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We provide the first molecular evidence for the pres-
nce of a functional serine/threonine phosphatase,
alcineurin-A (CN-A), in the osteoclast. Polymerase
hain reaction (PCR) of an osteoclast cDNA library,
ogether with restriction mapping, revealed two iso-
orm sequences, a and b. We then examined the func-
ionality of the detected CN-A by assessing the effect of
classical antagonist, cyclosporin A (CsA), in the os-

eoclast resorption (pit) assay. CsA (0.1 and 1 mg ml21)
otently inhibited bone resorption. The presence of

ymphocytes, with or without prior exposure to CsA in
ivo, failed to reverse the CsA-induced resorption–
nhibition. Expectedly, CsA had no direct effect on
ytosolic Ca21 levels in fura-2-loaded osteoclasts.
hese studies are a prelude to further investigations

nto the possible role of CN-A in osteoclast regulation.
inally, mechanistic studies on the bone effects of CsA,

widely used immunosupressant, should proceed
rom these observations. © 1999 Academic Press

Cytosolic Ca21 changes in the osteoclast triggered by
variety of agonists, including Ca21, are critical in

egulating bone resorption (1–3). Nevertheless, the
echanism by which these changes are transduced

nto effects on resorption is unknown. There is limited
vidence to suggest that protein kinase C (PKC) and
almodulin (CAM) kinase are involved in Ca21-induced
esorption-inhibition (4, 5). However, it is unclear
hether the same applies to calcineurin (CN), a well-

1 B.S.M. and B.R.S. contributed equally to the work.
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hatase (6).
Calcineurin-A (CN-A) is a 60-kDa subunit consisting

f both catalytic and CAM-binding domains (6–8).
here are three known isoforms, namely a, b and g

6–8). CN-A heterodimerizes with a 19-kDa subunit,
N-B, that also has a Ca21-regulatory site (9). The
nzyme is inhibited potently by the two well-known
mmunosupressants, cyclosporin A (CsA) and FK506
10). The latter molecules, however, first complex with
heir respective binding proteins, cyclophilin and
KP12 (11), and then inhibit phosphatase activity.
Both CsA and FK506, when administered to either

umans or animals, produce marked effects on bone
12). For example, when administered in vivo, both
ompounds cause bone loss, an effect that we have
emonstrated, is mediated by the T-lymphocyte (13).
he current study was prompted by contrasting re-
orts suggesting that CsA can inhibit resorption, in
itro, both in organ and isolated cell cultures (14, 15).
e have therefore examined (a) whether osteoclasts

xpress the CN-A gene and (b) whether CN-A activa-
ion by CsA inhibits osteoclastic bone resorption in the
it assay. Furthermore, to understand the cellular ba-
is for the discrepancy between the in vivo and in vitro
one effects of CsA, we carried out our pit assays in the
resence or absence of freshly isolated lymphocytes.

ATERIALS AND METHODS

Reverse transcriptase polymerase chain reaction (RT-PCR). We
rst designed gene-specific primers based on our analyses of the
ucleotide sequences of rat, mouse, human and bovine CN-Aa and
N-Ab cDNA. These primers have been successfully used to amplify
N-Aa (4 primers) and CN-Ab (2 primers) (GenBank: RATCNRAA



and RATCALAB, respectively): CN-A a #1 59-primer: 59-
C
p
a
9
1
A
A

f
R
t
R
f
m
m
p
o
i
G
p
m
m
r
m
C

t
s
b
c
n
m
b
a
b
T
6
a
(
T
o
c
s
a
(
o
p
s
b
w
e

t
s
b
a
e
t
r
N
s
a
l

R

s
e
m
F
s
o
u
r
f
o
fi
p
3
t

s
c
(
p
(
M
C
t
a
b
(
C
P
L
t
C
o
l
d
e
(

Vol. 254, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
GACAGGAAAAAAACTTGCTGGAT-39 (nt 424–447); CN-A a #2 59
rimer: 59-TGTTGACAGAGGGTACTTCAGT-39 (nt 564–585); CN-A

#3 39-primer: 59-GTGAGTGAAATGTTCCTGAGTC-39 (nt 957–
35); CN-A a #4 39-primer: 59-GTTTGGCTTTTCCTGTACATG-39 (nt
094 –1075); CN-A b #5 59-primer: 59-AACCATGATAGAAGT-
GAAGCT-39 (nt 294–315); and CN-A b #6 39-primer: 59-CAC-
CACTGCTGGATAGTTATAA-39 (nt 865–843).
For RT-PCR of testis RNA (control) and PCR of DNA prepared

rom the rabbit cDNA library (16, 17), we used the Titan One-Tube
T-PCR System (Boehringer-Mannheim, Indianapolis, IN). This sys-

em is designed for the sensitive, rapid, and reproducible analysis of
NA with high fidelity. The one-step reaction system uses RT-AMV

or first strand synthesis and a mixture of Taq and Pwo DNA poly-
erases for the PCR step. Reaction conditions were maintained per
anufacturer’s recommendations. The reaction mixture (50 ml) com-

rised of 0.2 mM-dNTP, 5 mM-DTT, 1 mg of testicular RNA or 0.4 mg
f library DNA, 0.1 mg of each primer (see above), 5 to 10 U of RNase
nhibitor, 13 RT-PCR buffer, and 1 ml of the enzyme mix. The
eneAmp PCR System 2400 (Perkin–Elmer, Foster City, CA) was
rogrammed as follows: (i) 50°C/30 min (for RT-PCR only), 94°C/2
in, (ii) 35 cycles of 94°C/30 s, 55°C/30 s, and 68°C/40 s, then 68°C/7
in and subsequent cooling to 4°C. The PCR products were sepa-

ated by electrophoresis on a 1.5% agarose gel. In separate experi-
ents, the excised bands were treated with NcoI, PstI, KpnI (for
N-Aa) and HindIII (for CN-Ab) to generate a restriction map.

Bone resorption (pit) assay. Bone resorption was measured using
he pit assay (18). Briefly, the bones from 24- to 48-h-old rats were
liced in 3.5 ml Medium 199-H (with Hank’s salts; Gibco, Gaithers-
urg, MD). The resulting cell suspension was settled onto devitalized
ortical bone slices (4 3 4 mm) for 30 min. Following the removal of
on-adherent cells by gentle rinsing, the slices were transferred to a
ulti-well dish containing M199-E (with Earle’s salts and 10% fetal

ovine serum, v/v). Either vehicle or CsA (0.1 or 1 mg ml21) was
pplied. In separate experiments, lymphocytes isolated from the rat
lood (see below) were dispersed onto the slices before incubation.
he slices were then incubated for 24 h in humidified CO2 (5%) (pH
.9), following which they were fixed with glutaraldehyde (10% v/v)
nd stained for the presence of tartrate-resistant acid phosphatase
TRAP) using a kit (Kit 386A, Sigma Chemical Co., St. Louis, MO).
he number of osteoclasts with two or more nuclei was determined
n each slice using a light microscope (Olympus, Tokyo, Japan). The
ells were removed by treating the slices with NaOCl (5 min), and the
lices were rinsed with distilled water followed by acetone, and then
ir-dried. They were then stained with toluidine blue [1% (v/v), in 1%
w/v) borate, 5 min]. The number of resorption pits was determined
n each slice by light microscopy. Notably, each experiment was
erformed with osteoclasts obtained from three animals with five or
ix bone slices per treatment. The number of pits or osteoclasts per
one slice was expressed as a mean 6 SEM. Analysis of Variance
ith Bonferroni’s Correction for Inequality was used to analyze the
ffect of treatment (significant at p , 0.05).

Cytosolic Ca21 measurements. A fura-2-based single cell spec-
rofluorometric method (19) was used to measure cytosolic [Ca21] in
ingle osteoclasts. Glass coverslips containing osteoclasts were incu-
ated with 10 mM-fura 2-AM (30 min, 37°C). Cells were then exposed
lternately to excitation ls of 340 and 380 nm, every second. The
mitted fluorescence was filtered at 510 nm and fed into a photomul-
iplier tube (PM28B, Thorn EMI, London, UK). Single photon cur-
ents were counted and recorded (Newcastle Photometric Systems,
ewcastle-upon-Tyne, UK). The ratio of emitted fluorescence inten-

ities due to excitation at 340 and 380 nm, F340/F380, was calculated
nd displayed. Fura-2 was calibrated using a protocol for intracellu-
ar calibration as described previously (19).
249
ESULTS

Molecular studies. To analyze CN-A gene expres-
ion in the osteoclast, we designed gene-specific prim-
rs based on the analysis of nucleotide sequences of rat,
ouse, human and bovine CN-Aa and CN-Ab cDNA.
igure 1A shows a control experiment that establishes
pecificity of the new primers (see Materials and Meth-
ds). Note that, appropriately sized bands were seen
pon agarose gel electrophoresis following RT-PCR of
at testis RNA (670 and 413 bp for CN-Aa and 571 bp
or CN-Ab) (Fig. 1A). DNA prepared from the rabbit
steoclast cDNA library was then used for PCR ampli-
cation using the same primers. We identified appro-
riate bands corresponding to both the a (lanes 2 and
) and b (lane 4) CN-A isoforms (Fig. 1B). To establish
heir identity further, the bands in lanes 2 and 4 were

FIG. 1. Identification of calcineurin-A (CN-A) a and b nucleotide
equences by polymerase chain reaction (PCR) in rabbit osteoclast
DNA library (A) Control experiment showing reverse transcriptase-
RT-) PCR analysis of rat testis total RNA. Lanes 1 and 2: PCR
roducts corresponding to CN-Aa amplified with primer pairs 1/4
670 bp) and 2/3 (413 bp), respectively (for primer sequences, see

aterials and Methods). Lane 3: PCR product corresponding to
N-Ab amplified with primer pair 5/6. Lanes 4 to 6: Negative con-

rols for reactions 1–3, respectively, without added RNA. (B) PCR
nalysis of phage DNA prepared from rabbit osteoclast cDNA li-
rary. Lane 1: PCR product from rat genomic DNA with primers 5/6
positive control). Lanes 2 and 3: PCR products corresponding to
N-Aa amplified with primer pairs 1/4 and 2/3, respectively. Lane 4:
CR product corresponding to CN-Ab amplified with primer pair 5/6.
ane 5: Negative control for lane 4 without added DNA. (C) Restric-
ion analysis of PCR fragments corresponding to CN-Aa and CN-Ab.
N-Aa sequences from osteoclast cDNA library (lanes 1, 3, 5, and 7)
r rat testis (lanes 2, 4, and 6). CN-Ab sequence from the cDNA
ibrary (lanes 8 and 10) or testis (lane 9). These PCR fragments were
igested with restriction enzymes as indicated. The expected short-
ning for rat samples are 262 bp (NcoI), 2108 bp (PstI) and 236 bp
KpnI) (for CN-Aa), and 2320 bp for HindIII (CN-Ab).



digested by the restriction enzymes, NcoI, PstI, KpnI
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for CN-Aa), and HindIII (for CAN-b). Expected decre-
ents in size occurred following such digestion (Fig.

C), suggesting strongly that both CN-A isoform se-
uences were expressed in the osteoclast.
The expression of CN-A genes is further supported

y (a) an identity in sizes of the PCR fragments
mplified from both testes and osteoclasts, and (b)
he presence of NcoI and HindIII restriction sites,
espectively, in the CN-Aa and CN-Ab PCR frag-
ents. However, the difference in localization of re-

triction sites for PstI and KpnI in CN-Aa may reflect
ucleotide substitutions in the respective rabbit
N-A genes compared with the corresponding rat
enes. This is consistent with the same genes from
wo species being analyzed, thus excluding contam-
nation, during PCR analysis, of the rabbit osteoclast
DNA library.

Functional studies. To elucidate the functional sig-
ificance of CN-A in the osteoclast, we studied the
ffect of its inhibition by CsA (7). We first examined the
ffects of CsA, both at a low (0.1 mg ml21) and high (1
g ml21) concentration, in the pit assay following a 24-
r 48-h incubation. At both time points, CsA inhibited
one resorption significantly (p , 0.001 at 0.1 and 1 mg
l21-CsA) (Fig. 2). However, the inhibition was less
arked at 48 h compared with 24 h, suggesting a

artial recovery. This resulted in a highly significant
ifference at both CsA concentrations when the re-
ponse at 24 h was compared with that at 48 h (p 5
.02 at 0.1 mg ml21 and p 5 0.025 at 1 mg ml21, respec-
ively). Furthermore, osteoclast number per bone slice
emained unchanged, excluding an effect of CsA on
steoclast formation or demise. The potent anti-
esorptive effect of CsA provides strong functional ev-
dence for CN-A expression in the osteoclast.

Figure 2 also shows that lymphocytes, freshly iso-
ated from rat blood, failed to reverse the CsA-induced
steoclastic inhibition, both at 24 and 48 h. Notably, at
ither time point, resorption in response to lympho-
ytes plus CsA was not significantly different from that
ue to CsA alone (24 h: p 5 0.42/0.1 mg ml21; p 5 0.46/1
g ml21; 48 h: p 5 0.187/0.1 mg ml21; p 5 0.26/1 mg
l21). Note also, that lymphocytes alone did not affect

steoclastic bone resorption. We next studied the effect
f lymphocytes, following their in vivo conditioning
ith CsA, on osteoclastic inhibition by exogenous CsA.
he cells were isolated freshly from blood drawn from
ither control rats (unconditioned), or from rats in
hom CsA (10 mg kg21 body weight) was administered
rally for 28 days (conditioned). Again, at both concen-
rations, CsA inhibited resorption significantly, despite
onditioning (p values in legend to Fig. 2). Thus, a
omparison of resorption in the presence of conditioned
ersus unconditioned lymphocytes revealed no signifi-
250
ant difference (p 5 0.25). We conclude that lympho-
ytes themselves do not influence the direct anti-
esorptive effect of CsA.
Finally, we attempted to examine for any effect of
sA on cytosolic Ca21 levels in the osteoclast. CsA (1 mg
l21) failed to trigger cytosolic Ca21 signals in fura-2-

oaded osteoclasts, virtually excluding a direct role for
a21 in the CsA-induced resorption-inhibition. Taken

ogether, the molecular and functional data suggest
trongly that CsA inhibits bone resorption indepen-
ently of cytosolic Ca21 changes, most likely, via a
irect action on CN-A.

ISCUSSION

We provide molecular evidence, through PCR of li-
rary cDNA, that CN-A sequences are present in the
steoclast. We have further used restriction analysis to
dentify the two known isoforms, a and b. We believe,
owever, that it is unlikely that CN-A activation me-
iates the inhibitory effects of high Ca21 on bone re-

FIG. 2. Pharmacological inhibition of osteoclastic calcineurin-A
CN-A) by a potent antagonist, cyclosporine A (CsA). Effect of CsA
0.1 or 1 mg ml21) on bone resorption by isolated osteoclasts over a 24
our (panels A and D) or 48 hour (panel B) incubation period.
esults are expressed as the number of excavations (pits) per bone
lice (mean 6 SEM), as well as number of osteoclasts per slice (panel
). The experiments were carried out in the presence or absence of

ymphocytes (Lympho) isolated freshly from blood drawn from rats
hat were untreated (UC) or were conditioned (C) with CsA (for
etails, see Materials and Methods). Statistics by analysis of vari-
nce with Bonferroni’s correction for inequality: compared with the
espective controls: *p , 0.001; ap 5 0.978; bp 5 0.851; cp 5 0.975;
p 5 0.793.
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xpected to activate CN-A (via CAM-binding) and thus
nhibit resorption (3, 7, 20). However, the present
tudy indicates that it is the inhibition rather than
timulation of CN-A that is associated with reduced
esorption. Thus, whilst it is unlikely that Ca21-
nduced resorption-inhibition uses a CN-A pathway, a
a21 change could still modulate CN-A activity.
The physiological role of osteoclastic CN is presently

nclear. Its known substrates include CAM kinase II,
itric oxide synthase (NOS), GTPase, heat shock pro-
ein (hsp 25), and the transcription factor Elk-1 (21–
4). Of these, NOS is found in abundance in the
steoclast (25, 26). The latter expresses both its consti-
utive (e) and inducible isoforms (25, 26). Furthermore,
O itself is a critical regulator of osteoclast function

27). Should CN-A dephosphorylate and hence, acti-
ate the Ca21-sensitive eNOS, this would indicate a
irect role of CN-A in osteoclastic NO formation. This
ttractive, though speculative hypothesis, merits fur-
her studies.

More relevant to CN-A action in the osteoclast, how-
ver, is its inhibition by the widely used immuno-
upressant, CsA. It is well known that CsA, adminis-
ered in vivo, produces accelerated bone remodeling
esulting in rapid bone loss (12). However, as indicated
bove, CsA paradoxically inhibits bone resorption in
itro. We have also demonstrated earlier that
-lymphocytes are critical for the CsA-induced bone

oss seen in vivo (12). To understand the mechanistic
asis of the apparently discrepant in vitro and in vivo
ctions of CsA, we cultured lymphocytes with osteo-
lasts in the pit assay. Specifically, lymphocytes de-
ived from either control or CsA-conditioned rats were
ncubated with freshly isolated rat osteoclasts on bone
lices for 24 or 48 h. Lymphocytes were expectedly
ound not to affect basal resorption. More importantly,
owever, they failed to reverse the anti-resorptive ac-
ion of CsA. The latter was true whether or not the cells
ere conditioned by prior in vivo exposure to CsA.
aken together, the findings suggest that lymphocytes,
lone, do not reverse the CsA-induced resorption-
nhibition seen in vitro.

In conclusion, we provide complementary evidence,
olecular and functional, for the presence of CN-A in

he osteoclast. Specifically, we also show that the CN-A
ntagonist, CsA, inhibits bone resorption by isolated
steoclasts in the pit assay. We also demonstrate that
he anti-resorptive effect of CsA is not reversed by the
ole presence of lymphocytes. Thus, it is likely that the
nown CsA-induced resorption-stimulation and bone
oss in vivo requires other cell types and/or soluble
actors. These interesting possibilities warrant further
nvestigation.
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