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Abstract The act of chondrocyte preparation for primary, enchondral, mineralization is associated with a decline 
in mitochondrial respiration toward the end of the proliferative zone and the hypertrophic zone in the growth plate. 
Dexamethasone (Dex)-stimulated cultures of rat marrow stroma constitute a differentiation model simulating, in its 
energy metabolism, chondrocyte mineralization. In this model, early inhibition of succinate dehydrogenase (SDH) 
enriches the culture with mineralizing cells, whereas levamisole inhibits mineralization. Dex also increases mitochon- 
drial membrane potential in stromal cells, especially on days 7-8 of stimulation. In the present study, suicide inhibition 
of SDH, by nitropropionic acid (NPA), in Dex-stimulated cells showed a dose-dependent increase in day 21 
mineralization; the maximal effect was induced on days 2-4 of stimulation. Mineralization under 2-day-long exposure 
to NPA showed a similar trend to the previously studied effect of continuous exposure to malonate applied between 
days 3-1 1. Unlike malonate, the effect of NPA required its presence in the cultures for only 2 days and resulted in higher 
mineralization than that seen under 8 days of malonate. NPA delineated a period, days 2/4 to 7/9 ,  in which inhibition of 
succinate oxidation i s  necessary to augment mineralization. During this period, NPA also exhibited OPC selection 
capacity. Early application of levamisole, under conditions previously shown to decrease day 21 mineralization, 
maintained mitochondrial membrane potential at the beginning of Dex stimulation but decreased or had little effect on 
it during days 5-1 0. By contrast, malonate previously found to increase day 21 mineralization decreased the mem- 
brane potential at the beginning of Dex stimulation but increased it later on day 7, or during days 5-10. These results 
indicate that during osteoprogenitor differentiation, before the mineralization stage, a surge in mitochondrial inner 
membrane potential during late matrix maturation may be a marker that heralds the extracellular matrix mineralization. 
L 1996 Wiley-Liss, Inc 
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Initiation of enchondral mineralization de- 
pends on calcium accumulation in maturing 
chondrocyts [Wuthier, 19931 via nifedipine and 
verapamil-inhibitable channels [Zimmermann et 
al., 19941, it may also depend on phosphate 
accumulation [Montessuit et al., 19941. In hyper- 
trophic chondrocytes [Posner, 19781 as well as 
in soft tissues [Lehninger, 19701, the mitochon- 
dria accumulates amorphous calcium phosphate 
in a respiration dependent manner. Mitochon- 
dria of hypertrophic chondrocytes can accumu- 
late more calcium than that of soft tissues [Sha- 
piro and Lee, 19751. Although the mitochondria 

~ 

Received March 15, 1995; accepted May 19, 1995. 
Address reprint requests to Dr. Benjamin Klein, Laboratory 
of Experimental Surgery, Hadassah Medical Center, Ein- 
Kerem, P.0.B 12000, Jerusalem 91120, Israel. 

r: 1996 Wiley-Liss, Inc. 

are not the main site for intracellular calcium 
storage [Carafoli, 1987; Pozzan et al., 19941, in 
the case of chondrocytes there is still a basis for 
implicating the mitochondrial calcium deposits 
in primary mineralization. The drop in oxygen 
tension [Brighton and Heppenstall, 1971; Hasel- 
grove et al., 19931, the increased phosphoenolpyr- 
ovate [Shapiro and Lee, 19781, and the in- 
creased NADH/NAD ratio [Shapiro et al., 19831 
at the hypertrophic zone are indicative of a 
transition from aerobic to anaerobic metabo- 
lism, in which the mitochondria plays a central 
role. Deposition of intramitochondrial calcium 
in the extracellular matrix (ECM) of the growth 
plate [Brighton and Hunt, 19781 also suggested 
involvement of this organell in the mineraliza- 
tion process. In soft tissues under aerobic condi- 
tions, mitochondrial accumulation and release 
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of calcium are respiration dependent; however, 
calcium release occurs via channels different 
than those of calcium uptake [Lehninger et al., 
1978al. Calcium release can occure by Na+- 
dependent or Na+ -independent mechanisms and 
also by a nonspecific way [Richter, 19921. 

Most of the studies on calcium release were 
performed in mitochondria of soft tissues in 
which calcium fluxes are transient and serve as 
signals, whereas in hard tissues calcium also 
serves as an ECM mineral deposit. It is not 
cleare whether the same mechanisms of calcium 
release from mitochondria in soft tissue are 
used in hard tissue to initiate calcium deposi- 
tion. In several soft tissues mitochondrial cal- 
cium retention is associated with a high NADH/ 
NAD ratio, whereas calcium release in exchange 
for protons is associated with a low ratio [Lehnin- 
ger et al., 1978133. This ratio should depend on 
the respiration level, reflected by the membrane 
potential. Thus, the high NADHiNAD ratio 
found in hypertrophic chondrocytes [Shapiro et 
al., 19831 agrees with a low oxygen tension, and 
with calcium retention by the mitochondria in 
this zone of the growth plate. The growth plate 
membrane potential profile is not known. Pre- 
sumably after a sustained low membrane poten- 
tial a t  the hypertrophic zone, the membrane 
potential should increase prior to mineraliza- 
tion in front of the zone of provisional calcifica- 
tion. This should be expected on the basis of 
studies with a different osteogenic differentia- 
tion system (rat marrow stromal cells) in which 
a drop in membrane potential has been shown 
from days 3-4 of subconfluency, and maintained 
up to day 10. When stimulated to  mineralize by 
dexamethasone (DEX) medium the membrane 
potential followed a similar pattern but with a 
twofold increase in membrane potential and on 
day 7-8 an eightfold burst in membrane poten- 
tial [Klein et al., 1993~1. In this system, in which 
mineralization becomes detectable on day 13- 
14, the membrane potential surge could be a 
prelude to  mineralization. Inhibition of succi- 
nate dehydrogenase (SDH, complex 11) by malo- 
nate [Klein et al., 1993al corroborated the find- 
ing by Shapiro et al. [19831 that cells destined to 
mineralize rely less on respiration. Also the effi- 
cacy of osteoprogenitor cells (OPC) selection by 
malonate was concurrent with the period of 
lower membrane potential. Malonate resulted in 
selection of OPC but showed also an absolute 
20% increase in mineralization. Levamisole ef- 
fect on mineralization is opposite to that of 
malonate, it is an anthelmintic drug that inhib- 

its the fumarate reductase activity of SDH in 
adult helmintic parasites during their anaerobic 
stage [Van den Bossche and Janssen, 19691. In 
rat stromal cells, levamisole was shown to in- 
hibit mineralization by a manner unrelated to 
its inhibitory effect on alkaline phosphatase 
[Klein et al., 1993bl. In the present work, we 
have outlined the temporal effect of SDH inhibi- 
tion on mineralization, using nitropropionic acid 
(NPA), which is a more effective SDH inhibitor 
than malonate. NPA is a suicide inhibitor of 
SDH since unlike malonate it becomes tightly 
bound to the enzyme [Coles et al., 19791. In 
addition we show that two drugs, malonate and 
levamisole, with opposing effects on mineraliza- 
tion and perhaps inhibitory effect on opposite 
SDH activities, also have opposing effects on the 
profile of the mitochondrial membrane potential 
during OPC differentiation. 

MATERIALS AND METHODS 
Reagents 

ALP kit 104 LL, dexamethasone, ascorbate, 
P-glycerophosphate, nitropropionic acid (NPA), 
and rhodamine 123 were purchased from Sigma 
(St. Louis, MO). Fetal calf serum (FCS) was pur- 
chased from Grand Island Biological Company (NY). 

Stromal Cell Culture 

Bone marrow cell suspensions obtained from 
femurs and tibiae of female Sabra rats, weighing 
60-80 g, were seeded in 25-cm2 flasks, 108 cells/ 
flask [Maniatopoulos et al., 19881. Stromal cells 
were obtained by removing the non adherent 
hematopoietic cells during the first 10 days of 
culture. The remaining adherent stromal cells 
were propagated in the same maintenance me- 
dium that consisted of DMEM (Dulbecco modi- 
fied Eagle’s medium) supplemented with 15% 
FCS and antibiotics. The cells were incubated in 
a humid 9% GO2 atmosphere, as in all our previ- 
ous studies, as increased COz is associated with 
a decreased redox level in differentiating bone 
cells. For the experimental cultures, stromal 
cells were removed 2 weeks later by trypsiniza- 
tion and plated in 96-well microtiter plates, 5,000 
cells/well, and grown in OPC stimulation me- 
dium. This consisted of maintenance (ordinary) 
medium containing M dexamethasone, 50 
pg/ml ascorbate, and 10 mM p-glycerophos- 
phate. The medium was changed every 3-4 days. 

Rhodamine Retention Measurement 

Rhodamine 123 (Rho) is a cationic dye trapped 
by the mitochondria, depending on the content 
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of its negative charges, and directly related to 
the inner membrane potential [Chen, 19891. 
Rho stock solution x 20 in distilled water was 
added to the cultures, 10 pl/well, after an incu- 
bation period as indicated, the Rho-containing 
medium was removed. The cells were washed 
twice with TBS (50 mM Tris pH 7.6, 150 mM 
NaC1) and continued their cultivation after the 
short incubation period until Rho retention mea- 
surement, the following day. 

After removal of the growth medium and 
washing with TBS, the cells were incubated for 
30 min at 37°C with 150 p1 of 0.2% Triton-X 100 
to dissolve membranes and to release intracellu- 
lar Rho. The dissolved cell sap was transferred 
to an opaque-white 96-well plate. Rho content 
was measured in a Perkin Elmer LS-5B lumines- 
cence spectrometer with a plate reader, by exita- 
tion at 505 nm and emission at 540 nm. 

Quantitative Cell Staining 

After the ALP or the rhodamine retention 
assays cells at the lower half of the plates were 
stained using the methylene blue (MB) method. 
Cells were fixed in 0.5% glutaraldehyde for 30 
min, rinsed with D HzO, and air dried overnight. 
Borate buffer (0.1 M boric acid brought to  pH 
8.5 with NaOH) 0.2 ml/well, was added to the 
cells for 2 min and rinsed with tap water. Cells 
were then incubated in 0.1 ml of 1% MB in 
borate buffer for 60 min at room temperature, 
rinsed with water, and air dried. The MB was 
then eluted from the stained cells by incubation 
with 0.2 ml of 0.1 N HC1 at 37°C for 60 min. The 
optical density (O.D.) of the eluted MB was 
measured at 620 nm by a multichannel optical 
densitometer. Cells seeded at  different seeding 
levels on day 0 (250, 500, 1,000, 2,000, and 
4,00O/well). On days 10 and 13, close to  the 
usual time for cell counting in our experiments, 
the cells were divided into two groups; four wells 
for each were trypsinized and counted; in paral- 
lel, eight wells were MB stained. Linear regres- 
sions for counts and MB staining on both days 
10 and 13 were practically coalescent and indi- 
cate that linearity of the O.D. reading at least up 
to 73,000 cells/well, 1.0 unit is equivalent to 5 x 
lo4 stromal cells. 

Alkaline Phosphatase Activity Assay 

Alkaline phosphatase (ALP) activity was mea- 
sured in situ in microtiter plates. Day 11 of 
dexamethasone stimulation was set for ALP as- 
say and cell count [Klein et al., 1993al. Growth 
medium was removed, and the cells were washed 

twice in situ with 0.2 ml TBS (50 mM Tris, 150 
mM NaCl, pH 7.6). ALP substrate, pNPP ( p -  
nitrophenyl phosphate) in TBS, 1.33 mgiml was 
dispensed 0.2 ml/well. Plates were placed in the 
tissue culture incubator for 90 min, and O.D. of 
the hydrolyzed pNPP was measured in a multi- 
channel optical densitometer at 405 nm wave 
length. This protocol enables long incubation 
times as hydrolysis is 30 times slower than the 
usual protocol [Klein et al., 1993bl. ALP specific 
activity was calculated as nmol/90 min/50,000 
cells and expressed as an activity index (experi- 
mental/control specific ALP activity). 

Measurement of In Vitro-Precipitated Calcium 

After 3 weeks in culture, OPC stimulation 
medium as opposed to ordinary medium induces 
cell-mediated calcifications in uninhibited cul- 
tures [Klein et al., 1993bl. To measure the pre- 
cipitates, plates were washed twice with TBS 
and incubated in 0.5 N HC1 overnight. Appropri- 
ately diluted samples were measured by atomic 
absorption against standard samples of known 
calcium concentrations. Mineralization is ex- 
pressed as pg Ca/well and presented as indices 
of experimental to control ratios. 

RESULTS 
Inhibition of Succinate Dehydrogenase 

Stromal cells stimulated with Dex medium 
were exposed during days 0-11 to three differ- 
ent NPA concentrations. Figure 1 shows that a 
maximal effect of NPA on cell counts and spe- 
cific ALP activity were obtained at  10 mM con- 
centration. Under 10 mM NPA, the cell count 
was 2.5 times less (relative to the cell count 
under 0.1 mM NPA), to account for the respec- 
tive increase in specific ALP activity. This was 
possibly due to a toxic effect of the high NPA 
concentration on ALP expressing cells. For this 
length of exposure (days 0-ll), the appropriate 
dose for OPC selection is probably between 1 
and 10 mM (Fig. 1A). As expected there was an 
inverted correlation between the change in spe- 
cific ALP activity and the change in cell count 
(not shown), which was linear up to an NPA 
concentration of 1 mM and became logarithmic 
between 1 and 10 mM, reflecting the toxic effect 
of the high dose. It seemed possible that OPC 
sensitivity to NPA differs from one differentia- 
tion stage to another. To reveal the period of 
stromal differentiation during which OPCs min- 
eralization is affected by NPA the drug was 
applied for shorter and different periods, per- 
mitting also to decrease undue effects on surviv- 
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Fig. 1. Proliferation and matrix maturation stages of differen- 
tiation of the stromal OPC under suicide SDH-inhibition. Dex 
stimulated stromal cells were exposed to three different doses 
of the SDH suicide-inhibitor NPA from day 0 to 7 1 in the left 
half of the plates. Each point is the mean index between 
respective wells of INPA-inhibited]/[noninhibited] specific ALP 
activity and cell count on day 11 (n = 20). 

ing OPCs. Figure 2 shows a disection of time 
interval exposure to NPA, as a dose response of 
cell-mediated mineralization, measured on day 
21 of Dex stimulation. On exposure periods, 
days 0-2 and days 9-11,lO mM and 1 mM NPA 

NPA IN CULTURE 

day0-2 
lIll day2-4 

day4-7 
@ day7-9 
0 day9-11 

has not increased the mineralization signifi- 
cantly; day 2-4 was the most efficient period for 
early induction of mineralization under all three 
NPA concentrations. This finding is consistent 
with the previous finding in which initiating of 
SDH inhibition on day 3, using a competitive 
inhibitor, showed the best OPC selection effi- 
ciency [Klein et al., 1993al. Since the effect of 
malonate, a competitive SDH inhibitor, on cells 
is less severe than that of NPA we have later 
used malonate to study effects of complex-I1 
inhibition on the profile of mitochondria1 mem- 
brane potential. 

Short Time Effect of Levamisole on Rho 
Retention 

We have previously shown that levamisole 
has an early inhibitory effect on mineralization 
which is unrelated to its inhibitory effect on 
ALP [Klein et al., 1993133. Figure 3 shows the 
effect of levamisole, added at different days dur- 
ing OPC differentiation, on Rho retention 24 hr 
after its application. It showed a general ten- 
dency to increase Rho retention at the first 4 
days of Dex stimulation (Fig. 3A) regardless of 
and perhaps even reciprocal to cell proliferation 
(Fig. 3B). This is better demonstrated by the 
indices in Figure 3C, showing that the peak of 
increased Rho retention was on days 2-3, com- 
pared to the Dex controls. From day 4 to  day 10, 

0 .0 '  0.1 1 
(CON T R 0 LS) 

mM NPA 

T 

1 0  

Fig. 2. OPC mineralization dose response and temporal disection by NPA administration at various time 
intervals. Mean +SE of the change in mineralization ([calcium] index) induced by NPA relative to control 
cultures. All cultures were stimulated by Dex medium from day 0 to 21, insoluble calcium was measured 
on day21, n = 20 wells/sample. 
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Fig. 3. Disection of the short term levamisole effects on 
mitochondria1 Rho retention in Dex stimulated stromal cell 
cultures. Stromal cells were Dex-stimulated on day 0 in 8 
separate plates. Rho, 0.1 Fgiml, was added to experimental and 
control cultures and levamisole (0.2 mM final concentration) was 
added to experimental cultures on different time intervals as indi- 
cated. After 24 hr, the respective cultures were washed twice with 
TBS and Rho-extracted with 0.1 5 mlO.2% Triton X-I 00 dissolved in 
distilled water at 3PCfor 30 min. A Rhofluorescenceicell quantity. 
B: Cell quantity. C Levamisole effect on Rho retention and cell 
quantity relative to controls, n = 10 wellsipoint. Significance by 
which day 2-3 differed from the rest: *a <0.05 for one-tailed, 
**a >0.05 for two-tailed test by the Mann-Whitney U-test. 

levamisole diminished Rho retention compared 
to Dex controls, except on days 7-8, when it was 
slightly higher but not significantly different 
from unity. The peak of mean Rho retention on 
day 3 was significantly higher, more than two- 
fold, of that in Dex controls. On days 7-8 levami- 
sole seemed to have failed to diminish Rho reten- 
tion, which raises under Dex [Klein et al., 
1993Cl. 

Cumulative Effect of Malonate on Rho Retention 

Figure 4A and 4C show that malonate dimin- 
ished the cell counts after 7 days of application. 
The basic pattern of Rho retention under Dex 
stimulation is shown by the controls (Fig. 4B). 
Malonate increased Rho retention on day 7. The 
question was raised as to whether, under the 
same protocol in which it inhibited mineraliza- 
tion [Klein et al., 1993133, levamisole would show 
an effect on Rho retention reciprocal to the 
pattern seen in Figure 4C. 

Cumulative Effect of Levamisole on Rho 
Retention 

Figure 5A and 5C show that levamisole dimin- 
ished cell counts on day 1 and similarly to malo- 
nate also on day 7. Levamisole has slightly in- 
creased cell counts on day 10, which was not a 
surprise, since it was expected to increase on day 
11 or 12 [Klein et al., 1993bl. Under prolonged 
exposure, levamisole diminished Rho retention 
from days 3 to 10 (Fig. 5B1, in contrast to the 
effect of malonate seen in Figure 4B and 4C. 

Combined Effect of Malonate and Levamisole on 
Rho Retention 

Figure 6 shows the Rho retentiodcell at dif- 
ferent time intervals after exposure to both, 
malonate and levamisole in the same Dex- 
stimulated cultures. Here the separate effects of 
each drug serve as controls for the effects of 
their mixture. Levamisole succeeded in inhibit- 
ing Rho retention in spite of the expected aug- 
menting effect of malonate, and only on day 10 
was the levamisole inhibitory effect on Rho reten- 
tion completely abolished by malonate. 

DISCUSSION 

In the present study, prolonged exposure of 
stromal cell cultures to 10 mM NPA caused an 
abrupt fall in cell number accompanied by an 
increase in specific ALP, which was less than 
expected for a mere selection effect. This sug- 
gested that OPC at a certain stage return to 
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depend on SDH or perhaps its utilization is 
never completely shutdown as suggested by 
Pollesello et al. [1991], who demonstrated low- 
level oxidative respiration activity in hypertro- 
phic chondrocytes. In addition, complex I1 in 

OPC may exhibit a dual function in accord with 
the transition from aerobic to anaerobic respira- 
tion. This has been shown in vitro. Using a 
direct voltametric method, Sucheta et al. [19921 
have shown that SDH of bovine heart mitochon- 
dria behaves as a diode; i.e., the switch from 
succinate oxidation to fumarate reduction (per- 
formed by the same enzyme, complex 11) de- 
pends on the raise or decline of the electrochemi- 
cal potential, respectively. As a suicide SDH 
inhibitor [Coles et al., 19791, NPA would induce 
cell death whenever demand for SDH activity 
will rise to a very minimal level. Therefore, at 10 
mM NPA its stringent effect on complex I1 
should not allow redox activity in either direc- 
tion of this putative diode under any electro- 
chemical potential. Probably, either a part or 
most of the ALP expressing cells may require 
some SDH activity, such that the observed an- 
aerobic period might not be absolutely anaero- 
bic. This may explain why in a previous study 
malonate, which is only a competitive SDH in- 
hibitor, was less effective than NPA in diminish- 
ing the cell counts relative to the increased ALP 
activity/cell [Klein et al., 1993al. The use of 
NPA at short intervals clearly showed that de- 
creased SDH activity positively affects the prepa- 
ration of differentiating OPC to mineralize, in 
addition to its ability to  act like malonate by 
enrichment of OPC in culture. A physiological 
association of cell death with mineralization, 
possibly programmed cell death, can not be dis- 
missed. Interestingly, the highest increase in 
day 21 mineralization occurred upon day 2-4 
exposure to NPA, a period after which mitochon- 
drial membrane potential becomes resistant to 
changes induced by prolyl hydroxylase inhibi- 
tion with cis-hydroxyproline (cis-HP) [Klein et 
al., 19941. Cis-HP inhibits prolyl hydroxylase 
[Kivirikko and Myllyla, 19871. Hypothetically, 
inhibition of prolyl hydroxylase should prevent 
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Fig. 4. Cumulative effect of malonate on Rho retention. Differ- 
entiating stromal cells, Dex stimulated from day 0, underwent 
medium adjustment to 10 m M  malonate on day 0. Mitochon- 
dria in malonate-treated and control cultures was loaded with 
Rho, 24 hr before the indicated days, by incubation with 1 
kg/ml for 30 min at 37°C. Excess Rho was removed by washing 
the cultures twice with TBS at room temperature and cultivation 
was continued in the appropriate media. Rho was extracted 24 
hr later and measured as described in the legend of Figure 3; 
cell counts were obtained from nearby wells. A: Effect of 
malonate on cell count. B: Malonate effect on soecific Rho 

0 2 4 6 8 1 0  1 2  retention. C :  Malonate effects on cell count and on' Rho reten- 
Days from malonate start tion relative to untreated controls, n = IO/sample. 
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Fig. 5. Cumulative effect of levamisole on Rho retention. The 
same protocole as described in the legend of Figure 4, with the 
exception that on day 0 the medium in the experimental cul- 
tures was adjusted to 0.2 m M  levamisole. 

free oxygen use by the endoplasmic reticulum 
and increase oxygen use by mitochondria, which 
in turn should increase mitochondrial mem- 
brane potential. This was indeed shown to be 
the case in a previous study however, only up to 
day 5 of Dex stimulation, when membrane poten- 
tial became resistant to prolyl hydroxylase inhi- 
bition [Klein et al., 19941. It should be noted 
that the temporal dissection of the NPA effect 

on mineralization has discerned a period (days 
2-41 7-9), which is consistent with the decline in 
membrane potential in non stimulated stromal 
cultures [Klein et al., 1993~1. 

The initiation of mineralization can be per- 
ceived as a calcium and phosphate efflux from 
the mitochondria directly to the extracellular 
matrix (ECM), serving as a primary crystaliza- 
tion nidus or as a signal, together with phospho- 
proteins [Wuthier, 19931, to  from membrane- 
derived ECM vesicles for initiating crystalization, 
or both. 

The different, perhaps opposing, effects of 
these two drugs (levamisole and malonate) on 
mineralization are attributable to the ability of 
levamisole to  abolish the Dex-induced increase 
in membrane potential after 3 days in culture, 
as opposed to the ability of malonate to abolish it 
on the first days and increase it thereafter. 

Under the specified conditions levamisole can 
resist the effect of malonate, on the Dex-induced 
Rho retention, during most of the matrix matu- 
ration period, which is tentatively defined as day 
3-12. Only on day 10 levamisole has lost the 
ability to resist the effect of malonate on Dex- 
induced Rho retention. The dominance of the 
levamisole effect over that of malonate may be 
due to the differences in the mechanisms by 
which they inhibit complex 11, noncompetitive 
versus competitive inhibition respectively. 

We conclude that modulation of the mem- 
brane potential during the first differentiation 
period (matrix maturation) and the mineraliza- 
tion taking place later at  the second period, 
represent a cause-and-effect relationship. Thus 
the inner mitochondrial membrane potential is 
a target function through which mineralization 
is modulated long before it is actually carried 
out. The accumulated succinate during inhibi- 
tion of SDH could be stockpiled to serve later as 
an electron source for a surge in membrane 
potential and for securing return of expelled 
protons in exchange for calcium efflux. Accord- 
ingly, the mineralization improving effect of 
malonate and NPA could be carried out by fur- 
ther augmenting an already existent Dex-in- 
duced surge of day 7-8 membrane potential. 

In light of these results, one should look into 
the biochemical meaning of the ability of levami- 
sole and malonate (mineralization inhibitor and 
inducer, respectively) to affect the Dex-induced 
mitochondrial Rho retention. In light of the 
present results, the parallel phenomena of aero- 
biclanaerobic transition in helmintic parasites 
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Fig. 6. Cumulative effect of rnalonate combined with levarni- 
sole on Rho retention during OPC differentiation. The medium 
of strornal cells that were Dex-stimulated on day 0 was adjusted 
on day 0 to a concentration of 10 rnM malonate and 0.2 mM 

[Roos and Tielens, 19941 and in osteogenic 
stages, and the involvement of complex I1 in this 
transition and its ability in vitro to switch cata- 
lytic directions [Sucheta et al., 19921, raise sev- 
eral questions. Does complex I1 in differentiat- 
ing OPC act as a diode, switching catalytic 
directions? 

Does levamisole-inhibited mineralization also 
mean that fumarate reductase activity has a 
positive role in mineralization? Are there extra- 
mitochondrial macromolecules that regulate this 
phenomenon? Is it possible that the pattern of 
membrane potential determines the timing of 
mitochondrial calcium and phosphate fluxes to 
provide an appropriate stoichiometry in generat- 
ing nidii for apatite crystal growth? 
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