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Osteoclastic Bone Resorption by a Polarized Vacuolar 
Proton Pump 

Fig. 2. Imrnunoblot of 1 2  
osteoclast microsomal 
proteins or purified bo- 
vine kidney H+-ATPase 
probed with (lanes A) an- kD tiserum to H+-ATPase 
or (lanes B) preirnmune 70 * (, 

serum. Immunoreactiv- 
i tyof70- ,56 ,and31-  56,( 0 
kD subunits seen in the 
kidney H+-ATPase are 
also present in the osteo- 
clast membranes. (Sam- 
ple 1) Mty-purified 
bovine kidney H+- 31 

(5 pg) (9) and 
(sample 2) osteoclast mi- 

! 
crosomes (50 pg) were 
separated by SDS-ply- 
acwlamide eel electro- u 

phoresis, transferred to 
Bone resorption depends on the formation, by ostaodasts, of an acidic extracellular kocellulose paper, and 
compartment wherein matrix is degraded. The mechanism by which osteodasts probed with antiserum 
transport protons into that resorptive mi~~~nvironment was identified by means of Or control serum as de- 

adenosine triphosphate-dependent weak base armrulation in isolated ostaodast gz ~ ~ ~ ! ~ ~ ~ ~ d  
membrane vesides, which exhibited substrate and inhibition properties characteristic opphy were used for 
of the vacuolar, el-enic H+-transporting adenosine triphosphatase (H+-ATPase). detection. 
Identity of the pump was c o h e d  by immunoblot of ostaodast membrane 
proteins probed with antibody to vacuolar H+-ATPase isolated fiom bovine kidney. 
The ostdast's H+-ATPase was immunoqtochernically localized to the cell-bone 
attachment site. Irnmunoelcctron microscow showed that the H+-ATPase was pres- 
ent in the ruflIed membrane, the rrsorptive organ of the cell. 

T HE OSTEOCLAST, WHICH IS THE 
principal resorptive cell of the skele- 
ton, degrades both the inorganic and 

organic components of bone in a localized 
area at its matrix attachment site. Although 
the complete mechanism by which the cell 
resorbs bone is unknown, it is believed to 
involve acidification of the osteoclast-bone 
interface (1-3). This hypothesis rests on the 
fact that bone mineral is hydroxyapatite, 
Ca3(P04)2Ca(OH)2, an alkaline salt, and 

hence its dissolution requires protonation, 
-2 moles of H +  for each mole of ca2+ 
placed into solution. 

Baron et al. (4) reported that the cell's 
characteristic resorptive organ, the ruWed 
membrane, expresses on its extracellular do- 
main a 100-kD protein that reacts with 
antibody to the vanadate-sensitive hydrogen 
and potassium-dependent adenosine tri- 
phosphatase (H+,K+-ATPase) of gastric pa- 
rietal cells. We undertook experiments 

Fig. 1. ATP-dependent proton transport by iso- A B 
lated inside-out osteoclast membrane vesicles. 
Proton transport was assayed with a dual-wave- 
length spectrophotometer by monitoring uptake 
of acridine orange, as described (6), with 25 pg of 
membrane vesicles in 1 ml of b d e r  containing 'L Control . 
150 mM KCI, 10 mM bis-ms-propane, 2 rnM m 

MgCl5, and 1 pM valinomycin, pH 7.0, and was a* 1 min +I mdv04 Nig or 
initiated by the addition of 1 mM ATP (or other TCS 

nudeotides, as described). The protonophores c D 
nigericin (Nig), 1 pm, or tetraclorosalicylanilide 
(TCS), 1 C L ~ ,  were added as indicated. (A) 
Control, and with addition of 1 mM sodium 
orthovanadate; (8)  control, with addition of oli- 
gomycin (5 pg/ml), and with addition of 20 pM 
7-chloro-4ninobenz-2-oxa-1,3-dia~0le (NBD- 
U); (C) control, with addition of 50 pM N- 
ethylamleirnide (NEM), and with addition of 1 
mM ZnC12; and (D) 1 mM of each nucleotide [ l  a* 
mM 5'-adenylylimide-diphosphate (AMP-PNP) 1 min N;g 
was added prior to ATP addition]. Vesicles were 
prepared from 2 x 10' osteoclasts, obtained as described (6), homogenized in a Dounce homogenizer 
(20 strokes) in 15 ml of 250 mM sucrose, 5 mM ms, 1 mM EGTA, 1 mM KHCO,, and 1 mM 
dithiothreitol, pH 7.0, at 4°C. After an initial cenmfugation (1000g for 5 min), the supernatant was 
centrifuged (6000g for 15 min) to remove mitochondria and lysosomes. The supernatant was 
centrifuged at 42,000g for 30 min, and the upper, white microsomal layer of the pellet was collected. 
&92-540, differences in absorbance at 492 nm and 540 nm. 

aimed at assessing the function of the osteo- 
clast's H +  transport system by exploiting the 
property of weak bases of low molecular - - .  
mass to diffuse into acidic compartments 
where they are trapped by protonation, rais- 
ing the p H  (5). Starting with highly en- 
riched (95% to 98% pure) populations of 
osteoclasts isolated h m  calcium-deprived 
laying hens (6), we produced membrane 
vesides by differential centrifugation after 
homoge&tion of osteoclasts -in isotonic 
sucrose buffer (7) and used acridine orange, 
a fluorescent weak base OH indicator. to -- ~ 

determine proton transport in response to 
exogenous nucleoside triphosphate addition 
in the presence and absence of specific inhib- 
itors (7, 8). We found that osteoclast mem- 
branes were capable of adenosine triphos- 
phate (ATP)-dependent H+ transport (Fig. 
1). Vesicle acidification was not inhibited by 
1 mM sodium orthovanadate, an agent that 
completely damps the gastric H+,K+- and 
other EIE2-type ATPases (9). The osteo- 
clast's proton pump was also resistant to the 
mitochondrial H+-ATPase inhibitor oligo- 
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mycin, but sensitive to N-ethylrnaleimide 
and to 7-chloro-4-nitrobenz-2-oxa-1,3-dia- 
zole, properties characteristic of the vacuolar 
H+-ATPases, including the bovine kidney 
vacuolar H+-ATPase responsible for urinary 
acidification (7). 

We isolated the bovine kidney proton 
pump and produced antiserum that reacts 
with its major cytoplasmic domain subunits, 
the 70-, 56-, and 31-kD polypeptides (10). 
We then prepared immunoblots of SDS- 
so lubhd ,  electrophoretically separated 0s- 
teodast membranes with this antiserum and 
fbund immunoreactive polypeptides at 70, 
56, and 31 kD, masses identical to those of 
the three major immunoreactive subunits of 
the kidney proton pump (Fig. 2). Thus by 
immunologic, structural, and functional cri- 

teria, proton-transporting osteoclast mem- 
branes have a vacuolar H+-ATPase. 

Vacuolar-type H+-ATPase are found in 
endommes, lysosomes, and several other 
intracellular compments  (1 I), as well as in 
the plasma membrane of some cells (12). 
The lysosomal proton pump was found ear- 
lier to use guanosine triphosphate (GTP) as 
a substrate nearly as effectively as ATP, 
whereas the endosomal H+-ATPase appears 
to use only ATP (13). We found that ATP- 
stimulated proton transport into osteoclast 
membrane vesicles was approximately ten 
times as fast as GTP-stimulated acidification 
(Fig. 1). We could not therefore exclude the 
possibility that the proton pumpbearing 
osteoclast membranes were derived from a 
compartment within the resorptive cell rath- 

er than from the d e d  border. 
We therefore investigated the cellular dis- 

tribution of the osteodastic H+-ATPase by 
probing histological sections of chicken 
medullary bone with &ty-purified anti- 
bodies to the major subunits of the bovine 
kidney H+-ATPase. Intense staining of os- 
teodasts was observed, and in most cells the 
antibody was localized at the bone attach- 
ment site (Fig. 3, A and B). Some osteo- 
clasts (-5%) contained immunoreactive 
material throughout their cytoplasm. These 
cells were all either unattached to bone or 
juxtaposed to osteoid (nonmineralized ma- 
trix), suggesting that bone mineral may 
prompt polarized expression of proton 
pump at the resorptive microenvironment. 
Such redistribution of proton pump be- 

Fig. 3. Vacuolar H +  pump visualized by in situ imrnunocytochemisay at the 
resorptive surface of osteoclasts. (A) Indirect peroxidase staining of ah i ty -  
purified rabbit antibody to the 31-kD subunit of bovine vacuolar ATPase 
(9), showing its localization of the cell-bone attachment site, and (C) protein 
A-gold binding at the r d e d  membrane of osteoclasts reacted with &ty- 
purified antibody to whole bovine vacuolar ATPase, representing an area 
similar to that at the arrow in (A) but magdied -40 times more (9). (B) 
and (D) represent appropriate controls with preimmune sera. Medullary 
bone from calcium-deprived laying hens (6) was fked in 4% Formalin with 
0.2M HgClz and 0.15M sodium acetate (A and B) or 4% formaldehyde, 
0.1% glutaraldehyde, 0.1M cacodylate, pH 7.4 (C and D) (3), followed by 
paraftin embedding, sectioning, and anubody incubation. Bound antibody 

was visualized with biotinylated goat antibody to rabbit serum and was 
peroxidase-labeled with an avidin-biotin complex (A and B). Alternatively, 
500-pm sections of ammonium chloridewashed wet tissue was incubated 
overnight in phosphate-buffered saline with rabbit antibodies; washing, 
dehydration, plastic embedding, sectioning for electron microscopy was 
done as before, and bound antibody was visualized by reaction of thin 
sections with 10 nm of protein A-gold (C and D). Sections were counter- 
stained with hematoxyh (A and B) or osmium tetroxide, uranyl acetate, and 
lead citrate (C and D). Arrows indicate antibody binding at the osteodast- 
bone attachment site. OC, osteoclasts; R, ruffled membrane. Nuclei in (A) 
and (B) are -3 pm. Gold in (C) and (D)is 10 nrn in diameter. 
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tween cytoplasm and cell membrane has 
been demonstrated in proton-secreting renal 
epithelial cells (14). In keeping with evi- 
dence that resorptive cells do not effectively 
attach to unmineralized bone matrix (15), 
H+-ATPase was absent at all sites where 
osteoclasts were juxtaposed to osteoid (un- 
mineralized bone). Finally, we used irnrnu- 
noelectron microscopy to show that the 
ruffled border, the highly convoluted cell 
membrane characterizing the site of bone 
resorption, contains the H+-ATPase (Fig. 
3, C and D). 

Thus, the osteoclast has a vacuolar-type 
proton pump that is physiologically and 
structurallv identical to the kidnev H + -  
ATPase and that appears to be responsible 
for creation of the acidic microenvironment 
fundamental to bone resor~tion. The osteo- 
clast's ruffled membrane has a dense array of 
cytoplasmic proteinaceous studs (1 6) similar 
to those found on the plasma membrane of 
renal proton-transportIng epithelia, which 
represent the cytoplasmic domain of the 
vacuolar H+-ATPase (1 7). As in the kidney 
intercalated cell, osteoclastic proton pumps 
are polarized to one plasma membrane do- 
main, allowing vectorial proton secretion. 
The mechanism bv which the osteoclast 
maintains the polarity of the proton pump at 
the osteoclast-bone interface is unknown 
and is an intriguing problem, since osteo- 
clasts, unlike epithelial cells, do not form 
tight junctions. However, when epithelial 
cells attach to substrate, polarization begins 
before the formation of tight junctions and 
is associated with cytoskeletal reorganiza- 
tion (18). The development of the osteoclas- 
tic attachment site. which is rich in cvtoskel- 
etal elements, may represent a similar polar- 
ization process. 
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Role of Prostaglandins and CAMP in the Secretory 
Effects of Cholera Toxin 

JOHNNY W. PETERSON AND LAURA G. OCHOA 

The role of adenosine 3',5'-monophosphate (CAMP) and prostaglandins in the 
pathogenesis of experimental cholera was evaluated. Fluid accumulated in the rabbit 
intestinal loop model after 16 hours of incubation with cholera toxin, prostaglandin 
El, or  prostaglandin E2, but not with membrane-permeable derivatives of CAMP or  
forskolin. Dibutyryl CAMP triggered a small, transient intestinal fluid accumulation 
response by 4.5 hours; however, the fluid was completely absorbed by 9 hours. After 
exposure of intestinal loops to  cholera toxin, prostaglandin E was released into the 
intestinal lumen in a concentration-dependent manner independent of CAMP. Thus, 
not only CAMP, but also prostaglandins may regulate water and electrolyte secretion in 
cholera. 

T HE PATHOGENIC MECHANISM OF 

cholera and several other intestinal 
enteropathies caused by Escherichia 

coli, Salmonella species, Campylobacter jejuni, 
and other enterotoxin-producing bacteria is 
thought to be mediated by CAMP (1). The 
Al subunit of cholera toxin possesses both 
nicotinamide adenine dinucleotide glycohy- 
drolase and adenosine diphosphate (ADP)- 
ribosyltransferase activities. Cholera toxin 
catalyzes the ADP-ribosylation of the a sub- 
unit of the stimulatory G protein (G,,) of 
adenylate cyclase (2). The guanosine tri- 
phosphate-binding activity of G,, is altered 
by covalent linkage to ADP-ribose, which 
causes the catalytic site of adenylate cyclase 
to increase CAMP production. The cAMP 
content of cholera toxin-affected cells in- 
creases markedly and in proportion to the 
amount of cholera toxin stimulation (3). 

Clinically, the only important cell types 
naturally affected by cholera toxin reside in 
the intestinal mucosa. After exposure to 
cholera toxin, the CAMP content of the 
crypt epithelial cells of the small intestine 
increases, and water and electrolyte trans- 
port is altered (4, 5 ) .  Application of dibu- 
tyryl CAMP to stripped intestinal mucosa in 
Ussing chambers increases chloride ion 
transport (4). Thus, fluid and electrolyte loss 
in cholera patients is associated with in- 
creased CAMP concentrations. 

We have reevaluated the cause-effect rela- 

Department of Microbiology, University of Texas Medi- 
cal Branch, Galveston, TX 77550. 

tion of cAMP formation, prostaglandin E 
(PGE) release, and intestinal fluid secretion. 
The possible participation of prostaglandins 
in the pathogenesis of cholera was suggested 
by Berrnett (6); both PGEl and PGE2 stimu- 
late intestinal adenylate cyclase (7). The 
effects of cholera toxin on secretion and on 
CAMP accumulation are inhibited by drugs 
that inhibit prostaglandin formation (for 
example, indomethacin, aspirin, and ibupro- 
fen) (5-11). The PGE2 content of jejunal 
aspirates from individuals with acute cholera 
is significantly higher than in those from 
convalescent patients (12). Concentrations 
of PGE increase in the intestinal mucosa of 
rabbits challenged with cholera toxin, Vibrio 
cholerae, or Salmonella species (13). Cholera 
toxin also increases the release of PGE2 and 
5-hydroxytryptamine in rat jejunal segments 
(14, 15). A murine macrophage cell line 
releases PGE2 when exposed to either chol- 
era toxin or pertussis toxin, but not when 
exposed to dibutyryl CAMP (16). We used 
the rabbit intestinal loop model (17) to 
investigate the relation of cAMP and PGE 
to the cholera toxin-mediated secretory re- 
sponse:. 

To  compare the effects of CAMP, PGE, 
and ch~olera toxin on net fluid secretion, we 
injected the lumina of rabbit intestinal seg- 
ments with various agents (18) and mea- 
sured the mean fluid accumulation respons- 
es of intestinal loops after an overnight (16 
hours) exposure (Table 1). Cholera toxin 
caused, approximately 1.5 ml of fluid per 
centimeter of intestine to accumulate. When 
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