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Functional osteoblastic ionotropic glutamate receptors
are a prerequisite for bone formation

A.F. Taylor
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Abstract

Many studies have now demonstrated that osteoblasts express the protein components necessary for functional neuronal-
like glutamatergic signalling to occur, and as a result a physiological role for receptor mediated osteoblastic glutamate sig-
nalling has been proposed. Osteoblastic ionotropic type glutamate receptors (iGluRs) have been shown to be functional; they
possess electrophysiological characteristics similar to neuronal iGluR'?) and agonist application modulates the activity of
intracellular signalling molecules® and osteoblastic transcription factors®. The physiological importance of osteoblastic iGluRs
is illustrated by the fact that osteoblasts treated in vitro with non-competitive iGluR antagonists fail to form mineralized bone.
Interestingly compounds known to antagonize specific sub-types of iGluR induce different effects when applied to osteoblasts
derived from long and flat bones. These data imply that not only are functional osteoblastic iGluRs a prerequisite for
osteoblast differentiation and bone formation, but also that the components of osteoblastic glutamatergic signalling may be
adapted to reflect the differential function of osteoblasts from different skeletal sites. This paper reviews the evidence that sug-
gests that iGluR-mediated glutamate signalling plays a fundamental role in the regulation of osteoblast function and bone for-
mation, and discusses the therapeutic potential of manipulation of osteoblastic iGluR to modulate bone homeostasis.
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Interestingly, over the past 10 years, researchers working
in fields outside the CNS have cloned a selection of these
“key” glutamatergic signalling proteins from non-neuronal
tissues and as a result a strong case for receptor-mediated
glutamatergic signalling in tissues such as the pancreas®® and
skin”!" has been proposed (reviewed by Genever and
Skerry'?). However, some of the most comprehensive and
compelling evidence for receptor mediated-glutamate sig-
nalling existing outside the CNS is provided by work from
members of the bone field. Although the main focus of this
review is evidence pertaining to a physiological function of
glutamate signalling through osteoblastic glutamate recep-
tors, it is noteworthy that there is functional evidence for
osteoclastic glutamate signalling. Although outside the
scope of this review, the well-known and crucial relationship
between osteoblasts and osteoclasts in the regulation of

Introduction

The idea that a ubiquitously expressed amino acid could
act as a signalling molecule in the brain was in the early
1960s considered a laughable suggestion. Yet it is now near-
ly impossible to pick up a biology textbook that doesn’t dis-
cuss the role of the excitatory amino acid glutamate as the
major excitatory synaptic neurotransmitter. The proposed
therapeutic possibilities and obvious financial rewards to be
gained from the manipulation of the glutamatergic synapse
has helped to drive modern neurological research and
achieve a better understanding of glutamate signalling. As a
result of these efforts numerous proteins deemed to be
“key” or essential for the regulation of both pre- and post-
synaptic glutamate signalling have been identified and char-

acterized.
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bone homeostasis is such that osteoblastic glutamate sig-
nalling should not be considered in isolation in view of the
presence of functional osteoclastic glutamate receptors (see
paper in this issue by Dr. C. Chenu).

Numerous groups have identified protein components
required for functional neuronal glutamate signalling in the
cellular components of bone, and these studies were the sub-
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Associated vesicle proteins

Doc 2 (OB)
munc 18 (OB)
rSec 8 (OB)
SNAP-25 (OB)
Synaptotagmin 1 (OB)
Synaptophysin (OB)
Syntaxin 4 (OB)
VAMP (OB)
VSCC (OB BM)

Pre-synaptlc cell \

Post-synaptic cell

iGluRs

NMDARI (OB OC BM)
NMDAR2A-D (OB BM)
NMDAR3A (OB)
GluR1-4 (OB)

KA1 (OB)

E%p

Glutamate transporters

GLAST/EAATI (OB)
GLT-1/EAAT2 (BM)

Q

B

Clustering / accessory proteins

PSD-95 (OB)
GRIP (OB)
Yotiao (OB)

SHANK (OB)
GKAP (OB)

mGlurs

mGlur 1 (OB)
mGlur 2 (BM)
mGlur 4 (OB BM)
mGlur 5 (BM)
mGlur 7 (BM)
mGlur 8 (OB)

Figure 1. Schematic of the protein components found in a glutamatergic synapse and those identified within bone cells. Within pre-synap-
tic neurones glutamate is packaged into intracellular vesicles which are then subsequently directed to and tethered at the pre-synaptic mem-
brane (A). In response to specific stimuli glutamate is released from the pre-synaptic cell into the synaptic cleft wherein it binds to and acti-
vates both iGluR and mGlur (B). Glutamate is removed from within the synaptic cleft by glutamate transporters terminating this episode
of glutamatergic signalling (C) and permitting the recycling of glutamate molecules and the regeneration of the glutamatergic signal (D).

Glutamatergic proteins identified in osteoblasts (OB), osteoclasts (OC) and bone marrow (BM) are listed in accompanying boxes
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ject of a recent review by Genever and Skerry" and key find-
ings summarized in Figure 1. The range of glutamatergic
proteins expressed by osteoblasts implies that osteoblastic
glutamate signalling follows similar mechanisms to those
seen in the CNS. Thus, it is prudent before discussing the
proposed function of glutamate signalling between
osteoblasts to understand the process by which neuronal glu-
tamate acts as a signalling molecule.

Glutamate signalling

The efficacy of an episode of glutamate signalling is
dependent on the co-ordinated release, action and recovery
of glutamate from within the synaptic cleft, and as such these
events are tightly regulated (Figure 1). Briefly, in response to
a presynaptic depolarization event, glutamate is released
into the synaptic cleft from primed intracellular vesicles
located within the pre-synaptic cell. This extracellular gluta-
mate remains contained within the synaptic cleft and acts on
a variety of glutamate sensitive receptors present on the
post-synaptic cell. This release of glutamate simultaneously
triggers transporters located on the pre-synaptic cell, which
actively removes the glutamate from within the cleft,
enabling it to be recycled and bringing about the cessation of
the signalling episode. The detrimental consequences of
uncoupling these events often results in permanent neuro-
logical due to the continued presence of excitotoxic concen-
trations of glutamate within the cleft'*".

Glutamate receptors and associated signalling
molecules

Neuronal glutamate receptors fall into one of two classes.
The metabotropic type (mGlur) are large 7 transmembrane
G-protein linked receptors whereas the ionotropic type
(iGluR) are multimeric and act as glutamate-gated ion chan-
nels'®. Members of these families of glutamate receptors are
further classified according to consequences of activation
and both kinetic and pharmacological properties (Figure
2)'%17 As the majority of published data regarding gluta-
matergic signalling in bone is based on observations centred
on the function of osteoblastic and osteoclastic iGluRs, they
will be the mainstay of this review.

The iGluR family of glutamate receptors are further sub-
divided into three groups according to their kinetic respon-
siveness to the artificial ligands: N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA) and kainate. As a result iGluR are
referred to as being either NMDA, AMPA or kainate type
iGluRs. Although NMDA, AMPA and kainate type iGluR
exist and function as independent receptors within the CNS,
the AMPA and kainate type iGluRs display very similar
properties of activation. This is further complicated by the
relative paucity of pharmacological compounds that can dif-
ferentiate reliably between AMPA and kainate type iGluRs.
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Hence in some studies iGIuR antagonists used are not capa-
ble of discriminating between AMPA and kainate type
iGluRs and as a result these receptors are routinely grouped
together as “non-NMDA” type iGluRs.

A vast number of signalling proteins involved in the initi-
ation of intracellular signalling cascades are found attached/
adjacent to the post-synaptic membranes of glutamatergic
synapse'*. A number of these proteins have been found to
associate with iGluRs (calmodulin CAMKII, PKA, PKC and
Yotio)*! and some cluster to specific iGluR family members
(PSD-95 and GRIP to NMDA and AMPA type iGluR
respectively)??. This clustering acts to co-localize iGluR
with specific intracellular signalling molecules, thus increas-
ing the efficiency of transducing the signal and also explain-
ing how a single episode of glutamate signalling can trigger
numerous different intracellular signalling cascades®.

Glutamate signalling in osteoblasts

The working model used to describe osteoblastic gluta-
mate signalling is understandably based on the neuronal glu-
tamatergic synapse; hence the events involved in an episode
of osteoblastic glutamate signalling are still classified as either
“pre-synaptic” or “post-synaptic”. The “pre-synaptic” events
of regulated osteoblastic glutamate release and recovery are the
subject of a forthcoming review to be published in JMNI
(P.S. Bhangu), but the key components identified in osteo-
blasts are illustrated in Figure 1. This paper aims to review
the evidence that “post-synaptic” like glutamate signalling
plays a role in osteoblast function.

Post-synaptic glutamatergic proteins identified
in osteoblasts

To date the majority of data published on osteoblastic
post-synaptic glutamatergic proteins has concentrated on
osteoblastic iGluRs although a number of different mGlurs
have been recently cloned and sequenced from
osteoblasts>®. As expected, osteoblastic mGlurs appear to
function independently of iGluRs, but there is preliminary
evidence that the close association between mGlurs and
NMDA type iGluRs seen in the CNS exists within
osteoblasts’. Despite these recent studies there is to date no
data regarding the physiological role of osteoblastic mGlurs,
and hence the remainder of this paper concentrates on out-
lining the possible physiological role of osteoblastic iGluRs.

As mentioned earlier, numerous post-synaptic gluta-
matergic proteins have been identified in both primary
osteoblasts and osteosarcoma cell lines (Figure 1). These
include a number of NMDA, AMPA and kainate type iGluR
sub-units necessary for the formation of NMDA, AMPA and
kainate type iGluRs?. It has also been possible to identify
and clone from osteoblasts a number of proteins essential
for the formation and functionality of neuronal iGluR recep-
tor signalling complexes. The identification of osteoblastic
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Figure 2. Members of the glutamate receptor family. Glutamate receptors are classified as either ligand gated ion channels or G-protein
linked receptors (iGluR or mGlur respectively). The iGluR family is split into 3 sub-groups according to the kinetics of activation and the
selectivity of the ion channel (most favoured listed first and least last). Below each sub-group of iGluR are the sub-units that combine to
form these receptors. Although classified as iGluR sub-units there is little evidence that orphan receptors form functional iGluR, hence
they are only included in this diagram for completeness. The mGlurs are further sub-classified by the intracellular pathways triggered upon

activation'’.

PSD-95, GRIP, Yotiao and SHANK gives further weight to
the notion that osteoblastic glutamate signalling has a phys-
iological relevance’.

A number of elegant electrophysiological studies have
shown that osteoblastic NMDA type iGluRs display very
similar functional characteristics as those seen in neuronal
systems'?. Using the patch-clamp technique Laketic-
Ljubojevic and colleagues showed in osteoblasts that a rapid
increase in membrane potential and intracellular calcium is
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seen following the application of L-glutamate or NMDA. As
in the CNS, the L-glutamate / NMDA-induced membrane
depolarization of osteoblasts is blocked by the co-application
of a number of antagonists (MK801, R-CPP or magnesium)
commonly used against NMDA type iGluR.

Further studies show that the activity of iGIuR associated
protein kinases (Spencer and Skerry, unpublished data) and
the transcription factor AP-1* are modulated by the activa-
tion of osteoblastic iGluRs, again in a similar manner to that
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Figure 3. Blocking osteoblastic iGluRs may indirectly modulate osteoclastogenesis. iGluR antagonists modulate the phenotype of
osteoblasts present within co-cultures causing a reduction in RANK-L and M-CSF-1 expression; this would have the knock-on effect of
reducing the number of osteoclasts generated and hence the resorption observed within the system.

which is seen within neurones. These signalling events are
presumably triggered by the elevated intracellular calcium
seen to accompany osteoblastic iGIuR activation'. These
data provide compelling evidence for the existence of func-
tional osteoblastic iGluR, which is in turn suggestive that
osteoblasts utilize glutamate as a signalling molecule.

The role of osteoblastic iGluR in bone formation

A number of problems are presented when studying non-
neuronal glutamate receptor function in vivo, the most
telling being that the majority of the commercially available
glutamate receptor antagonists are specifically designed to
readily cross the blood brain barrier and modulate neuro-
logical function. Common consequences of these neurologi-
cal effects are that animals treated with glutamate receptor
antagonists often display abnormal behaviour. For example,
when administered to rats the classical NMDA type iGluR
antagonist PCP (or angel dust) rather unsurprisingly induces
a catatonic state (Brabbs and Skerry, unpublished data).
Thus, the associated behavioural effects of administering
iGluR antagonists to experimental animals often hamper in
vivo studies of osteoblastic (and osteoclastic) iGIluR function
and as such, useful data are limited®. As a result of these
constraints, the majority of the information gleaned about
the role of osteoblastic glutamatergic signalling has been

obtained from in vitro rather than in vivo studies™.

Unfortunately, conducting studies in vitro present some
additional problems, the first one being that glutamate is a
prerequisite normal cell growth and thus it is impossible to
culture osteoblasts under osteogenic conditions in the
absence of glutamate, so agonist studies are problematic.
The large amounts of glutamate / glutamine present within
tissue culture media and serum also present a serious exper-
imental problem where competitive antagonists are used. In
culture, the high concentrations of endogenous glutamate
act to compete out competitive iGluR antagonists at physio-
logically relevant doses. As a result, bone formation in
osteoblastic cultures treated with competitive iGluR antago-
nists such as R-CPP and A-PV rarely differ from controls
(Taylor, unpublished data). Thus, evidence for the necessity
of glutamate signalling in bone formation is for the most part
based on in vitro studies conducted using non-competitive
iGluR antagonists. A number of studies performed using
both calvarial and long bone derived osteoblasts have shown
that non-competitive blockade of either NMDA or non-
NMDA type osteoblastic iGluRs results to inhibit bone for-
mation in vitro®™?.

Whilst non-competitively inhibiting glutamatergic sig-
nalling through either type of iGluR results to prevent in
vitro bone formation, the manner and resulting outcome of
this inhibition is highly dependent on which type of iGIuR is
inhibited. Within the marrow cell CFU-F culture system,
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inhibition of non-NMDA type iGluR via the application of
CFM-2, prevents the adherence of osteoblast precursors,
whereas inhibiting NMDA type iGluR results to convert
marrow-derived cells from a pre-osteoblastic to a pre-
adipocytic phenotype. In contrast, cultures treated with
MKS801 (a non-competitive antagonist of NMDA type
iGluR), had decreased levels of collagen type 1, osteopontin
and osteocalcin expression and reciprocal increases in
PREF-1 and C/EBP-a expression®. In calvarial-derived
osteoblasts the inhibition of NMDA type iGluR abolishes
mineralization of nodules but there is apparently little effect
on osteoblastic maturation and treated cultures express sim-
ilar levels of collagen type 1, osteopontin and osteocalcin as
controls®. Within the same culture system, the application
of antagonists against non-NMDA type iGluRs generates
mature aP2, C/EBP-a, lipoprotein lypase and PPARYy
expressing adipocytes™. Thus, data from the in vifro studies
described above appear to indicate that the function of
osteoblastic NMDA and non-NMDA type iGluR may be dif-
ferent in osteoblasts derived from different sources and thus
glutamate signalling tailored to meet specific skeletal
requirements.

A somewhat unexpected observation is that calvarial cul-
tures treated with low doses of CFM-2 consistently and sig-
nificantly form more bone in vitro than controls. The ability
of an iGluR antagonist to both positively and negatively
modulate bone formation concurrent to inducing adipogen-
esis seems at first a little contradictory; how can one com-
pound have apparently multiple and conflicting effects?
However further studies conducted using adipogenic agents,
CFM-2 and a variety of different non-NMDA type iGluR
antagonists (including GYKI 52466) corroborate these find-
ings®.

A simple explanation for these observed responses of
CFM-2 treatment is that CFM-2 acts to antagonize individ-
ual non-NMDA type iGluRs with differing potency. Within
the CNS, CFM-2 has been shown to preferentially antago-
nize AMPA type iGluRs over the kainate type®. Thus, it is
possible that low doses of CFM-2 act mainly to block sig-
nalling through AMPA type iGluRs, but as the concentra-
tion of CFM-2 increases more of the kainate type iGluRs are
affected. This would suggest that signalling through
osteoblastic AMPA and kainate type iGluRs mediate differ-
ent intracellular effects, a theory consistent with previously
observed differences between AMPA and kainate-induced
increased AP-1 activity. Possibly glutamatergic signalling
through kainate type iGluRs regulates adipogenesis whilst
AMPA type iGluRs regulate bone formation.

Of considerable interest to these data are the recent find-
ings of Arai’' who reported that when applied to pyramidal
neurones from the hippocampus, the non-NMDA type
iGluR antagonist GYKI 52466, both positively and negative-
ly regulate AMPA type iGluR in a dose-dependent manner.
One explanation Arai proposes for the action of GYKI 52466
is that it shares its binding site with a class of compounds
known to prevent the sensitization of AMPA type iGluRs to
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glutamate. If true, this theory suggests that GYKI 52466 and
the structurally related CFM-2 interact with osteoblastic
AMPA type iGluR in a manner that initially protects them
from becoming sensitized to glutamate, thus prolonging the
signalling episode. This also implies that iGluR anti-desensi-
tization agents may well provide a method of modulating
osteoblastic activity. Further support for this possibility comes
from data showing that such antidesensitization agents affect
bone mass when given systemically.

Against these data, in one paper, it has been suggested
that glutamate has no role in bone. Gray et al.?’ suggest that
glutamatergic signalling plays little or no important role in
bone formation because animals lacking the GLAST trans-
porter have no overt skeletal phenotype. Additional support
for this assertion is drawn from a number of in vitro studies
conducted using competitive antagonists of NMDA type
iGluR, experiments with the drawbacks previously described.
So although their results raise some questions as to the role
of glutamate in the skeleton, lack of consideration of the
level of endogenous glutamate within their cultures with the
concentration of competitive antagonist utilized>* leave the
case unproven. In their assessment of skeletal abnormalities
in GLAST knockout mice, Gray et al. have also failed to
consider the number of genes which have redundancy in
their function. This phenomenon was discussed in Nature*,
where the pitfalls of knockout mice were attributed to high
degrees of protein redundancy and the need for stringent
phenotyping.

A role for osteoblastic iGluR in regulating osteo-
clastogenesis?

Studies from our laboratory using the co-culture system of
maturing osteoclastic precursors by simultaneously culturing
them with pre-osteoblasts have shown that application of
non-competitive NMDA type iGluR antagonists inhibits in
vitro osteoclastogenesis. In light of the recent studies
described above which implicate glutamate signalling as a
prerequisite of osteoblast function, it is no longer possible to
be certain that the effects seen within the co-culture model
are due to iGluR antagonists acting directly on osteoclast
precursors. Instead the effects of NMDA type iGluR antag-
onists observed by Peet et al.** may be due to modulating the
osteoblastic activity / phenotype of pre-osteoblast present
within these cultures which would have the secondary effect
of inhibiting in vitro osteoclastogenesis (Figure 3).

To support this theory, there are striking similarities
between the profile of inhibition seen when osteoclasts gen-
erated in co-cultures are treated with iGIluR antagonists and
the inhibition profile of osteoblasts treated with the same
iGluR antagonists. This theory is further supported by the
fact that when administered to co-cultures, low doses of non-
NMDA type iGIuR antagonists increase in vitro osteoclasto-
genesis at doses similar to those shown to increase the
osteogenic potential of calvarial osteoblasts® (manuscript in
preparation). Although there is as yet little direct evidence



to confirm that iGIluR antagonists act directly on the pre-
osteoblast present within the co-culture system to modulate
in vitro osteoclastogenesis, further studies investigating
expression of osteotropic factors, such as RANK-L may bet-
ter clarify this situation.

Therapeutic implications

Traditional therapies for treating bone disorders have
concentrated on controlling the generation and activity of
osteoclasts, although a number of recently proposed thera-
peutic approaches work by regulating the differentiation of
mesenchymal precursors and marrow adipogenesis (reviewed
by Nuttall and Gimble*). In vitro studies utilizing non-com-
petitive antagonists show that functional osteoblastic iGluRs
are a prerequisite for bone formation; these data also
demonstrated an association between inhibiting osteoblastic
iGluR mediate glutamate signalling and increase adipogen-
esis. As a result, the modulation of osteoblastic glutamate
signalling may provide a novel therapeutic approach to treat-
ing osteopenic disorders where a reciprocal relationship
between adipogenesis and osteoblastogenesis is often
observed.

Data from in vitro bone formation studies also indicate
distinct functional differences between osteoblastic NMDA
and non-NMDA iGluR-mediated glutamate signalling in
marrow and calvarial-derived osteoblasts, a phenomenon
often observed in the CNS which is directly attributed to
regional variations in the composition of glutamatergic
synapse. Thus, it is possible that the differences observed in
antagonist studies conducted on marrow and calvarial-
derived osteoblasts may be attributed to subtle variations in
the expression of iGluR or iGluR-associated signalling pro-
teins within these cells. These data imply that the role of
iGluR-mediated glutamate signalling in osteoblasts may be
dependent on skeletal location, and may explain the subtle
difference in osteoblastic iGluR identified by various
groups>?~"*, Although to date studies conducted have not
investigated the possibility of site directed osteoblastic
iGluR expression the repercussions on potential glutamate-
based therapeutic intervention in bone are vast. If the role of
glutamate signalling in bone and osteoblastic iGIuR expres-
sion were dependent on the skeletal site, therapeutic
approaches utilizing iGluR antagonists may potentially
enable site directed modulation of osteoblastic activity.

A clear advantage of exploring the therapeutic potential
of osteoblastic glutamate signalling is the vast amount of
work by members of the neuronal field who have already
developed therapeutic agents to target neuronal glutamate
signalling which may be utilised in bone. It is also possible
that existing compounds originally discounted as being ther-
apeutically useful due to poor passage over the blood brain
barrier may prove to be potent manipulators of osteoblastic
glutamatergic signalling pathways and thus be financially
attractive therapeutic bone agents!
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