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Co-Detection of PTH/PTHrP Receptor and Tartrate
Resistant Acid Phosphatase in Osteoclasts

Carol V. Gay,* Betty Zheng, and Virginia R. Gilman

Department of Biochemistry and Molecular Biology, The Pennsylvania State University, University Park,
Pennsylvania 16802

Abstract Serial sections of ratmetaphyseswere prepared fromparaffin embedded tissue blocks andanalyzed in sets
of three. The central section was stained for tartrate resistant acid phosphatase (TRAP) in order to identify osteoclasts, one
adjacent section was immunostained with an affinity purified antibody to a 15 amino acid sequence unique to rat PTH/
PTHrP receptor, and the other adjacent section in the set served as an immunostaining control. This allowed each of the
110 osteoclasts examined to be identified by TRAP and to be tested for the presence or absence of PTH/PTHrP receptor. All
antibody solutions and rinses contained 1% donkey serum and 0.5% Tween 20 to ensure antibody integrity and good
rinsing procedure. Confocal microscopy was used to evaluate fluorescence intensity of the immunostained osteoclasts.
Pixel intensities of 58 osteoclasts from young (4 month) rats and 52 osteoclasts from old (15 month) rats were obtained.
Pixel intensities were similar (P¼ 0.89) for both young and old animals. However, the number of PTH/PTHrP receptor
deficient osteoclasts was greater for the older animals (14.29% vs. 7.24%). This provides direct evidence of PTH/PTHrP
receptors in osteoclasts. J. Cell. Biochem. 89: 902–908, 2003. � 2003 Wiley-Liss, Inc.
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For several decades, following the discovery
by Albright et al. [1929] that PTH stimulates
bone resorption, the hormone was presumed to
act directly on osteoclasts. However, when it
became possible to isolate osteoblast-like and
osteoclast-like cells, it was found that PTH had
a pronounced effect on osteoblast-enriched cell
populations isolated from calvaria [Wong et al.,
1977]. Many studies now show that osteoblasts
express an abundance of PTH/PTHrP recep-
tors (PTH/PTHrP-R), and when the receptor is
occupied by PTH or PTHrP, osteoblasts are
activated and, in turn, stimulate osteoclasts
[review: Bringhurst and Strewler, 2002].

As predicted by Rodan and Martin [1981],
osteoblasts are a major target for PTH and it is
widely held that other bone cells do not respond
directly to PTH or PTHrP. However, several

experimental approaches indicate direct in-
teraction of PTH with osteoclasts. These ap-
proaches include immunocytochemical staining
of PTH on osteoclasts [Rao et al., 1983], binding
of radiolabeled PTH [Teti et al., 1991], plasma
membrane binding and clearance of fluorescein-
taggedPTHby living osteoclasts [Agarwala and
Gay, 1992], induction of a superoxide anion
burst in isolated osteoclasts following PTH
stimulation [Datta et al., 1996], and PTH
stimulation of acid formation by isolated osteo-
clasts [Hunter et al., 1988; Gay et al., 1993;May
and Gay, 1997a]. Pertussis toxin was found to
block PTH-stimulated acidification through
Gia-3, a G-protein abundantly present in osteo-
clasts but undetectable in osteoblasts [May and
Gay, 1997b]. Because of these indications that
PTH has direct effects on osteoclasts, we
embarked on the project of localizing PTH/
PTHrP-R in sections of rat metaphysis in which
multinucleate osteoclasts were identified by
tartrate resistant acid phosphatase (TRAP).
Since initiating this project [Gay et al., 2001],
PTH/PTHrP-R has been detected by immunos-
taining in osteoclasts in sections of human bone
[Langub et al., 2001], in deer antler [Faucheux
et al., 2002], in isolated rat osteoclasts [Watson
et al., 2002], and in the osteoclast cell line,
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RAW264.7 [Watson et al., 2002]. Detection by in
situ hybridization of mRNA has also been
reported [Langub et al., 2001].
In the present study, we identify osteoclasts

in sections of rat metaphysis by TRAP staining
and show that the TRAP stained cells also bind
antibodies to PTH/PTHrP-R. Reasons for the
difficulty in showing that osteoclasts express
PTH/PTHrP-R are discussed.

METHODS

Animals and Tissue Preparation

Fischer 344 virgin female rats of two ages
(4 and 15 months) were obtained through the
National Institute on Aging (NIA) colonies
from Harlan Sprague-Dawley (Bethesda, MD).
Femurswere dissected fromCO2 overdosed rats
(three young and three old rats) and quickly
placed into fixative consisting of 4% parafor-
maldehyde (PFA) in 0.1 M phosphate-buffered
saline (PBS) at pH 7.4 on ice. Within 1 h the
distal femur was cut from the shaft, then cut
sagittallywithadental saw toexpose trabecular
bone and placed in freshly made fixative for
24 h at 48C. After fixation, the tissues were
decalcified in several changes of 15% ethylene-
diaminetetraacetate (EDTA), 0.5% PFA in
0.1 M PBS (pH 8, 3 weeks, 48C). Following
decalcification, the tissues were rinsed in PBS
then dehydrated in a graded series of ethanol
(30, 50, 70, 80, 95%, 1 h each; 100%, 2� 1 h),
ethanol:xylene 1:1 (30 min), infiltrated with
xylene (30 min), followed by a 1:1 xylene-
paraffin mixture (15 min, 568C) and finally
paraffin only (4 h, 568C). Samples were embed-
ded in paraffin and 5 mm serial sections were
collected on charged, precleaned microscope
slides (ProbeOn Plus, Fisher Scientific, Pitts-
burgh, PA). Serial sections were divided into
groups of three: the central section was stained
for TRAP, one adjacent section was immunos-
tained, and the other adjacent section served
as an immunostaining control (18 antibody
omission). Only osteoclasts present at the same
x,y locus in all three sections were examined.
For staining, the slides were heated at 568C for
2 h to firmly attach sections to slides, then
deparaffinized in xylene (2� 10 min) followed
by sequential rehydration in 100% ethanol
(2� 2 min), 95–30% ethanol (2 min each) and
PBS (2 min). Slides were re-fixed in 4% PFA
for 15 min and rinsed in PBS (3� 5 min). The
serial section approach was used because

double staining with TRAP and the PTH/
PTHrP-R antibody failed due to the former
masking the fluorescence of the latter.

Immunostaining

After rinsing in PBS (3� 5 min), the sections
were blocked with 6% BSA in PBS (45 min,
208C), rinsed in PBS (2� 5 min), and rinsed a
final time in 1% BSA in PBS for 5 min. Sub-
sequently all rinses and antibody dilutionswere
with 1% BSA in PBS. Slides were incubated
with rabbit anti-PTH/PTHrP-R (PRB-635P;
BAbCO, Berkeley, CA) diluted 1:50 or 1:100
(4 h, 208C) and rinsed thoroughly (208C, 30min;
48C, overnight; 208C, 30 min). The polyclonal
antibody was produced in rabbits against the
sequence CLVDADDVFTKEEQI, which is pre-
sent near the C-terminus of the PTH/PTHrP-R.
This sequence has 100% identity in mouse, rat
and rabbit and is different by one amino acid
from opossum, zebrafish, dog, and human (93%
identity). The antibody was purified by affinity
chromatography by BAbCO, making it a highly
specific antibody. Nearby muscle cells were de-
void of specific fluorescence. A secondary anti-
body, goat anti-rabbit IgG conjugated with
Alexa Fluor 568 (Molecular Probes, Eugene,
OR) was applied to the sections (1:200 dilution,
2h, 208C)and then rinsed (3� 30min). Finally a
third antibody, donkey anti-goat IgG con-
jugated with Alexa Fluor 568 was applied to
the sections (1:200 dilution, 2 h, 208C). Alexa
Fluor fluoroprobes are exceptionally photo-
stable and intensely fluorescent; the double
application of Alexa Fluor enhanced antigen
detection. Sections were rinsed in 1% BSA in
PBS (3� 30min), briefly rinsed in distilled H2O
and mounted with Fluoromount-G mounting
media (Southern Biotechnologies, Birming-
ham, AL). Slides were examined using a Bio-
Rad 1024 confocal microscope (Bio-Rad, Her-
cules, CA). Images were collected using the 568
nm laser line and transmission detector. Con-
trol slides consisted of staining adjacent serial
sections but omitting primary antibody or
applying non-immune rabbit IgG antibody
(Sigma, St. Louis, MO) at a dilution of 1:50
and 1:100 in 1% BSA in PBS.

TRAP

One section from the arrays of serial sec-
tions was selected for TRAP staining. Briefly,
these sections were deparaffinized, rehydrated,
washed inPBSand re-fixed in buffered formalin
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(10 min). The slides were then incubated for 1 h
at 378C in a Naphthol AS-BI phosphoric acid/
Fast Garnet/tartrate solution (Sigma). After
rinsing in distilled H2O (3� 1 min), the slides
were mounted with Fluoromount-G mounting
media. Slides were first examined using the
transmission detector optics of the Bio-Rad
1024 Confocal microscope. Fields containing
TRAP stained osteoclasts were identified and
compared to identical fields of adjacent PTH/
PTHrP-R immunostained sections.

Image Analysis

After collecting images, polygon areas were
selected in PTH/PTHrP-R stained cells. The
same cells were found in the unstained control
(18 antibody omission) adjacent serial section
and matching polygon area selected. Pixel in-
tensities were obtained. The polygon areas
includedmuch of the cytoplasm and cell surface
region, but excluded nuclei. Pixel intensities
from 58 PTH/PTHrP-R stained osteoclasts from
the young rats were averaged and compared
with pixel intensity averages of 52PTH/PTHrP-
R stained osteoclasts from old rats. Student’s
t-test (P¼ 0.089) indicatedno statistically signi-
ficant differences. Total area examined for
PTH/PTHrP-R stained sections from young rat
metaphysis was 1282.07 mm2 and for control
sections from the same tissue blocks the total
area measured was 1073.53 mm2. Total area
examined for sections from old rat metaphysis
stained for PTH/PTHrP-R was 996.34 mm2, and
for control sections it was 882.61 mm2. Pixel
intensities of 972 mm2 muscle adherent to bone
in the same sections used for the osteoclast
analysis were obtained for both immunostained
and unstained control sections.

RESULTS

Localization of PTH/PTHrP Receptor

Figure 1A,B,C shows regions of three adja-
cent serial sections with the central section
immunostained for PTH/PTHrP-R, one adja-
cent section stained for TRAP and the other
adjacent section serving as the immunostaining
control (omission of primary antibody). A PTH/
PTHrP-R expressing osteoclast and a PTH/
PTHrP-R negative osteoclast are present in this
particular set of sections. Panels D, E, and F
show another example of a PTH/PTHrP-R
positive osteoclasts. Panels G, H, and I show

the level of staining encountered in cuboidal
osteoblasts lining a segment of trabecular bone.

Evaluation of Pixel Intensities of PTH/PTHrP
Receptor Positive Osteoclasts

The data in Figure 2 was obtained by first
finding TRAP stained osteoclasts, then locating
the same osteoclasts in the immunostained
adjacent serial section; pixel intensity values
were then obtained for immunofluorescence. To
obtain background levels of autofluorescence of
the same osteoclast, a third section from the
array of serial sections was selected and pixel
intensities determined. The background section
had been identically immunostained, except
that primary antibody was omitted. Figure 2
shows levels of fluorescence obtained from a
total of 58 osteoclasts from 4-month old rats and
52 osteoclasts from 15-month old rats for both
immunostained and control sections. Pixel in-
tensities of the immunostained osteoclastswere
�2.2 times higher than the background fluor-
escence of the same osteoclasts in adjacent
sections for both age groups. Also shown in
Figure 2 are pixel intensities of muscle adjacent
to the bone. Levels of fluorescence inmuscle are
lower than that of unstained (control) osteo-
clasts, indicating that only weak autofluores-
cence and non-specific binding of antibody
occurred in muscle. Autofluorescence of muscle
was expected to be lower than for osteoclasts
due to a lower abundance of mitochondria.

Table I shows that most, but not all, osteo-
clasts expressed detectable levels of PTH/
PTHrP-R, i.e., 7.24% of osteoclasts in young
rat samples and 14.29% in old rat samples
lacked detectable levels of the receptor.

DISCUSSION

This study shows that PTH/PTHrP-R can be
detected by immunostaining in most TRAP-
positive osteoclasts in both cytosol and plasma
membrane. The occurrence of receptor in the
cytosol reflects reserve receptor for cycling into
the plasma membrane. The levels of receptor
are similar in osteoclasts of both young adult
and old rats; however the proportion of un-
stained osteoclasts was higher in the old rats
than in the young (14.29% vs. 7.24%), sug-
gesting that a greater proportion of osteoclasts
in older animals were in an unresponsive
state. Amplification steps in the immunostain-
ing procedure to detect the PTH/PTHrP-R were
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needed, indicating that the expression level of
PTH/PTHrP-R in osteoclasts is low. The ampli-
fication steps included application of a triple
antibody protocol and a fluorescent tag, Alexa
Fluor, that has 10–20� brighter fluorescence
than the more commonly used fluoroprobes.
The use of a confocal microscope also enhanc-
ed image detection and, additionally, provided
pixel intensity comparisons to show that immu-
nostained cells were consistently and substan-
tially more intense than pixel intensities of
background fluorescence detected in control
sections.

Detection of PTH/PTHrP-R mRNA by in situ
hybridization is another definitive way to show
that osteoclasts express the receptor. The recent

Fig. 1. Representative views in sections ofmetaphysis of 4-month old rat showing TRAP stained osteoclasts
(A,D). The same osteoclasts are shown in adjacent serial sections stained by PTH/PTHrP-R antibody (B, E).
The osteoclast identified by the asterisk is an example of absence of staining for PTH/PTHrP-R in some
osteoclasts (see Table I). Pronounced staining of osteoblasts was also found (G, H). Controls of primary
antibody omission (C, F, I) show the absence of non-specific staining. Magnification bar¼10 mm.

Fig. 2. Average pixel intensities of PTH/PTHrP-R immunos-
tained sections (solid bars) for (A) 58 osteoclasts from young rat
metaphyses, (B) 52 osteoclasts from old rat metaphyses, and (C)
an equivalent area of muscle. Mean pixel intensities of the same
osteoclasts and muscle in adjacent control sections in which
primary antibody is omitted are also shown (open bars). Open
bars reveal levels of autofluorescence.
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study by Langub et al. [2001] reported PTH-1
receptor message by in situ hybridization in
osteoclasts in sections of iliac crest biopsies. In
samples from normal individuals 65.7% of
osteoclasts contained PTH-1 receptor mRNA
and in patients with secondary hyperparathyr-
oidism 98% of osteoclasts contained message.
Interestingly, immunostaining revealed the
PTH-1 receptor protein only in osteoclasts from
the diseased tissue, suggesting that the expres-
sion level of the receptor protein is much less
under normal circumstances and perhaps
occurs intermittently.

As mentioned in the introduction, several
studies indicate that PTH/PTHrP-R is present
in osteoclasts. A number of these studies also
indicate that the receptors are functional.
Mears [1971] reported rapid plasma membrane
depolarization (within minutes) in isolated
rabbit osteoclasts. Rapid changes in osteoclast
morphology occurred following PTH injection
into Japanese quail; there was notable develop-
ment of ruffled border in 20 min [Miller and
Kenney, 1985].Whenfluorescently-taggedPTH
was introduced to cultures of osteoclasts, it was
found that PTH bound to cell surfaces was
rapidly cleared (in �20 min); the binding was
both specific and saturable [Agarwala and Gay,
1992]. This phenomenon has also been reported
for cultured renal cells [Niendorf et al., 1986,
1989]. Rapid clearance of occupied receptors is
important for readying the cell for subsequent
re-stimulation. Rapid clearance also contri-
butes to the difficulty of localizing the receptor
by conventional staining methods. Regulation
of PTH receptor internalization has been exam-
ined in a human embryonic kidney (HEK-293)
cell line [Malecz et al., 1998; Ferrari et al., 1999;
Huang et al., 1999]. In a study on isolated rat
osteoclasts, PTH stimulated a rapid (within
20 s) superoxide (O2

�) burst [Datta et al., 1996].
The burst was proportional to the number of
osteoclasts, but not to the number of osteo-
blasts present, indicating a direct PTH effect on
osteoclasts. Other studies revealed direct PTH

stimulation of osteoclasts caused enhanced
acidification [Hunter et al., 1988; Gay et al.,
1993; May and Gay, 1997a]. These cell prepara-
tions contained greater than 95% osteoclasts
and less than 2% osteoblasts. Further, pertus-
sis toxin blocked PTH-stimulated acidification
[May and Gay, 1997a], an effect that is trans-
mitted through Gi. The Gia-3 isoform was
abundant in osteoclasts and was not detected
in osteoblasts [May and Gay, 1997b]. The
differences in the G-protein profile in osteo-
blasts and osteoclasts indicate that the PTH/
PTHrP-R signal pathways are distinct in those
cell types. These studies indicate that PTH/
PTHrP-R occupancy on osteoclasts activate the
resorption machinery of the osteoclasts, which
culminates in acid secretion. All of this early
work utilized full length PTH and so it is
possible that the activation was a function of
the C-terminus, rather than the N-terminus of
the PTH molecule. However, studies utilizing
C-terminal portion of PTHrP-(107-111) or PTH-
(7-84) found that bone resorption was inhibited
[Fenton et al., 1991; Divieti et al., 2002]. It is
possible that the N-terminus of PTH or PTHrP
is involved in osteoclast activation while the
C-terminus has the opposite effect.

How functional PTH/PTHrP-R in osteoclasts
is integrated into coupled bone resorption and
formation is currently unknown. It is intriguing
that PTHrP is secreted by both osteoblasts
[Amizuka et al., 1996] and osteoclasts [Kartso-
giannis et al., 1998]. PTHrP, being a locally
produced peptide, acts as a paracrine/autocrine
factor in many tissues [Wysolmerski et al.,
2002]. It is interesting to speculate that PTHrP
may be part of the couplingmechanismbetween
osteoblasts and osteoclasts, that is, that PTHrP
secreted by osteoblasts influences osteoclasts,
and conversely. In addition to its N-terminal
homology to PTH, through which it can bind to
the same receptor, PTHrP has a centrally
located nuclear targeting sequence [Henderson
et al., 1995]. Thus, in addition to its actions as a
paracrine/autocrine factor, PTHrP may also

TABLE I. Number of Osteoclasts Identified by TRAP Staining Versus
Number Immunostained for PTHrP Receptor

Age of rat
No. TRAP

stained cells
PTHrP-R
positive

PTHrP-R
negative

Unstained
(%)

4 mo. (n¼3) 69 64 5 7.24
15 mo. (n¼3) 77 66 11 14.29

no., number; mo., months.
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affect the cell that synthesizes it as an intra-
crine factor [Massfelder et al., 1997; Aarts et al.,
1999], further expanding its possible roles in
osteoblast-osteoclast interactions [Nguyen and
Karaplis, 1998]. PTHrP is also synthesized by
vascular endotheliumof abroad range of species
[Clemens and Broadus, 2002]; this is relevant
because of the extensive blood supply found in
the metaphysis.
Osteoclast biology can be conveniently sub-

divided into two domains, osteoclast devel-
opment and osteoclast function. Osteoclast
development clearly requires the involvement
of osteoblasts and their PTH/PTHrP recep-
tors. Osteoclast function may be regulated
both indirectly by osteoblasts and directly
through their PTH/PTHrP receptors. A sub-
stantial number of studies, as outlined above,
show that osteoclasts can bind and respond
directly to PTH. It would be valuable to learn
the stage(s) of the osteoclast life cycle in
which expression of functional PTH/PTHrP-R
on osteoclast surfaces occurs.

REFERENCES

Aarts MM, Levy D, He B, Stregger S, Chen T, Richard S,
Henderson JE. 1999. Parathyroid hormone-related
protein interacts with RNA. J Biol Chem 274:4832–
4838.

Agarwala N, Gay CV. 1992. Specific binding of parathyroid
hormone to living osteoclasts. J Bone Miner Res 7:531–
539.

Albright F, Bauer W, Ropes M, Aub JC. 1929. Studies of
calcium and phosphorus metabolism. IV. The effect of the
parathyroid hormone. J Clin Invest 7:139–181.

Amizuka N, Karaplis AC, Henderson JE, Warshawsky H,
Lipman ML, Matsuki Y, Ejiri S, Tanaka M, Izumi N,
Ozawa H, Goltzman D. 1996. Haploinsufficiency of
parathyroid hormone-related peptide (PTHrP) results
in abnormal postnatal bone development. Dev Biol 175:
166–176.

Bringhurst FR, Strewler GJ. 2002. Renal and skeletal
actions of parathyroid hormone (PTH) and PTH-related
protein. In: Bilezikian JP, Raisz LG, Rodan GA, editors.
Principles of bone biology, 2nd ed, vol 1. New York;
Academic Press, pp 483–514.

Clemens TL, Broadus AE. 2002. Vascular, cardiovascular
and neurological actions of parathyroid-related protein.
In: Bilezikian JP, Raisz LG, Rodan GA, editors. Princi-
ples of bone biology, 2nd ed, vol 1. New York; Academic
Press, pp 531–543.

Datta HK, Rathod H, Manning P, Turnbull Y, McNeil CJ.
1996. Parathyroid hormone induces superoxide anion
burst in the osteoclast: Evidence for the direct ins-
tantaneous activation of the osteoclast by the hormone.
J Endocrinol 149:269–275.

Divieti P, John MR, Juppner H, Bringhurst FR. 2002.
Human PTH-(7-84) inhibits bone resorption in vitro via

actions independent of the type 1 PTH/PTHrP receptor.
Endocrinology 143:171–176.

Faucheux C, Horton MA, Price JS. 2002. Nuclear localiza-
tion of Type I parathyroid hormone/parathyroid hor-
mone-related protein receptors in deer antler osteoclasts:
Evidence for parathyroid hormone-related protein and
receptor activator of NF-B-dependent effects on osteo-
clast formation in regenerating mammalian bone. J Bone
Miner Res 17:455–464.

Fenton AJ, Kemp BE, Hammonds RG Jr., Mitchelhill K,
Moseley JM, Martin TJ, Nicholson GC. 1991. A potent
inhibitor of osteoclastic bone resorption within a highly
conserved pentapeptide region of parathyroid hormone-
related protein; PTHrP(107-111). Endocrinology 129:
3424–3426.

Ferrari S, Behar V, Chorev M, Rosenblatt M, Bisello A.
1999. Endocytosis of ligand-human parathyroid hormone
receptor 1 complexes is protein kinase C-dependent and
involves—arrestin2. J Biol Chem 274:29968–29975.

Gay CV, Kief NL, Bekker PJ. 1993. Effect of estrogen on
acidification in osteoclasts. BiochemBiophys Res Commun
192:1251–1259.

Gay CV, Zheng BZ, Gilman VR, Mastro AM. 2001.
Immunolocalization of PTH receptors in osteoclasts of
rat metaphysis. J Bone Miner Res 16:S425.

Henderson JE, Amizuka N, Warshawsky H, Biasotto D,
Lanske BMK, Goltzman D, Karaplis AC. 1995. Nucleolar
localization of parathyroid hormone-related peptide
enhances survival of chondrocytes under conditions that
promote apoptotic cell death. Mol Cell Biol 15:4064–
4075.

Huang Z, Bambino T, Chen Y, Lameh J, Nissenson RA.
1999. Role of signal transduction in internalization of
the G protein-coupled receptor for parathyroid hor-
mone (PTH) and PTH-related protein. Endocrinology
140:1294–1300.

Hunter SJ, Schraer H, Gay CV. 1988. Characterization of
isolated and cultured osteoclasts: The effects of acetazo-
lamide, calcitonin and parathyroid hormone on acid
production. J Bone Miner Res 3:297–303.

Kartsogiannis V, Udagawa N, Ng KW, Martin TJ, Moseley
JM, Zhou H. 1998. Localization of parathyroid hormone-
related protein in osteoclasts by in situ hybridization and
immunohistochemistry. Bone 22:189–194.

LangubMC, Monier-Faugere MC, Qi Q, Geng Z, Koszewski
NJ, Malluche HH. 2001. Parathyroid hormone/Parathyr-
oid hormone-related peptide Type I receptor in human
bone. J Bone and Miner Res 16:448–456.

Malecz N, Bambino T, Bencsik M, Nissenson RA. 1998.
Identification of phosphorylation sites in the G protein-
coupled receptor for parathyroid hormone: Receptor
phosphorylation is not required for agonist-induced
internalization. Mol Endocrinol 12:1846–1856.

Massfelder T, Dann P, Wu TL, Vasavada R, Helwig J-J,
Stewart AF. 1997. Opposing mitogenic and anti-mito-
genic actions of parathyroid hormone-related protein in
vascular smooth muscle cells: A critical role for nuclear
targeting. Proc Natl Acad Sci USA 94:13630–13635.

May LG, Gay CV. 1997a. Parathyroid hormone uses both
adenylate cyclase and protein kinase C to regulate acid
production in osteoclasts. J Cell Biochem 65:565–573.

May LG, Gay CV. 1997b.Multiple G-protein involvement in
parathyroid hormone regulation of acid production by
osteoclasts. J Cell Biochem 64:161–170.

PTH/PTHrP Receptors in Osteoclasts 907



Mears D. 1971. Effects of parathyroid hormone and
thyrocalcitonin on the membrane potential of osteoclasts.
Endocrinology 88:1021–1028.

Miller S, Kenney A. 1985. Activation of avian medullary
bone osteoclasts by oxidized synthetic parathyroid
hormone (1-34). Proc Soc Exp Biol Med 179:38–43.

Nguyen MT, Karaplis AC. 1998. The nucleus: A target site
for parathyroid hormone-related peptide (PTHrP) action.
J Cell Biochem 70:193–199.

Niendorf A, Dietel M, Arps H, Lloyd J, Childs GV. 1986.
Visualization of binding sites for bovine parathyroid
hormone (PTH 1-84) on cultured kidney cells with a
biotinyl-b-PTH (1-84) antagonist. J Histochem Cytochem
34:357–361.

Niendorf A, Dietel M, Arps H, Childs GV. 1989. A novel
method to demonstrate parathyroid hormone binding on
unfixed living target cells in culture. J Histochem
Cytochem 36:307–309.

Rao LG, Murray TM, Heersche JNM. 1983. Immunohisto-
chemical demonstration of parathyroid hormone binding

to specific cell types in fixed rat bone tissue. Endocrinol-
ogy 113:805–810.

RodanGA,Martin TJ. 1981. Role of osteoblasts in hormonal
control of bone resorption—an hypothesis. Calcif Tissue
Int 33:349–351.

Teti A, Rizzoli R, Zambonin Zallone A. 1991. Parathyroid
hormone binding to cultured avian osteoclasts. Biochem
Biophys Res Commun 174:1217–1222.

Watson PH, Kisiel M, Patterson EK, Hodsman AB, Sims
SM, Dixon SJ, Fraher LJ. 2002. Expression of Type I
PTH/PTHrP receptors in the rat osteoclast and osteo-
blast-like RAW 264.7 cells. J Bone Miner Res 17:287.

Wong GL, Luben RA, Cohn DV. 1977. 1,25-dihydroxycho-
lecalciferol and parathormone: Effects on isolated osteo-
blast-like cells. Science 197:663–665.

Wysolmerski JJ, Stewart AF, Martin TJ. 2002. Physiologi-
cal actions of parathyroid hormone (PTH) and PTH-
related protein. In: Bilezikian JP, Raisz LG, Rodan RA,
editors. Principles of bone biology, 2nd ed, vol 1. New
York; Academic Press, pp 515–530.

908 Gay et al.


