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Macrophages from mouse strains with the naturally occurring mutation P451L in the purinergic receptor P2X7 have impaired
responses to agonists (1). Because P2X7 receptors are expressed in bone cells and are implicated in bone physiology, we asked
whether strains with the P451L mutation have a diﬀerent bone phenotype. By sequencing the most common strains of inbred mice,
we found that only a few strains (BALB, NOD, NZW, and 129) were harboring the wild allelic version of the mutation (P451) in
the gene for the purinergic receptor P2X7. The strains were compared by means of dual energy X-ray absorptiometry (DXA), bone
markers, and three-point bending. Cultured osteoclasts were used in the ATP-induced pore formation assay. We found that strains
with the P451 allele (BALB/cJ and 129X1/SvJ) had stronger femurs and higher levels of the bone resorption marker C-telopeptide
collagen (CTX) compared to C57Bl/6 (B6) and DBA/2J mice. In strains with the 451L allele, pore-formation activity in osteoclasts
in vitro was lower after application of ATP. In conclusion, two strains with the 451L allele of the naturally occurring mutation
P451L, have weaker bones and lower levels of CTX, suggesting lower resorption levels in these animals, which could be related to
the decreased ATP-induced pore formation observed in vitro. The importance of these findings for the interpretation of the earlier
reported eﬀects of P2X7 in mice is discussed, along with strategies in developing a murine model for testing the therapeutic eﬀects
of P2X7 agonists and antagonists upon postmenopausal osteoporosis.

1. Introduction
In the past decade several reports have shown that P2receptor signalling plays a central role in bone physiology
[1–5]. Bone cells express several types of P2 receptors [6],
allowing them to respond diﬀerently to nucleotides, depending on the types of nucleotides present, their concentration,
and the duration of exposure [7, 8]. Prolonged exposure to
high agonist concentrations initiates the formation of large
pores in the membrane mediated by the P2 subtype P2X7,
a feature often assessed by ATP-induced dye uptake [7, 9].
Activation of the P2X7 receptor results in changed cellular

morphology and membrane blebbing [10], which initiates
necrotic and apoptotic mechanisms in macrophages [11].
There are several studies directing a role to the P2X7 receptor
in mediating ATP-induced apoptosis in other cell types [7]
and accordingly increased osteoclast numbers have been
found in mice with ablation of the P2X7 receptor (P2X7−/−
mice) [3]. In humans the single nucleotide polymorphism
Glu496Ala is associated with abolished pore formation
activity of the P2X7 receptor [12] and with decreased ATPinduced apoptosis of osteoclasts in vitro [13]. The P2X7
receptors are expressed in both osteoclast precursors and
resorbing osteoclasts [8, 14, 15], and therefore, in addition
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to activating the apoptotic pathway, the P2X7 receptor could
play a role in osteoclast development [16–18] and activation
[19].
In calvarial cells in vitro activation of P2X7 receptors
increases expression of osteoblast markers, enhances mineralization, and induces membrane blebbing [20, 21]. The
eﬀects of P2X7 activation could also be mediated through
the activation of the cytokine interleukin 1β (IL-1β) on bone
cells or on cells adjacent to the bone compartment, resulting
in a systemic eﬀect on bone [22]. In macrophages from
people carrying two C alleles of the Glu496Ala (A1513C)
polymorphism, the processing of pro-IL-1β is impaired,
leading to decreased levels of mature serum IL-1β.
The ablation of the P2X7 receptor generated by Solle
(Pfizer P2X7−/−) in mice, led to reduced total bone
mineral content (BMC), as a result of increased trabecular
bone resorption, decreased periosteal circumference of the
femur, reduced periosteal bone formation [3], and impaired
response to mechanical loading [4]. Another murine model,
with ablation of the P2X7 gene (GSK P2X7−/−), was generated by Chessell and his group [23] and has a dissimilar bone
phenotype, showing increased cortical thickness in the tibial
shaft, but no changes in total BMD [15]. The contradicting
observations have been attributed to the dissimilar sample
sizes, methods of the gene knockout, and diﬀerent genetic
backgrounds of the inbred strains used to generate the
mice.
That the genetic background of the two P2X7−/− strains
is important was shown in the study by Adriouch et al. [24]
describing the presence of a naturally occurring mutation
in the murine P2X7 gene. A thymine to cytosine change
was found at nucleotide position 1352 (T1352C) in the B6
genome, but not in BALB/c and outbred mice. The mutation
results in a change in the amino acid sequence (proline
to leucine) at position 451 (P451L), in the cytoplasmic
tail of the P2X7 receptor [24]. By transfecting HEK cells
with constructs of both genotypes, they found that ATPinduced pore formation was reduced by approximately 50%
in cells carrying the mutated 451L allele [24]. In murine
thymocytes the P451L mutation aﬀects apoptosis acting
through the ATP-induced pore formation [25]. The reduced
responsiveness of the P2X7 receptors to ATP in mice with
451L could have led to underestimation of the eﬀects of
the P2X7−/− upon bone and other parameters. Pfizer
P2X7−/− mice were generated on 129/Ola × C57Bl/6(B6)
× DBA/2 genetic backgrounds, and maintained on the B6 ×
DBA/2 background [3, 26]. The GSK P2X7−/− mice were
maintained on B6 background, but originate from a B6/129
hybrid [15, 23].
Two papers have described the expression of a novel
splice variant (called P2X7-k) for the rodent P2X7 [27, 28].
The splice variant was first found in lymphocytes of the GSK
P2X7−/− mice by Taylor et al. [27]. Nicke et al. reported
shortly after that P2X7-k shows higher agonist sensitivity
and slower deactivation than the normal P2X7 receptor
complexes [28]. The alternative exon of the P2X7-k splice
variant includes the intracellular N-terminus and ∼80%
of the first transmembrane domain, and thereby escapes
gene inactivation in the GSK P2X7−/− mice. However, the
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expression of the splice variant P2X7-k is tissue-specific, and
not expressed on the plasma membrane of osteoclasts from
BALB/cJ P2X7−/− [29].
None of the current P2X7−/− models are quite suitable
for studying the therapeutic potential of the agonist acting
through P2X7 in ovariectomized mice. First, the impaired
ATP response in P451L mutated cells could mask the
“true” eﬀect of agonists and antagonists. Second, some of
the founder strains included in the genetic background of
these animals lacks response upon ovariectomy. The inbred
mouse strains traditionally used for bone research represent
diﬀerent skeletal phenotypes during development and aging
[30], which could be of importance in the interpretation
of the precise role of P2X7 receptors in bone remodelling.
In the present study, the major goal was to investigate the
distribution of the P451L alleles in inbred strains of mice.
Furthermore, we wanted to investigate the bone status of
these animals in order to select a suitable strain with the
preferred genetic background (i.e., carrying the P451 allele)
for crossing the P2X7−/− genotype into.

2. Materials and Methods
2.1. Sequencing of P2X7. A single-coding mutation
(T1352C) in the murine P2X7 gene resulting in a change
from proline to leucine at position 451 (P451L) has
earlier been reported in four major strains of inbred mice
[24]. To examine the distribution of the two alleles of
T1352C (P451L) among laboratory mice genomic DNA
was analyzed by sequencing exon 13 in the murine P2X7
gene. DNA from 20 diﬀerent inbred strains (C3H/HeJ,
C3H/HeJCrl, NZB/B1NJ, NZW/J, SJL/J, AKR/J, BALB/cJ,
BALB/cByJ, BALB/cAnNCrl, 129/J, 129X1/SvJ, SWR/J,
C57L/J, C57BL/10J, DBA/1J, DBA/2J, SM/J, NOD, DDY/cJ,
and CALB/Rk) and from 2 strains of outbred (Mus caroli/Ei
and M. spretus) was obtained from The Jackson Laboratories
(Bar Harbor, ME). The B6 originates from Charles River
(Germany). The Danish Pest Infestation Laboratory (Lyngby,
Denmark) donated ten wild Mus musculus domestica, from
diﬀerent locations. Earpieces and tail parts were used for
DNA isolation with the QIAamp DNA Blood Mini Kit
(Qiagen), which was used as template in PCR reactions
with the following primers recognizing exon 13: F-ACT
TGA GGG GTT GTC ATT GC and R-TCC AAG GGA AGC
TGT ATT GTG giving an amplicon of 595 bp. For each
PCR product two sequencing reactions were prepared with
the specific sequencing primers (F-TGC TGA TGG GTC
TGG AAA CT and R-CAT GAT GTG GCA GCC GTA) in
the sequencing reaction with the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) as described
by Ohlendorﬀ et al. 2007 [13], and loaded on the ABI
PRISM 3100 Genetic Analyzer. Duplicate amplification and
sequencing reactions were run per strain to confirm the
sequences.
2.2. Animals. Female mice of nine inbred strains (C3H/HeJ,
NZB/B1NJ, SJL/J, AKR/J, BALB/cJ, 129X1/SvJ, SWR/J,
C57L/J, and DBA/2J) were obtained at eight weeks of
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age from Jackson Laboratories (Bar Harbor, ME). The B6
originated from Charles River (Germany).
2.3. Study Protocol. The Danish Animal Welfare Council approved all animal procedures in advance (protocol:
2002/561–634). Female mice at the age of 120 days were
starved overnight before euthanized by CO2 . Blood was
collected into 5 mL syringes by cardiac puncture. Serum was
collected and stored at −80◦ C for later measurements of bone
markers. The animals were scanned on a PIXImus (Lunar
Corporation, Madison, WI) densitometer.
2.4. Bone Mineral Measurements and Body Composition.
Bone mineral measurements and body composition of the
animals were determined on the PIXImus densitometer. Animals were fixed in a standard position, and measurements
were performed sequentially, with duplicate determinations.
Intraassay CV was 0.47% and interassay CV 0.73%. Due to
the large mineral content in the skull, it was excluded from
the calculations.
2.5. Bone Formation and Resorption Markers. To investigate
possible diﬀerences in bone formation markers between the
genotypes, osteocalcin was measured in serum samples in
duplicate using the Mouse Osteocalcin RIA Reagents from
Biomedical Technologies, Inc. (Stoughton, MA), following
the protocol supplied with the reagents. Interassay CV was
12% and intraassay CV was 6%.
Bone resorption as expressed by fragments of type I
collagen in mouse serum (s-CTX) was measured in duplicate
using the RatLaps Elisa Assay (C-telopeptide collagen type I
fragment Assay) developed by Nordic Bioscience Diagnostics
(Herlev, Denmark) and following the procedure supplied
with the kit. Interassay CV was 14.8% and intraassay CV was
9.2%.
Alkaline phosphatase activity was measured in duplicate
mouse serum using the Alkaline Phosphatase Reagent Kit
(Sigma). Alkaline phosphatase activity was measured directly
on the serum in multiwell plates, using a slight modification
of the standard clinical chemistry procedure. Serum replicas
were diluted with alkaline buﬀer solution and substrate
solution was added to each well, and the plate was incubated
at 37◦ C for 30 min. Finally 2.0N NaOH was added to each
well to stop the reaction, before the absorbance was measured
on a plate reader at 405 nm. Interassay CV was 5.9% and
intraassay CV was 2.4%.
2.6. Bone Strength Measurements. On the day of sacrifice the
mouse femurs were collected, cleaned for tissue, wrapped
in saline gauze, and frozen at −20◦ C until biomechanical
testing. The strength of the femur was measured by the
3-point-bending test on a Lloyd Instruments compression
device (Lloyd Instruments, Fareham, UK), performed after
rehydrating the femur in a saline solution at room temperature, as described earlier [31].
2.7. Bone Histomorphometry. To investigate histologic and
morphometric changes in four diﬀerent inbred strains
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histomorphometric analyses were performed, as described
earlier [31]. In short, the total spines and tibias were
collected and fixed in 70% ethanol at 5◦ C. The following
indices were determined; bone volume in percentage of total
volume (BV/TV%), cortical thickness (C.Th, μm), trabecular
thickness (Tb.Th, μm), and eroded surface as percentage
of bone surface (ES/BS%). Under fluorescent light the
mineralizing surfaces were determined as percentage of bone
surface (MS/BS%). Further, mineral appositional rate (MAR,
μm/day) was calculated.
2.8. In Vitro Dye Uptake Assay. Osteoclasts were isolated
from bone marrow from the long bones of 3-4 weeks old
female mice of the strains; BALB/cJ, 129X1/SvJ, DBA, and
B6 (10 mice per strain) as described by Wu et al. [32].
Bone marrow monocyte/macrophage lineage precursors
were seeded in α-MEM (10% FCS, 100 U/mL penicillin,
100 μg/mL streptomycin, 2 mM L-glutamine, 50 ng/mL MCSF, and pH = 7.35–7.4) and plated with a density of
2 × 106 cells/cm3 . More than 91% of both mononuclear
and multinucleated cells in these cultures stained positively
for TRAP (tartrate resistant acid phosphatase) using the
leukocyte acid phosphatase kit (Sigma).
To investigate pore formation in osteoclasts from the
four strains, as described for osteoblasts by Ke et al. [3],
the medium was changed after 7 days in culture to a
HEPES/glucose (20/10 mM) divalent cation-free buﬀer and
the osteoclasts ability to take up the dye YO-PRO (Molecular
Probes) upon ATP (200 nM) stimulation was assessed. After
9 minutes Hoechst 33342 (5 μg/mL, BioWhittaker) was
added to the culture for another minute to reveal unstained
nuclei in the osteoclasts. Only multinucleated osteoclasts
(with 3 or more nuclei) were counted on a Leica BZ:03
Microscope and the number of YO-PRO containing cells was
compared to the number of total osteoclasts in ten randomly
chosen fields of sight. Control cultures were incubated with
YO-PRO and Hoechst, but not ATP. Interassay CV was 9.8%
and intraassay CV was 5.4%.
2.9. Resorption Assay. Osteoclasts were isolated and cultured
as described above for the dyeuptake assay, but seeded in 96well plates on bovine bone slices (Nordic Bioscience, Herlev
Denmark) or glass-cover slips. After 10 days of culture the
osteoclasts on glass-cover slips were stained for TRAP and
counted by visible inspection of ten randomly chosen fields
of sight. Only TRAP positive cells with more than 3 nuclei
were quantified as multinucleated osteoclasts. The cells were
removed from the bone slices and the resorption pits were
stained with hematoxylin, prior to quantification with the
C.A.S.T. (Computer Assisted Sterological Toolbbox) Grid
system on Olympus Bx51. The results were calculated as area
resorbed in percentage of total area. Interassay CV was 0.67%
and intraassay CV was 0.45%.
2.10. Statistics. Statistical analyses were performed using the
SPSS software, v.11.5. Standard parametric and nonparametric tests were used. For the comparison of results from
the diﬀerent strains the one-way ANOVA was used, with
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Table 1: The distribution of the strains in two groups with diﬀerent
allelic versions of the P451L mutation. Strains written in italic are
outbred or mice from wild populations. ∗ Confirming the data also
shown by Adriouch et al. [24].
Strains with P451
Mus spretus∗
Mus musculus∗
Mus caroli∗
BALB/cByJ∗
BALB/cAnNCrl∗
BALB/cJ
NOD∗
NZW∗
129/J∗
129X1/SvJ

Strains with 451L
C57BL/6J (B6)∗
C57BL/10J∗
C57BL/6NCrl
DBA/1J∗
DBA/2J∗
AKR/J
C3H/HeJ
C57L/J
NZB/BINJ
SJL/J
SWR/J
DDY/J
SM/J
CALB/RkJ

multiple comparisons and post hoc Bonferroni corrections.
Diﬀerences were considered statistically insignificant when
P ≤ 0.05. Simple descriptives of data were presented as
means ± standard error of the mean (SEM).

3. Results
3.1. Distribution of the P451L Mutation in the Inbred Strains.
The distribution of the two alleles of the P451L mutation
among common strains of laboratory mouse strains was
determined in 21 strains and sublines by sequencing genomic
DNA. Only mice from wild populations, outbred strains
and a few of the inbred strains, which included the four
major strains, BALB, NOD, NZW, and 129, had the P451
allele, hereafter called the original genotype of the P451L
mutation. The rest of the examined strains and sublines had
the mutated 451L allele (Table 1).
3.2. Bone Phenotypes in Relation to P451L Mutation. Ten
inbred strains frequently used in bone related studies,
were examined by DXA, three-point bending and serum
concentration of bone markers to reveal the bone phenotype.
As summarized in Table 2 there were significant diﬀerences
in all measured parameters between groups, but only few
associated to the diﬀerent allelic versions of the P2X7 P451L
mutation. With the genetic background of the two existing
P2X7−/− mice [23, 26] in mind, the inbred strains of
129X1/SvJ and BALB/cJ (P451) were compared with B6 and
DBA/2 (451L) with respect to bone status and these background strains were further examined by histomorphometric
analysis, resorption activity, and in vitro dyeuptake assay.
3.3. Bone Status of the Background Strains. When focusing on
BMD/BMC 129X1/SvJ had significantly (P < 0.001) higher

whole body bone mineral (BMD and BMC) compared to the
other three strains (Figure 1(a)). In the load-bearing region,
femoral BMD and BMC were higher in the strains 129X1/SvJ
and BALB/cJ than B6 and DBA/2 (P < 0.001. Figure 1(b)).
The ultimate way of determining bone quality is to test
the ability of bone to resist mechanical forces. Determined
by a three-point bending test, the femoral bone strength
was diﬀerent among the strains of mice (Table 2). Of the
four background strains 129X1/SvJ and BALB/cJ were more
resistant to mechanical forces at the femur than both DBA/2
and B6 strains (P < 0.001, Table 2, Figure 1(c)).
In vivo bone markers are summarized in Table 2. The
serum concentration of the bone formation markers, alkaline
phosphatase and osteocalcin, were not associated with the
P451L mutation in the P2X7 gene. The BALB/cJ strain
had significantly (P < 0.001) higher s-CTX than all the
other strains (Figure 1(d)). 129X1/SvJ mice had significantly
higher s-CTX than the B6 mice, but not the DBA/2 (Table 2).
3.4. Histomorphometric Analysis in Relation to the P451L
Mutation. Bone volume (%) in the vertebrae was higher
in 129X1/SvJ than in the BALB/cJ and the B6 (P <
0.001), whereas BALB/cJ and B6 did not diﬀer significantly
(Figure 2(a)). No significant diﬀerence was found in the
Tb.Th between the diﬀerent strains. The cortical thickness
(C.Th) for BALB/cJ (102.1 μm) was not significantly diﬀerent
from B6 (93.0 μm) and DBA/2 (104,4 μm). The mean C.Th
was 121.5 μm for the 129X1/SvJ strain, was significantly
higher than in the three other strains. Neither MAR nor
MS/BS showed any significant diﬀerences between the four
strains. However ES/BS% showed that the 129X1/SvJ strain
had a significantly higher ES/BS% than B6, and BALB/cJ, B6,
and DBA/2 (Figure 2(b)).
3.5. Ex Vivo Bone Resorption Assay. The area of resorption
pits per bone slice was calculated as percentage of total
area in 10 mice from each strain. BALB/cJ and 129X1/SvJ
osteoclasts showed 19.1% and 18.7% area resorbed in
comparison to 17.4% and 16.3% for B6 and DBA/2, with
no significant diﬀerence (P = 0.478 between BALB/cJ and
DBA/2). The number of TRAP-stained osteoclasts did not
diﬀer significantly. BALB/cJ and 129X1/SvJ had 79.5 and 83.7
TRAP-positive osteoclasts in comparison to 93.6 and 97.4 for
B6 and DBA/2, with no significant diﬀerence (P = 0.108
between BALB/cJ and DBA/2).
3.6. In Vitro Dye Uptake Assay. To elucidate the cellular bases
of these changes, we examined the response to ATP stimulation in a dye uptake assay, comparing the pore formation
in 4 cultures from 10 mice in each of the following strains;
B6, BALB/cJ, DBA/2, and 129X1/SvJ. Half of the cell cultures
were incubated with dye, but without ATP stimulation. These
cultures were used as controls to determine the spontaneous
background staining, compared to the total number of cells
in the assay. A fraction of the osteoclasts in the un-stimulated
control cultures showed spontaneous dye uptake, with
no significant diﬀerence between the strains. Interestingly,

Osteocalcin (ng/mL)

BALB/cJ
14
P

B6
16
L

DBA/2J
14
L

SWR/J
14
L

C57L/J
15
L

AKR/J
15
L

SJL/J
15
L

NZB/BlNJ
15
L

C3H/HeJ
15
L

55.91∗
(±11.78)
314.2
(±41.2)
19.09∗
(±4.40)
38.42C, D
(±11.11)
260.2
(±63.8)
9.81A, C
(±1.86)

71.72∗
(±10.89)
317.6
(±60.5)
12.13C
(±1.88)

38.44
(±8.97)
272.5
(±39.9)
10.75
(±1.62)

36.49
(±8.75)
179.7
(±48.3)
9.37
(±2.53)

72.37
(±11.25)
190.9
(±62.5)
7.07
(±2.62)

51.09
(±10.20)
213.7
(±59.6)
7.15
(±1.83)

48.49
(±8.06)
299.4
(±36.3)
8.83
(±1.95)

63.22
(±11.38)
270.6
(±56.3)
8.76
(±4.02)

0.0562∗
0.0513A, D 0.0502A, D
0.0468∗
0.0477
0.0579
0.0576
0.0548
0.0525
0.0563
(±0.0020) (±0.0018) (±0.0020) (±0.0022) (±0.0013) (±0.0030) (±0.0021) (±0.0015) (±0.0041) (±0.0018)
0.535∗
0.471A, D
0.458A, D
0.358∗
0.394
0.548
0.593
0.459
0.465
0.558
(±0.045) (±0.028) (±0.031) (±0.029) (±0.035) (±0.042) (±0.046) (±0.025) (±0.064) (±0.036)
9.53D
9.19D
9.13D
7.65∗
8.26
9.46
10.29
8.38
8.83
9.90
(±0.30)
(±0.40)
(±0.41)
(±0.54)
(±0.35)
(±0.60)
(±0.40)
(±0.60)
(±0.50)
(±0.53)
0.0798B, D 0.0764B, D 0.0655A, C 0.0639A, C
0.0650
0.0786
0.0782
0.0774
0.0740
0.0826
(±0.0039) (±0.0021) (±0.0033) (±0.0028) (±0.0024) (±0.0049) (±0.0036) (±0.0032) (±0.0052) (±0.0037)
0.0439B,D
0.0402D
0.0364A, D
0.0281∗
0.0307
0.0464
0.0466
0.0391
0.0378
0.0439
(±0.0044) (±0.0028) (±0.0026) (±0.0026) (±0.0021) (±0.0044) (±0.0029) (±0.0030) (±0.0060) (±0.0036)
0.552D
0.529D
0.558D
0.443∗
0.476
0.595
0.599
0.507
0.511
0.533
(±0.035) (±0.031) (±0.027) (±0.035) (±0.031) (±0.046) (±0.026) (±0.032) (±0.053) (±0.028)
15.25D
15.06D
15.53D
14.34∗
14.29
15.79
16.00
14.08
15.90
15.61
(±0.64)
(±0.23)
(±0.45)
(±0.40)
(±0.33)
(±0.69)
(±0.28)
(±0.45)
(±0.64)
(±0.36)
31.5∗
24.6∗
16.3A, C
18.7A, C
16.7
28.0
30.5
20.0
23.3
33.9
(±1.7)
(±1.1)
(±1.5)
(±0.8)
(±2.4)
(±2.8)
(±0.8)
(±3.0)
(±2.3)
(±3.2)

129X1/SvJ
15
P

40.0C, D
(±9.48)
266.8
ALP (nmol/mL)
(±56.1)
14.28B,C
RatLaps-Telopeptide collagen (ng/mL)
(±3.45)

In vivo bone markers

Strength/Max. load femurs (N)

Femur length (mm)

Area of femur region (cm2 )

BMC in femur region (g)

BMD in femur region (g/cm2 )

Area (cm2 )

BMC (g)

BMD (g/cm2 )

P451L genotype
Bone Parameters

Sample size (n)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

ANOVA one way

Table 2: Bone parameters and concentration of in vivo bone markers presented as means (±SD). Number of animals in each strain is indicated at the top of the table (n). BMD, BMC, and
bone area, in whole body or femoral region was determined by DXA scanning. An electronic digital caliper measured femoral length, before bone strength of the femur was determined by
a 3-point bending test. In vivo bone markers were measured on serum using commercial available kits. One-way ANOVA was performed to test diﬀerences between groups and post hoc
Bonferroni corrections, using 0.05 as the significance level. Simple descriptive of data is presented as means and standard deviations (SD). Significant diﬀerence between the 129X1/SvJ,
BALB/cJ, B6, and DBA/2 animals at the P < 0.05 level is extracted from Bonferroni multiple comparison analysis and indicated with asterisks when diﬀerent from the three other strains,
with A when diﬀerent from 129X1/SvJ, with B when diﬀerent from B6, with C when diﬀerent from BALB/cJ, and with D when diﬀerent from DBA/2J.
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∗

B, D

BMD (g/cm2 )

0.055

0.08

B, D
A, D

A, D

0.05

A, C

∗

0.07
A, C

0.045

0.06

0.04

0.05
P

P

129X1/SvJ BALB/cJ

L

L

B6

DBA/2

P

P

129X1/SvJ BALB/cJ

(a)

L

L

B6

DBA/2

Femur BMD (g/cm2 )

0.09

0.06

(b)

30

∗

25

∗

25

∗

20

A, C

20

B, C

A, C

C

15

15

A, C
10

Collagen C-telopeptide
(ng/mL serum)

Femur strength (max load-N)

30

10
5
0

P

P

129X1/SvJ BALB/cJ

L

L

B6

DBA/2

P

P

129X1/SvJ BALB/cJ

(c)

L

L

B6

DBA/2

5

(d)

Figure 1: Bone parameters in the 129X1/SvJ, BALB/c, B6, and DBA/2 inbred strains. Significant diﬀerence between the strains at the P < 0.05
level is indicated with asterisks when diﬀerent from the three other strains, with A when diﬀerent from 129X1/SvJ, with B when diﬀerent
from B6, with C when diﬀerent from BALB/cJ, and with D when diﬀerent from DBA/2. P451L genotype indicated as P or L at each strain. (a)
In BALB/c and B6 whole body BMDs were not significantly diﬀerent from each other, but significantly lower than 129X1/SvJ and BALB/cJ.
BALB/cJ had higher BMD than DBA. (b) The femoral BMD in 129X1/SvJ and BALB/cJ were significantly higher than B6 and DBA/2. The
latter were not significantly diﬀerent from each other. (c) The femoral strength assessed by a three-point bending test showed significantly
higher strength in 129X1/SvJ femurs. BALB/c had stronger femurs than the DBA and B6 strains had. The latter two were not significantly
diﬀerent from each other. (d) The serum concentration of the resorption marker s-CTX-I, showed significantly higher resorption in the
BALB/cJ strain and lowest in the B6 strain.

the percentage of osteoclasts taking up dye upon ATPstimulation was significantly higher when isolated from
strains carrying the P451 allele (BALB/cJ and 129X1/SvJ)
as compared to strains with the 451L-allele (DBA/2 and
B6) (P < 0.05) (Figure 3). When corrected for background
dye uptake, the number of dye uptaking osteoclasts from
P2X7 451L strains was reduced by approximately 30%
compared to osteoclasts from the P451 strains, suggesting
deleterious eﬀects of the mutation on P2X7-mediated pore
formation.

4. Discussion
The P451 allele of the P451L mutation in P2X7 was present in
diﬀerent wild mice populations, in the outbred strains Mus
caroli/Ei and M. spretus and the four inbred strains, BALB,
NOD, NZW, and 129 (Table 1). In the bone phenotypic
study, two of the strains we characterized, had the natural
version (P451) of the mutation, the other eight strains
had the 451L version. We found great diversity in all the
examined bone phenotypic parameters, but only a few were
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L refers to P451 and 451L, respectively. (a) The BV/TV% of 129X1/SvJ was between 32% and 46% lower than the BV/TV% in the other
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Figure 3: Dye uptake in the four major strains 129X1/SvJ, BALB/cJ,
DBA/2, and B6, displayed as mean of diﬀerences between the dye
uptake in the control cultures and the dye uptake in the ATP,
stimulated cell cultures (±SEM). P and L refer to P451 and 451L,
respectively.

associated to the P451L mutation. The strain 129X1/SvJ had
higher BMD, stronger femurs and higher bone resorption
in bone histomorphometric analysis, compared to BALB/cJ,
DBA/2 and B6. BALB/cJ had stronger femurs with higher
BMD and higher levels of the bone resorption marker s-CTX
than DBA/2 and B6.
We found strong femurs with high BMD in the P451
mice. Mechanical stress of load-bearing parts of the body
could induce release of ATP in the bone compartment.

Mechanical stimulation of bone formation has been shown
to be partly mediated through the P2X7 receptor [4].
However, we did not detect any significant diﬀerences in
bone formation markers associated to the P451L alleles.
Perhaps the local eﬀect of ATP stimulation in the femurs
cannot be detected on the systemic bone markers in the
serum samples. The histomorphometric analysis was only of
the vertebrae, where higher BV/TV% was found in the P451
mice.
In the bone phenotypic part of the study we found that
strains with the naturally occurring mutation 451L in the
gene for P2X7 had lower resorption than strains with the
wild type allele (P451). Agonists activating P2X7 in low
concentrations can initiate osteoclast formation [33, 34].
Significant diﬀerences in the number of osteoclasts after 10
days of culture were not detected, but bear in mind that
osteoclast culture was done without agonist stimulation. The
absence of an eﬀect of the P451L mutation on osteoclast
development in vitro could also be due to the lack of systemic
hormones, mechanical stimulation, and lack of accessory
cells in the culture system.
The next step was to investigate if there were any differences in resorption activity in vitro though we did not detect
a significant diﬀerence in resorbed area there appeared to be
a tendency to higher resorption in cultures with osteoclasts
derived from P451 strains. The duration of resorption was
not investigated in this study, but keeping in mind that the
P2X7 receptor is involved in apoptosis of osteoclasts [13],
there could be diﬀerences in the length of the osteoclasts’
resorption phase related to the P451L allelic versions.
In humans, the polymorphism called Glu496Ala abolishes the pore formation activity of the P2X7 receptor [12]
and has been associated with decreased ATP-induced apoptosis of osteoclasts in vitro [13]. A tendency towards more
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TRAP-positive osteoclasts was seen in the 451L osteoclast
cultures. Apoptosis was not directly addressed in this study,
but in vitro osteoclasts derived from the examined strains
showed diﬀerences in the ATP-induced dye uptake assay. The
examined mutation P451L is in the C-terminal part of P2X7,
which is thought to be involved in the initiation of the pore
formation, by activating pannexin-1 [35, 36]. In this manner
the 451L mutated P2X7 receptors could blunt the pannexin1 dependent dye uptake, and explain the reduced dye uptake
we found in B6 and DBA/2 osteoclasts.
The physiological importance of the pore formation
remains to be elucidated, but besides having a role in
apoptosis it could be related to IL-1β processing and its
release through pannexin-1 [37, 38]. Interleukin-1β has
been reported to aﬀect both bone resorption and bone
formation dependent on the duration of the administration
[39]. Interleukin-1β has also been shown to induce osteoclast
precursor proliferation and diﬀerentiation, and increases
bone resorption [40]. This suggests that IL-1β induces bone
resorption initially, but that the long-term eﬀect increased
bone turnover, which corresponds to our data.
In macrophages from people carrying two C alleles
of the Glu496Ala (A1513C) polymorphism, the processing
of pro-IL-1β is impaired, leading to decreased levels of
mature serum IL-1β. Following the theory that the reduced
activity of the cytoplasmic tail of P2X7 (measured by pore
formation) has significant importance in determining the
bone cells’ response to ATP, the mechanical stimulation
of bone cells in strains with the mutation should be
impaired, and thereby the release of mature IL-1β reduced.
Then the level of IL-1β induced resorption would be
decreased in strains with the mutation and bone remodelling
would favour bone formation, and that correlates with the
decreased levels of resorption measured in vivo in B6 and
DBA/2.
Background strains of both the previously described
P2X7−/− mice harbor the 451L allele of the examined mutation in P2X7. The observed diﬀerences in the two P2X7−/−
murine models cannot be addressed to the P451L mutation
in P2X7 found in the background strains, since both models
are maintained on genetic background harboring the 451L
allele. However, the diﬀerent bone status of DBA/2 and B6
may aﬀect the direction of the eﬀect of the ablation of P2X7.
The observed lack of mechanical stimulation upon bone
formation in the Pfizer P2X7−/−, would probably not have
been found in a pure B6 background since the DBA/2 shows
increased remodeling compared to the B6 mice. The best
reason for the diﬀerent observations will be the escape of
gene knockout due to the splice variant P2X7-k [28] in the
GSK P2X7−/− model [23]. Even though no expression of the
splice variant P2X7-k has been found in osteoclasts [29], and
GSK P2X7−/− osteoblasts shows no dye uptake, the splice
variant P2X7-k could still be found in other cells in the bone
environment.
The underlying goal was to find a candidate strain of
mice that could be used as new genetic background for the
P2X7−/− mice, in the search for the therapeutic potential
of P2X7 agonists and antagonists in a murine model for
postmenopausal osteoporosis. Four strains were determined
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to carry the P451 allele by sequencing, however the NOD
mice develop type I diabetes (during which P2X7 expression
change [41]) and the NZB mice get autoimmune anaemia.
Only two strains with the P451 allele of the mutation were
left, namely, 129X1/SvJ and BALB/cJ. In this study we found
that DBA/2 and B6 had low BMD (totally and regionally
in the femur) and had a low bone strength, which could
make it diﬃcult to detect changes in the parameters. Besides
carrying the P451 allele, high baseline BMD, relatively
strong bones, and high trabecular bone volume should
characterize the selected strain. All that fits well with the
bone phenotype of 129X1/SvJ, but mice from this strain
show no cancellous bone loss upon oestrogen depletion, as
has been reported in postmenopausal women and oestrogen
depleted rats [42, 43]. In contrast, BALB/cJ has relatively
strong bones and high BMD in the femur, high Tb.Th
and number, and respond as predicted upon ovariectomy
[44].
In conclusion, we find that the P451 strains have stronger
femurs and higher BMD, but the cellular basis could not
be established in this study. The major finding in this
study is that the genetic background could be of significant
importance when determining the eﬀect of the P2X7 ablation
and that an optimal strain for studying the bone-specific
eﬀect of the P2X7 ablation could be the BALB/cJ mice.
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