
Abstract. Background: The glutamate system is a fairly
complex bioregulation pathway, consisting of several ionotropic
Glu receptors (iGlu.Rs), the metabotropic Glu receptors
(mGlu.Rs), Glu transporters (EAATs) and glutamine synthetase
(GS), which metabolizes glutamate to glutamine. Materials and
Methods: We characterized the MG-63 human osteoblast-like
osteosarcoma cells with regards to mRNA expression of the (a)
NMDA.R group of iGlu.Rs, (b) mGlu.Rs, (c) EAAT1
transporter, and (d) GS, using specific primers for their detection
by RT-PCR. Results: Our data confirm the mRNA expression of
the NR1, NR2A, NR2B and NR2D subunits of NMDA.R and
of GS mRNA in MG-63 cells. In addition, we documented, for
the first time, the mRNA expression of the NR3A, EAAT1,
mGlu.R1, mGlu.R2, mGlu.R3, mGluR.4, mGlu.R5 and
mGlu.R8 mRNA. However, we did not detect the mRNA
expression of NR2C, NR3B, mGlu.R6 and mGlu.R7 mRNA.
Conclusion: Our data suggest that MG-63 cells can be used as
a model for studying the possible role of Glu beyond CNS.

The development, growth and remodeling of osseous tissue

is regulated by systemic and local bioactive substances (1-7).

However, fairly recently, bones were shown to contain

elements of the molecular machinery of the Glu system, such

as Glu.Rs and Glu transporter, which are required for Glu

signaling in CNS (8-12). Glu is the major excitatory

neurotransmitter and it is found in abundance in nature.

However, since the blood-brain barrier has a very low

permeability to Glu, the brain must synthesize it de novo. In

glial cells, Glu is taken up from the extracellular fluid and

converted to glutamine, by glutamine synthetase (GS), and

then glutamine is released into the extracellular space.

Glutamine, in turn, is taken up by neurons, converted to

glutamate, packaged into synaptic vesicles and used as a

neurotransmitter. Notably, glutamine of the extracellular

space can function as a carrier of excess ammonium across

the blood-brain barrier (13). 

Apart from CNS, functional Glu.Rs have been identified

in the adrenal medulla, lung, pancreatic islet ‚ cells,

megakaryocytes, guinea-pig ileum, keratinocytes, heart and

bone (14-19). However, since the majority of the

commercially available Glu.R antagonists are specifically

designed to readily cross the blood-brain barrier and

modulate neurological function, the role of Glu signaling in

non-neuronal tissues can be investigated only in vitro.

Moreover, because Glu is essential for normal cell growth

and thus it is impossible to culture cells in its absence, the in
vitro studies can use only non-competitive Glu antagonists

(20, 21). The situation becomes more complex if we

consider the fact that there are no well-characterized cell

lines which have been reported to test for the possible role

of the Glu system beyond CNS.

Glu.Rs can be categorized into two subclasses: the

ionotropic (iGlu.Rs) and the metabotropic (mGlu.Rs)

receptors (22, 23). The iGlu.Rs are directly gated ion

channels (22) and subdivided into three subtypes, NMDA

(calcium gated channel), AMPA and Kainate receptors,

based on their pharmacology and structural similarities.

NMDA.R is composed of 2 classes of subunits, 2 NR1

subunits and 2 or 3 NR2 subunits that co-assemble to form

a tetramer or a pentamer (24, 25). There is a third subunit,

NR3, which is a regulatory subunit that decreases the

NMDA.R activity. The expression of NR1 and NR2

subunits is required to form functional channels. There are
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4 separate genes producing 4 NR2 subunits (NR2A-D) (26-

30). In addition, the NR3 subunit exists as NR3A and

NR3B, which are products from 2 different genes (31). The

non-NMDA.Rs (non calcium gated channels; AMPA and

Kainate receptors) have not been thoroughly studied in

bone cells.

The mGlu.Rs are transmembrane receptors that are

coupled with G-protein, thereby capable of activating

intracellular signal transduction pathways. They are

subdivided into 3 groups of mGlu.Rs (groups I, II and III),

based on sequence similarity, pharmacology and common

intracellular signaling. Group I of mGlu.Rs (mGlu.R1,

mGlu.R5) are coupled to PLC, while group II (mGlu.R2,

mGlu.R3) and III (mGlu.R4, mGlu.R6, mGlu.R7, mGlu.R8)

are negatively coupled to adenyl cyclase signaling (32, 33).

The concentration of the neurotransmitter L-glutamate

in excitatory synapses of human CNS is regulated by Na+-

coupled L-glutamate/L-aspartate transporters, which form

the EAAT family. Five different transporters of this family

have been identified and cloned to date: EAAT1 (human)

/GluT-1/SLC1A3 (human) /GLAST-1 (rat) (34, 35),

EAAT2 (human) /SLC1A2 (human) /GLT-1 (rat) (36),

EAAT3 (human) /SLC1A1 (human) /EAAC-1 (rabbit)

(37), EAAT4 (human) (38), EAAT5 (human) (39). In

addition to Glu receptors and transporters, there is an

enzyme, glutamine synthetase (GS), that is important for

the metabolism of glutamate. GS is responsible for the

conversion of glutamate to glutamine, controlling the levels

of intracellular Glu (40-42). 

Herein, we analyzed the expression of NMDA.Rs

subunits (NR1, NR2A-D, NR3A, NR3B), mGlu.Rs

(mGlu.R1-8), EAAT1 and GS mRNAs in human MG-63

osteoblast-like osteosarcoma cells, using reverse

transcription polymerase chain reaction (RT-PCR). Our

aim was to characterize the Glu system in this cell line for

the purpose of analyzing the possible role of the Glu system

in extraneuronal tissues, including bone pathophysiology.

We confirmed the expression of the mRNA of NR1, NR2A,

NR2B and NR2D subunits of NMDA.R and for GS in MG-

63 cells. In addition, we are the first to document the

mRNA expression of the NR3A subunit of NMDA.R, this

of EAAT1 and of mGlu.R1, mGlu.R2, mGlu.R3, mGluR.4,

mGlu.R5 and mGlu.R8 mRNA. However, we have not

detected expression for the mRNA of NR2C, NR3B,

mGlu.R6 and mGlu.R7 mRNA in MG-63 cells. 

Materials and Methods

Cell culture. The Human MG-63 osteosarcoma cell line was from

the American Type Culture Collection (ATCC; Bethesda, MD,

USA). Cells were grown in 75-cm2 culture flasks at 37ÆC in 5%

CO2 using RPMI containing 10% fetal bovine serum (FBS),

100ÌU/ml, 100Ìg/ml Penicillin/Streptomycin, 1% L-glutamine and

1% Hepes. The following materials were used in the experiments:

RPMI (Gibco #61870-010), Fetal Bovine Serum (Gibco #310108-

165), L-Glutamine 200mM (Invitrogen, Breda, The Netherlands

#25030-081), Hepes 1M (Invitrogen #15630-080), Trypsin-EDTA

(Gibco #25200-056), Penicillin/Streptomycin (Invitrogen #15070-

063). The MG-63 cells were grown to near confluence and

detached with Trypsin/EDTA solution and then collected by

centrifugation.

Isolation of RNA and RT-PCR. The following materials were

used: Trizol Reagent (Invitrogen #15596-026), SuperScript II

RNase H- Reverse Transcriptase (Invitrogen #18064-014),

100mM dNTPs Set (Invitrogen #10297018), Random Primers

(Invitrogen #48190-011), Platinum PCR SuperMix (Invitrogen

#11306-016), Marker 100 bp DNA ladder (Invitrogen #15628-

050), Taq DNA Polymerase recombinant (Invitrogen #10342-

020). Total RNA from MG-63 cells was extracted using the

Trizol reagent. First-strand cDNA was synthesized from 1.5Ìg of

RNA mixed with 0.5 mM dNTPs, 0.015 Ìg/Ìl Random Hexamer

Primer and filled up to 12 Ìl with depc-treated ddH2O. The

reaction was then heated to 65ÆC for 5 min and quick-chilled on

ice water. The RT buffer containing 200 U/Ìl of Superscript II

reverse transcriptase was then added and the reactants were

incubated at 42ÆC for 50 min and 70ÆC for 20 min. The cDNA

was amplified by polymerase chain reaction (PCR) with specific

primers selected using the Primerfinder Program based on

sequences obtained from the genebank (Table I). Only the

primers for GS were a previously published pair (42). The PCR

mix for the amplification of NR3A, NR3B and GS consisted of

0.04 u/Ìl Taq Polymerase, 1x PCR Buffer, 200ÌM of each dNTP

and 1.6 mM MgCl2, while the amplification of NR1, NR2A-D,

EAAT1 and mGlu.Rs consisted of Platinum supermix PCR.

After amplification, PCR samples were run on 1.5% agarose gels

and the products were visualized by ethidium bromide staining.

PCR product confirmation. (a) Sequencing analysis: The identity of

the PCR amplified fragments NR1, NR2A-D and EAAT1 was

confirmed by automatic sequencing. Direct sequencing of each

PCR product was performed in 20 Ìl volumes using dye-labelled

dideoxy terminator chemistry (ABI Prism 373; Applied Biosystems

of Perkin Elmer, Foster City, CA, USA). Each reaction contained

8 Ìl Dye Terminator Ready Reaction Mix (Dye terminator cycle

sequencing ready reaction kit with Amplitag FS #402079, ABI

Biosystems), 0.2 to 0.4 ng of each PCR product and 0.25 Ìl of each

specified primer. The cycling conditions were set at 24 cycles at

96ÆC for 30 sec, 50ÆC for 15 sec and 60ÆC for 4 min. The

sequencing reaction products were then ethanol precipitated and

loaded on a model 373A automated DNA Sequencer (ABI

Biosystems) for analysis, as previously described (43).

(b) Restriction enzyme digestion: PCR amplified fragments of

mGlu.Rs, NR3A and GS were subjected to an endonuclease

digestion. The mGlu.R1 amplicon was digested with the enzyme

HinF I (Fermentas Ontario, Canada #ER0801), while the

mGlu.R2, mGlu.R3, NR3A and GS amplicons were digested by

Hae III (New England BioLabs Beverly, MA, USA #R0108S).

Also the digestions of mGlu.R4 and mGlu.R5 PCR products were

perfomed by Rsa I (New England BioLabs #R0167S), while the

digestion of mGlu.R8 PCR product was perfomed by Mnl I

(Fermentas #ER1071). For each digestion we mixed 12 Ìl of the

amplicon, 1u/Ìl of the enzyme, 1x Buffer, and filled up to 20 Ìl with

depc-treated ddH2O. The digestion conditions were set at 37ÆC for

60 min. The digestion products were run on 1.5% agarose gel and
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the fragmented bands were visualized by ethidium bromide

staining. In each case, the endonuclease digestion confirmed the

identity of our amplicons.

Results

Analysis by RT-PCR of the expression of NMDA.Rs. We

analyzed the presence of the different subunits, using

specific oligonucleotides primers based on human sequences

of NMDA.R subunits. MG-63 human osteoblast-like cells

did express NR1, NR2A, NR2B, NR2D and NR3A mRNAs

(Figure 1). No amplification was obtained with NR2C and

NR3B. For these 2 subunits we did not use Random

Hexamer Primers, but gene specific reverse primer for the

RT reaction and PCR amplification, which was performed

in a broad range of annealing temperatures (50ÆC-60ÆC).

Sequencing analysis on amplified PCR products of NR1,

NR2A, NR2B and NR2D confirmed the presence of these

NMDA.R subunits in MG-63 cells. The NR3A subunit was

confirmed by restriction enzyme digestion on the amplified

PCR product.

Analysis by RT-PCR of the expression of mGlu.Rs. We detected

the expression of mRNAs for mGlu.R1, mGlu.R2, mGlu.R3,

mGlu.R4, mGlu.R5 and mGlu.R8 in MG-63 cell line (Figure

2). The identity of these PCR products was confirmed by

restriction enzyme digestion. Notably, MG-63 cells did not

express mRNAs for mGlu.R6 and mGlu.R7, although for

these two subunits we did not use Random Hexamer Primers,

but gene specific reverse primer for the RT-PCR and PCR

amplification and reactions were performed for a broad range

of annealing temperature (50ÆC-60ÆC).
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Table I. Oligonucleotide sequences used in the polymerase chain reaction (PCR).

Target cDNA Forward Primers Reverse Primers Size of Denaturation Annealing Extension Cycles

(accession no) (5’ - 3’) (5’ - 3’) PCR product

Human NR1 CACTTCACTCCCACC TCATCTCAAACCACAC 163 bp 94ÆC-30 sec 57ÆC-30 sec 72ÆC-15 sec 40

(L05666) CCT GCT

Human NR2A GGAGGCGAGAGTGA CCCACCTTTTCCCATT 264 bp 94ÆC-30 sec 57ÆC-30 sec 72ÆC-15 sec 40

(U09002) GGGA CCC

Human NR2B AGTGGGAAAGGGTGG AACACCAGACCCCAG 727 bp 94ÆC-30 sec 60ÆC-30 sec 72ÆC-15 sec 40

(U88963) GGA AGCAA

Human NR2C GGGGGACGGAGAGA GGCTCTGGGGGCGG 522 bp 94ÆC-45 sec (50ÆC-60ÆC)-45 sec 72ÆC-45 sec 40

(NM_000835) CAC GT

Human NR2D CCCAGAACCGCACCC CTGCCCACCACCTC 160 bp 94ÆC-30 sec 58ÆC-15 sec 72ÆC-15 sec 40

(NM_000836) AC CC

Human NR3A GCTTGGGCATCTTAGT TACCATGACAGCAGCC 353 bp 95ÆC-30 sec 59ÆC-30 sec 72ÆC-30 sec 38

(AF416558) GAGG AAGT

Human NR3B CCGAGGCGTACATCAA TTGGAGGTGAGCGGC 253 bp 95ÆC-30 sec (50ÆC-60ÆC)-30 sec 72ÆC-30 sec 40

(XM_290850) GAAGAG GAGTT

Human mGluR1 CAAGGCTAGAGTGGT AGGGATTCCTCGTGT 254 bp 94ÆC-30 sec 58ÆC-30 sec 72ÆC-15 sec 38

(NM_000838) GGTCT TAGTG

Human mGluR2 TCATCAGTCCTGCCT GCGATGAGGAGCACA 202 bp 94ÆC-30 sec 60ÆC-30 sec 72ÆC-15 sec 38

(NM_000839) CACAG TTGTA

Human mGluR3 AGCCATCACCAGTCA ATGAGCCACACAGAC 220 bp 94ÆC-30 sec 62ÆC-15 sec 72ÆC-15 sec 38

(BC041407) TCTGT ACCAT

Human mGluR4 GCCAGACCTGAGTG CCGTGGTATCTTCAC 226 bp 94ÆC-30 sec 56ÆC-30 sec 72ÆC-15 sec 38

(U92457) ACAACA CGACT

Human mGluR5 TCCAGAATTTGCTCC CTTCCATCCCACTTTC 216 bp 94ÆC-30 sec 60ÆC-30 sec 72ÆC-15 sec 38

(NM_000842) AGCTT TCCA

Human mGluR6 GAGAACAACCGCAGG GCATACACCGCATCAA 185 bp 95ÆC-30 sec (50ÆC-60ÆC)-45 sec 72ÆC-30 sec 40

(NM_000843) AACAT TCAC

Human mGluR7 TGGAGAGAAAGGTGT GTAGGCATCAAACCC 358 bp 95ÆC-30 sec (50ÆC-60ÆC)-45 sec 72ÆC-30 sec 40

(U92458) GGAGT TTCC

Human mGluR8 GCCCTTCTGACCAAAA GTCCGCTGCTCTCCAT 197 bp 94ÆC-30 sec 58ÆC-30 sec 72ÆC-15 sec 38

(U92459) CAAA AGTC

Human EAAT1 GGAAGGGCACAAAG CCCCCCAATCACACC 494 bp 94ÆC-30 sec 57ÆC-30 sec 72ÆC-15 sec 40

(D26443) GAAA CAT

Human GS TACATCGAGGAGGCC AGCTGGAGGTCTAGT 337 bp 95ÆC-30 sec 55ÆC-30 sec 72ÆC-30 sec 38

(BC031964) ATTGA CCACT



Analysis by RT-PCR of the expression of EAAT1 glutamate
transporter. We detected the appropriate size of EAAT1

mRNA and DNA sequencing of this product verified its

identity (Figure 3).

Analysis by RT-PCR of the expression of glutamine synthetase
(GS). Our results showed that MG-63 cells express the GS

mRNA, an enzyme that catalyzes the conversion of

glutamate to glutamine (Figure 4). The identity of the PCR

product was confirmed by restriction enzyme digestion.

Discussion

Our study confirmed the expression of NR1, NR2A, NR2B,

NR2D and GS mRNA in MG-63 cells, as previously

reported (13). However, to our knowledge, this is the first

time that the expression of the NMDA.R subunit NR3A,

the glutamate transporter EAAT1, and the multiple forms

of mGlu.Rs have been reported in MG-63 osteoblast-like

cells. Notably, under our conditions, we do not detect the

mRNA transcripts for the NR2C, NR3B, mGlu.R6 and

mGluR.7 subunits in MG-63 cells.

The mRNA expression of multiple NMDA.R subunits

in MG-63 cells may suggest that several functional

NMDA.Rs also exist. Since we detected the expression of

the NR3A subunit, a subunit known to co-assemble with

NR1 to form the excitatory glycine receptors (which are

unaffected by glutamate), the physiological role of

multiple NMDA.R mRNA subunits expression remains

unclear. In this context, previous studies have shown that

rat calvaria osteoblasts and MG-63 osteoblast-like cells

express NR2 subunits, such as NR2A, NR2B and NR2D

(44), whereas rabbit osteoclasts express NR1, NR2B and

NR2D subunits (44, 45). In addition, an NMDA

antagonist (MK801) inhibited cell differentiation of

osteoblasts and bone formation, in vitro (46, 47).

Interestingly, sustained exposure to MK801 inhibited the

expression of bone differentiation CBFA1 transcription

factor both at the mRNA and protein level in osteoblasts

(48). Moreover, antagonists of NMDA.Rs acted as

modulators both on osteoclastogenesis and on osteoclast

activity (49). In this sense, MK801 reduced the number of

resorption pits on cortical bone slices without affecting

the osteoclast attachment onto bone and osteoclast
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Figure 1. Detection of the mRNAs expression for NMDA.R subunits in MG-63 cells, using RT-PCR methods as described in the Materials and Methods
section. PANEL A: MG-63 cells express NR1 [lane 1 (163 bp)], NR2A [lane 2 (264 bp)], NR2B [lane 3 (727 bp)] and NR2D [lane 4 (160 bp)] mRNAs.
PANEL B: MG-63 cells express NR3A [353 bp] mRNA. There was no detection of NR2C and NR3B mRNA subunits. The identity of the PCR amplified
fragments NR1, NR2A, NR2B and NR2D was confirmed by automatic sequencing, while the identity of the PCR amplified fragment of NR3A was
confirmed by enzyme digestion (Hae III).

Figure 2. Detection of the mRNAs expression for mGlu.Rs subunits in MG-63 cells, using RT-PCR methods as described in the Materials and Methods
section. We detected mRNA expression for mGlu.R1 [lane 1 (254 bp)], mGlu.R2 [lane 2 (202 bp)], mGlu.R3 [lane 3 (220 bp)], mGlu.R4 [lane 4 (226
bp)], mGlu.R5 [lane 5 (216 bp)] and mGlu.R8 [lane 6 (197 bp)] mRNAs. Neither mGlu.R6 nor mGlu.R7 mRNA was detected in MG-63 osteoblasts.
The identity of mGlu.Rs were confirmed by enzyme digestion (mGlu.R1 was digested by HinF I, mGlu.R2 and mGlu.R3 were digested by Hae III,
mGluR.4 and mGluR.5 were digested by Rsa I and mGl.R8 was digested by Mnl I).



survival; however, it rapidly decreased the percentage of

osteoclasts bearing actin-ring structures, a characteristic

associated with actively resorbing osteoclasts (49, 50).

Other studies, using a co-culture system of maturing

osteoclastic precursors, by culturing them with pre-

osteoblasts, have shown that non-competitive NMDA.R

antagonists inhibited osteoclastogenesis, in vitro. These

reports suggested that NMDA.R antagonists affect

osteoclastogenesis possibly through osteoblast-derived

growth factors (20, 21). Furthermore, the protein tyrosine

kinase Src, which is highly expressed in osteoclasts, was

shown to increase the tyrosine phosphorylation of

NMDA.R (2A and 2B), thus suggesting that Src possibly

regulates the activity of NMDA.R (51, 52).

Our data showed that MG-63 cells express the

mGlu.R1, mGlu.R2, mGlu.R3, mGlu.R4, mGlu.R5 and

mGlu.R8 mRNA, suggesting that these cells potentially

express mGlu.Rs belonging to all the 3 groups of

mGlu.Rs. Indeed, the expression of group III of mGlu.R

(mGlu.R4 and mGlu.R8) was reported in primary

cultures of rat calvaria osteoblasts (53) and mGlu.R1b

(member of the group I of mGlu.R) was identified in rat

femoral osteoblasts (54). Other reports have documented

that the activation of mGlu.Rs of group III inhibited the

production of cAMP in premature rat osteoblasts,

stimulated by forskolin, in vitro (53). Moreover, recent

study has documented that mGlu.R1b negatively

modulates the activity of the NMDA.R in osteoblasts

(54). Therefore, the finding that MG-63 cells express

mGlu.Rs provide us with a model to confirm, in future

studies, the role of such cross-talk between the two type

of Glu.Rs (NMDA.Rs and mGlu.Rs) in non-neuronal

cells. 

Furthermore, with regards to GS expression in MG-63

osteoblast-like cells, recent study has shown that

glucocorticoids regulate GS expression in bone cells (55).

However, the role of such regulation in bone physiology, if

any, remains unclear. Moreover, the detection of Glu

transporter EAAT1 and GS mRNA suggests that

extracellular and intracellular Glu concentration is under

tight control in MG-63 cells. In this context, it is important

to note that the first evidence for the potential role of Glu

in bone physiology was suggested when experiments showed

that mechanical loading down-regulates GLAST-1/EAAT1

expression in rat osteocytes (18). Following that study

several reports have been published, suggesting the possible

role of the Glu system in bone, in vitro. Furthermore, 2

glutamate transporters have been identified in bones.

GLAST-1 mRNA was localized in active cuboidal rat

osteoblasts as well as in osteocytes, while GLT-1 was found

to be present in rat bone marrow cells. Recently, a splice

variant of GLAST-1 (GLAST-1a), lacking exon 3, was

identified in bones (18, 56). 

In conclusion, our data strongly suggest that the Glu system

has a potential role in bone pathophysiology. Our study has

characterized the MG-63 osteoblast-like osteosarcoma cells

vis-à-vis the expression of major components of the Glu

system in a human cell line, which is frequently used as an in
vitro model in bone physiology. We conclude that MG-63 cells

may become useful in a bone physiology system for exploring

the regulatory role of Glu beyond CNS. 
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Figure 3. Detection of the mRNA expression for EAAT1 in MG-63 cells,
using RT-PCR methods as described in the Materials and Methods
section. The EAAT1 mRNA (494 bp) was expressed in human MG-63.
The identity of the PCR amplified fragment of EAAT1 was confirmed by
automatic sequencing.

Figure 4. Detection of the mRNAs expression for glutamine synthetase
(GS) in MG-63 cells, using RT-PCR methods as described in the Materials
and Methods section. The figure shows product from MG-63 cDNA
corresponding to the predicted GS size of 337 bp. The identity of the PCR
amplified fragment of GS was confirmed by enzyme digestion (Hae III).
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