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Young male rats  (70~0  g) were t reated for various periods with several doses of disodium 
e thane- l -hydroxy- l , l -d iphosphonate  (EHDP) or disodium dichloromethylene diphosphonate 
(Cl~MDP). Effects of t r ea tmen t  on the changes in the  thickness, growth and mineralization of 
proximal growth plate and  metaphysis  of the  t ibia were assessed histologically and by  micro- 
radiography. High doses (10 or 30 mg P/kg/day) of E H D P  impaired mineralization of the 
growth cartilage, which became increased in thickness, and of the osteoid in the metaphysis 
and  diaphysis. Matrix formation continued, a l though at  a diminished rate. High doses (10 or 
30 mg P/kg/day) of C12MDP produced a different effect. There was no inhibition of mineral- 
ization, bu t  there was a marked impairment  of normal metaphyseal remodelling, with persist- 
ence of columns of calcified cartilage. Resorption at  the periosteal surface in the metaphysis 
was also inhibited, so t ha t  the metaphysis became club-shaped. Osteoclasts were present in 
large numbers  in the metaphysis,  bu t  their  appearance was abnormal  and similar to tha t  seen 
in human  osteopetrosis. 
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Des jeunes ra ts  males (70-90 g) ont  4t6 trait6s pendant  des laps de temps variables avec 
diff6rentes doses d '6 thane- l -hydroxy- l , l -d iphosphonate  disodique (EHDP) ou de dichloro- 
m6thyl~ne diphosphonate disodique (CleMDP). Les effects de ces t ra i tements  sur l'6paisseur, 
la croissance et  la min6ralisation du cartilage de eonjugaison et de la mgtaphyse du tibia ont  
6t6 6tudi6s par  des m4thodes histologiques et  microradiographiques. Des doses 61ev6es (10 ou 
30 mg P/kg/jour) d ' E H D P  emp@hent  la min6ralisation de l'ost6oide dans la m6taphyse et la 
diaphyse et  celle du cartilage 6piphysaire dont  l '6paisseur augmente. La formation de la matrice 
osseuse se poursuit,  mais s une vitesse r6duite. Le CleMDP s doses 61ev6es (10 ou 30 mg P/kg/ 
jour) produit  un effet diff6rent. On n'observe aucune inhibition de la min6ralisation, mais une 
diminution net te  du remodhlement  normal de la m6taphyse, oh des eolonnes de cartilage calcifi6 
persistent. I1 y a 6galement, pour la m6taphyse, une inhibition de la r6sorption s la surface 
p6riostale provoquant  une m6taphyse en forme de massue. Darts la m6taphyse on note la pr6- 
sence de nombreux ost6oelastes d 'apparenee anormale qui ressemblent s ceux observ6s dans 
l'ost6op6trose humaine. 

For reprints: Prof. H. Fleisch, Depar tment  of Pathophysiology, Universi ty  of Berne, Hiigel- 
weg 2, Ch-3012 Berne, Switzerland. 
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Junge  m/innliehe Ra t t an  (70-90 g) wurden wghrend versehiedenen Zei tabschni t ten mit  un- 
terschiedlichen Dosen yon Dinatr ium -~than- l -hydroxy- l , l -Diphosphonat  (EI-IDP) oder Di- 
na t r ium Diehloromethylen-Diphosphonat (C12MDP) behandelt .  Die Wirkung der Behandlung 
auf die Ver/~nderungen in Dicke, Wachs tum und Mineralisation der proximalen Wachstums- 
plat te  und  Metaphysis der Tibia wurde histologiseh und mikroradiographiseh untersucht .  Hohe 
Dosen (10 oder 30 mg P/kg/Tag) von E H D P  beeintr~chtigten die Mineralisation des Waehs- 
tumsknorpels,  welcher breiter  wurde, und d~s Osteoids in der Metaphyse und  Diaphyse. Die 
Matrixbildung ging weiter, jedoeh weniger sehnell. I-Iohe Dosen (10 oder 30 mg P/kg/Tag) yon 
C12MDP ha t ten  eine andere Wirkung. Die Mineralisation wurde nicht  gehemmt,  aber der nor- 
mMe Metaphysenumbau wurde merklieh gest6rt,  wobei S/iulen yon verkalktem Knorpel be- 
stehen blieben.Die Resorption auf der Periostoberfl/~ehe in der Metaphyse wurde ebenfalls ge- 
hemmt,  so da~ die Metaphyse keulenf6rmig wurde. Osteoelasten t ra ten  in groBen Mengen in 
der Metaphyse auf, aber ihr Aussehen war abnormal  und glieh demjenigen, das bei der menseh- 
lichen Osteopetrose beobaehtet  wird. 

Introduct ion  

Irr  t h e  p r e v i o u s  p a p e r  (Russe l l  et al., 1973) we d e s c r i b e d  c h a n g e s  p r o d u c e d  

b y  t h e  t w o  d i p h o s p h o n a t e s ,  e t h a n e - l - h y d r o x y - l , l - d i p h o s p h o n a t e  d i s o d i u m  sa l t  

[CH3(OH)C(PO3HNa)2 ,  E H D P ]  a n d  d i c h l o r o m e t h y l e n e  d i p h o s p h o n a t e  d i s o d i u m  

s a l t  [C12C(POat-INa)~, C12MDP ] o n  t h e  c h e m i c a l  c o m p o s i t i o n  of r a t  f e m o r a  a n d  o n  

q u a n t i t a t i v e  h i s t o l o g i c a l  m e a s u r e m e n t s  m a d e  irt t h e  t i b i a l  d i a p h y s i s .  I n  t h i s  p a p e r  

we r e p o r t  t h e  c h a n g e s  o b s e r v e d  i n  t h e  e p i p h y s i s  a n d  t h e  m e t a p h y s i s .  

Methods  

Male Wistar  rats  weighing 70 90 g were used. The rats  were bred in this laboratory (De- 
par tment  of Pathophysiology, Berne) and from the t ime of weaning were fed a diet  containing 
1.28% Ca and 0.85% P (diet 194, Nafag AG, Gossau, Switzerland). 

The first two experiments were carried out  on animals t reated with 0, 0.01 and 0.1 mg 
P /kg /o f  C12MDP or E H D P  given daily subcutaneously for 10 days and with doses of 0, 1, 10 
and  30 mg P/kg/day. These animals were from experiments 2 and 3 as described in the previous 
paper (Russell et al. 1973). Fur ther  experiments were performed in which rats  were t reated for 
various periods up to 14 days with doses of 1, 10 and 30 mg P/kg/day of EHHDP or C12MDP. E H D P  
and  C12MDP were obtained from the Procter and Gamble Company, Cincinnati,  USA. The 
t rea tments  were allocated at  random to the  animals within each experiment.  The diphospho- 
nares were made up in water  (except for the lower doses of 1 mg P/kg/day or less, which were 
made up in 0.9% NaC1) and the pH was adjusted to 7.4 with HC1 or NaOH, as appropriate.  
The daily dose was given in a volume of 0.2 ml per 100 g body weight, except for the  30 mg P/kg 
dose, which was given as 2 X 0.3 ml per 100 g body weight. During the experiment,  all the  ani- 
mals had free access to food and distilled water. One and two days before the beginning of the 
t r ea tmen t  period, each animal received 15 mg of oxytetracycline/kg body weight intraperito- 
neally daily. 

Histological Technique 
At  the end of the experiment the ra ts  were killed and the t ibia removed from the fibula. 

The entire t ibia was fixed and  dehydrated,  without  prior decalcification, in increasing concen- 
t rat ions of ethanol. The bone was block-stained at  the same t ime by  including 0.5% basic 
fuehsin in the ethanol solutions (Schenk, 1965). The whole t ibia was then embedded in methyl-  
methaerylate,  with addit ion of Plastoid N (Burkhardt ,  1966). Frontal  or sagittal sections of the 
head of the t ibia were cut with a precision saw and  ground to a thickness of 70-80 ~x. These 
sections were used for the preparation of mieroradiographs and  for measurements  made by  
fluorescence microscopy. In  addition, th in  undeealeified sections (5 lx) were cut on a special 
microtome. These sections were stained by  the tr iehrome method of Goldner (1938) and  for 
calcium phosphate by  the method of Krn t say  (1963) and  Sehenk et al. (1969). Measurements 
of longitudinal growth and thickness of the epiphyseal plates were performed under  the micro- 

14" 
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Fig. 1 A and B. Schematic representat ion of the remodelling t ha t  takes place during growth 
of the proximal end of the tibia. In A), the outlines of a section in a frontal plane 
are indicated by  the  dotted area. The si tuation after a growth period of 14 days is superimposed 
in black, l~esorption of calcified tissue occurs at  three different sites: 1. Resorption of longitu- 
dinal (intercolumnar) calcified cartilage septa by  mult inueleated chondroclasts, so t ha t  only 
about  one in three of the original septa remain.  2. Osteoclastic resorption along the periosteal 
surface of the metaphysis.  3. Enlargement  of the marrow cavity by  osteoclastic resorption of 
metaphyseal  cancellous bone. B) represents a diagram of the  configuration of a metaphysis 
which would be expected to result  from a complete inhibi t ion of osteoclastic and  chondroclastic 
resorption. Note the  close resemblance to the microradiograph of a section from an animal 

t reated with C12MDP (see Fig. 2D) 

scope at  a magnification of 40. Longitudinal  growth rate was calculated by  measuring the dis- 
tance between the epiphyseal margin (i.e. upper surface) of the  growth cartilage and the upper- 
most  tetracycline-labelled trabeculae in the  metaphysis.  By taking the upper ra ther  than  the 
lower margin of the  epiphyseal cartilage plate as a fixed point  for the measurement  of growth 
in length, errors due to the increasing width  of the growth cartilage (Table 1) under  t rea tment  
with the high doses of E H D P  are avoided. The microradiographs were used to locate the calci- 
fication front  in the  epiphyseal cartilage and  to est imate the  mineral densi ty in the trabeeular 
bone of the metaphysis.  

Assessment o/Changes in Metaphyseal Remodelling 
To unders tand the  changes observed in the metaphysis  and shown in Fig. 1, i t  is helpful 

to consider what  happens  during normal bone growth in the  metaphysis.  
Growth in length of long bones is based on two different processes: a) the formation of new 

bone trabecula in the  pr imary cancellous bone of the metaphysis  by  the  epiphyseal plate;  
b) the remodelling of the cone-shaped metaphysis by a process which involves a complex pat- 
tern of bone formation and  bone resorption along the periosteal and endosteal surfaces, respec- 
tively, of the cortical bone. 

For these processes to take place correctly, resorption of calcified tissue has to occur at  
various sites. Firstly, there is continual resorption o/calci/ied cartilage along the metaphyseal 
side of the growth plate. This process is performed by mult inucleated giant  cells which resemble 
osteoclasts, bu t  which are bet ter  referred to as chondroclasts. This resorption reduces to about  
one th i rd  of their  original number  the number  of calcified cartilaginous septa separating the 
columns of hypertrophic cartilage cells in the zone of provisional calcification. The remaining 
calcified cartilage septa serve as a scaffold for the deposition of fibrous bone and therefore 
persist as central cores within the pr imary  trabecula. I t  is interesting to note that ,  unlike the 
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longitudinal cartilage septa, the transverse cartilage walls, which separate the chondrocytes in 
individual cell columns, remain unmineralised and are ultimately removed during invasion of 
metaphyseal capillaries and accompanying cells (see Fig. 7 A). The resorption of calcified car- 
tilage which reduces the number of mineralised longitudinal cartilage septa, is achieved by 
multinucleated giant cells, whereas the vascular invasion on the metaphyseal side of the growth 
plate relies on chondroeytes, perivascular cells and eventually endothelial cells (Schenk et al., 
1967). 

Secondly, remodelling of the cone-shaped metaphysis of the proximal end of the tibia in- 
volves bone resorption by osteoclasts along the periosteal surface and bone formation on the 
endosteal surface. Near the epiphyseal plate, the periosteal surface of the metaphysis is formed 
by the tips of bone trabecula (see Figs. 2, 5 and 6). Further down towards the diaphysis, a layer 
of true cortical bone is present. In both regions, considerable numbers of multinucleated 
osteoclasts are present and their activity results in retention of the conical shape of the 
metaphysis during longitudinal growth. 

Finally, resorption takes place as the marrow cavity of the diaphysis enlarges in length. 
This is achieved by osteoclasts located around the lower tips of the trabecula. Some osteoc]astic 
resorption is also involved in the remodelling of the central area of cartilage and bone in the 
metaphysis. 

Longitudinal growth in the tibial metaphysis proceeds with a considerable speed in young 
animals such as used in this study. The growth rate can be calculated from the values given 
in Table 1 and amounts to approximately 300 ~/day. Based on this value, the outlines of the 
metaphysis before and after 14 days of growth may be superimposed (Fig. 1 A) to illustrate the 
large amount of formation and destruction of cartilage and bone necessary for the complex 
process of growth of length. Clearly, such a system offers an excellent opportunity for a histo- 
logical analysis of the effects of compounds which are thought to influence the formation and 
resorption of calcified tissues. For instance, if resorption and remodelling processes are com- 
pletely blocked, a cylindrical deformation of the metaphyseal region and an increased density 
in the cancellous bone can be predicted, as illustrated schematically in Fig. 1 B. Similarly, any 
effects on the production of matrix in these tissues and on its subsequent mineralisation should 
also be easily detectable. These potentialities are well illustrated in our studies with EHDP and 
CI2MDP. 

Results 

E/leers o/ Cl~MD P 
Measurements o/Longitudinal Growth Rate and o/ the Thickness o/ the Epiphyseal 

Plate. In Table 1, the distance between the top of the epiphyseal plate and the 
uppermost  t rabecular  bone labelled with te t racycl ine  amoun ted  to an  average of 
3 870 ~m in  NaCl-treated control animals.  F rom this  value, the mean  thickness of 
the epiphyseal plate  (505 ~m) in  the control an imals  killed a t  the beginning  of the 
exper iment  has to be subt rac ted  in  order to assess the  actual  length deposited in  
the 11 day interval .  I t  is assumed t h a t  the epiphyseal plate  does no t  s ignif icantly 
change in  thickness in  the un t rea ted  normal  animals  dur ing the experiment.  F rom 
these measurements ,  the longi tudinal  growth rate  in  the proximal  metaphysis  in  
the t ib ia  of normal  rats  amoun ted  to an  average of 306 ~m/day.  I n  the animals  
t rea ted  with CI~MDP, growth remained normal  up to and  including a dose of 10 mg 
P/kg, bu t  an  inh ib i t ion  of growth occurred in animals  t rea ted with 30 mg P/kg/day.  
This dose also provoked a significant  increase in  the thickness of the epiphyseal 
plate which, however, was still small  compared with the animals  t rea ted  with the 
same dose of E H D P .  

Inhibition o/Bone and Cartilage Resorption b y CI,M D P. I n  the microradiographs,  
an  increase in  dens i ty  of the metaphyseal  t rabecular  bone became evident  after in- 
jections of 1 mg or more daily for 14 days. Doses of 0.01 and 0.1 mg P/kg/day for 
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Table 1. Effect of C12MDP and EHDP on the thickness of the epiphyseal plate and on the 
growth in length of the proximal metaphysis of the tibia. The animals were injected with 
tetracycline on each of two successive days and then with diphosphonates for the following 
ten days. They were killed the day after the last injection. Experiments 2 and 3 denote 

experiments described in the accompanying paper (Russel et a l . ,  1973) 

Exp. Treatment No. Thickness of Distance between top of 
of epiphyseal plate epiphyseal plate and 
ani- (ix i.e. mm -a) uppermost tetracycline- 
reals mean• S.E. labelled trabecular bone 

(ix i.e. mm -a) 
mean-L S.E. 

Control (NaC1 only) 15 505• 16 3857~ 76 

C12MDP (rag P/kg/day) 
1 6 500:L 20 3636:t- 81 

10 6 500~: 20 3439:L 127"* 
30 6 727~: 74*** 2454:L 163"** 

EHDP (mg P/kg/day) 
1 5 581-L 36 3981:E213 

10 6 1848:L 128"** 2863:L 160"** 
30 6 1515• 69*** 1939~_ 56*** 

Control (NaC1 only) 4 507• 34 3912• 88 

CI~MDP (rag P/kg/day) 
0.01 6 544=]= 33 3848=[=157 
0.1 6 560~ 31 3606• 

EHDP (rag P/kg/day) 
0.01 6 560~ 23 3949~= 103 
0.1 6 515~ 30 3909~_ 152 

2-+-3 Controls combined 19 505:t: 14 3870• 62 
from 2 and 3 

*, ** and *** denote difference from control (NaC1 alone) significant at less than 5%, 
1% and 1~ level, respectively. 

10 days  p roduced  no visible effects. Fig.  2 shows microrad iographs  of the  t ib iae  
f rom control  ra t s  t r ea t ed  wi th  1, 10 or 30 mg C12MDP as P / k g / d a y  subcutaneous ly  
for 14 days.  A t  doses of 10 mg P / k g / d a y  the  newly- fo rmed  p a r t  of the  metaphys i s  
t ook  on a cy l indr ica l  shape and  a t  the  highest  dose, 30 nag P /kg /day ,  there  was a 
fur ther  increase in  bone dens i ty  and  a more p ronounced  cy l indr ica l  shape. W i t h  
the  high doses (10 a n d  30 mg) i t  is r emarkab le  how closely the  microrad iographic  
appearances  (Fig. 2 C, D) resemble  those  p red ic ted  (see Fig. 1B), if car t i lage and  
bone resorp t ion  in t he  me taphys i s  were comple te ly  inhibi ted .  

Even  in the  low power  microrad iograph ,  i t  can be seen t h a t  the  gain in  bone 
dens i ty  in the  me taphys i s  is due ma in ly  to  an  increase  in the  number  ra the r  t h a n  
the  th ickness  of i nd iv idua l  t rabecula .  This is more d e a r l y  seen in th in  micro tome 
sections, such as Fig.  3, which shows the  zones of car t i lage  calcif icat ion and  of vas- 
cular  invas ion and  p r i m a r y  ossification. I n  control  an imals  (Fig, 3 A), the  p a t t e r n  
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Fig. 2A--D. Microradiographs of tibiae from control rats (A) and rats treated with C12MDP 
at 1 (B), 10 (C) and 30 mg P/kg/day (D) subcutaneously for 14 days 



A B 

C D 

Fig. 3 A D. Undecalcified microtome sections (5 ~z) through the zones of cartilage mineralisa- 
tion, vascular invasion and ossification of the growth plate. A Control, yon Kossa reaction, 
counterstained with methylgreen-pyronine. B C12MDP 30 mg P/kg/day s. c. for 10 days, yon 
Kossa-methylgreen-pyronine. C C12MDP 30 mg P/kg/day s. c. for 10 days, Goldner stain. 
D) C12MDP 30 mg P/kg/day s. c. for 10 days, PAS-alcianblue stain. In  C and D, arrows 
indicate the position of persisting columns of chondrocytes which are completely surrounded 

by calcified cartilage, • 150 
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A 

C D 

Fig. 4A- -D.  Osteoclasts in the metaphysis of control animals (A and C) and after t reatment 
with C12MDP 10 mg P/kg/day s. c. for 10 days (B and D). Goldner stain. A and B, X450; 

C and D, • 750 



204 R. Schenk et al. : 

of cartilage mineralisation is characteristically concentrated on the longitudinal 
intercolumnar septa. The cell columns are being invaded by  capillaries, and the 
numbers of mineralised cartilage septa are being reduced in the metaphysis by the 
action of chondroclasts. The calcified cartilage septa which remain become lined 
by osteoblasts and subsequently coated by woven bone. 

In  Fig. 3 B, striking differences are seen in an animal t reated for 10 days with 
C12MDP at  30 mg P/kg/day subcutaneously. Firstly, there is an increase in amount 
of calcified tissue. This is due to the persistence of almost all the calcified inter- 
columnar septa. The narrow interspaces between these septa maintain the shape 
and size of the former lacunae of the chondrocytes. Most of the chondrocytes as 
well as the surrounding unmineralised cartilaginous matrix have disappeared. Some 
of the intercolumnar spaces are invaded by capillaries, others not. 

In  the sections stained according to Goldner (1938) (Fig. 3C) or with PAS- 
alcian blue (Fig. 3 D), one sees occasional columns of chondroeytes completely sur- 
rounded by  calcified cartilage persisting within the metaphysis. These columns are 
surrounded by capillaries and are partially enclosed in newly-formed bone trabecula. 
Such columns of cells are not seen in normal rats. 

Changes in Osteoelasts (Figs. 3 and 4). In  spite of the clear inhibition of bone and 
cartilage resorption, there was no reduction in the number of osteoclasts in the 
metaphysis of animals treated with C12MDP. On the contrary, counts of the ap- 
proximate numbers of multinucleated osteoelasts in the ten and fourteen days ex- 
periments suggest numbers higher than usual. Ostcoclasts were consistently found 
along the periosteal surface of the metaphysis both in control animals and after 
t reatment  with Cl~MDP at doses up to l0 and 30 mg P/kg. The cytological features 
of the osteoelasts, however, were different under Cl~MDP (Fig. 4). There was a mark- 
ed increase in the number of nuclei per cell and a lack of the cytoplasmic vacuoles 
normally found in actively resorbing cells. Moreover, the cells were less readily 
stained by  acid dyes (Fig. 4, B and D) and the cell margins were more regular than 
cells in normal bone. Occasionally, large cells consisting merely of a "pocketful of 
nuclei" could be found (Fig. 4D). 

E//ects o / E H D P  

Measurements o/Longitudinal Growth Rate and o/the Thickness o/the Epiphyseal 
Plate. There were no detectable differences in the thickness of the epiphyseal plate 
and the longitudinal growth rate between animals treated with doses of E H D P  up 
to 1 mg P/kg/day and the control animals (Table 1). With higher doses (10-30 mg 
P/kg/day) of EHDP,  however, all animals showed severe disturbances of growth 
and mineralisation. The epiphyseal plate was much thicker than in the controls, 
and the longitudinal growth rate was reduced. The inhibition of growth was more 
marked with the higher dose, but  not the enlargement of the epiphyseal plate. 

E//ect on Mineralisation in the Epiphysis and Metaphysis. Microradiographs 
confirmed tha t  E H D P  at 10 and 30 mg/kg/day caused a widening of the unminer- 
alised part  of the growth cartilage (Fig. 5 C and D). The mierographs also revealed 
a series of transverse lines of low mineral density in the trabecular bone of the meta- 
physis (Figs. 5C and 6B, C and D). These lines were spaced at  intervals of about 
300 ~, which is equivalent to the daily growth in length. The number of lines seen 
equalled the number of days for which E t t D P  had been injected at  10 mg P/day, 
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at  least up to about  5 days (Fig. 6B, C and D). Later  the transverse bands give way 
to an appearance compatible with a complete block of minerMisation. 

Histological examination confirms the presence of such regularly spaced alter- 
nating bands of high and low density (Fig. 8B). In  the low density areas, small 
spicules of calcified cartilage remain, whereas in the zones of higher density, the 
number and thickness of the trabecula is increased by the persistence of more cal- 
cified cartilage septa partially covered by mineralised bone. After 5 days of E H D P  
at  10 mg P/kg/dai ly,  there is no longer any calcified cartilage present in the growth 
plate (Fig. 8C). 

The inhibition of mineralisation did not occur uniformly over the whole extent 
of the zone of calcification. This led to a variable, steplike delineation of the arrest 
of mineralisation, particularly well seen in microradiographs after 5 and 10 days 
of t reatment  (Figs. 5C and 6D). I t  seems that  each band of low mineral density 
corresponds to inhibition of mineralisation in the first few hours after each injec- 
tion of E H D P  and is followed by a recovery period. 

After E H D P  at  30 mg/kg, given as one daily injection, the number of trans- 
verse bands seen are reduced to about  one, suggesting that  mineralisation is com- 
pletely inhibited after the first day of treatment.  

Early E//ects on Mineralisation. The early events in the inhibition of minerali- 
sation by E H D P  were studied in rats given two injections of 15 mg EHDP/kg  
spaced 12 h apart  and killed 12 h after the second injection (Fig. 7). The normal ap- 
pearance in yon Kossa-stained undecalcified microtome sections from control ani- 
mals is shown in Fig. 7A. The mineral is concentrated in the longitudinal inter- 
columnar septa and extends upward into the growth cartilage to a height of about 
3-4 chondrocytes. As the diameter of the lacuna surrounding a hypertrophic chon- 
drocyte approximates to about 35 ~, the daily advance in the front of calcification 
and subsequent vascular erosion will correspond to a column of about 8-10 hyper- 
trophic cells (i. e. 300 ~). In  the animals treated with 2 X 15 mg E H D P  for 24 h, 
there was a complete absence of calcification between the columns of chondrocytes 
in the growth cartilage (Fig. 7B). The penetration of capillaries into epiphyseal 
plate has halted at  the level of the intercolumnar cartilage septa which had under- 
gone mineralisation immediately before t reatment  started. The zone of hypertro- 
phic cartilage cells retained its columnar arrangement,  except for a small layer of 
chondrocytes next  to the tips of the calcified bars. These cells had disintegrated 
and their lacunae had collapsed, presumably because there is no longer any me- 
chanical reinforcement of the intercolumnar septa by newly deposited mineral. 

In  the metaphysis, numerous osteoblasts lined the surfaces of the calcified car- 
tilage septa present before t reatment  with EI-IDP started. Under normal conditions, 
these cells produce layers of woven (fibrous) bone, which mineralises within a few 
hours after the organic matrix has been laid down. Therefore, only very thin osteoid 
seams, barely detectable by light microscopy, are present in the control animals. 
Since the yon Kossa reaction stains both calcified cartilage and bone equally, the 
bone formed in this region is evident only as a thickening of the pr imary trabecula 
(Fig. 7C). After two doses of 15 mg P of E H D P  in 24 h, mineralisation of this 
newly-formed bone matrix was completely blocked. The cores of calcified cartilage 
in the center of the pr imary trabecula were covered by unmineralised osteoid seams 
much wider than in untreated animals (Fig. 7 D). Thus the two cardinal features 
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Fig. 5 A--D.  Microradiographs of tibiae from controlra t  (A) and  rats  t reated with E H D P  at  1 (B) 
10 (C) and 30 mg P/kg/day s. c. (D) for 10 days, • 7,5 
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C D 

Fig. 6A D. Microradiographs of tibiae from control rat  (A) and rats treated with E H D P  at 
10 mg P/kg/day s.c. for 1 (B), 3 (C) and 5 days (D), x 7,5 



A B 

D 

Fig. 7 A- -D.  Undecalcified microtome section s (5 ~z) through the metaphyseal  par t  of the growth 
apparatus  of a control animal (A and C) and an  animal (B and D) 24 h after two s. c. injections 
(given at  0 and  12 h) of 15 mg P of EHDP/kg.  B mineralised bone, CC calcified cartilage, OB 
osteoblast, OS osteoid seam. Calcified cartilage and  bone are not  d~stinguishable by  this stain- 
ing method, the approximate borderline between these tissues is indicated by  tr iangular marks 

in C). Von Kossa-methylgreen-pyronine stain. A) and B), • 225; C) and D), • 600 
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of impaired calcification, i.e. lack of mineralisation in the hypertrophic cartilage 
zone and formation of wide osteoid seams in the metaphysis, are both present 
within 24 h of giving 2 • 15 mg P of EHDP.  

Renewed Vascular Invasion o/Growth Cartilage. After 5 days t rea tment  with 
E H D P  at  10 and 30 mg P/kg /day  the border line between the cartilage and the 
metaphyseal  trabecula was no longer regular. This was because the vascular inva- 
sion of the growth cartilage had only been temporarily interrupted and a renewed 
vascular invasion of the growth plate began again after the 5th day in most ani- 
mals. In  the absence of mineral, the vascular ingrowth was irregularly distributed 
along the metaphyseal  aspect of the growth plate (Figs. 8C and D, 9A and C) and 
led to tongue-shaped invasion areas in which large capillary knots and accompany- 
ing connective tissue were present (Fig. 9C). The zones of erosion were separated 
by cartilage septa containing several cell columns (Figs. 8D, 9A-C). The border- 
line of cartilage which was subjected to this kind of erosion underwent character- 
istic histological changes. In  sections stained with pyronine (Fig. 9C), there was 
first a loss of metachromatic material in the ground substance accompanied by 
cellular disintegration and collapse of the walls of the empty  lacunae. In  the vicin- 
i ty of the blood vessels entering the areas of renewed cartilage removal, a homo- 
geneous intercellular substance was found which was lined by  osteoblasts and in- 
cluded cells resembling osteocytes. This material closely resembled osteoid and did 
not contain any traces of calcified cartilage or bone mineral. The buds of vascular 
invasion were completely unrelated to the steplike pat tern  of mineralisation arrest 
seen in the corresponding microradiographs (Fig. 9 B). The renewed vascular inva- 
sion of non-mineralised cartilage resembles that  seen in established vi tamin D de- 
ficiency rickets (Irving, 1965). 

Effects on Resorption Seen in Mieroradiographs. E H D P  did not produce the 
great increase in metaphyseal  density seen with C12MDP (Figs. 2, 5 and 6). How- 
ever, the mineralised bands between the transverse low density lines did show an 
increase in density and an array of numerous fine longitudinal trabeenla similar to 
inhibition of remodelling of calcified tissues in the growth apparatus of the tibia, 
those seen in the animals treated with ClzMDP (Figs. 5C, 6B, C, D). In  addition, 
the general shape of the metaphysis tended to resemble the cylindrical form noted 
under t reatment  with C12MDP. Thus, E H D P  also seemed to produce an inhibition 
of resorption of calcified cartilage and bone, but this was less obvious than with 
CliMDP and only occurred at  doses at which mineralisation disturbances were also 
evident. 

Discussion 

E H D P  and C12MDP both inhibit the growth and dissolution of hydroxyapat i te  
crystals in vitro (Fleisch et al., 1968; 1969 ; 1970 ; Francis, 1969; Francis et al., 1969 ; 
Russell et al., 1970) and block the calcification induced by large doses of vi tamin D 
in the aorta and kidneys of rats (Fleisch et al., 1970). Both compounds also inhibit 
bone resorption in tissue culture (Flcisch et al., 1969 ; Russell et al., 1970) and prevent  
the bone loss tha t  occurs after immobilisation of one hind limb of rats (Mfihlbauer 
et al., 1971 ; Michael et al., 1971). In  earlier studies some differences were noted be- 
tween the effects of EI-IDP and CI~MDP. Thus, when tested against bone resorption, 
Cl~MDP was more potent  than E H D P  at  equivalent doses (Russell et al., 1970). 
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Fig. 8A--D.  Growth plate and metaphysis in control rat (A) and rats treated for 3 (B), 5 (C) 
and 8 days (D) with 10 mg P of EHDP/kg/day s.e. Von Kossa-methylgreen-pyronine stain, 

•  
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Fig. 9 A--C. l~enewed vascular invasion of growth c~rtilage ~fter 10 days treatment with 10 mg 
P of EHDP/kg/day s.c. A) Plastic embedded ground section, stained with basic fuchsin. B) 
Corresponding microradiograph. C) Undecalcified microtome section, yon Kossa-methylgreen- 
pyronine stain. C capillaries, arrow points to an osteocyte completely surrounded by osteoid. 

A) and B), • 7,5; C), • 225 
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Also, it soon became clear that  at  high doses E H D P  produced mineralisation defects 
in bone, whereas CI2MDP did not. Since both E H D P  and C12MDP are under con- 
sideration as potential therapeutic agents against human diseases of excessive cal- 
cification (Basset et al., 1969; Weiss et al., 1971 ; Russell et al., 1972) and excessive 
bone resorption (Smith et al., 1971), it seemed important  to define the differences 
between the compounds in greater detail. 

In  the present study, some very clear differences between the effects of E H D P  
and Cl~MDP have been demonstrated. The higher doses of E H D P  consistently 
produced a marked inhibition of mineralisation in the epiphysis and metaphysis of 
ra t  tibiae. In  contrast, the most striking effect of CIzMDP at high doses was an 
with very little evidence for direct inhibition of mineralisation processes. E H D P  
also produced some inhibition of cartilage remodelling but, at the same doses, in- 
hibition of mineralisation was the most obvious effect. 

The inhibition of mineralisation with high doses of E H D P  seemed to occur very 
soon after injection of EHDP.  With a dose of 15 mg P/kg/day given a t  12 h inter- 
vals the inhibition of mineralisation occurred immediately and was sustained. How- 
ever, with the lower dose of l0 mg P/kg/day, the inhibition of mineralisation was 
not  maintained throughout the 24 h between injections. Each injection seemed to 
produce a band of poorly mineralised cartilage and bone in the metaphysis. After 
3-5 days of injections there were therefore 3-5 bands in the metaphysis, spaced at 
intervals of about  300 ~, equivalent to the daily growth in length calculated from 
tetracycline measurements. This suggests tha t  shortly after one subcutaneous in- 
jection of E H D P  at  this dose, there is an increased concentration of E H D P  present 
in the intercellular fluid and tha t  this leads to a temporary inhibition of minerMi- 
sation. Mineralisation resumes as the concentration of E H D P  falls again before the 
next  injection. 

With C12MDP the largest effects were seen on resorption of cartilage and bone. 
The increase in thickness of the growth cartilage after 30 mg P/kg was not accom- 
panied by any disturbance of cartilage mineralisation in the hypertrophic zone or 
in the ostcoid of the metaphysis. This suggests tha t  the widening of the cpiphyseal 
plate is probably not due to the same mechanism as EHDP.  I t  is possible that  the 
persistence of densely-packed mineralised cartilage septa during t reatment  with 
CIzMDP prevents the normal processes of vascular invasion of the calcified carti- 
lage. This might alter the resorption of the epiphyseal cartilage and result in its in- 
creased thickness. The club-shaped metaphyses produced by large doses of C12MDP 
are reminiscent of the metaphyses seen in human osteopetrosis, in which bone re- 
modelling is also impaired. I t  is also interesting to note that  the changes in osteo- 
clasts under C12MDP resemble those seen in human osteopetrosis in tha t  they con- 
tain more nuclei than usual and contain fewer intracellular vesicles (R. Schenk, 
unpublished observations). In  both osteopetrosis and C12MDP-treated animals, 
there is a failure of normal bone resorption, and the changes in osteoelasts in both 
situations may  represent a response to their inability to digest mineralised bone. 

The marked differences between the effects of EI-IDP and CI~MDP on miner- 
alisation and resorption are difficult to explain in terms of present knowledge. Both 
diphosphonates inhibit the crystal growth and dissolution of apati te crystals, and 
it is tempting to ascribe their effects on bone to these phenomena. However, the 
slightly greater effect of E H D P  compared with C12MDP on crystal growth (Fleisch 
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et al., 1970) seems insufficient to account  for the marked  difference between the 
two on mineral isa t ioa  in  vivo. Fur thermore ,  E H D P  is stronger then  C12MDP as an  
inhibi tor  of crystal  dissolution in  vitro, whereas, in  vivo, C12MDP is stronger t h a n  
E H D P  against  bone resorpt ion in  tissue culture (Russell et al., 1970; Reynolds  et 
al., in press) and  in  l iving animals  (Miihlbauer et al., 1971 ; Russell  et al., 1970). I t  
is possible tha t  the dis t r ibut ion of E H D P  and  C12MDP within  bone is no t  the same 
and  tha t  this accounts  for the discrepancy between the effect of these two diphos- 
phonates  in  vitro and  in  vivo. However, both  diphosphonates  might  work by  other 
mechanisms,  e.g. by  effects on cell metabolism, on membrane  t ranspor t ,  or on en- 
zymes (Fleisch et al., 1972). Fu r the r  work is needed to define the mode of act ion 
of E H D P  and  C12MDP on bone. 
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