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Abstract 

Transgenic and knockout animal models are widely used to investigate the role of receptors, signaling 

pathways and other peptides and proteins. Varying results are often published on the same model 

from different groups and much effort has been put into understanding the underlying causes of these 

sometimes conflicting results. Recently, it has been shown that a P2X4R knockout model carries a 

so-called passenger mutation in the P2X7R gene, potentially affecting the interpretation of results 

from studies using this animal model. We therefore report this case to raise awareness about the 

potential pitfalls using genetically modified animal models, especially within P2 receptor research. 

Although purinergic signaling has been recognized as an important contributor to the regulation of 

bone remodeling, the process that maintains the bone quality during life, little is known about the role 

of the P2X4 receptor (P2X4R) in regulation of bone remodeling in health and disease. To address 

this, we analyzed the bone phenotype of P2rx4tm1Rass (C57BL/6J) knockout mice and 

corresponding wildtype using microCT and biomechanical testing. Overall, we found that the P2X4R 

knockout mice displayed improved bone microstructure and stronger bones in an age- and gender 

dependent manner. While cortical BMD, trabecular BMD and bone volume were higher in the 6-

months-old females and 3-months-old males, this was not the case for the 3-months-old females and 

the 6-months-old males. Bone strength was only affected in the females. Moreover, we found that 

P2X4R KO mice carried the P2X7 receptor 451P wildtype allele, whereas the wildtype mice carried 

the 451L mutant allele. In conclusion, this study suggests that P2X4R could play a role in bone 

remodeling, but more importantly it underlines that  the potential pitfalls when using knockout models 

and highlights the importance of interpreting results with great caution. Further studies are needed to 

verify any specific effects of P2X4R on bone metabolism. 

Keywords: P2X4 purinergic receptor, bone metabolism, knockout mice, P2X7 purinergic receptor, 

bone structure 
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Introduction 

Transgenic and knockout animal models are widely used to investigate the role of receptors, signaling 

pathways and other peptides and proteins. Varying results are often published on the same model 

from different groups and much effort has been put into understanding the underlying causes of these 

sometimes conflicting results. This has also been the case with genetically modified mouse models 

used in P2 receptor research where some of the most widely used animal models have been shown to 

be less appropriate models as they were either not true knockouts or expressed a naturally occurring 

mutation in some of the knockout strains hampering conclusions on the true role of the receptor on 

physiological functions. In addition to models not being true knockouts it has also been suggested 

that an important cause of the conflicting results from apparently similar models can be the occurrence 

of so-called passenger mutations. Very recently, a P2X4R knockout model was shown to express 

such a passenger mutation in the adjacent P2X7R gene, but only in the wildtype animals [11].  To 

direct focus to this issue and to emphasize the importance of knowing the true genotype of the animal 

model you use we present this case on a P2X4R knockout model showing an apparent effect on 

skeletal phenotype. 

Bone remodeling is the process that maintains the bone quality during life. It is the result of highly 

coordinated actions from the bone resorbing osteoclasts and the bone forming osteoblast, while the 

orchestrating osteocytes resides embedded in the bone tissue. The purinergic P2 receptor family, 

which includes seven P2X and eight P2Y subunits, is activated by adenosine triphosphate (ATP) and 

has been proposed as one of the signaling mechanisms important in the regulation of bone cell 

function through the expression of several P2 receptors in all three types of bone cells [1].  The 

purinergic receptor subtype P2X7 (P2X7R), a ligand-gated ion channel, has to date been the receptor 

receiving most attention in bone metabolism. However, the P2X4 receptor (P2X4R) is also activated 

by ATP released from bone cells upon mechanical stimulation or tissue damage [2] and is tightly 
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connected to the P2X7R. P2X7R and P2X4R are genetically located in proximity and the two genes 

are likely to originate from the same ancestor gene as the result of a gene duplication and have been 

suggested to complement each other [3]. 

The role of purinergic signaling via the P2X4R in bone has been sparsely investigated, although this 

receptor has been shown to have the highest expression of the P2 receptors in osteoblastic cells [4]. 

Early studies suggested that P2X4R was involved in regulation of osteoclast activity and bone 

resorption [5,6] and later P2X4R was suggested to be involved in ATP-induced proliferation of 

osteoblast-like cells [7]. Moreover, polymorphism in the P2RX4 gene has been correlated to 

bone mineral density (BMD) and risk of osteoporosis in a cohort of Dutch fracture patients [8]. 

Further studies are needed to clarify the role of P2X4R in bone remodeling. 

Likely due to the limited availability of truly specific agonists and antagonist for the P2R subtypes, 

knockout mice have been widely used in decades for investigating effects of specific P2Rs in vivo, 

however, to this date no in vivo studies have confirmed any effects of P2X4R on bone remodeling. 

Although, P2 receptor knockout mice may provide a useful tool for specific in vivo investigations, 

this may be hampered by hidden gene discrepancies between knockout animals and corresponding 

wildtypes, so called passenger mutations [9]. Passenger mutations can occur when the strain of the 

embryonic stem cells used for the targeted mutation is different from the recipient background strain. 

When the knockout animals are backcrossed for ten generations, statistically 99.8% of the genome 

will belong to the recipient strain and only 0.2% will belong to the donor strain.  However, the chance 

of crossover decreases as the distance between the genes decreases and therefore there is a higher risk 

of passenger mutations in genes in proximity to the target gene.  

In 2002, Adriouch et al. published the finding of a natural P451L mutation in the cytoplasmic domain 

of the mouse P2X7R, a mutation occurring in some but not all mouse strains [10]. Since the P2X4R 
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knockout mouse was generated using embryonic stem cells from 129/Sv mice, which harbors the 

wildtype 451P allele,  and backcrossed into the C57BL/6j, which harbors the 451L mutant allele and 

the P2X4R and P2X7R genes are in close proximity, it is likely that the P451L mutation exists as a 

passenger mutation in this knockout model. This was very recently confirmed [11]. 

We hypothesized that P2X4R is involved in the regulation of bone remodeling. Thus, we 

characterized the bone phenotype of P2X4R knockout mice using 3- and 6-month-old male and 

female mice. In addition, to obtain knowledge on the specificity of the findings, we aimed to establish 

the genotype for the P2X7R P451L mutation in P2X4R knockout and wildtype mice. 
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Methods 

Animals 

Heterozygous P2rx4tm1Rass (C57BL/6J) (P2X4R KO) breeding pairs were kindly provided by Dr. 

Lauriane Ulmann [12]. From the heterozygous breeding pair homozygous wildtype and knockout 

mice were selected based on genotyping and used for homozygous breeding of the animals included 

in the study. Both male and females were included in the study. All animals were genotyped using 

the following primers P2X4R: CATCCGCAGCCGTAAA, CCCGCTCACCCAATG; LacZ: 

GACCCGCATTGACCCTA, AGCACCGCATCAGCAAG. Body weight was recorded, mice were 

euthanized, and bones were dissected for microCT and bone strength analysis at 3 and 6 months of 

age. Animal studies were approved by the Danish Animal Experiments Inspectorate (License number 

2017-15-0202-00086). 

Microarchitectural bone analysis 

The right femora were dissected free of soft tissue and stored in 70% ethanol for later microCT 

analysis. Eight to ten mice from each group were subjected to microCT scan. For trabecular bone, the 

microarchitectural properties of proximal tibiae and/or distal femur were calculated using true, 

unbiased, and assumption-free 3D methods (15). Trabecular bone volume fraction (BV/TV, %), 

trabecular thickness (Tb.Th, µm), trabecular separation (Tb.Sp, µm), trabecular number (Tb.N, mm-

1) were calculated. The microarchitectural parameters of cortical bone femoral midshaft including 

cortical thickness (Ct.Th, µm) and cortical porosity (%) were calculated. Bone mineral density 

(BMD) was recorded for both cortical and trabecular bone. 
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Bone strength measurements 

Left femur was dissected free of soft tissue, wrapped in saline-moistened gauze and frozen at -20° C 

for later analysis. Ex vivo biomechanical bone strength measurements were performed using an 

Electropuls E1000 (Instron, High Wycombe, United Kingdom) after rehydration of the bones in a 

saline solution at room temperature overnight. For shear test of the femoral neck, the intact femur 

was fixed in vertical position and an anvil lowered onto the femoral head until fracture of the femoral 

neck. For three-point-bending test, the bones were placed on two anvils with a fixed distance of 7 

mm with mid-femur in the center. Deflection was performed by lowering a third anvil onto the 

midshaft of the femur using a constant speed of 1 mm per minute and a 250 N load cell. Load-

displacement curves were generated and maximum load until fracture was recorded. 

Sequencing  

Genomic DNA samples from a total of 3 homozygous P2X4R KO mice and 3 wildtype mice from 

three different generations of breeding were sequenced by Eurofins genomics with respect to the 

P2X7 receptor mutation P451L using high-throughput double stranded sequencing.  

Statistics 

Wildtype and P2X4R KO within each age and gender group were compared using t-test and 

differences were considered statistically significant when p<0.05. Data are presented as mean and 

standard error of the mean (SEM). 
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Results 

Bone phenotype 

There were no apparent differences in health or behavior of the wildtype mice and P2X4R KO mice. 

Body weight was 14% higher in the female P2X4R KO mice at 3 months of age compared to the 

wildtype mice (mean±SEM: 23.5±0.5 g vs. 20.7±0.2 g, p<0.0001)), while no differences were 

observed at 6 months of age (24.6±0.8 g vs. 24.8±0.7 g, p=0.787) or in the males independent of age 

(3 months: 27.6±0.6 g vs. 28.3±0.4 g, p=0.262; 6 months: 33.1±0.9 g vs. 32.1±0.8 g, p=0.436) ).  

Bone microarchitecture and strength were assessed at the mid-femur to address differences in cortical 

bone. Cortical BMD was higher in 6-months-old female (+5%) and 3-months-old male (+4%) P2X4R 

KO mice when compared to their respective wildtype mice (Figure 1A). This was accompanied by 

lower cortical porosity (-18% and -13%, respectively) (Figure 1B). These effects were, however, not 

reflected in differences in three-point-bending strength of the femoral shaft, where a higher maximum 

load was observed only in the 3-months-old female (+10%) (Figure 1D). There were no differences 

in Ct.Th  between P2X4R KO and wildtype mice, irrespective of age and gender (Figure 1C).  

In order to address differences in trabecular bone, microarchitecture of the distal femur was analyzed, 

and maximum load of the femoral neck, a region rich in trabecular bone, were measured. Trabecular 

BMD and BV/TV were higher in the 6-months-old female (+28% and + 29%, respectively) and 3-

months-old male (+18% and +24%, respectively) P2X4R KO mice when compared to their respective 

wildtype mice (Figure 2A+B). Tb.Sp was 8% higher in the 6-months-old male and 13% lower in the 

3-months-old female P2X4R KO mice (Figure 2D). There were no differences in Tb.Th and Tb.N 

between P2X4R KO mice and the respective wildtype mice (Figure 2C+E).. Maximum load of the 

femoral neck was higher in 3-months-old (+18%) and 6-months-old P2X4R KO females (+10%), 
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while there were no differences between P2X4R KO and wildtype males, irrespective of age (Figure 

1E). Representative microCT images of trabecular bone can be seen in Figure 2F.  

 

P451L sequencing 

DNA sequencing of the P2X7R gene revealed that all three P2X4R KO mice displayed a C at the 

451 allele resulting in a proline (451P wildtype), whereas all three samples from wildtype mice 

displayed a T at the 451 allele resulting in a leucine (451L mutation). 
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Discussion 

Although purinergic signaling has been recognized as an important contributor to the regulation of 

bone remodeling for more than a decade, most attention has been drawn towards the P2X7R and little 

is known about the role of the P2X4R receptor in regulation of bone remodeling in health and disease. 

Among the P2 receptors, the P2X4R has a unique subcellular distribution that is predominantly 

intracellular within endolysosomal compartments and it has been suggested to be involved in 

lysosome function [13]. Normal osteoclast function is dependent on lysosomes [14], and lack of 

P2X4R could therefore cause reduced osteoclast function due to the lack of sufficient lysosomal 

function. We therefore hypothesized that P2X4R knockout mice would display a “high bone mass” 

bone phenotype. 

To address this question, we analyzed the bone phenotype of an already established P2X4R knockout 

mouse. Overall, we found that the P2X4R knockout mice displayed improved bone microstructure 

and stronger bones, however, the effects were dependent on both age and gender. While cortical 

BMD, trabecular BMD and trabecular BV/TV were higher in the 6-months-old females and 3-

months-old males, this was not the case for the 3-months-old females and the 6-months-old males 

and bone maximum load was only affected in the females. 

In contrast, a loss-of-function polymorphism in the P2RX4 gene has been shown to be related 

to reduced bone mineral density (BMD) and increased risk of osteoporosis in a cohort of Dutch 

fracture patients, and it was suggested that the effect of P2X4R was mainly pro-osteogenic, while 

another polymorphism with no obvious functional effect was associated with increased BMD [8].  

To this date, studies have confirmed the expression of P2X4R in bone cells, however, the functional 

effects on bone cells largely remains unknown [1].  
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Though we found a clear bone phenotype in the P2X4R knockout animals the study remains 

inconclusive to whether this is due to knocking out the P2X4R itself or to the presence of the 451L 

P2X7R mutation in the wildtype animals. We have previously shown that mice carrying this mutation 

have a lower bone mass as compared to mice without the mutation [16]. Sim et al. described the 

generation of the P2X4 receptor KO mice. Using homologous recombination, mice carrying a null 

mutation in the P2RX4 gene were generated. Embryonic stem cells from 129/Sv mice were used and 

backcrossed into the C57BL/6J background strain [12]. For this model, as for other genetically 

modified congenic mice models, there is a risk of passenger mutation, which complicates the 

interpretation of potential findings [9]. The finding of the P451L mutation in the cytoplasmic domain 

of the mouse P2X7 receptor, a mutation occurring in some but not all mouse strains [10], led to 

discussion of the already established P2X7R knockout models and the influence of the background 

strains on the specific effects of gene knockout [15]. However, due to the proximity of the P2X7R 

and P2X4R genes, the potential confounding effects of P451L are not limited to the P2X7R knockout 

models. We found that P2X4R KO mice carried the allele for the wildtype 451P originating from the 

129/Sv stem cells, whereas the P2X4R wildtype mice carried the allele for the mutated 451L 

originating from the background strain C57BL/6J. This is in agreement with the strain distribution 

reported by Adriouch et al. where only C57BL/6 mice and DAB mice carried the allele for 451L [10], 

a distribution that were later confirmed by Syberg et al. [16]. The P2X7R 451L passenger mutation 

was also very recently demonstrated in a study by El-Lukowiak et al. They showed that not only does 

the P2X4R KO mice carry the mutation, they also have altered expression levels of the P2X7R which 

subsequently affects the function of immune cells [11].  

The implication for the P451L mutation in the interpretation of effects in the P2X4R KO model 

remains to be established, also with respect to the effects on bone reported in this paper. Syberg et al. 

reported that ATP-induced pore formation in osteoclasts was lower in cells isolated from C57BL/6 
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and DBA/2 mice, both carrying the 451L allele, compared to cells isolated from 129/SvJ and 

BALB/cJ, which carries the 451P allele [16]. Moreover, bone phenotype of a number of mice strains 

were compared and the 129/SvJ and BALB/cJ pointed towards stronger bone and better bone 

structure when compared to C57BL/6 and DBA/2, however, whether this is due to the P451L 

mutation or other strain differences cannot be derived from the study by Syberg et al. [16]. The P451L 

mutation resembles the human loss of function polymorphism E496A in the P2X7R gene [10], which 

has been shown to be associated with lower BMD in men and women [17,18]. Thus, the direction of 

the effect seen in our study is in agreement with the expected effect based on the P451L mutation, 

and the P451L mutation could potentially contribute to the differences in bone structure between 

P2X4R knockouts and wildtypes. Aside from the P451L issue, P2X4R and P2X7R are highly 

interconnected [3] and a thorough understanding and control of both genes are therefore necessary in 

order to deduce specific effects in in vivo models. 

In conclusion, this study underlines the potential pitfalls when using the classical knockout models 

and highlights the importance of interpreting results with great caution. Thus, it should be emphasized 

that thorough investigation and characterization of genetically modified animals are highly warranted 

in order to increase the validity of data coming out of studies using these models, contributing to a 

better understanding of the role of P2 receptors in physiological and pathological processes. P2X4R 

could potentially play a role in regulation of bone remodeling, however, further studies are needed in 

models not carrying passenger mutations in the P2X7R gene to verify any specific effects. 
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Figure Legends 

Figure 1 Cortical microarchitecture and bone strength  in P2X4R KO mice Cortical BMD (A), 

porosity (B) and thickness (C) of the femoral shaft were analyzed using microCT. Maximum load 

of the femoral shaft (D) and femoral neck (E) were analyzed using three-point bending test and 

shear test, respectively. Data is presented as mean (solid line) and dot plot with each dot 

representing one single mouse. * p<0.05, when comparing P2X4R KO mice with age- and gender 

matched wildtype mice. BMD: Bone mineral density; wt: wildtype for the P2X4R; ko: P2X4R 

knockout.      

 

Figure 2 Trabecular microarchitecture in P2X4R KO mice. Trabecular BMD (A), bone volume 

(B), thickness (C), separation (D) and number of the trabecular bone tissue in the distal femur were 

analyzed using microCT. Representative microCT images from female mice of 3 and 6 months of 

age are shown in panel F from both wildtype and P2X4R knockout mice. Data is presented as mean 

(solid line) and dot plot with each dot representing one single mouse. * p<0.05, when comparing 

P2X4R KO mice with age- and gender matched wildtype mice. BMD: Bone mineral density; wt: 

wildtype for the P2X4R; ko: P2X4R knockout.      
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