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Abstract

Gsα, the alpha stimulatory subunit of heterotrimeric G proteins that activates downstream 

signaling through the adenylyl cyclase and cAMP/PKA pathway, plays an important role in bone 

development and remodeling. The role of Gsα in mesenchymal stem cell (MSC) differentiation to 

osteoblasts has been demonstrated in several mouse models of Gsα inactivation. Previously, using 

mice with heterozygous germline deletion of Gsα (Gnas+/p−), we identified a novel additional role 

for Gsα in bone remodeling, and showed the importance of Gnas in maintaining bone quality by 

regulating osteoclast differentiation and function. In this study, we show that postnatal deletion of 

Gsα (CreERT2;Gnasfl/fl) leads to reduction in trabecular bone quality parameters and increased 

trabecular osteoclast numbers. Furthermore, mice with deletion of Gsα specifically in cells of the 

macrophage/osteoclast lineage (LysM-Cre;Gnasfl/fl) showed reduced trabecular bone quality and 

increased trabecular osteoclasts, but to a reduced extent compared to the CreERT2;Gnasfl/fl global 

knockout. This demonstrates that while Gsα has a cell autonomous role in osteclasts in regulating 

bone quality, Gsα expression in other cell types additionally contribute. In both of these mouse 

models, cortical bone was more subtly affected than trabecular bone. Our results support that Gsα 
is required postnatally to maintain trabecular bone quality and that Gsα function to maintain 

trabecular bone is regulated in part through a specific activity in osteoclasts.
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Introduction

Skeletal bone formation and maintenance occur through the processes of bone modeling and 

remodeling which are directed by coordinated activities of osteoblasts, osteoclasts, and 

osteocytes. Rates of bone formation by osteoblasts and bone resorption by osteoclasts are 

balanced and regulated through a network of signaling pathways to maintain bone quality 

[1–3]. GNAS, which encodes the α-subunit of stimulatory G-protein (Gsα) of adenylyl 

cyclase and activates cAMP signaling, plays important roles in skeletal development and 

maintenance. Previously, mouse models with global, as well as osteoblast- and osteocyte-

specific, deletion of Gnas revealed important functions of the Gsα pathway in various stages 

of skeletal bone formation including mesenchymal stem cell commitment, osteoblast 

differentiation, and mineralization [4–8].

In additional to osteoblasts and osteogenesis, cAMP/PKA signaling has also been shown to 

regulate osteoclastogenesis, and other pathways such as Wnt/β-catenin and calmodulin-

dependent kinase have been shown to act as upstream regulators of this process[9,10]. Using 

a mouse model with heterozygous germline inactivation of Gsα, we demonstrated that Gsα 
maintains bone quality by regulating osteoclast differentiation and bone resorption activity 

[11]. However, given that the mouse model used globally reduced Gsα expression, we could 

not distinguish the contributions of a cell-autonomous role of Gsα in osteoclasts versus 

additional cell types.

In this study, we investigated the effects of osteoclast-specific reduction of Gsα on bone 

maintenance through two in vivo approaches. Since osteoclasts do not begin to remodel 

bone and regulate skeletal bone quality until post-natal life, we induced postnatal global 

deletion of Gnas (CreERT2;Gnasfl/fl) to bypass effects of decreased Gsα during embryonic 

skeletal development. We additionally induced Gsα deletion specifically in cells of the 

macrophage/osteoclast lineage. In both models, we examined the impact of Gnas deletion on 

skeletal bone quality and osteoclasts. Our data suggest that postnatal Gsα deletion during 

bone remodeling stages adversely impacts trabecular bone quality and concomitantly 

increases in vivo osteoclast number. Similar effects were detected with specific macrophage/

osteoclast lineage Gnas deletion indicating that Gsα influences trabecular bone quality at 

least in part by Gsα function in osteoclasts.

Methods

Animals

All animal experiments were performed in accordance with the relevant regulations and 

guidelines and were approved by the Institutional Animal Care and Use Committee 

(IACUC), University of Pennsylvania.
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CreERT2 mice (Jackson Laboratories, stock no. 008463) [12] were crossed to Gnasfl/fl mice 

[4–8] to generate CreERT2;Gnasfl/+ mice which were subsequently crossed with Gnasfl/fl 

mice to obtain CreERT2;Gnasfl/fl mice. Cre-negative mice from the same litters were used as 

controls. At 4 weeks of age, mice were injected intraperitoneally with tamoxifen dissolved 

in corn oil (1 mg/100 μl) on three successive days at 50 μg/g body weight. Three mice were 

harvested at 4 weeks and at 6 weeks post-injection. LysM-Cre mice (Jackson Laboratories, 

stock no. 004781) [13] were crossed with Gnasfl/fl mice to generate LysM-Cre;Gnasfl/+ mice 

which were subsequently crossed with Gnasfl/fl mice to obtain LysM-Cre;Gnasfl/fl mice and 

Cre-negative (Gnasfl/fl) control mice. Mice were analyzed at 3–4 weeks of age by histology 

and at 12 weeks by micro-computed tomography. Both male and female mice were used in 

these studies. All mouse lines were maintained on a C57BL/6 background (crosses used 

mice from Jackson Laboratories, stock no. 000664).

Micro-computed tomography (μCT)

Femurs from CreERT2;Gnasfl/fl and Cre-negative littermates at 6 weeks after tamoxifen 

injections or from 12 week old LysM-Cre;Gnasfl/fl and Cre-negative littermates were 

processed for μCT scanning and bone volume quantification using previously described 

methods [11].

Histology

One femur per mouse was harvested for μCT; each contralateral limb was processed for 

histology. TRAP staining was performed using the leukocyte acid phosphatase kit (Sigma 

387A) as described previously [11]. Briefly, paraffin embedded slides were de-paraffinized, 

hydrated through a graded series of ethanol to deionized water and then stained following 

the recommended procedure. After staining for TRAP for 1 hour, slides were rinsed 

thoroughly with deionized water, counterstained with methyl green, and allowed to air dry. 

Femurs from CreERT2;Gnasfl/fl and Cre negative mice harvested at 4 weeks after tamoxifen 

injections and femurs from 3–4 week old LysM-Cre;Gnasfl/fl and Cre negative littermates 

were stained for TRAP and multi-nucleated osteoclasts (≥3 nuclei) were counted along 

trabeculae in the distal femur proximal to the growth plate.

Real-time PCR

Real-time PCR to measure Gsα expression was performed as described previously. Briefly, 

soft tissue was removed from femur and tibiae, ends were cut, and bone marrow was flushed 

out. The mid-diaphyseal region was frozen in liquid nitrogen then crushed in a tissue lyser 

(TissueLyser LT, Qiagen). RNA was extracted with Trizol, and cDNA was prepared using 

High-Capacity RNA-to-cDNA kit (Thermo Fisher Scientific). Gsα primer sequences were 

published previously [11]. Data were normalized to Gapdh.

Statistical Analyses

Analyses of CreERT2;Gnasfl/fl and Cre-negative controls: In order to accommodate for the 

small litter size and the higher variation between the multiple litters, Student’s t-test was 

performed to compare μCT data after setting the Cre-negative littermate controls to 1. 
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Unpaired two-sided Student’s t-test was performed using absolute osteoclast numbers per 

mm. For real time qRT-PCR data, Cre-negative littermate controls were set to 1.

Analyses of LysM-Cre;Gnasfl/fl and Cre-negative controls: Similar to above, unpaired two-

sided Student’s t-test was performed to compare μCT, real time qRT-PCR data, and 

osteoclast numbers after setting the littermate controls to 1.

Results

Postnatal homozygous deletion of Gnas/Gsα adversely alters trabecular bone

Since osteoclasts do not begin to remodel bone and regulate skeletal bone quality until post-

natal life, we induced global deletion of Gnas (CreERT2;Gnasfl/fl) post-natally in order to 

examine effects of Gnas/Gsα depletion independently of embryonic skeletal development. 

At 4 weeks of age, CreERT2;Gnasfl/fl mice and control (Cre-negative) mice were treated 

with tamoxifen to induce Gnas deletion. RNA from mid-diaphyseal cortical bone harvested 

6 weeks after the injection showed a significant decrease in Gsα mRNA expression by RT-

PCR in CreERT2;Gnasfl/fl mice compared to control (Cre-negative) bone (Figure 1A). To 

investigate the postnatal role of Gsα on bone remodeling, we examined the femurs at 6 

weeks after tamoxifen injections by μCT (Figure 1B). Trabecular bone volume (20% 

reduction) and bone volume fraction (30% reduction) were significantly reduced in 

CreERT2;Gnasfl/fl mice compared to controls (Figure 1C). Furthermore, trabecular 

architecture showed dramatic changes between the genotypes, with CreERT2;Gnasfl/fl mice 

demonstrating significantly reduced trabecular number (10% lower) and trabecular thickness 

(15% lower) and increased trabecular spacing (15% higher) compared to littermate controls 

(Figure 1D–F). Of note, total volume at the distal femur was 15% higher in the mutants 

compared to controls suggesting that bone is increased overall (Supplementary Figure 1A) in 

the homozygous mutant mice.

In comparison to the impact on trabecular bone, effects of Gnas inactivation on cortical bone 

at the mid-diaphysis of femur were more subtle. While total volume measured at the mid-

diaphysis was significantly increased (12%) in mutants (Supplementary Figure 1B), bone 

volume fraction (BV/TV) and cortical thickness were marginally reduced in the 

CreERT2;Gnasfl/fl mice when compared with age-matched littermate controls 

(Supplementary Figure 1C, D), suggesting an overall loss of cortical bone in mutants.

CreERT2;Gnasfl/fl mice have increased osteoclast numbers

Previously, we determined that mice with germline heterozygous inactivation of Gnas/Gsα 
had increased endocortical osteoclast numbers that were associated with decreased cortical 

bone quality [11]. In order to determine whether bone quality and osteoclast numbers are 

altered by Gnas inactivation only during post-natal bone remodeling, femurs from 

CreERT2;Gnasfl/fl and littermate controls at 4 weeks after tamoxifen treatment were 

subjected to TRAP staining for osteoclast activity and the number of trabecular osteoclasts 

were counted. The numbers of multi-nucleated trabecular osteoclasts were significantly 

increased (Figures 2A, B) in CreERT2;Gnasfl/fl mice, supporting that postnatal homozygous 
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deletion of Gsα affects bone maintenance and trabecular bone quality by increasing the 

numbers of bone-resorbing osteoclasts.

Deletion of Gnas/Gsα specifically in macrophage/osteoclast lineage cells negatively 
affects trabecular bone quality but less severely than in CreERT2;Gnasfl/fl mice

Increased trabecular osteoclasts in CreERT2;Gnasfl/fl mice, along with our previous data 

from mice with germline heterozygous Gnas/Gsα deletion showing increased osteoclast 

numbers in vivo and enhanced osteoclast differentiation in vitro, led us to investigate 

whether Gnas/Gsα has a cell-autonomous role in osteoclasts to regulate bone quality. We 

generated mice with homozygous deletion of Gsα in cells of the macrophage/osteoclast 

lineage using the LysM-Cre mouse model. Macrophages (pre-osteoclasts) isolated from 

LysM-Cre;Gnasfl/fl mice showed a 80% decrease in Gsα mRNA expression by RT-PCR 

compared to Cre-negative cells, confirming the deletion of Gsα in the mutants (Figure 3A). 

MicroCT scans of femurs (Figure 3B) showed a statistically significant decrease in 

trabecular BV/TV (18%) in 12-week-old LysM-Cre;Gnasfl/fl mice compared to controls 

(Figure 3C). In addition, trabecular microarchitecture parameters, trabecular number, and 

trabecular thickness were marginally decreased (8%, p ≤ 0.1) while trabecular spacing was 

marginally increased (10%, p < 0.1) compared to littermate controls (Figure 3D–F). These 

results were, however, less pronounced than the effects in CreERT2;Gnasfl/fl mice.

TRAP staining for osteoclast activity appeared increased in CreERT2;Gnasfl/fl trabecular 

bone compared to control (Figure 3G). Although poor viability of mutant mice limited our 

ability to examine a larger sample size, quantification of multi-nucleated osteoclasts (from 

n=4 LysM-Cre;Gnasfl/fl and n=4 controls) identified a trend towards increased numbers in 

LysM-Cre;Gnasfl/fl mice (p < 0.2) compared to controls (Figure 3H). Reduced viability also 

limited our ability to examine LysM-Cre;Gnasfl/fl cells in osteoclast differentiation and pit 

formation assays, however data using cells heterozygous for Gnas knockout (n = 3 LysM-
Cre;Gnasfl/+), showed enhanced differentiation, increased numbers of TRAP+ multi-

nucleated cells, and higher pit formation/resorption area by mutant cells compared to 

littermate Cre-negative controls (n = 2) (also see Supplementary Figure 2 and 

Supplementary Information).

The more subtle effect on osteoclast functions by LysM-Cre;Gnasfl/fl or LysM-Cre;Gnasfl/+ 

mice compared with the statistically significant effects observed in CreERT2;Gnasfl/fl mice 

supports that while Gnas inactivation confers cell-autonomous osteoclast-specific effects on 

osteoclast function, Gnas additionally acts in other cell types that contribute to the regulation 

of osteoclast activity and function.

Discussion

The roles of GNAS/Gsα in skeletal development and maintenance have been demonstrated 

in MSCs, osteoblasts, and osteocytes through several mouse models [4–8]. Previously, we 

identified a role for Gsα in bone remodeling and maintenance of bone quality in regulating 

osteoclast activity and differentiation. In this follow up investigation, we further show that 

Gsα regulates bone quality at least in part through cell-specific functions in osteoclasts [11]. 
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These investigations additionally reveal that Gsα is important not only during bone 

development, but also during postnatal bone remodeling.

Since osteoclasts do not begin to remodel bone and regulate skeletal bone quality until 

postnatal life [1–3,14], this investigation used a conditional Gnas knockout mouse model 

and induced deletion of Gnas/Gsα postnatally. When Gnas/Gsα was globally deleted 

through the CreERT2 recombination system, trabecular bone quality was significantly 

reduced along with significantly elevated osteoclast numbers. This delineates a role for Gsα 
in maintaining bone quality during postnatal remodeling independently of skeletal 

development.

Our earlier study [11] was the first to show that Gsα regulates skeletal development and 

maintenance through modulating osteoclast number and function. In vitro differentiation 

studies suggested that the role of Gsα in osteoclasts is cell-autonomous. However, the 

effects of deletion of Gsα in other cell types including osteoblasts on the overall skeletal 

phenotype and the potential impact of global Gsα deletion on osteoblast-osteoclast coupling 

precluded us from confirming a solely cell-autonomous role for Gsα in osteoclasts. In the 

current study, to overcome this limitation, we deleted Gsα in cells of the macrophage-

lineage using LysM-Cre to inactivate Gnas. Mice with Cre driven by the LysM promoter has 

previously been used to study bone quality in several studies and has been shown to be 

reliable in gene deletion in macrophage/osteoclast-lineage cells [9,15,16].

Both conditional Gnas knockout mouse models used in this study demonstrated enhanced 

osteoclast function and activity upon Gnas inactivation. Postnatal global Gsα deletion 

during bone remodeling stages was shown to adversely impact trabecular bone quality and 

concomitantly increase in vivo osteoclast numbers. Specific macrophage/osteoclast lineage 

Gnas deletion also enhance osteoclast functions and negatively affected trabecular bone, 

however to a reduced degree, indicating that while Gnas/Gsα in osteoclasts influences 

trabecular bone quality, Gnas function in additional cell types also contribute.

Studies of osteoblast differentiation and mineralization were not performed in this study in 

either of the two mouse models. In our previous study, we also showed that Gsα regulates 

osteoclast differentiation and function through enhancement of Nfatc1 levels via the PKA 

signaling pathway [11]. Future experiments on osteoblast differentiation and function, 

osteoblast-osteoclast coupling, and downstream signals regulating bone remodeling would 

uncover the various cellular and signaling mechanisms by which Gsα impacts bone 

maintenance.

Of particular note, our previous studies in mice with global germline heterozygous deletion 

of Gsα showed a more severe effect in cortical bone than trabecular bone [11]. In contrast, 

CreERT2;Gnasfl/fl mice showed a more severe adverse effect on trabecular bone quality and 

a subtle effect on cortical bone. This could be due to a varied number of reasons including 

differences in mouse ages and the time points examined, the levels of Gsα expression, 

and/or differing effects of these differences on osteoblasts, osteoclasts and other cell types. 

A significant impact on skeletal bone that depends on the levels of Gnas signaling through 

early development may also be a major influence on bone quality in cortical vs. trabecular 
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bone. After initial skeletal development, trabecular bone undergoes more active remodeling 

than cortical bone [17]. Hence the effect of postnatal deletion of Gsα could plausibly have a 

larger impact on trabecular bone remodeling than cortical bone.

Surprisingly, despite decreased trabecular bone volume fraction and microarchitecture, 

CreERT2;Gnasfl/fl mice showed increased total volume at both the distal femur and mid-

diaphysis suggesting an increase in overall size of the bone. With aging, there is increased 

osteoclast activity leading to loss of both trabecular and cortical bone (endosteal resorption 

at the mid-diaphysis). In order to compensate for the bone loss, the mid-diaphyseal region 

undergoes periosteal expansion via appositional growth which helps maintain the 

mechanical strength of long bones [1,2]. In the Gsα mutants, we observe a similar 

phenotype with increased osteoclasts and loss of bone. Although we did not measure bone 

strength by mechanical testing in the two mouse models in this current work, we did perform 

three-point bending tests in mice with heterozygous deletion of Gsα [11] and showed 

reduction in mechanical strength parameters (stiffness and peak load) in the Gsα mutants 

compared to littermate controls. Postnatal deletion of Gsα could cause a decrease in 

mechanical strength that would support the decreased trabecular and cortical bone that we 

observe by μCT. Hence, the increase in total bone volume at both the distal femur and mid-

diaphysis could be an adaptive response to maintain integrity of the bone.

Overall, our data demonstrate that Gnas is an important regulator of postnatal skeletal bone 

remodeling. Our studies additionally support that Gnas/Gsα activity in osteoclasts plays 

important roles in trabecular bone quality and architecture, but also that cells in addition to 

osteoclasts contribute to postnatal maintenance of bone quality. The identities of the relevant 

interacting cells and the mechanisms through which Gnas/Gsα signaling in these cells are 

important considerations for future investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Postnatal Gsα deletion impacts skeletal bone maintenance by reducing 

trabecular bone and increasing osteoclasts.

• Gsα deletion in osteoclast progenitor cells decreases trabecular bone and 

increases osteoclasts.

• Phenotype is less severe in mice with specific osteoclast Gsα deletion 

compared to postnatal global knockout.

• Trabecular bone quality is regulated in part by Gsα activity in osteoclasts.
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Figure 1. Postnatal homozygous deletion of Gnas/Gsα negatively affects trabecular bone quality
(A) Reduced Gsα mRNA expression in bone samples from CreERT2;Gnasfl/fl mice 

compared to control (Cre-negative) Gnasfl/fl samples was confirmed by RT-PCR (n = 5 per 

genotype). (B) Representative μCT scans of control and CreERT2;Gnasfl/fl mice at 6 weeks 

after tamoxifen injections (n = 5 per genotype) showing cross-section of trabecular bone 

from distal femurs. (C–F) Measured trabecular bone parameters show reduced bone volume 

fraction (BV/TV), trabecular number (Tb.N/mm), and trabecular thickness (Tb.Th) and 

increased trabecular spacing (Tb.Sp, mm) in CreERT2;Gnasfl/fl. *p < 0.05.

Ramaswamy et al. Page 10

Bone. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Mice with postnatal homozygous deletion of Gnas/Gsα show increased trabecular 
osteoclast numbers
(A) TRAP staining of femurs at 4 weeks after tamoxifen injection shows multi-nucleated 

osteoclasts along trabecular bone. (B) Quantification of trabecular osteoclast numbers 

(Oc.N/mm) at 4 weeks after tamoxifen injection in control and CreERT2;Gnasfl/fl mice (n= 4 

per genotype). *p < 0.05
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Figure 3. Macrophage-specific Gnas/Gsα deletion reduced trabecular bone quality less severely 
than global deletion of Gnas/Gsα
(A) Gsα mRNA expression in bone marrow macrophages (osteoclast lineage cells) isolated 

from LysMCre;Gnasfl/fl mice is reduced relative to controls (Cre-negative; n= 4 per 

genotype). (B) Representative μCT scans of 12-week-old control and LysMCre;Gnasfl/fl 

mice showing cross-sections of trabecular bone from distal femurs. (C–F) Measured 

trabecular bone parameters show reduced bone volume fraction (BV/TV), trabecular number 

(Tb.N, and trabecular thickness (Tb.Th) and increased trabecular spacing (Tb.Sp) in 

LysMCre;Gnasfl/fl (n= 5 per genotype). **p< 0.01; *p < 0.05; #p≤0.1
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