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IN  V I T R O  F O R M A T I O N  O F  O S T E O C L A S T S  

F R O M  L O N G - T E R M  C U L T U R E S  O F  

B O N E  M A R R O W  M O N O N U C L E A R  P H A G O C Y T E S

B y EL S H . B U R G E R ,*  J O S  VV, M .  V A N  D E R  M E E R ,  J O K E  S. V A N  D E  G E V E L ,  
J A N .  C. G R I B N A U ,  C. W I L  T H E S I N G H ,  a n d  R A L P H  V A N  F U R T H

From the Department o f Cell Biology arid Histology and the Department o f Infectious Diseases, University
Hospital, Leiden, The Netherlands

During the last two decades, am ple evidence has been obta ined  that osteoclasts, the 
multinucleated calcified-matrix resorbing giant cells of bone, which form by fusion of 
mononuclear precursor cells, are of hematogenous origin. T h e  evidence stems from 
experiments done in parabionts  of labeled animals ( 1), studies on osteopetrotic animals 
and hum ans (2-4), and  quail-chick and  mouse-quail t ransp lan ta t ion  experiments 
(5-7). Essentially, these in vivo studies have shown that osteoclasts derive from bone 
marrow or other hematopoietic tissues and  have indicated m ononuclear  phagocytes 
as the most likely candidates for the precursor cells which fuse to form an osteoclast. 
How'ever, in vitro evidence for the direct transformation of monocytes a n d /o r  tissue 
macrophages into bone-resorbing osteoclasts is still lacking, a lthough it has long been 
known that cultured macrophages can form foreign-body giant cells in vitro by fusion 
(8-10).

Several in vitro studies have dealt with the destruction of calcified bone m atrix  by 
mononuclear phagocytes; for this work, use was m ade of h u m an  peripheral blood 
monocytes ( 11, 12) or rodent macrophages (13) in com bination  with devitalized bone 
particles. Monocytes and  macrophages were able to resorb mineral in a contact- 
mediated fashion, but did not form cells with the morphological characteristics of 
osteoclasts (13). Recent investigations, however, point to the im portance of interactions 
between bone-forming and  -resorbing cells during  osteoclastic bone resorption (14). 
This means that studies done on devitalized bone without viable bone-forming cells 
might be of limited value with respect to the formation of osteoclasts and  osteoclast- 
mediated bone resorption.

We recently found (7) that early removal of the perichondrium -periosteum  from 
embryonic mouse long-bone prim ordia  prevents the formation of osteoclasts during  
organ culture of such bones. In mouse-quail transp lan ta tion  studies, such stripped 
bone rudiments are invaded by quail osteoclasts, but mouse osteoclasts are not formed 
because the stripping procedure has removed the osteoclast precursor cells.

In the present study, s tripped live bone rudim ents  were used to assess the capacity 
of various populations of m ononuclear phagocytes to form osteoclasts in vitro. 
Stripped bone rudim ents  were co-cultured with embryonic liver as well as with
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proliferating and  nonproliferating populations of m ononuclear phagocytes from the 
bone marrow, peripheral blood, or peritoneal cavity.

M a te r ia l s  a n d  M e th o d s
Animals. Swiss a lb in o  mice w ere  used, i.e., 1 7-d-old em b ry o s  a n d  6-wk-old males.
Organ Culture of Embryonic Bones. T h e  m id d le  th ree  m e ta ta r s a l  b o n e  ru d im e n ts  from 17-d-old 

em b ry o s  (day o f  vag ina l  p lu g  discovery  equa ls  d ay  0 o f  ges ta t ion)  w ere  excised, a n d  the ir  
a d h e r in g  p e r ic h o n d r iu m -p e r io s te u m  was rem o v ed  by ro ll ing  the  b o n e  over  a glass su rface  a f te r  
a 10-min t r e a tm e n t  w i th  1% collagenase  (S ig m a  C h e m ic a l  Co.,  St. Louis, M O )  a n d  1% bov ine  
se ru m  a lb u m in  (fraction V; S ig m a  C h e m ic a l  Co.) in H a n k s ’ b a la n c e d  salt so lu t ion  (H B S S ) 1 at 
room  te m p e ra tu re .  E n z y m e  ac t iv i ty  was s to p p e d  in 10% rat  se ru m  in H B S S .  C a re  was tak en  to 
s ta n d a rd iz e  the  age o f  the  ru d im e n ts  by se lec ting  lit ters in w h ich  the  first p h a la n g e s  o f  the  feet 
h a d  not yet s ta r te d  to calcify. T h e  s t r ip p e d  ru d im e n ts  w ere  c u l tu re d  for 7 d on  a piece o f  
p e r fo ra ted  c e l lo p h a n e  (Serva, H e id e lb e rg ,  Federa l  R e p u b l ic  G e rm a n y )  p laced  on a semisolid  
m e d iu m  (SSM ) c o n ta in in g  20% cock p la sm a ,  10% ch ick  e m b ry o  ex t rac t  (EE),  a n d  10% rat  
se ru m  in E a r l e ’s b a la n c e d  salt so lu t ion  (EBSS) (15), in a h u m id i f ie d  5% COo a tm o s p h e re  at
37°C .

Experimental Set-Up. C o n tro l  cu l tu re s  consis ted  o f  s t r ip p e d  b o n e  ru d im e n t s  c u l tu r e d  a lone ,  
a n d  e x p e r im e n ta l  cu l tu res  co m p r ised  s t r ip p e d  b o n e  ru d im e n ts  c o -c u l tu re d  w i th  o th e r  cell 
p o p u la t ions .  For s tud ies  w ith  e m b ry o n ic  liver, w ho le  pieces o f  tissue w ere  co -cu l tu red .  In  all 
o th e r  cases, suspensions  o f  cells were cen tr i fu g ed  a n d  re su sp en d e d  in 10% ra t  se ru m  in EBSS. 
E E  a n d  cock p la s m a  were a d d e d  to m a k e  a w eak  c o a g u lu m  co m p o sed  o f  10% E E  a n d  30%

7  _ _ f"

p la sm a  c o n ta in in g  1-2 X  10' ce l ls /m l .  Pieces o f  c o a g u lu m  c o n ta in in g  som e 5 X  10’ cells were 
w ra p p e d  a r o u n d  s t r ip p e d  ru d im e n ts  a n d  co -cu l tu red  for 7 d.

Cell Populations Used
E m b r y o n i c  l i v e r .  l - m m ,! pieces o f  liver from 1 7-d-old em b ry o s  w ere  c u l tu re d  in co n tac t  

w ith  the  b o n e  ru d im e n ts  ( three  pieces o f  liver for each  b o n e  ru d im e n t ) .
C u l t u r e s  o f  b o n e  m a r r o w  m o n o n u c l e a r  p h a g o c y t e s .  Bone m a r ro w  cells from fem ora  o f  

6-wk-old m a le  mice were p re c u l tu re d  for 8 o r  14 d in T e f lo n  c u l tu re  bags  in l iqu id  c u l tu re  
m e d iu m  (L C M ) c o n ta in in g  e m b ry o n ic  m ouse  f ib ro b la s t -co n d i t io n ed  m e d iu m  as th e  source  o f  
co lo n y -s t im u la t in g  fac to r  (CSF) (16, 17). T h e  m e d iu m  consis ted  o f  D u lb e c c o ’s m od if ied  E a g le ’s 
m e d iu m  w ith  20% horse se ru m  a n d  20% c o n d i t io n e d  m e d iu m  (C M ),  as desc r ibed  e lsewhere  
(17, 18). For  14-d-old cu l tu res ,  fresh C M  was a d d e d  a f te r  7 d. C u l tu r e  in T e f lo n  bags  a v o id ed  
a d h e re n c e  o f  m o n o n u c le a r  phagocy tes ,  th u s  fac i l i ta t ing  th e i r  recovery  (16).

I r r a d i a t e d  14-d - o l d  b o n e  m a r r o w  c u l t u r e s .  1 1-d-old b o n e  m a r r o w  cu l tu re s  in T e f lon  
c u l tu re  bags  w ere  i r r a d ia te d  w ith  1,000 rad  a n d  c u l tu r e d  for a n o t h e r  3 d. A fte r  14 d o f  
p recu l tu re ,  i r r a d ia te d  a n d  n o n i r r a d ia t e d  cu l tu re s  were h a rv es ted  a n d  c o c u l tu re d  w ith  s t r ip p e d  
b o n e  ru d im e n ts .  S a m p le s  o f  14-d-old i r r a d ia te d  a n d  n o n i r r a d ia t e d  b o n e  m a r ro w  cu l tu re s  were 
in c u b a te d  w ith  1 /xCi [ JH ] th y m id in e  ( T d R ) / m l  (sp. act.  2 C i / m m o l )  for 6 h, a f te r  w h ic h  the  
in c o rp o ra t io n  o f  -1H  in to  the  t r ich lo roace t ic  ac id - in so lub le  cell f rac t ion  was m easu red .

W e a k l y / s t r o n g l y  a d h e r e n t  c e l l s  i n  b o n e  m a r r o w  c u l t u r e s .  B one m a r r o w  cells were 
p re c u l tu re d  for 8 d in L C M  in p las t ic  petri  dishes (35 m m ,  F’a lcon  L a b w a re ,  O x n a r d ,  CA) to 
a llow a d h e re n c e  o f  m a tu r e  m o n o n u c le a r  phagocy tes .  Cells th a t  d id  not  a d h e re  s t rong ly  to the  
petri  dish were rem o v ed  by v igorous sh a k in g  a n d  c o -c u l tu re d  w ith  s t r ip p e d  b o n e  ru d im e n ts .  
A fter  vigorous w a sh in g  w ith  w a r m  FIBSS, the  a d h e r e n t  cells w ere  re m o v e d  by  in c u b a t in g  th e m  
o v e rn ig h t  in a th in  film o f  S S M  (0.5 m l / 3 5 - m m  dish) w h ich ,  a f te r  th e  a d d i t io n  o f  H B S S ,  
b e c a m e  d e ta c h e d  to g e th e r  w i th  the  cells f rom  the  b o t to m  o f  the  dish, as cou ld  be  read i ly  
observed  in dishes s ta in e d  w ith  G ie m sa  before  o r  a f te r  rem o v a l  o f  the  S S M  film. T h e  film 
b e a r in g  the  cells was w r a p p e d  a r o u n d  a s t r ip p e d  b o n e  r u d im e n t  a n d  co -cu l tu red .  T h e

•  •  •  • 
c o n c e n t r a t io n  o f  cells in the  film, as e s t im a te d  in h is tological sections, a m o u n t e d  to 1-10 X  10 /

1 Abbreviations used in this paper: C M ,  cond i t ioned  m ed iu m ;  C SF ,  co lony-s t im u la t ing  factor; EE, chick 
em bryo  extract ;  EBSS, E a r le ’s ba lanced  salt solution; H B SS,  H a n k s ’ ba lan ced  sail solu t ion;  L C M ,  liquid 
cu l tu re  m ed iu m ;  N B C S, new born  ca lf  serum ; PBS, phospha te -bu ffe red  saline; S S M , semisolid m e d iu m ;  
T d R ,  thym id ine .
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ml.
B l o o d  m o n o c y t e s .  P er ip h e ra l  b lood  from 6-wk-old m ice  was o b ta in e d  by h ea r t  p u n c tu re ,  

using h ep a r in ized  syringes (20 U / m l  b lood).  A f te r  d i lu t io n  w ith  4 vol o f  p h o sp h a te -b u f fe re d  
saline (PBS), the  e ry th rocy tes  w ere  rem oved  in a g ra d ie n t  o f  F ic o l l -H y p a q u e  (19). T h e  cells 
were w ashed  twice in PBS a n d  once  in L C M  to rem ove  the  F ic o l l -H y p a q u e ,  p re c u l tu re d  for 1 
d in L C M  in T ef lon  bags, a n d  co -cu l tu re d  w ith  s t r ip p e d  b o n e  ru d im e n ts .

R e s i d e n t  m a c r o p h a g e s .  A fte r  d e c a p i ta t io n  a n d  d e s a n g u in a t io n  o f  the  a n im a ls ,  pe r i tonea l  
cells were isolated by in t ra p e r i to n e a l  in jec t ion  o f  2 ml EBSS, w h ich ,  a f te r  gen t le  k n e a d in g  o f  
the  a b d o m e n ,  was w i th d r a w n  w ith  a p a s te u r  p ipe t te .

E x u d a t e  m a c r o p h a g e s .  Cells were ha rves ted  as descr ibed  for resident m a c ro p h a g e s ,  1.5 or  
4 d a f te r  in t ra p e r i to n e a l  in jection o f  2 ml n e w b o rn  c a l f  s e ru m  (N B C S) o r  4 d a f te r  in t r a p e r i to n e a l  
in jection o f  1.5 ml 4% brew ers  th iog lyco l la te  b ro th  (Difco L ab o ra to r ie s ,  D e tro i t ,  M I) .  R es id en t  
a n d  elicited m a c ro p h a g e s  were co -cu l tu red  w i th  s t r ip p e d  bones  w i th o u t  p recu l tu re .

Histology. In most cases, cu l tu re d ,  co -cu l tu red ,  a n d  n o n c u l tu r e d  b o n e  ru d im e n ts ,  pieces o f  
e m b ry o n ic  liver, a n d  ce l l -co n ta in in g  co a g u la  w ere  fixed a n d  decalc if ied  in B o u in ’s fluid for 
l igh t-m icroscopica l  e x a m in a t io n  o f  serial p a ra f f in  sections w h ich  h a d  been  s ta in ed  w i th  h e m a ­
toxylin a n d  eosin. In the  o th e r  cases ru d im e n ts  w ere  fixed w ith  g lu ta r a ld e h y d e  a n d  o sm iu m ,  
decalcified w ith  2.5% E D T A ,  a n d  e m b e d d e d  in E p o n  812 for u l t r a s t ru c tu r a l  o b se rv a t io n s  m a d e  
in u l t r a th in  sections s ta in ed  w ith  u ra n y l  a n d  lead (20).

inCa Release. T o  s tu d y  the  reso rp t ion  o f  calcif ied m a t r ix  in vitro, e m b ry o n ic  b o n e  ru d im e n ts  
were labeled  w ith  4>C a  by in jec t ing  p re g n a n t  m ice  s u b c u ta n e o u s ly  w i th  30 ¡i Ca 4 >C a  (sp. act. 
17.6 m C i / m g  C a) ,  1 d before  the  em b ry o s  were tak en  ou t ,  i.e., at 16 d o f  p r e g n a n c y  (21). T h e  
s t r ip p ed  bone  ru d im e n ts  w ere  c u l tu re d  w ith  o r  w i th o u t  o th e r  cells in 24-well tissue c u l tu re  
p lates  (Falcon L ab w are ) .  F'or the  ex p e r im en ts ,  8 XI O'* cells from b o n e  m a r ro w  cu l tu res  o r  from 
per i tonea l  ex u d a te s  in 40 /.tl o f  semisolid  m e d iu m  were a d d e d  pe r  b o n e  ru d im e n t .  T h e  a m o u n t  
o f  4>C a  released in the  c u l tu re  m e d iu m  was m e a su re d  a f te r  1, 4, a n d  7 d o f  cu l tu re .  T h e  
(semisolid) m e d iu m  was d igested  w ith  1% tryps in  in H B S S  o v e rn ig h t  at 3 7 °C ,  a n d  the  ‘ir>C a  
co n ten t  o f  the  so lu t ion  was d e te rm in e d  in a l iqu id  sc in t i l la t ion  co u n te r .  ’ ’C a  r e m a in in g  in the  
bone  tissue was d e te rm in e d  in a  5% tr ich lo roace t ic  ac id  ex trac t  o f  the  c u l tu re d  ru d im e n t .

R esu l ts
Morphology of Noncultured and Cultured Stripped Bones. Before culture, the bones 

consisted of a center of calcified cartilage surrounded by a thin shaft of calcified bone 
with hyaline cartilage at both ends. Invasion by a periosteal bud  and  formation of 
osteoclasts had not yet occurred. T h e  dissected bones were treated with collagenase 
until all of the periosteum-perichondrium was removed, including m any of the 
osteoblasts on the outer surface of the bone collar (Fig. 1). As a result, the width of the 
bone shaft did not increase m uch during  the subsequent culture period, a lthough the 
length of the core of calcified cartilage increased some 100- 200%.

In control cultures, the hypertrophic chondrocytes rem ained healthy and  were still 
surrounded by a network of calcified matrix whose spiculae had become considerably 
wider during  culture (Fig. 2). T he  bone shaft contained some osteocytes but few 
osteoblasts. Osteoclasts w'ere absent or very scarce in control cultures: of a total of 45 
control cultures, 5 contained one to three osteoclasts, the others none (Tables I and  
II). T he  osteoclasts that did develop may have penetra ted  the bone collar before the 
collagenase treatm ent and  so escaped stripping. Absence of osteoclasts was always 
accompanied by absence of mineralized matrix  resorption.

Co-Culture with Embryonic Liver. In bones co-cultured with pieces of embryonic 
liver— this organ being the main site of hemopoiesis in the em bryo (22)— m any 
osteoclasts usually developed within the zone of calcified cartilage (Table I). T h e  
calicified cartilage matrix, and, to a lesser extent, the bone shaft were eroded, and  a 
primitive strom a with m any erythrocytes in sinusoid-like channels had formed in
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F i g . 1. C en tra l  par t  o f  a s t r ipped  m eta ta rsa l  bone ru d im e n t  taken from a 17-d-old mouse embryo.  
T h e  bone is still a solid rod o f  carti lage,  su r ro u n d ed  by a thin bone collar (arrows). T h e  s t r ipp ing  
p rocedure  has removed the pc r io s teum -pcr ichondr ium .  X 200.
F i g . 2. C ontro l  bone, cu l tu red  for 7 cl a f ter  s t r ipp ing .  T h e  sp iculae  o f  the calcified car t i lage  m atr ix  
have increased in w id th  (arrows) a n d  have not been resorbed. Osteoclasts  arc  not present.  X 200.

T a b l e  I
Occurrence of Osteoclasts in Stripped Bone Rudiments Co-Cultured with Embryonic or

Adult Hemopoietic Cell Populations

N u m b ers  o f  osteoclasts per  bone  rud im en t*

0 1-3 4 -1 0  11-20 > 2 0  (n) P

Contro l  cultures 23 2 0 0 0 (25)
C o-cu l tu red  plus em bryon ic  liver 0 1 1 4 12 (18) < 0 .0 0  4
Plus 8 d bone m arrow  cultures 3 3 6 2 2 (16) < 0.00 i t
Plus 14 d bone m arrow  cultures 0 0 0 D 8 (13) < 0.00 i t

* C o u n ts  m ad e  in serial histological sections.
^ C o m p a re d  with control cultures;  W ilcoxon’s rank  sum  test.

vitro. In the liver tissue outside the bone shaft, erythropoiesis continued throughout 
the culture period.

Co-Culture with Cultured Bone Marrow Mononuclear Phagocytes. In Giemsa-stained 
cytocentrifuge preparations of the cells from 8-day-old bone marrow cultures, 60-80% 
of the cells were identified as im m ature  and  m ature  m ononuclear phagocytes; the 
rem ainder were granulocytes. T h e  granulocytes disappeared during  prolonged culture 
(18), and  the 14-d-old bone marrow cultures contained only im m ature  and  m ature  
m ononuclear phagocytes. M ultinucleated  giant cells were not encountered in these 
cultures. Co-cultivation of stripped bones with adult bone marrow precultured in the 
presence of CSF induced osteoclast formation: in 10 out of 16 rudiments co-cultured
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T a b l e  II
Occurrence o f Osteoclasts in Shipped Bone Rudiments Co-Cultured with Nonirradiated, Irradiated, Weakly

Adherent, and Strongly Adherent Bone Marrow Culture Cells

N u m bers o f  osteoclasts per bone  ru d im en i*

0 1-3 4-10 11 -2 0 > 2 0 (n) r

14-d-old bone marrows cultures,  nonirra-  
d ia tcd

0 0 0 5 8 (13)

< 0 .0 0 0  i t14-d-old bone m arrow s cultures,  i r rad i­
a ted

11 3 1 0 0 (15)

8-d old bone m arrow  cultures,  weakly 
ad h e ren t  cells

1 0 2 0 2 (5)

< 0 . 0 2 t8-d-old bone marrows culture ,  strongly 
adheren t  cells

11 0 0 0 0 (11)

* C oun ts  m ade  in serial histological sections, 
t  YVilcoxon's rank  sum test.

Fig.  3. S tr ipped  bone co-culturcd with bone m arro w  cells, p recu l tu red  for 14 d. M a n y  m u l t in u ­
cleated osteoclasts (arrows) have  eroded  the calcified m atr ix .  *, S S M  with  bone m arrow  cells. X 200. 
Fig.  4. S tr ipped  bone  co-cu l tured  with p recu l tu red  a n d  i r rad ia ted  bone  m ar ro w  cells. No osteo­
clasts have been formed. *, S S M  with bone m arrow  cells. X 200.

with 8-d-old bone marrow, and  in all of the 13 rudiments co-cultured with 14-d-old 
bone marrow, osteoclasts were formed in numbers higher than the control values 
(Table I). Osteoclasts were only observed within the eroded bone center or along the 
bone shaft, usually in close contact with calcified m atrix  (Figs. 3 and  4). Electron- 
microscopic observations confirmed their typical osteoclast-like morphology: giant 
multinucleated cells with dark- staining cytoplasm due to the presence of m any free 
ribosomes and  m any small mitochondria. They  adhered to the calcified m atrix  along
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a clear zone and  formed ruffled m em branes with m any invaginations and  ab u n d a n t  
small and large vacuoles at sites of matrix  resorption. M atrix  destruction was 
characterized by loss of stainability and  disorganization of structural elements (Fig. 
5 a, b, c). T h e  eroded bone center also contained m any macrophages.

Irradiation of Cultured Bone Marrow Cells. Irradiation of 11-d-old bone marrow
r \

cultures with 1,000 rad led to a severe reduction of [' H ]T d R  incorporation 3 d later: 
197 ±  4 cp m /2 .1 0 5 irradiated cells (n =  3) com pared with 5,764 ±  770 cp m /2 .1 0 ’’ 
nonirradiated cells (n =  3). T h e  total cell density did not differ between nonirrad ia ted  
and irradiated cultures. T h e  loss of proliferating cells from the irradiated  cultures was 
accompanied by a d ram atic  reduction of osteoclast formation to almost background 
values (Table II, Fig. 4).

Co-Culture with Strongly and Weakly Adherent Bone Marrow Mononuclear Phagocytes. 
W hen 8-d-old bone marrow cultures were separated into two populations, one of 
strongly adherent and  the other of weakly adherent cells, only co-culture with the 
latter population resulted in osteoclast formation (Table II).

Co-culture with Monocytes or Macrophages. After Ficoll-Hypaque separation, the leu­
cocyte suspension contained 34% monocytes (range, 28-40%), 51% lymphocytes, and 
15% granulocytes. T h e  composition of the cell suspension from the unstim ulated  
peritoneal cavity was 75-80% macrophages, 12-19% lymphocytes, and  1-4% g ran u ­
locytes and  mast cells. 1.5 d after an in traperitoneal injection of NBCS, the exudate 
contained 63% macrophages, 10% lymphocytes, 11% polymorphs, 15% eosinophils, 
and 1% mast cells; 4 d after NBCS i.p., the exudate  showed 50% macrophages, 18% 
lymphocytes, 4% polymorphs, 24% eosinophils, and  2% mast cells. Thioglycollate- 
induced exudates comprised 74% macrophages, 18% lymphocytes, 1% polymorphs, 
and 6% eosinophils.

Co-culture of stripped rudim ents with peripheral blood leukocytes, resident m ac­
rophages, or exudate macrophages did not lead to the formation of osteoclasts 
(Table III). However, macrophages were often found inside the bone shaft, am ong  
the chondrocytes in what remained of the lacunae. Only  in 1 out of 16 bones co­
cultured with blood leucocytes was the n um ber  of osteoclasts higher than  the 
background (Table III). This rudim ent contained five osteoclasts, but was also 
surrounded by an unusually large am ount of periosteum, which suggests tha t  it was 
not sufficiently stripped before co-culture.

O f  the various cell types present in the cell populations, only the m ononuclear 
phagocytes always remained healthy during  co-culture. Lymphocytes always died, 
and granulocytes survived to a varying degree.

Release of A''Ca. T he  results of the studies with l5Ca-labeled bone rudim ents  are 
summarized in T ab le  IV. O nly  co-culture with precultured bone m arrow cells resulted 
in a significant increase in the am oun t of 4,)C a released from the bone rudim ents  
during  the second half  of the culture period.

D  iscussion
T he  giant bone-resorbing cells that developed in co-cultures of stripped bone 

rudiments and  embryonic or adult hematopoietic tissue showed all the characteristics 
of osteoclasts, at both the light and  electron microscopic levels: dark-staining cells 
with m any nuclei, always present in close relationship with mineralized tissue and  
resorbing the mineralized matrix  in a m anner  characteristic of osteoclasts, i.e., by
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P i g .  5. Light m ic rograph  (a) a n d  low power (b) a n d  high pow er (c) electron m ic rog raphs  o f  the  
sam e osteoclast in a s t r ipped  bone ru d im en t  co-cu l tured  with p recu l tu rcd  bone  m ar ro w  cells, (a) 
M atr ix  resorption can be observed at two sepa ra te  sites, A a n d  B (semithin section; X 1,500). M, 
mineral ized matrix ,  (b) Detail o f  site B (u l t ra th in  section; X 2,700). T h e  da rk -s ta in ing  cy top lasm  
contains m an y  small m i to ch o n d r ia  a n d  m a n y  vacuoles. M, m inera l ized  matr ix ,  (c) Detail o f  the  site 
of  m atr ix  resorption (u l t ra th in  section; X 16,000). Ruffl ing m e m b ra n e s  (R) arc present at the  site 
o f  mineral  deg rada t ion .  T h e  cell is a t ta c h e d  to the  m inera l  a long  a clear  zone (c). M M ,  m inera l ized  
matrix;  M D , m atr ix  in the process o f  deg rada t ion .
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T a b l e  I I I

Occurrence o f Osteoclasts in Stripped Bone Rudiments Co-Cultured with Blood Leukocytes or Macrophages

N u m b ers  o f  osteoclasts per  bone  rud im ents*

0 1-3 4 -1 0  11-20 > 2 0 (n) P

C ontro l  cu l tures  17 
Plus blood leukocytes 15 
Plus resident m acrophages  18 
Plus exuda te  m acrophages  1.5 d NBC’S 10 
Plus exuda te  m acrophages  4 d N B C S 9 
Plus exud a te  m acrophages  4 d thiogly- 9 

collate

3 0 
0 1 
3 0 
0 0 
1 0 
0 0

0 0 
0 0 
0 0 
0 0 
0 0 
0 0

(20)
(16)
(21)
(10)
(10)

(9)

NS$
N S t
N S f
Nsj:
N S t

* C o u n ts  m a d e  in serial histological sections.
t  C o m p a re d  with control cultures ,  W ilco x o n ’s rank  sum tests. NS, not significant.

T a b l e  I V

Release o f 40Ca from Prelabeled Stripped Bone Rudiments in Culture*

Percent 4’C a  released per ru d im e n t

D ay 2 -4 ^ Day 5 -7 (") P

C ontro l  cultures 2.5 ±  0.8 1.5 ±  1.0 (12)
C o-cu l tu red  plus 8 d bone m ar ro w  cultures 2.9 ±  0.6 18.5 ±  15.1 (11) < 0 . 0 0 1§
Plus ex u d a te  m acrophages  4 d N B C S 3.6 ±  1.3 2.4 ±  1.8 (12) NS§

* Values  arc m eans  ±  SD.
t  M ed iu m  of  day  1 was not considered,  as it con ta ined  m ain ly  ’ ’C a  released by physicochemical  exchange.  
§ C o m p a re d  with  control cultures;  W ilco x o n ’s rank  sum  test. NS, not significant.

means of a ruffled border and  vacuolar complex. Furtherm ore, the results of the 
studies on the release of 15C a  show that these cells have bone-resorbing activity. 
Together, these findings support the conclusion that the m ultinucleated  giant cells 
formed in vitro are identical to naturally  occurring osteoclasts.

In vivo studies on the formation of osteoclasts from bone m arrow and  spleen cells 
(2-4) have proven that osteoclasts derive from m igrating  cells that invade the bone 
tissue and form osteoclasts on the surface of the mineralized matrix. O u r  chim era 
studies with mouse embryonic bone rudim ents  and  quail embryos (7, 23) have shown 
that both in vivo, after transp lan ta tion  on quail chorioallantoic m em brane , and  in 
vitro, after co-culture with quail spleen tissue, stripped bone rudim ents  are only 
invaded by osteoclasts of quail origin, that is, from an extraneous source. In the 
present experiments osteoclasts developed from cells of co-cultured embryonic liver 
tissue or bone marrow cells which invaded the stripped bone tissue. Moreover, in

# 3preliminary experiments, 8-d-precultured bone m arrow cells were labeled with [' H]- 
T d R  (0.1 /xCi/mmol) for 24 h and  after a thorough washing procedure co-cultured 
with stripped bone rudiments. A utoradiography revealed that ~50% of the precul­
tured bone marrow m ononuclear phagocytes used for the co-culture experiments and  
75% of the osteoclast nuclei in the co-cultured bones were labeled.

W ith cytochemical and functional markers, it has been dem onstra ted  that liquid 
cultures from m urine bone marrow, cultured  in the presence of embryonic mouse 
fibroblast C M , contain only im m ature  and  m atu re  m ononuclear phagocytes and  
granulocytic cells after 8 d of culture (18); in cultures incubated  for 14 d only
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mononuclear phagocytes are present (18). M ultipotentia l  stem cells are absent from 
bone marrow cultures older than  7 d, as shown by a spleen-colony assay (J. W. M. 
van der Meer, J .  te Velde, J .  S. van de Gevel, and R. van Furth , unpublished 
observations). Taken together, these findings indicate that the osteoclasts were formed 
by fusion of m ononuclear phagocytes. However, no osteoclasts developed from pe­
ripheral blood monocytes and  resident or exudate  macrophages, which represent more 
mature, nondividing end-stages of the m ononuclear phagocyte cell line. Moreover, 
the capacity to form osteoclasts was absent in the strongly adherent,  m atu re  cell 
population of cultured bone marrow, and  was lost from bone m arrow cultures, which 
had been irradiated to destroy the proliferating im m atu re  cells. These results point 
strongly to the proliferating, im m ature  m ononuclear phagocytes (monoblasts or 
promonocytes) as the cells that can be induced to form osteoclasts.

W hether  the osteoclast precursor cells represent a subpopula tion  within the m ono­
nuclear phagocyte series remains to be established. It is also still possible that 
osteoclasts are derived from a separate subpopulation  of bone m arrow  cells not 
belonging to the m ononuclear phagocyte series. A lthough this possibility cannot be 
completely ruled out, we think it is unlikely in view of the characterization studies 
performed in these bone m arrow cultures (18).

Failure of monocytes and  macrophages to form osteoclasts in vitro has also been 
reported by others (11-13), but in those studies the cells were co-cultured with 
devitalized bone particles, which means that local changes resulting from the devital­
ization of the bone tissue might have interfered with the formation of osteoclasts. In 
the present study this can be ruled out, because the bone tissue itself was vital 
throughout the culture period. T h e  mechanism that triggers the formation of osteo­
clasts is not known, but it seems certain that calcified tissue plays an im portan t  role, 
because osteoclasts developed only in im m ediate  contact with calcified bone tissue 
and were never found am ong  the bone m arrow  cells outside the bone shaft.

S u m m a ry
T he  origin of osteoclasts was studied in an in vitro model using organ cultures of 

periosteum-free embryonic mouse long-bone prim ordia , which were co-cultured with 
various cell populations. T he  bone rudim ents  were freed of their periosteum-peri- 
chondrium  by collagenase trea tm ent in a stage before cartilage erosion and  osteoclast 
formation, and  co-cultured for 7 d with either embryonic liver or m ononuclear  
phagocytes from various sources.

Light and  electon microscopic exam ination  of the cultures showed that mineralized 
matrix-resorbing osteoclasts developed only in bones co-cultured with em bryonic  liver 
or with cultured bone m arrow m ononuclear  phagocytes but not when co-cultured 
with blood monocytes or resident or exudate  peritoneal macrophages. Osteoclasts 
developed from the weakly adheren t,  but not from the strongly adheren t  cells of bone 
marrow cultures, whereas 1,000 rad irradiation destroyed the capacity  of such cultures 
to form osteoclasts. In bone cultures to which no other cells were added , osteoclasts 
were virtually absent.

Bone-resorbing activity of in vitro formed osteoclasts was dem onstra ted  by 45C a 
release studies. These studies dem onstra te  that osteoclasts develop from cells present 
in cultures of proliferating m ononuclear  phagocytes and  that,  at least in our system, 
monocytes and  macrophages are unable  to form osteoclasts. T h e  most likely candidates
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for osteoclast precursor cells seem to be monoblasts and  promonocytes.

Received for publication 22 March 1982 and in revised form 13 August ¡982.
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