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Abstract
Vacuolar H+-ATPases (V-ATPases) are large electrogenic proton pumps composed of numerous
subunits that play vital housekeeping roles in the acidification of compartments of the endocytic
pathway. Additionally, V-ATPase play specialized roles in certain cell types, a capacity that is linked
to cell type selective expression of isoforms of some of the subunits. We detected low levels of the
a3 isoform of the a-subunit in mouse brain extracts. Examination of various brain-derived cell types
by immunoblotting showed a3 was expressed in the N9 microglia cell line and in primary microglia,
but not in other cell types. The expression of a3 in osteoclasts requires stimulation by Receptor
Activator of Nuclear Factor κ B -ligand (RANKL). We found that Receptor Activator of Nuclear
Factor κ B (RANK) was expressed by microglia. Stimulation of microglia with RANKL triggered
increased expression of a3. V-ATPases in microglia were shown to bind microfilaments, and
stimulation with RANKL increased the proportion of V-ATPase associated with the detergent-
insoluble cytoskeletal fraction and with actin. In summary, microglia express the a3-subunit of V-
ATPase. The expression of a3 and the interaction between V-ATPases and microfilaments was
modulated by RANKL. These data suggest a novel molecular pathway for regulating microglia.

Keywords
V-ATPase; actin; microfilaments; central nervous system; Receptor Activator of Nuclear Factor κ
B-ligand

Introduction
Vacuolar H+-ATPases (V-ATPases1) are multisubunit enzymes (11–13 subunits in mammals)
that are required for vital housekeeping acidification in eukaryotic cells [1]. In addition, V-
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ATPases play vital roles in certain differentiated cell types [2–4]. In the brain V-ATPases are
known to be required to generate membrane potential for loading neurotransmitters into
presynaptic vesicles [5–7]. Kidney epithelial cells express high levels of V-ATPases in plasma
membrane where they are involved in urinary acid/base regulation [2]. Likewise, osteoclasts
target high levels of V-ATPases to the plasma membrane in order support the acidification
necessary for bone resorption [8;9]. Although each V-ATPase is thought to have the same basic
subunit composition, a number of subunits have multiple isoforms that, when expressed, appear
to be linked to the utilization of V-ATPases for specialized functions [2]. There are four
isoforms of subunit a (a1-a4), a large transmembrane protein [10;11]. Subunit a1 and a2 are
expressed ubiquitously, a4 is expressed in specific cells in the kidney, and a3 has been described
in osteoclasts and pancreatic beta cells [12;13]. The a-subunit is thought to have a vital role in
the enzymatic function of V-ATPase. In addition, evidence suggests that it carries vital
targeting information, although the nature of that information has not been defined. Subunit
a3 is required for osteoclast function, and children lacking functional a3 have a fatal form of
osteopetrosis (autosomal malignant osteopetrosis) [14;15]. Bone marrow transplants are
beneficial, but long term survival remains problematic even with marrow transplant [16]. There
have been reports of central nervous system problems associated with this syndrome, but it is
not clear whether these are the result of primary defects of the lack of a3 in the brain, or whether
these result from factors (calcemic imbalance for example) secondary to the osteopetrosis
[17].

Recently it was reported that a3 is expression in rodent brains was confined to a crude glial
cell isolate [18]. The precise identity of the cells expressing a3 was not reported. The goal of
this study was to identify the specific cell-types expressing the a3-subunit in mice brains and
to determine if its expression is regulated by Receptor Activator of Nuclear Factor κ B-ligand
(RANKL) as it is in osteoclasts.

Materials and Methods
Reagents

Unless otherwise noted, reagents were obtained from Sigma-Aldrich Chemicals (St. Louis
MO). Polyclonal antibodies against V-ATPase subunits E, a1, and a3 were described
previously [19;20].

Mouse Brain Extracts
Mice were sacrificed by cervical dislocation, brains were dissected free and homogenized by
20 strokes with a loose fitting Dounce homogenizer in an equal volume of 20 mM Tris-HCl
pH 7.4, 100 mM NaCl, 5 mM MgCl2, 0.2 mM dithiothreitol plus a protease inhibitor cocktail.
All protocols were approved by the University of Florida Institutional Animal Care and Usage
Committee. The brains lysates were subjected to centrifugation at 100 KXg for 30 minutes and
the upper flocculent layer was collected and washed by resuspending in homogenization buffer
and repelleting the membranes. The samples were then subjected to SDS-PAGE, blotted to
nitrocellulose and probed with antibodies as described in Figure Legends.

Brain-derived cell types
The murine microglial cell line N9 [21] was grown in Iscove’s Modified Dulbecco’s Medium
with 25 mm HEPES and l-glutamine, supplemented with 5% fetal calf serum (Hyclone, Logan
UT), 100 IU/mL penicillin, 100 μg/mL streptomycin and 50 nm β-mercaptoethanol. Cells were
cultured in a humidified 5% CO2 atmosphere at 37 °C.

CG-4 cells are a rat cell line that can by stimulated to differentiate into oligodendrocytes and
astrocytes depending on the culture conditions [22]. To differentiate CG-4 cells into
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oligodendrocytes, tissue culture plates were pre-coated sequentially with poly-ornithine
solution, and fibronectin in DME-N2 biotin plus 30% B104-conditioned media (CM). (B104
cells are a neuronal cell line which produce soluble factors required for CG-4 growth). CG-4
cells were grown and expanded under these conditions in a serum free medium relying on
mitogens produced by the B104 cells.

To differentiate CG-4 cells into oligodendrocytes, the conditioned medium was withdrawn.
During a period of 48 hours the cells differentiated into oligodendrocyte-like cells. CG-4 cells
were also induced to differentiate into astrocytes. The cells are grown and passaged as described
above, and then induced to differentiate by withdrawing the B104 conditioned medium and
replacing it with fetal bovine serum.

The rat cell line rtSc95.1was used as a model for Schwann cells. RtSc95.1 cells were grown
for 3 days in Dulbecco’s Modified Eagle Medium (dMEM) plus 10% fetal bovine serum.

Glia were obtained from Swiss Webster mouse pups using the methods described previously
[23]. Briefly, cortices were removed, cleaned of meninges and trypsinized, and dissociated by
trituration. Cells were plated in culture flasks at 50,000 cells cm2, and grown in modified eagles
medium (MEM), 10% fetal calf serum, penicillin and streptomycin, essential amino acids and
nonessential amino acids. Microglia were harvested from astrocytes that become confluent
prior to 3-weeks in culture. Passaging microglia was accomplished by shaking and slapping
the flask on a table several times and vigorously swirling the flasks to dislodge the microglia
that were attached to the monolayer of astrocytes. The growth medium containing the dislodged
microglia cells was centrifuged at 800 rpm for 5 minutes, most of the supernatant was removed
and the cells in the pellet were resuspended in the remaining 2–3 ml, yielding a density of
~85,000 cells ml−1. The density of cells was 20,000 cells cm2 after plating.

Stimulation of N9 microglia and primary mouse microglia was performed using recombinant
GST-RANKL which contains amino acids 158–316 of the mouse RANKL gene [24].
Expression of GST-RANKL and isolation from bacterial extracts was performed by standard
methods.

PCR
RT-PCR was performed on mRNA isolated from N9 microglia and RAW 264.7 osteoclast-
like cells. Cells were scraped and lysed in TRIZOL reagent (Invitrogen), and total RNA was
extracted according to the manufacturer’s instructions. RNA was quantified
spectrophotometrically, and 1 μg was reversely transcribed. The standard PCR conditions were
95°C (10 min), and then 30 cycles of 94°C (1 min), 54°C (1 min), and 72°C (2 min). In pilot
experiments, this number of cycles did not reach saturation of the PCR reaction. The primer
sequences used were as follows: RANK forward 5′GGGTGGGGCGCAGACTTCAC 3′;
RANK reverse 5′ATGCCAGCAGCCTGCACCAG 3′; GAPDH forward 5′
AAATTCCATGGCACCGTCAA 3′; GAPDH reverse 5′AGGGATCTCGCTCCTGGAA 3′.
Primers were obtained from Invitrogen. For each run, water was used as the negative control
and RAW 264.7 osteoclast-like cells were used as a positive control.. The reaction product was
quantified by measuring the densities of bands using a Spot-denso-program with Alpha Ease
software (Alpha Innotech, San Leandro, CA), and values representing the average density per
area unit were plotted. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the
reference gene.

Triton-extracted cytoskeletons
N9 cultures were treated with GST-RANKL or vehicle control, then incubated in extraction
buffer (20 mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mM MgCl2, 0.2 mM CaCl2, 0.2 mM
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dithiothreitol, 0.5% Triton X-100 plus a protease inhibitor mixture) plus 10 μM phalloidin and
10 μM DNase1 to ensure that actin filaments neither polymerized nor depolymerized after cell
disruption [19], and subjected to ultracentifugation at 100,000 Xg for 30 min. Supernatants
and pellets were collected in equivalent volumes, subjected to SDS-PAGE, blotted to
nitrocellulose and probed with antibodies as indicated.

Immunoprecipitations
Immunoprecipitations were performed as described previously [19]. N9 cells were cultured as
described above, washed in PBS and solubilized in Triton X-100 buffer (1% Triton X-100, 20
mM Tris, pH 7.4, 1 mM EDTA, 1 mM dithiothreitol, 0.1% SDS, 10% glycerol, 5 mM sodium
azide, and protease inhibitors). Following a centrifugation at 20,000 × g for 10 min to remove
insoluble material, the extracts were incubated for 1 h at 4 °C with a 1:200 dilution of anti-a3
or anti-a1, 50 μl of protein A beads (Sigma) were added, and the mixture was incubated for 1
h at 4 °C with rocking. The protein A beads were collected by centrifugation at 10,000 × g for
15 s at 4 °C and washed three times with the Triton X-100 buffer. The wash buffers were
removed by aspiration with a bent 23-gauge needle, and Laemmli sample buffer was added.
The samples were heated at 85 °C for 10 min, cooled to room temperature, and centrifuged at
10,000 × g for 1 min, and the supernatants were applied to SDS-polyacrylamide gels,
transferred to nitrocellulose, and probed with antibodies as described in the legends

Results
Expression of subunit a3 in mouse brains

From the literature it was known that subunit a3 is expressed in glial cells derived from rodent
brains [18;25;26]. Whole brains were isolated from 20 week old mice, the brains were
homogenized, and the microsomal fraction was collected and separated by SDS-PAGE and
Western Blotting (Fig. 1). Consistent with the previous reports, a3 was present at low levels
compared with subunit a1.

Subunit a3 is expressed in microglia
The expression of the a3-subunit is confined to the glial cells [18] To determine the specific
glial cell types that express a3, we tested brain-derived glial cell lines that represent
oligodendrocytes, Schwann cells, astrocytes, and microglia. Of these, only the microglia cell
line N9, expressed detectable amounts of the a3-subunit (Fig. 2A). To confirm this result,
primary microglia were analyzed As with the N9 cells, primary microglia grown by standard
methods expressed subunit a3 (Fig. 2B).

Expression of subunit a3 is stimulated by RANKL
During osteoclastogenesis expression of subunit a3 is triggered by RANKL. We first examined
by PCR whether N9 microglia and primary microglia express RANK, the receptor of RANKL,
and confirmed the expression of the mRNA for RANK (Fig. 3A). We then treated N9 microglia
and primary microglia with recombinant RANKL, and assayed the resulting cells by SDS-
PAGE and immunoblot analysis. In both cases, RANKL stimulated increased the relative
expression of subunit a3 (Fig. 3B).

RANKL triggers associations between V-ATPases and the actin cytoskeleton
Osteoclastogenesis occurs when hematopoietic precursors are stimulated with RANKL, and
is associated with increased amounts of V-ATPase bound to microfilaments [27]. We
determined the amount of a3 associated with the detergent-insoluble cytoskeletal fraction after
ultracentrifugation of microglia that had been extracted with Triton X-100. We found that the
amount of a3 in the cytoskeletal fraction increased from 32% to 81% (by scanning
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densitometry) in cultures treated with RANKL (Fig. 4A). To confirm that the V-ATPases were
bound to microfilaments, we performed immunoprecipitations using antibodies directed
against the E-subunit to determine the relative amount of actin bound to V-ATPase complexes
[19]. Under conditions in which the same amount of E-subunit was pulled down, the amount
of actin was increased in immunoprecipiations from cells treated with RANKL (Fig. 4B).

Discussion
In this study we report for the first time that subunit a3 of V-ATPase is expressed in N9
microglia and in primary microglia grown in tissue culture. We found that microglia express
RANK, and are stimulated by RANKL to produce increased levels of a3 and to bind a larger
portion of their V-ATPases to the cytoskeletal fraction. These findings identify new players in
microglial regulation and function.

We confirmed the results of a previous study that reported low levels of subunit a3 in mouse
brains, and that a3 expression was confined to crude microglial fraction [18]. Because that
fraction contained a number of cell types, we assayed representatives of each of these cell
types, and found that only microglia expressed detectable levels of a3. Both N9 microglia and
primary microglia isolated from mouse brains expressed the a3-subunit. The fact that a3 was
detected in both the crude brain extracts and in primary microglia suggests that a3 expression
is a component of normal brain physiology. Whether the expression of a3 in the brain was the
result of RANKL stimulation of RANK is not clear. Although in osteoclasts, a3 expression is
closely tied to the RANKL-RANK interaction other pathways might also stimulate a3
expression.

Osteoprotegerin, which competitively inhibits the interaction between RANKL and RANK
[28], was found in cerebrospinal fluid [29]. In addition it has been reported that flt3 positive
macrophage precursors differentiate sequentially into osteoclasts, dendritic cells and microglia
[30]. RANKL was found in both embryonic and adult brains of mice [31]. In E15 mouse brains
RANKL was expressed in neuroblasts. In adult mice, RANKL was expressed in neurons of
the cerebral cortex. Another possible source of RANKL in the brain are T-cells, which cross
the blood brain barrier in response to certain antigens [32–34]. T-cells express high levels of
RANKL on their cell surface [35;36]. When they migrate into the CNS, they would be expected
to stimulate microglia through the RANKL/RANK interaction [37;38]. These data suggest that
it is likely microglia are regulated by the RANKL/RANK/osteoprotegerin system.

In osteoclasts, both a3 expression and the association between V-ATPase and actin filaments
are linked with transport of V-ATPases to the osteoclast plasma membrane, an event that is
necessary for bone resorption [13;39;40]. Although it is possible that V-ATPases might be
transported to the plasma membrane of microglia, we think that it is more likely that
upregulation of a3, and changes in the association between V-ATPase and the cytoskeleton,
are indicators that a subset of V-ATPases are being utilized by the cell in a manner different
from the normal housekeeping functions of V-ATPase.

In summary, we report for the first time that microglia express subunit a3 and RANK, and
respond to RANKL. These molecules may have an unexpected role in microglial physiology
and pathophysiology.
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Fig. 1.
The a3-subunit of V-ATPase is expressed at low levels in the brains of mice. Mouse brains
were homogenized and microsomal fractions were collected as described in Materials and
methods, and 5 μg of microsomal protein was subjected to SDS-PAGE, blotted to nitrocellulose
and probed with anti-a1 and anti-a3 antibodies as indicated. The a3-subunit was detected but
was present at much lower levels than the a1-subunit, which is found in neurons.
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Fig 2.
The a3-subunit is expressed in the N9 microglia cell line but not in other glial cells. A). 5 μg
of total protein from rat and mice microsomes as well as the cell-types indicated was separated
by SDS-PAGE, blotted to nitrocellulose, and probed with the anti-a3 polyclonal antibody. Note
that while a3 was easily detected in the brain samples and in N9 microglia, it was not detected
in other glial cell extracts. B.) Subunit a3 was present in both N9 microglia and primary
microglia. 2.5 μg total protein from N9 microglia or primary microglia was separated by SDS-
PAGE, blotted and probed with the anti-a3 antibody.
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Fig. 3.
RANK is expressed by microglia, and microglia respond to RANKL by increasing the level
of the a3-subunit. A) RT-PCR was performed and the PCR products were separated on agarose
gels.Lane 1, 1100 bp ladder; Lane 2, N9 microglia; Lane 3 RAW 264.7 cells (as a positive
control); Lane 4, primers were omitted. A PCR product of 159 bp was detected as expected.
B.) Treatment of microglia increased the relative levels of the a3-subunit. N9 cells or primary
microglia were stimulated with 5 ng/ml recombinant GST-RANKL for 3 Days, the cells were
harvested, and 2 μg total protein was separated by SDS-PAGE. Blotted to nitrocellulose, and
probed with either anti-a3 antibody or anti-actin antibody. Both N9 microglia and primary
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microglia responded to RANKL with a large relative increase in the expression of the a3-
subunit.
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Fig. 4.
Stimulation of N9 microglia with RANKL increases the association of V-ATPases with the
detergent-insoluble cytoskeletal fraction and with actin. A.) N9 microglia were treated with 5
ng/ml RANKL (+RANKL) or with vehicle (-RANKL) for 3 days, then homogenized in 1%
Triton X-100 and subjected to ultracentrifugation at 100,000 Xg for 30 min. Supernatants (S)
and pellets (P) were collected in equal volumes, subjected to SDS-PAGE, blotted to
nitrocellulose and probed with either anti-a3 or anti-E subunit antibodies. Less a3 was
expressed in the absence of RANKL, and most of that was found in the supernatant fraction.
When stimulated with RANKL, more a3 was expressed and more than 90% (by densitometry)
was in the pellet which is the detergent-insoluble cytoskeletal fraction. A larger portion of the
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E-subunit (a peripheral subunit was also found in the pellet derived from RANKL-stimulated
cells. B.) Immunoprecipitations from 1% Triton X-100 extracts with anti-E subunit antibody
were performed. Immunoprecipitates were separated by SDS-PAGE, blotted and probed with
anti-actin and anti-E subunit antibodies. Although the same amount of E-subunit was pulled
down in each case, the amount of actin detected was higher after RANKL-stimulation.
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