

with tumor histology and clinical outcome.  PLoS One 7: e37041, 
2012.

25. Tian, J., Lu, Y., Zhang, H., Chau, C.H., Dang, H.N. and Kaufman,  
D.L.  γ-aminobutyric acid inhibits T cell autoimmunity and the 
development of inflammatory responses in a mouse type 1 diabe-
tes model.  J. Immunol. 173: 5298-5304, 2004.

26. Watanabe, M., Maemura, K., Kanbara, K., Tamayama, T. and 

Hayasaki, H.  GABA and GABA receptors in the central nervous 
system and other organs.  Int. Rev. Cytol. 213: 1-47, 2002.

27. Wu, H., Jin, Y., Buddhala, C., Osterhaus, G., Cohen, E., Jin, H., 
Wei, J., Davis, K., Obata, K. and Wu, J.Y.  Role of glutamate 
decarboxylase (GAD) isoform, GAD65, in GABA synthesis and 
transport into synaptic vesicles-Evidence from GAD65-knockout 
mice studies.  Brain Res. 1154: 80-83, 2007.


