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Abstract
Osteocytes have been implicated in the control of bone formation. However, the signal
transduction pathways that regulate the biological function of osteocytes are poorly defined.
Limited evidence suggests an important role for the Gs/cAMP pathway in osteocyte function. In
the present study, we explored the hypothesis that cAMP-dependent kinase A (PKA) activation in
osteocytes plays a key role in controlling skeletal homeostasis. To test this hypothesis, we mated
mice harboring a Cre-conditional, mutated PKA catalytic subunit allele that encodes a
constitutively active form of PKA (CαR) with mice expressing Cre under the control of the
osteocyte-specific promoter, DMP1. This allowed us to direct the expression of CαR to osteocytes
in double transgenic progeny. Examination of Cre expression indicated that CαR was also
expressed in late osteoblasts. Cortical and trabecular bone parameters from 12-week old mice
were determined by μCT. Expression of CαR in osteocytes and late osteoblasts altered the shape
of cortical bone proximal to the tibia-fibular junction (TFJ) and produced a significant increase in
its size. In trabecular bone of the distal femur, fractional bone volume, trabecular number, and
trabecular thickness were increased. These increases were partially the results of increased bone
formation rates (BFRs) on the endosteal surface of the cortical bone proximal to the TFJ as well as
increased BFR on the trabecular bone surface of the distal femur. Mice expressing CαR displayed
a marked increase in the expression of osteoblast markers such as osterix, runx2, collagen 1α1,
and alkaline phosphatase (ALP). Interestingly, expression of osteocyte marker gene, DMP1, was
significantly up-regulated but the osteocyte number per bone area was not altered. Expression of
SOST, a presumed target for PKA signaling in osteocytes, was significantly down-regulated in
females. Importantly, no changes in bone resorption were detected. In summary, constitutive PKA
signaling in osteocytes and late osteoblasts led to a small expansion of the size of the cortical bone
proximal to the TFJ and an increase in trabecular bone in female mice. This was associated with
down-regulation of SOST and up-regulation of several osteoblast marker genes. Activation of the
PKA pathway in osteocytes and late osteoblasts is sufficient for the initiation of an anabolic
skeletal response.
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Introduction
Maintenance of bone quality is critical for the skeleton to provide physical support. This is
accomplished by continuous bone remodeling performed by bone-resorbing cells,
osteoclasts, and bone forming cells, osteoblasts, at the bone surface. The interior of bone
consists of mineralized matrix and osteocytes. Importantly, osteocytes are the most abundant
cell type in bone and have a unique three-dimensional distribution within the bone tissue.
Little is known about the function of osteocytes due to their inaccessible physical location.
They are thought to perform multiple functions. Their long dendrite-like processes may
facilitate long distance cell–cell communication, so they are potentially capable of acting as
mechanosensors of the bone. Moreover, the osteocyte network represents an enormous
surface area for ready access to matrix minerals. Osteocytes secrete factors such as dentin
matrix protein 1 (DMP1), PHEX, MEPE, and FGF23 that can regulate systemic mineral
homeostasis [1–3], which in turn affects bone remodeling. Finally, osteocytes may exert
paracrine effects on neighboring bone cells to regulate bone modeling and remodeling. For
example, osteocyte-like cells in culture have been shown to support osteoclast formation and
activation [4] as well as inhibiting osteoclastic bone resorption function [5]. Osteocytes
secrete sclerostin, a protein that produces inhibitory effects on bone formation presumably
though paracrine suppression of Wnt signaling in osteoblast lineage cells [6]. In addition,
conditioned medium from osteocyte-like cells in culture can stimulate the differentiation of
bone marrow mesenchymal stem cells into osteoblasts by a mechanism that is not well
defined [7].

Parathyroid hormone (PTH) is a key regulator of calcium homeostasis and plays an
important role in the control of bone remodeling. It is secreted by the parathyroid glands in
response to changes in serum calcium concentration. The principal target organs for PTH are
the kidney and the skeleton. It has dual effects on bone formation depending on the pattern
and duration of the elevated circulating concentration of PTH. Continuous high levels of
PTH, as in the case of renal failure, promote bone resorption. On the other hand, intermittent
exposure to exogenous PTH stimulates bone formation. Although the molecular mechanism
underlying this phenomenon is not clear, G protein signaling via PTH/PTH related protein
receptor (PTH1R) is involved.

Several extracellular regulators of skeletal function are known to exert their actions through
G protein-coupled receptors (GPCRs) that are expressed in the osteoblast membrane. The
best-studied GPCR that regulates skeletal function is PTH1R [8]. This receptor is coupled to
at least two G proteins, Gs and Gq, resulting in the activation of diverse downstream
effectors [9–12]. In Gs-mediated signaling, activation of Gs by a ligand-bound GPCR leads
to increased production of the second messenger cAMP from ATP by adenylate cyclase.
Activation of Gi, on the other hand, inhibits the production of cAMP from ATP. Conditional
deletion of the α subunit of Gs in osteoblast lineage cells resulted in reduced trabecular bone
formation [13]. Targeted expression in osteoblasts of constitutively active, Gs-coupled
GPCRs resulted in markedly increased trabecular bone mass [14,15], whereas expression of
a constitutively-active Gi-coupled receptor in osteoblasts produced trabecular osteopenia
[16]. Moreover, blockade of Gi signaling in osteoblasts by pertussis toxin produced
increases in cortical and trabecular bones [17]. These findings highlight the importance of
the Gs/cAMP pathway in promoting bone formation and in mediating the anabolic response
of the skeleton to PTH.

Elevated cellular levels of cAMP can act through multiple mechanisms. The most common
mechanism is via activation of a pool of dormant PKA. PKA is a multi-subunit enzyme
consisting of two regulatory and two catalytic subunits. Binding of cAMP to the regulatory
subunits causes conformational changes leading to dissociation of regulatory subunits from
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the catalytic subunits, thereby relieving the inhibitory effect on the catalytic subunits. In
some cases, cAMP can directly regulate membrane ion channels without participation by
PKA [18], although this has not been demonstrated in osteoblast-lineage cells. Finally,
cAMP has been shown to activate GTP exchange proteins for the small GTPases Rap1 and
Rap2 (termed “Epacs”) by a PKA-independent mechanism [19,20]. Indeed, there is evidence
that PTH1R signaling utilizes the Epac pathway in osteoblastic cells [21], although the
physiological relevance of this is unclear.

Osteocytes, being terminally differentiated osteoblasts, not surprisingly also express PTH1R
[22]. Increased cAMP in osteocytes after exogenous PTH administration had been
demonstrated in vivo [22,23]. Accumulation of cAMP in response to PTH in purified
osteocytes and clonal osteocytic cell lines demonstrated the existence of PTH1R on
osteocytes and the coupling of cAMP/PKA pathway to PTH signaling [24–28]. Intermittent
administration of PTH can elevate intracellular concentration of cAMP in osteocytes and is
accompanied by an increased osteocyte density [29]. Finally, expression of constitutively
active PTH1R in osteocytes showed a dramatic increase in bone mass in mice, whereas
targeted ablation of PTH1R in osteocytes led to mild osteopenia in mice [30,31]. Activation
of PTH1R in osteocytes by PTH is known to amplify the osteogenic response to mechanical
loading in vivo [32–35] and reduce immobilization-induced bone loss [36,37], indicating an
important role of PTH in regulating signal transduction induced by loading in osteocytes.
Thus, osteocytes could be another target of PTH to exert its anabolic skeletal effect. This
may be accomplished by suppressing osteocyte apoptosis [27] or down-regulation of an
osteocyte-specific signal, sclerostin, which inhibits proliferation and maturation of
osteoblast [38,39] and stimulates osteoblast apoptosis via canonical Wnt signaling pathway
[6].

Another GPCR expressed by osteocytes is the prostaglandin E2 (PGE2) receptor [40].
Mechanical forces stimulate secretion of PGE2 by bone cells including osteocytes [41], and
binding of PGE2 to its cognate GPCR also activates cAMP/PKA pathway [40]. Thus, both
PTH signaling and mechanically stimulated PGE2 signaling converge on the cAMP/PKA
pathway. This may explain the additive anabolic effect of PTH on mechanically stimulated
bone growth. Moreover, other extracellular signals can activate as yet unidentified GPCRs
that are coupled to the cAMP/PKA pathway.

Mutations in the gene encoding for PKA regulatory subunit 1A are the basis of two human
diseases, Carney complex and primary pigmented nodular adrenocortical disease [42], and
additionally, enhanced expression of RIα is associated with cancer genesis, indicating the
importance of this kinase in cellular functions [43,44]. Although there is considerable
information available concerning the effects of cAMP/PKA signaling in osteoblasts, the role
of this signaling pathway in osteocytes in contributing to skeletal homeostasis is not known.
Although a few osteocytic cell lines have been established [45,46] and methods of isolating
primary osteocytes have been refined, cultured osteocytes on a dish cannot completely
mimic their counterpart in their natural environment. Thus, the precise role of this signaling
pathway in osteocytes for mediating skeletal development and skeletal response to anabolic
regimen of PTH needs to be addressed in an animal model.

DMP1 is a secreted matrix protein that functions to promote mineralization and is highly
expressed in osteocytes and odontoblasts [2,47,48]. Because of its specific expression in
osteocytes, promoter driving its expression has been used to drive expression of a transgene
specifically in osteocytes [49]. Here we report the use 10-kb DMP1 promoter to drive
expression of Cre recombinase to permit expression of the Cre-inducible transgene CαR in
osteocytes and the impact of constitutively elevated PKA signaling in osteocytes in skeletal
development.
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Material and methods
Animals

Mice harboring one copy of Cre-inducible CαR mutation were the gift of Dr. Stanley
McKnight at University of Washington and have been previously described [50]. Mice
harboring Cre recombinase under the control of the 10-kb DMP1 promoter were the gift of
Dr. Lynda Bonewald at University of Missouri-Kansas City [49]. We targeted the
expression of CαR to osteocytes by crossing mice heterozygous for Cre-inducible CαR with
mice heterozygous for 10-kb DMP1 promoter driving the expression of Cre to obtain double
transgenic DMP1Cre,CαR progeny. Mice were maintained on a C57BL/6 background for at
least six generations and fed with standard mouse chow. Littermate wild-type, single
transgenic CαR, and single transgenic DMP1Cre mice were analyzed for skeletal
phenotypes as controls. Tibiae, femurs, sera, and RNA isolated for analysis were derived
from 3-month old mice. All transgenic mouse studies were approved by and performed in
accordance with the Institutional Animal Care and Use Committee at the Veterans Affairs
Medical Center, San Francisco.

Genotyping
Mouse tail genomic DNA was extracted using a REDExtract-N-Amp Tissue PCR Kit
(Sigma-Aldrich, St. Louis, MO). The CαR transgene was identified using the primers 5′-
GCA GCC CTT CTC TCT ACC AA-3′ and 5′-GGT CCC ACA CAA GGT ACG C-3′,
resulting in a fragment just over 100-bp in length. The presence of the Cre transgene was
determined using the primers 5′-CAT TTG GGC CAG CTA AAC AT-3′ and 5′-TGC ATG
ATC TCC GGT ATT GA-3′, producing a 662-bp fragment. PCR was performed with the
following cycling profile: 94 °C for 1.5 min; 35 cycles of 94 °C for 30 s, 60 °C for 1 min,
and 72 °C for 1.5 min.

Microcomputed tomography (μCT)
Left femurs and tibiae from 3-month old mice were isolated and cleaned of adherent tissue.
Before μCT analysis, bones were fixed for 1 to 2 days in 10% neutral buffered formalin
(NBF; FisherScientific, Pittsburgh, PA, USA) and dehydrated in 70% ethanol. The bones
were imaged using a VivaCT-40 μCT system (Scanco Medical AG, Bruttisellen,
Switzerland). All images were obtained using an X-ray energy of 55 kV with a voxel size of
10.5 μm and integration time of 1000 ms. Left distal femoral metaphysis was scanned in a
region consisted of 100 serial cross-sections (1.02 mm beginning at the bottom of
metaphyseal growth plate and extending into the shaft proximally). The trabecular bone of
the distal femur was assessed using a global thresholding protocol with segmentation values
of 0.4/1/270. To assess cortical bone, left tibia diaphysis was scanned in a region consisted
of 40 serial cross-sections (0.42 mm) immediately below TFJ proximally, using a global
thresholding protocol with segmentation values of 0.8/1/365.

Histomorphometry
Mice were injected with 20 mg/kg of calcein (Sigma-Aldrich, St. Louis, MO, USA) 30 and 7
days before euthanasia and with 15 mg/kg of demeclocycline (Sigma-Aldrich) 2 days before
euthanasia. Mice were euthanized at 3-month of age, and tibiae and femurs were isolated,
fixed in 10% NBF, and stored in 70% ethanol. Following μCT analysis, the undecalcified
bone samples were embedded in methyl methacrylate and sectioned with Leica RM 2255
and 2265 microtomes (Leica, Bannockburn, IL, USA). Assessment of cortical bones was
performed on 10-μm transverse sections in the region proximal to TFJ. Trabecular bone in
the distal femur was assessed in an irregular region of interest defined by four boundaries: a
line traced at a distance of 500 μm from the growth plate, two lines drawn parallel to the
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cortical bone at a distance of 500 μm from the endocortical surface, and a straight line
drawn perpendicular to the bone at a distance of 1.0 mm from the lowest point of the growth
plate. An average of 1.6 mm2 of trabecular bone tissue (including marrow) was measured.
To measure the number of osteoclast per bone surface in the trabecular bone, 5-μm
longitudinal sections from the distal femur were stained for tartrate resistant acid
phosphatase (TRAP). Hematoxylin and eosin were used to stain the same sections to
measure trabecular bone osteocyte number per bone area in the secondary spongiosa.
Osteocytes in the cortex surrounding the secondary spongiosa were measured to determine
cortical bone osteocyte number per bone area. Mosaic-tiled images were acquired at 200×
magnification with a Zeiss Axioplan Imager M1 microscope (Carl Zeiss MicroImaging,
Thornwood, NY, USA) fitted with a motorized stage. The tiled images were stitched and
converted to a single image using the Axiovision software (Carl Zeiss MicroImaging) prior
to blinded analyses being performed using image-analysis software (Bioquant Image
Analysis Corp., Nashville, TN, USA). The dynamic indices of bone formation that were
measured include percent mineralizing surface (MS), mineral apposition rate (MAR), and
surface-based bone-formation rate (BFR/BS).

RNA extraction and real-time PCR
Right femurs and tibiae were isolated and cleaned of adherent tissue. The marrow elements
were flushed out leaving only the bone tissue. Frozen tissues were pulverized using a bio-
pulverizer (Biospec Products Inc., Bartlesville, OK), followed by RNA extraction using
RNA-STAT60 (Ted-Test Inc.). RNA was purified using a Micro-to-Midi Total RNA
Purification Kit (catalog no. 12183-018; Invitrogen; Carlsbad, CA). A second step of
purification was carried out using a RNeasy Mini Kit (Qiagen Cat. #74104). Reverse
transcription was carried out using TaqMan Reverse Transcription Reagents (Applied
Biosystems Part# N808-0234). Primers were synthesized by Elim Biopharmaceuticals, Inc.
or Applied Biosystems (TaqMan Gene Expression Assay). SYBR Green I-based (Applied
Biosystems; part no. 4309155) and TaqMan-based gene amplifications were measured using
the ABI Prism 7900HT real-time thermocycler. Analysis was carried out using 7300 System
SDS version 1.4 software supplied with the machine. Runx2, osterix, and ALP expression
were normalized to L19 because the Ct number of these genes was closer to L19 Ct number.
Collagen 1α1 and osteocalcin were normalized to GAPDH.

Serum chemistry
Blood samples were obtained from mice at the time of euthanasia. Quantitative
determination of N-terminal propeptide type 1 procollagen (P1NP) in the serum was carried
out using Rat/Mouse PINP EIA (cat #AC-33 F1, Immunodiagnostic Systems). Quantitation
of pyridinoline (PYD) was carried out using MicroVue Serum PYD (cat # 8019, Quidel
Corporation). Serum alkaline phosphatase was quantified using an Ace Alera Clinical
Chemistry Analyzer (Alfa Wassermann Technologies).

Immunohistochemistry
Calvaria was isolated and fixed in neutral buffered formalin and decalcified in 10% Tris–
ethylenediaminetetraacetic acid (EDTA) for approximately two weeks. Decalcified calvaria
was embedded in paraffin and sectioned at 5 micron-thickness. Sections were de-
paraffinized with xylenes (3 × 3 min) followed by 1:1 xylene:100% ethanol (ETOH) for 3
min, 100% ETOH 2 × 3 min, 95% ETOH 3 min, 70% 3 min, 50% 3 min and running tap
water. Antigen retrieval was performed with sodium citrate (pH 6) at 37 °C for 20 min.
Endogenous peroxidases were blocked using 3% hydrogen peroxide for 10 min followed by
a 10 min incubation with 0.1% Tween-PBS. Slides were blocked with 1% BSA in PBS
followed by an overnight incubation with anti-Cre (Abcam, #ab24606) primary antibody
(1:500) at 4 °C. A secondary immunohistochemistry HRP/DAB (Millipore, #DAB150) kit
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was used according to the manufacturer’s protocol. Briefly, sections were rinsed with 0.1%
Tween-PBS followed by 10 min incubation with streptavidin HFP, 10 min in DAB/
chromogen reagent, and 1 min in hematoxylin counter stain.

Statistical analysis
Data are presented as mean ± SEM. Statistical significance was determined using a paired t
test between double transgenic animals and sex-matched DMP1Cre single transgenic
controls. To determine statistical differences among wild-type, CαR single transgenic,
DMP1Cre single transgenic, and double transgenic mice, 1-way ANOVA and Bonferroni all
pairs post-hoc method was used. GraphPad Prism 5 software was used for all statistical
calculations, and significance was set at a p value of <0.05.

Results
CαR transcripts are expressed in long bones of DMP1Cre,CαR mice

New genetic tools are now available in mouse to study the function of PKA in vivo. A
constitutively active form of PKA has been identified [51]. In mice, there are two genes
encoding for PKA catalytic subunits (Cα and Cβ) and four isoforms of regulatory subunits
exist (RIα, RIβ, RIIα, and RIIβ). Expression of different subunits is tissue-specific but the
expression of the α subunits is widespread [52]. The constitutively active form of mutant,
CαR, is the result of conversion of tryptophan 196 to arginine in Cα. This mutation prevents
effective inhibition of the catalytic subunits by the regulatory subunits under normal cellular
concentrations of cAMP, without perturbing the normal catalytic function of CαR [50,53].
Consequently, there is an enhanced dissociation of CαR from the regulatory subunits in the
presence of low levels of cAMP. At the same time, the maximal catalytic activity was not
changed [51].

To determine whether PKA signaling in osteocytes is important for skeletal homeostasis,
double transgenic DMP1Cre,CαR mice were generated from the cross between mice
harboring Cre recombinase under the control of 10-kb dentin matrix protein 1 (DMP1)
promoter and mice heterozygous for Cre-inducible CαR. This promoter directs osteocytes-
specific expression of transgene in mice [2,47]. The CαR allele carries a floxed intronic
neomycin cassette (flanked by two loxP sites) that interferes with the production of full-
length mutant CαR mRNA in cells harboring CαR (Fig. 1A). This mutation, which resides
in exon 7, was detected only in RNA extracted from femurs and tibiae of DMP1Cre,CαR
mice (Fig. 1B).We further tested the Cre dependency of the CαR expression. Bone marrow
stromal cells were isolated from mice heterozygous for Cre-inducible CαR transgene and
infected with adenovirus containing a functional copy of Cre gene or adenovirus containing
an empty vector as control. Only cells expressing Cre produced the predicted CαR transcript
(data not shown).

DMP1 promoter drives expression of Cre recombinase in osteocytes as well as late stage
osteoblasts

To determine that 10-kb DMP1 promoter actually drives the expression of Cre in osteocytes,
we examined expression of the Cre protein in calvaria. Immunohistochemistry detected Cre
expression in a large portion of osteocytes in the single transgenic DMP1Cre (Fig. 2B) but
not in the wild-type calvaria (Fig. 2A). However, these results did not exclude the possibility
that Cre expression took place in other cell types, such as late stage osteoblasts, since we
also detected positive staining in those cells as others have previously shown [49,54].
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Mice expressing the constitutively active form of PKA in osteocytes and late osteoblasts
exhibit altered bone shape and higher bone mass

DMP1Cre,CαR mice were fertile, exhibited normal size and weight (data not shown).
Micro-CT three-dimensional reconstruction of the cortical bone proximal to TFJ in 3-month
old mice showed altered cortical bone shape. The anterior-medial and posterior-lateral sides
of cortical bone exhibited concave bone surfaces in majority of double transgenic animals as
viewed transversely (Fig. 3A). Micro-CT analysis showed increased tissue volume in
DMP1Cre,CαR mice as compared to wild-type, single transgenic CαR, and single
transgenic DMP1Cre controls (Fig. 3B). Bone volume also increased when compared to the
wild-type and single transgenic CαR controls (Fig. 3B). However, fractional bone volume
and cortical thickness were not changed (Fig. 3B). Histomorphometric measurement of
periosteal and endocortical bone surface perimeters confirmed the expansion of the
circumference of the cortical bone proximal to TFJ (Fig. 3C). Periosteal and endosteal bone
surfaces were expanded by 8% and 21%, respectively, as compared to the DMP1Cre
control. Micro-CT of the distal femurs showed high trabecular bone mass. Fractional bone
volume, trabecular number, and trabecular thickness were significantly greater than all other
genotypes (Fig. 3D). These results were confirmed by static histomorphometric measures
(data not shown). Thus, constitutive active PKA signaling in osteocytes and late osteoblasts
resulted in an increase in bone mass.

Constitutively active PKA signaling in osteocytes and late osteoblasts leads to increased
bone formation

To determine whether the changes in the geometry of cortical bone proximal to TFJ and the
increase in trabecular bone in the distal femur were associated with an increase in bone
formation, dynamic histomorphometry was carried on bone surfaces of these regions. On the
periosteal bone surface of DMP1Cre,CαR mice, MAR was increased by 69%, as compared
to the DMP1Cre control (Fig. 4A). On the endosteal bone surface, MAR and BFR/BS
increased by 95% and 127%, respectively, in the double transgenic animals (Fig. 4A).
Moreover, the percent mineralized surface on the endosteal surface was increased by nearly
20% (Fig. 4A). Dynamic histomorphometric measurement of trabecular bone in the distal
femur demonstrated increased MAR and BFR/BS on the trabecular bone surface of
DMP1Cre,CαR mice (Fig. 4B). Circulating levels of bone formation markers, P1NP and
ALP, confirmed the increased bone formation detected by histomorphometry. Serum levels
of P1NP showed a trend of increase while serum levels of ALP were significantly higher in
DMP1Cre,CαR mice as compared to single transgenic CαR or DMP1Cre controls (Fig. 4C).

DMP1Cre,CαR mice do not exhibit evidence of elevated bone resorption
Since we observed increased bone formation in DMP1Cre,CαR mice, we evaluated whether
this increase in bone formation was accompanied by an increased bone turnover. A serum
marker of bone resorption, PYD, was measured and showed no difference as compared to
other genotypes (Fig. 5A). Osteocytes are known to have a role in systematic mineral
homeostasis. Thus, we also measured the serum levels of calcium and phosphate but found
them to be unaffected by genotype (data not shown). Quantitation by real-time PCR of
mRNA levels of RANKL and OPG in the long bone RNA showed no significant changes in
the ratio of RANKL:OPG gene expression in DMP1Cre,CαR mice (Fig. 5B). Finally,
histomorphometric measurement of the number of osteoclasts on the trabecular bone surface
of distal femurs showed a 34% reduction in the number of osteoclast per bone surface as
compared to DMP1Cre controls (Fig. 5C). Interestingly, the total number of osteoclast per
tissue volume was not changed (data not shown).
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Constitutively active PKA signaling in osteocytes does not change osteocyte number but
up-regulates DMP1 transcript levels in long bones

We next examined the direct effects of targeting CαR expression to osteocytes on osteocytes
themselves. Histomorphometric quantification of osteocyte in cortical and trabecular bones
of distal femurs revealed no changes in osteocyte number per bone area (osteocyte density)
(Fig. 6A). We then quantified by real-time PCR the expression level of osteocyte-specific
genes, such as DMP1 and SOST, in the long bone. Interestingly, DMP1 transcript levels
were up-regulated in DMP1Cre,CαR mice as compared to DMP1Cre controls (Fig. 6B). On
the other hand, expression of SOST was modestly down-regulated by constitutively active
PKA signaling in osteocytes in females (Fig. 7B).

Osteoblast differentiation marker genes are up-regulated while SOST expression is down-
regulated

Increased MAR and BFR in DMP1Cre,CαR mice were indicative of increased bone
formation. Therefore, we sought to determine the effect of constitutively active PKA in
osteocytes and late osteoblasts on osteoblast maturation. Long bones from DMP1Cre,CαR
mice exhibited increased expression of several genes that are associated with osteoblast
differentiation, suggesting increased osteoblast differentiation (Fig. 7A). Wnt/β-catenin
pathway plays an important role in normal bone biology, and deregulation of this process
contributes to bone diseases [55–57]. To determine whether PKA signaling in osteocytes
and late osteoblasts could affect Wnt/β-catenin pathway in cells of osteoblast lineage, we
measured transcript levels of Wnt/β-catenin pathway modulators regulated by PTH/cAMP
signaling. We also measured the expression levels of canonical Wnt pathway target genes in
long bones. Transcript levels of Dkk1 in the long bone were not affected by constitutively
active PKA in osteocytes and late osteoblasts (Fig. 7B). As mentioned previously, SOST
expression was significantly down-regulated by constitutively active PKA (Fig. 7B). In
accordance with the result of the lower SOST expression, transcript levels of Wnt target
genes, Axin2 and Tcf1/7, were up-regulated (Fig. 7C). More importantly, increased Axin2
protein expression was detected by immunohistochemistry in the calvarial osteocytes,
although an increase was also detected in osteoblasts and some unidentified marrow cells
(Supplemental Fig. 3). These results are consistent with the notion that PKA signaling in
osteocytes and late osteoblasts depresses Wnt signaling in osteoblast-lineage cells at least in
part through down-regulation of SOST.

Discussion
While the effects of PTH1R activation in osteoblasts have been intensely studied, the effects
of activation of PTH1R and its downstream signal transducers in osteocytes are not well
known. Recent findings on the impact of the expression of a constitutively active PTH1
receptor in osteocytes in mice as well as a mouse model of inducible targeted ablation of
PTH1R in osteocytes revealed an important role of PTH1R signaling in osteocytes on
skeletal homeostasis [30,31,58]. To shed some light on the contribution of different
signaling pathways that can be activated by PTH1R or other GPCRs, we focused on the
function of one key signaling mediator of GPCR signaling, PKA.

In vivo osteocyte and late osteoblast PKA activity was modulated by the introduction of a
mutated PKA catalytic subunit, which is less sensitive to regulation [50,53], resulting in
high basal PKA activities. The resulting skeletal phenotypes included an expansion of the
size and an alteration in the shape of the cortex proximal to the TFJ. Increased BFR on the
periosteal surface and MAR on the endosteal surface partially explained the enlargement of
the periosteal and endocortical perimeters. Elevated PKA activity in osteocytes and late
osteoblasts also led to increased BFR on trabecular bone surfaces leading to increased
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trabecular bone and trabecular numbers in the distal femurs of female mice. These increases
in bone formation in both cortical and trabecular bones were not accompanied by
concomitant increases in bone resorption. Serum levels of pyridinoline and the ratio of
RANKL:OPG gene expressions were not changed. In fact, the number of osteoclasts per
bone surface in trabecular bone was reduced, suggesting decoupling of bone turnover from
bone formation. In this case, the number of osteoblast relative to the number of osteoclast
within the BMU could be altered since osteoblast number per bone surface remained the
same (data not shown), resulting in bone formation outpacing bone resorption.

This lack of alteration in bone resorption is in stark contrast to the bone turnover phenotypes
in mice expressing constitutively active PTH1R in osteocytes. In that mouse model, there
was an increase in the numbers of osteoblasts and osteoclasts, resulting in high rates of bone
remodeling [30,58]. In addition, our model did not exhibit increased thickness in the cortex
nor increased cortical porosity. However, the two mouse models did exhibit some
similarities including increased trabecular bone mass, increased gene expression of
osteoblast marker genes, increased BFR on the periosteal surface, and suppression of SOST
expression [30,58]. PTH1R signaling can activate additional signal mediators such as
arrestin, Gq, Epacs, and cAMP-gated ion channels, which act upstream of PKA [9–12,18–
21]. High bone remodeling observed in mice expressing constitutively active PTH1R in
osteocytes might require the activation of one or more of these signaling pathways.
Activation of PKA pathway alone may not be sufficient to trigger higher bone remodeling.
Alternatively, the constitutively active PTH1R may activate PKA signaling in osteocytes to
a higher degree than that produced by CαR. In mice expressing CαR in hepatocytes, CαR
from liver extracts is actually less responsive to exogenous cAMP stimulation than the wild-
type Cα [51]. PKA signaling that is more responsive to PTH or other upstream signals may
be required to stimulate bone remodeling. Altogether, the high basal catalytic activities of
CαR in osteocytes and late osteoblasts did not produce detectable increases in bone
resorption.

Skeletal analyses of TFJ and distal femurs of male mice expressing the CαR allele in
osteocytes and late osteoblasts also showed increased anabolic responses, although the
increase in bone mass was not as evident as in females, particularly in the trabecular bone of
the distal femur (Supplemental Fig. 1). No expansion of the size of the cortex was detected
but the shape of the cortex was altered in the same fashion (Supplemental Fig. 1).
Mechanotransduction by osteocytes may be altered by the elevated PKA activity, leading to
changes in the shape of cortex. It is also possible that the quality of bone may be affected by
PKA signaling, and the tibia may compensate by remodeling the shape of the cortex to
support mechanical loading. The phenotypic differences between the two sexes appeared to
be mainly confined to the degree of increase in bone mass. The basis for this difference is
not clear, but it is noteworthy that constitutive PKA signaling suppressed SOST expression
in females but not in males (Supplemental Fig. 2). Interestingly, without SOST suppression,
male mice expressing CαR in osteocytes and late osteoblasts still exhibited increased bone
forming activities (Supplemental Table 1 and Fig. 2). Regulation of SOST expression may
not be the only mechanism through which PKA signaling could control Wnt/β-catenin
pathway. PKA can potentially control the protein levels of β-catenin through multiple
mechanisms [59,60]. Further studies are warranted to examine the molecular basis for the
gender difference in sensitivity of the SOST gene in osteocytes to down-regulation by PKA.

It’s well established that PTH can suppress sclerostin expression to increase bone mass, our
data suggests that activation of PKA pathway alone in osteocytes can reduce the gene
expression of SOST [38,39,61]. Strong evidence has shown the requirement of PTH1R in
osteocytes to suppress sclerostin expression by osteocytes [30,62,63]. However, hormonal
signal is not the only activator of PKA pathway in osteocytes to exert skeletal effects.
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Sclerostin expression can also be regulated by mechanical stimuli, such as loading and
unloading [64–66]. The role of Wnt signaling in adaptive response of skeleton was noticed
early on when mice expressing LRP5 receptor with G171V mutation exhibited particularly
high bone density in the weight-bearing areas [67]. Recent evidence indicates that osteocyte-
like MLO-Y4 cells can also respond to mechanical stress to produce PGE2 and activate
cAMP/PKA pathway [40,68]. Whether osteocytes can utilize the same signaling pathways
activated in osteoblast to produce skeletal responses remains to be investigated.
Nevertheless, our results reinforce the idea that hormonal signal such as PTH, mechanical
signal transduced byPGE2, and other stimulatory G protein-coupled GPCRs could signal
through PKA in osteocytes to control bone formation.

The effects of constitutively active PKA activity in osteocytes were mostly assessed
indirectly by examining skeletal changes. Reduction in the gene expression of SOST was
one of the indicators of the direct effect of modulated PKA signaling on osteocytes.
Detection for DMP1 gene expression demonstrated increased transcript levels in the long
bones of mice expressing constitutively active form PKA in osteocytes and late osteoblasts.
High transcript levels may imply an up-regulation of gene expression on a per cell basis.
Alternatively, the proportion of DMP1-positive cells among the total cell population could
have increased. To explore the latter possibility, we counted the number of osteocytes within
both cortical and trabecular bones of the distal femur and found no changes in osteocyte
density. Changes in osteocyte density in other regions of the long bone cannot be excluded.
Intermittent administration of PTH has been shown to increase osteocyte survival [27].
However, mice expressing constitutively active PTH1R in osteocytes exhibited no changes
in osteocyte apoptosis [30]. Whether PKA activation in osteocytes can reduce osteocyte
apoptosis remains to be seen.

Although attempts were made to determine the specific expression of CαR in osteocytes by
examining Cre protein expression in histological sections, we failed to rule out the
possibility that the mature osteoblast DMP1 could also drive the expression of CαR.
Osteoblast CαR signaling probably contributed in part to skeletal, cellular, molecular, and
biochemical alterations observed in DMP1Cre,CαR mice. Since the number of osteocyte is
much greater than the number of osteoblasts in the bone, osteocyte CαR was likely the
major contributor.

Newly discovered targets of PKA have been identified, expanding the role of PKA in signal
transduction. PKA phosphorylation of a histone lysine demethylase complex can activate the
complex for subsequent epigenetic modulation and transcriptional regulation [69]. PKA
pathway has also been shown to cross-talk with Wnt/β-catenin pathway [59,60]. Osteoblasts
and osteocytes may express other as yet unidentified GPCRs that activate PKA. The present
results highlight the role of PKA activity in osteocytes and late stage osteoblasts in skeletal
homeostasis, and how this can be exploited for the development of novel anabolic therapies.

Conclusions
This study demonstrates that activation of the PKA pathway in osteocytes and late
osteoblasts in vivo is sufficient for the initiation of an anabolic skeletal response. PKA in
osteocytes and osteoblasts may function to integrate converging extracellular signals such as
hormones and mechanical stimuli to produce an adaptive skeleton.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Expression of Cre induces CαR transcription. (A)CαR has a W196R mutation within exon 7
(black box). “Silent” CαR contains an intervening floxed neomycin cassette between exons
5 and 6, preventing production of full CαR transcript. In the presence of Cre recombinase,
Cre recognizes loxP sites and excises the neomycin cassette and permits production of CαR
transcript. Abbreviation: WT = wild-type. (B) To detect CαR transcript, PCR fragments
were amplified using primers within exons 3 and 10 of Cα cDNA (forward 5′-
GGTGGTGAAGCTAAAGCA-3′ and reverse 5′-GGTATGAAGGGAGCTTCC-3′),
followed by Mlu I digestion, resulted in a 713 bp fragment corresponding to wild-type
mRNA versus fragments of 350 and 363 bp if the PCR product contained the CαR mutation.
The PCR fragments were resolved on a 1% agarose gel and visualized with SBYR Green
Safe DNA gel stain. Because the mice were heterozygous for CαR, cells isolated from them
expressed one copy of wild-type Cα. As a result, the 713 bp fragment representing the wild-
type mRNA was always detected.
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Fig. 2.
DMP1 directs the expression of Cre in osteocytes. Immunohistochemistry using an antibody
against Cre recombinase failed to detect the expression of Cre in osteocytes in the female
wild-type calvarial sagittal section (A). Cre expression was detected in the female single
transgenic DMP1Cre calvarial section, as indicated by arrows (B).
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Fig. 3.
Constitutively active PKA signaling in osteocytes and late osteoblasts alters cortical bone
shape proximal to TFJ and increases trabecular bone in the distal femur. (A) Representative
three-dimensional reconstruction images of cortical bone 40-microns proximal to TFJ. (B)
Cortical bone parameters of all four genotypes as determined by μCT. (C) Periosteal and
endocortical perimeters of cortical bone as determined by histomorphometry. (D) Trabecular
bone parameters as determined by μCT. All data are mean ± SEM and collected from 3-
month old female mice (n ≥ 10 per genotype). 1-way ANOVA Bonferroni all pairs: * p <
0.05, ** p < 0.01, *** p < 0.001. T-test: # p < 0.05. Abbreviation: TV = tissue volume, BV
=bone volume, Double = double transgenic (DMP1Cre,CαR).
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Fig. 4.
Constitutively active PKA signaling in osteocytes and late osteoblasts increases bone
formation. (A) Dynamic histomorphometric measurements of cortical bone surfaces in the
cortical bone proximal to TFJ (n ≥ 7). (B) Dynamic histomorphometric measurements of the
trabecular bone surface (n = 7). (C) Serum propeptide of type 1 collagen (P1NP) and
alkaline phosphatase (ALP) levels (n ≥ 6). All data are mean ± SEM and collected from 3-
month old female mice. 1-way ANOVA Bonferroni all pairs: * p < 0.05, ** p < 0.01. T-test:
# p < 0.05, ### p < 0.001. Abbreviation: MAR = mineral apposition rate, BFR/BS = bone
formation rate/bone surface, MS = mineralizing surface.
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Fig. 5.
DMP1Cre,CαR mice exhibit no detectable increases in bone resorption. (A) Serum
pyridinoline (n ≥ 7). (B) Ratio of the transcript levels of RANKL:OPG, relative to L19
expression, in the long bone RNA (n ≥ 4). (C) Histomorphometric measurement of
osteoclast number per bone surface in the trabecular bone (n = 7). All data are mean ± SEM
and collected from 3-month female mice. T-test: ## p < 0.01. Abbreviation: BS = bone
surface.
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Fig. 6.
Constitutively active PKA signaling in osteocytes does not alter osteocyte density but whole
bone DMP1 transcript levels are up-regulated. (A) Histomorphometric measurements of
osteocyte density in the cortical and trabecular bones in the distal femur (n ≥ 5). (B) Real-
time PCR detection for DMP1 transcript levels in the long bone RNA, normalized to L19.
All data are mean ± SEM and collected from 3-month old female mice. T-test: # p < 0.05.
Double = double transgenic (DMP1Cre,CαR).
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Fig. 7.
In the long bones of DMP1Cre,CαR mice, genes associated with osteoblast differentiation
are up-regulated while SOST expression is down-regulated. (A) Real-time PCR analysis of
genes that are associated with osteoblast differentiation, (B) encode for negative regulators
of Wnt signaling, and (C) targets of canonical Wnt pathway. RNA was extracted from the
whole bone of femurs and tibiae. HKG denotes housekeeping genes. Runx2, osterix, and
ALP expression are normalized to L19. Collagen 1α1 and osteocalcin are normalized to
GAPDH. All data are mean ± SEM and collected from 3-month old female mice. n ≥ 4. T-
test: # p < 0.05, ## p < 0.01.
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