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Summary. The effects of cortisol on bone forma- 
tion are complex and may be modulated by the 
presence of periosteal cells or by factors released 
by the periosteal tissue. To test these possibilities, 
cortisol was examined for its effects on the incor- 
poration of 3H-proline into collagenase-digestible 
protein (CDP) and noncoUagen protein (NCP), on 
DNA synthesis and on alkaline phosphatase ac- 
tivity in intact and in the periosteum and nonper- 
iosteal bone of dissected calvariae from 21-day-old 
fetal rats. After 24 h of treatment, cortisol increased 
the incorporation of 3H-proline into CDP in intact 
bones and in the nonperiosteal bone of calvariae 
dissected after the culture. Cortisol inhibited the 
incorporation of 3H-thymidine into calvarial DNA 
but it caused a small increase in nonperiosteal DNA 
content. Cortisol did not affect the incorporation of 
3H-proline into CDP in calvariae dissected prior to 
the culture if the periosteum and nonperiosteal cen- 
tral bone were incubated separately; the stimula- 
tory effect was observed only if the two tissues 
were cultured in the same vial and were in contact. 
In contrast, cortisol stimulated alkaline phospha- 
tase activity in the central nonperiosteal bone of 
calvariae dissected before or after the culture. After 
72-96 h of treatment, cortisol inhibited the labeling 
of CDP, NCP, and DNA and the DNA content in 
intact bones and in both periosteal and nonperios- 
teal central bone of calvariae dissected after the cul- 
ture. In contrast ,  when the periosteum was re- 
moved before the incubation, these inhibitory ef- 
fects were observed in the periosteum and not in 
the nonperiosteal bone. Cortisol inhibited alkaline 
phosphatase activity in intact bones treated for 96 
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h, but removal of the periosteum resulted in a stim- 
ulatory effect in the nonperiosteal central bone. 
These studies indicate that 24 h treatment with cor- 
tisol stimulates collagen synthesis in nonperiosteal 
bone, an effect that requires the presence of per- 
iosteal tissue. Exposure to cortisol for 72-96 h in- 
hibits collagen, noncollagen protein, and DNA syn- 
thesis, an effect that is secondary to an inhibition 
of periosteal  cell replication. Cortisol does not 
cause a direct inhibition of osteoblastic function. 

Key words: Cortisol - -  Collagen synthesis - -  DNA 
synthesis - -  Alkaline phosphatase activity - -  Per- 
iosteum and nonperiosteal bone. 

Cortisol is known to inhibit protein synthesis in iso- 
lated nonperiosteal bone cells but it has a dual effect 
on collagen synthesis in intact calvariae [1-6].  
After short-term treatment, physiological concen- 
trations of cortisol have a st imulatory effect 
whereas after long-term treatment cortisol causes 
an inhibitory effect. 

The periosteum contains mostly fibroblasts and 
precursor cells [7-9] and investigators frequently 
remove it to enrich the osteoblastic cell population. 
However, the periosteal tissue may have a signifi- 
cant role in bone formation and it may be respon- 
sible for the differences between the cortisol effects 
observed in intact calvariae and in isolated nonper- 
iosteal bone cells. The periosteum may affect bone 
formation by providing precursor cells, needed to 
achieve a normal osteoblastic cell population, or by 
providing bone growth factors, known to be re- 
leased by cultured fibroblasts and intact bones [10- 
14]. The long-term inhibitory effect of cortisol on 
bone collagen is secondary to a decrease in cell pop- 
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ulation, whereas the short-term stimulatory effect 
could be related to locally released growth factors 
[6, 121. 

The present investigations were undertaken to 
determine if the short-term stimulatory and the 
long-term inhibitory effects of cortisol on calvarial 
collagen synthesis were dependent upon the pres- 
ence of periosteal tissue or periosteal factors. For 
this purpose, cortisol was studied for its effects on 
collagen and DNA synthesis in intact calvariae and 
in the periosteum and periosteum-free bone of dis- 
sected calvariae. 

Materials and Methods 

Culture Technique 

Half calvariae from 21-day-old fetal rats were cultured in sterile 
25 ml vials containing 2 ml of modified BGJ b medium supple- 
mented with bovine serum albumin (4 mg/ml; Reheis Chemical 
Company; Phoenix, AZ) and 1 mM unlabeled proline [15, 16]. 
In the experiments used to study DNA synthesis, the medium 
was also supplemented with 0.1 mM thymidine. The vials were 
gassed with 5% CO2 in air for 1 min, sealed with rubber stoppers, 
and placed in a continuously shaking water bath (40 oscillations/ 
min) at 37~ for periods of 24 or 96 h. In the 96 h incubations, 
the culture medium was replaced daily with flesh BGJ medium. 

To study the effects of cortisol on periosteal and nonperiosteal 
central bone, the periosteum was removed from the superior and 
inferior surfaces of the calvariae with a scalpel blade at a 40-fold 
magnification. The efficacy of the dissection was determined by 
bone histology. The dissected tissues were fixed in neutral for- 
malin, embedded in paraffin and the histological sections stained 
with hematoxylin-eosin. The periosteum was rich in elongated 
fibroblastic cells and did not contain round osteoblastic-type 
cells which were the predominant cells observed in the perios- 
teum-free bone. The dissection was performed either before 
starting or after completing the incubation. When the dissection 
was performed prior to the culture, the periosteum and central 
nonperiosteal bone were cultured in three different ways: (1) 
Periosteum and nonperiosteal center were cultured in separate 
culture vials. (2) Pefiosteum and nonperiosteal center were cul- 
tured in the same vial but physical contact was prevented by the 
use of an organ culture grid. The grid maintained the two tissues 
separate but permitted free flow of culture medium from one 
tissue to the other. (3) Periosteum and nonperiosteal center were 
cultured in the same vial and allowed to come in contact, re- 
sulting in a visible attachment of the periosteum to the nonper- 
iosteal tissue. This was confirmed on histological sections where 
the attachment of the periosteum was observed along one side 
of the periosteum-free bone. It was not possible to determine if 
migration of cells between the two tissues had occurred during 
the culture period but contact was sufficient to allow for it. When 
the dissection was performed after the culture, intact ealvariae 
were incubated, labeled with radioactive tracers, and then dis- 
sected. 

Cortisol (Sigma Chemical Company; St. Louis, MO) was dis- 
solved in absolute alcohol and diluted l: 10,000 or greater in BGJ. 
Cortisol was present in the culture medium throughout the in- 
cubation period except when specified otherwise. To study the 

short-term stimulatory effects of cortisol, calvariae were contin- 
uously exposed to cortisol during 24 h cultures or were exposed 
to the steroid for the last 24 h of a 96 h culture. In one 96 h 
culture, only half of the medium was replaced daily, so that the 
calvarial tissues were continuously exposed to conditioned me- 
dium prior to and during the 24 h treatment with cortisol, which 
was given at the end of the incubation. To study the long-term 
inhibitory effects of cortisol, calvariae were continuously ex- 
posed to the steroid for the last 72 h of a 96 h incubation or 
throughout a 96 h culture period. The length of the cortisol ex- 
posure required to observe the stimulatory or inhibitory effects 
on bone collagen synthesis was based on previous observations 
using the same culture system [5, 6]. 

Collagen and Noncollagen Protein Synthesis 

Labeled proline (2,33H, 5 ixCi/ml; specific activity 20-30 Ci/ 
mmol; New England Nuclear; Boston, MA) was added for the 
last 2 h of the culture period. The intact and dissected calvariae 
were extracted with 5% trichloroacetic acid (TCA), acetone, and 
ether, homogenized, and an aliquot was incubated with repuri- 
fied bacterial collagenase (Worthington Biochemical Corpora- 
tion; Freehold NJ). The enzyme preparation used was repurified 
on a column of Sephadex G-200 and did not contain any proteo- 
lytic activity on noncollagen substrates (Tryptophan-labeled 
bones). The labeled proline incorporated into CDP and NCP was 
measured according to the method of Peterkofsky and Diegel- 
mann [17]. Percent collagen synthesis was calculated after mul- 
tiplying NCP by 5.4 to correct for the relative abundance of 
proline in collagen and noncollagen protein. This was based on 
previous observations by Peterkofsky [18]. 

DNA Synthesis 

DNA synthesis was studied by examining the incorporation of 
3H-thymidine into acid insoluble residues and total DNA con- 
tent. To study effects on DNA labeling, calvariae were incubated 
and thymidine methyl-3H (5 p~Ci/ml; specific activity 65-80 Ci/ 
mrnol; ICN Chemical and Radioisotope Division; Irvine, CA) 
was added during the last 60 min of the culture period. At the 
end of the incubation, intact and dissected calvariae were 
washed with cold 5% TCA, acetone, and ether and the radio- 
activity incorporated was determined after digesting them with 
NCS tissue solubilizer (Amersham Corporation; Arlington 
Heights, IL). To measure DNA content, calvariae were homog- 
enized, extracted with 5% TCA and 10 mM potassium acetate 
and dried. The DNA was measured by fluorometry according to 
a modification of the method of Kissane and Robbins [19]. 

Alkaline Phosphatase Activity 

Alkaline phosphatase activity was measured by the hydrolysis 
ofp-nitrophenyl phosphate [20]. Calvariae were homogenized in 
a NaCI (9g/lt) solution with 0.1% Triton X-100 (Sigma Chemical 
Company; St. Louis, MO) and sonicated. An aliquot was incu- 
bated with 8 mM p-nitrophenyl phosphate in 0.5 M 2-amino 2- 
methyl 1-propanol buffer for 30 min at 37~ and the p-nitro- 
phenol liberated was measured in a spect rophotometer  at a 
wavelength of 410 nm. 
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Table 1. Effect of  cortisol,  30 nM,  on the  incorporation of  3H-proline into CDP and NCP, on the  incorporation of  3H-thymidine into 
acid insoluble res idues,  and on D N A  content  in intact calvariae and in per ios teum and nonperiosteal  central bone  of calvariae dissected 
after the complet ion of  a 24 hr culture 

3H-Thymidine 
% Collagen incorporation 

Treatment  CDP (dpm/bone) NCP (dpm/bone) synthesis  (dpm/bone) D N A  (ixg/bone) 

Intact  calvariae 
Control  14,875 _ 1,103 25,762 _+ 2,339 9.8 _+ 1.1 6,578 _+ 608 11.1 __ 0.7 
Cortisol 30,590 ___ 2,464 a 25,860 ___ 2,421 18.0 _+ 2.1 a 4,237 + 637 a 12.6 _+ 0.7 

Dissected calvariae 
Periosteum 
Control 8,729 ___ 1,239 17,997 +_ 1,687 9.2 +- 1.9 5,495 _+ 461 8.9 - 0.3 
Cortisol 6,280 - 623 10,715 • 1,080 a 9.8 _+ 0.8 2,848 _+ 165 a 7.9 _+ 0.6 
Nonper ios tea l  bone  
Control 6,385 ~ 918 4,119 --- 628 22.5 • 1.6 1,068 -+ 60 3.3 • 0.2 
Cortisol 18,198 + 1,805 a 6,726 -+ 468 a 33.1 -+ 2.9 a 944 +- 96 4.3 • 0.3 a 

Values are means  _+ SE for 6 half  calvariae cul tured for 24 h in the cont inuous  presence or absence  of cortisol, 30 nm,  and pulsed 
with 3H-proline (CDP and NCP) for the last 2 h or  with 3H-thymidine for the last 1 h of  the culture period. The  per ios teum was removed 
by dissect ion after the  incubation.  Percent  collagen was corrected for the relative abundance  of  proline in CDP and NCP 
a Significantly different f rom control,  P < 0.02 

Statistical Methods 

Data are expressed  as mean  and s tandard error (SE) of  dpm/half  
calvaria and percent  collagen synthes is .  The D N A  content  is 
expressed  as ixg/half calvaria and alkaline phospha tase  activity 
as nanomoles  o fp-n i t rophenol  released/half  calvaria/30 min. Sta- 
tistical differences were analyzed us ing Student ' s  t test.  

R e s u l t s  

Effects of  Short-Term (24 h) Treatment 
with Cortisol 

The continuous treatment with cortisol, 1-100 nM, 
for 24 h increased the incorporation of 3H-proline 
into CDP in intact calvariae (Fig. 1, Table 1). Cor- 
tisol did not affect the labeling of NCP; thus, the 
percent collagen synthesized was increased. Cor- 
tisol inhibited the incorporation of 3H-thymidine 
into acid insoluble residues but it had no effect on 
DNA content. When calvariae were dissected at the 
end of the 24 h culture, the stimulatory effect of 
cortisol on the incorporation of 3H-proline into CDP 
was observed only in the central nonperiosteal bone 
(Table 1). The inhibitory effect on the incorporation 
of 3H-thymidine was observed exclusively in the 
periosteal layers. In contrast, cortisol caused a 30% 
increase in DNA content in the nonperiosteal bone 
without affecting the periosteal DNA content. This 
effect was observed in two additional experiments 
where calvariae had been dissected after the cul- 
ture, but it was not consistently observed if the dis- 
section occurred before the culture (not shown). 

Histological sections of bones treated with cortisol, 
30 nM, revealed a small increase in cellularity lim- 
ited to the nonperiosteal bone. 

There was a decrease in the labeling of CDP in 
control calvariae dissected prior to the incubation 
compared with intact bones. Further, cortisol at 
0 . 1  - 1,000 nM did not affect the incorporation of 3H- 
proline into CDP in either the periosteum or non- 
periosteal central bone when the two tissues were 
incubated separately (Fig. 1). Treatment with 30 nM 
cortisol for 24 h did not alter CDP labeling in the 
periosteum or in the nonperiosteal central bone of 
calvariae dissected prior to the incubation if the two 
tissues were cultured in different vials or in the 
same vial, but separated by an organ culture grid. 
However, if the periosteum and nonperiosteal cen- 
tral bone of dissected calvariae were incubated in 
the same vial, they came in contact and were at- 
tached during the incubation, and cortisol increased 
the labeling of CDP by 52% (Fig. 2). This effect was 
similar to that observed in the same experiment in 
intact calvariae in which cortisol increased CDP la- 
beling from a control value of (mean _+ SE; n = 6) 
24943 + 1110 to 36015 +- 447 dpm/half calvaria 
(P < 0.05). 

In another experiment, calvariae were dissected 
prior to a 96 h culture and the periosteum and non- 
periosteal central bone were cultured in control 
BGJ medium either in different vials, in the same 
vial separated by an organ culture grid, or in the 
same vial and allowed to come in contact during the 
incubation. Half of the BGJ medium was replaced 
daily, so that it was conditioned by the presence of 



E. Canalis: Glucocorticoids and Bone 161 

8- 

0 

P- 

Z'o 
~.~ 

O L ) , , -  
_z~ 

O 

I 

20- 

I0. 

0.5 

l . &  I I I I I 

S T R I P P E D  C A L V A R I A E  

Central Bone : : 

Periosteurn c-  - --o 

i / i  i 
o o, ; /o ~;o ,o'oo 

CORTISOL CONCENTRATION, nM 

Fig. 1. Effect of cortisol on the incorporation of 3H-proline into 
CDP in intact bones and in calvariae dissected prior to a 24 h 
culture. Bars represent mean values and vertical lines SE for 6 
half calvariae cultured for 24 h in the continuous presence or 
absence of cortisol and pulsed with 3H-proline for the last 2 h. 
The periosteum was removed from the central bone by dissec- 
tion before the incubation and periosteum and nonperiosteal cen- 
tral bone were cultured in separate vials. *Significantly different 
from control P < 0.05. 

one or both of the two cultured tissues. The incor- 
poration of 3H-proline into CDP and NCP in the 
central nonperiosteal bone of untreated calvariae 
was 3 to 4 times higher when the periosteum and 
central bone were cultured in the same vial, sepa- 
rated by an organ culture grid, than when they were 
incubated in individual vials (Table 2). However, the 
addition of 30 nM cortisol for the last 24 h of the 96 
h culture period increased the incorporation of 3H- 
proline into CDP only when the periosteum and 
nonperiosteal central bone were cultured in the 
same vial and came in contact and physically at- 
tached. This effect was similar to that observed in 
intact bones cultured in the same experiment, in 
which cortisol increased the labeling of CDP by 
150%. 

Continuous treatment with cortisol, 30 nM, for 24 
h increased alkaline phosphatase activity in intact 
bones and in the nonperiosteal central bone of cal- 
variae dissected before or after the culture, but cor- 
tisol had no effect on periosteal alkaline phospha- 
tase activity (Table 3). 
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Fig. 2. Effect of cortisol, 30 nM, on the 2 h incorporation of 3H- 
proline into CDP in periosteal and nonperiosteal central calvaria 
from 21-day-old fetal rats. The periosteum was removed from 
the central bone by dissection before the incubation and cal- 
variae were cultured in three different ways: (A) Periosteum and 
central bone were cultured in separate vials. (B) Periosteum and 
central bone were cultured in the same vial but physical contact 
was prevented by maintaining the central bone separated from 
the periosteum. (C) After the dissection, periosteum and central 
bone were cultured in the same vial and allowed to come in 
contact and attach. Bars represent mean values and vertical lines 
SE for 6 half calvariae cultured in the continuous presence or 
absence of cortisol for 24 h. *Significantly different from control, 
P < 0.01. 

Effects o f  Long Term (72 to 96 h) Treatment 
with Cortisol 

In contrast  to the short-term effects, continuous 
treatment with cortisol for 96 h caused a dose-de- 
pendent inhibition of 3H-proline incorporation into 
CDP and NCP in intact calvariae (Table 4, Fig. 3). 
The effect on CDP was greater than on NCP so that 
the percent of collagen synthesized was decreased. 
Cortisol at 100-1,000 nM also had a marked inhib- 
itory effect on the incorporation of aH-thymidine 
into acid insoluble residues and decreased the DNA 
content by 24-41% (Table 4, Fig. 4). When cal- 
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Table 2. Effect  of  cortisol,  30 nM,  on the incorporation of 3H-proline into CDP and NCP in per ios teum and nonperiosteal  central bone  
of  calvariae d issec ted  prior to a 96 h culture and exposed  to cortisol for the last 24 h 

% Collagen 
Treatment  CDP (dpm/bone) NCP  (dpm/bone) synthes is  

Per ios teum cultured apart  f rom nonperiosteal  bone 
Per ios teum Control  1,616 • 339 3,508 • 446 7.7 • 1.1 

Cortisol 1,136 • 126 3,171 • 240 5.5 • 0.7 

Central  bone  Control  490 • 237 1,002 • 469 6.1 • 1.8 
Cortisol 798 • 204 1,912 • 613 6.5 • 0.9 

Per ios teum and nonper ios teal  bone  cultured in same vial but  not  in contact  
Per ios teum Control  1,185 • 217 4,108 • 343 5.1 • 0.7 

Cortisol 951 • 127 3,787 • 665 4.8 • 0.5 
Central  bone  Control  2,128 • 381 3,830 • 428 9.2 • 0.6 

Cortisol 1,698 • 381 3,350 • 504 8.0 • 0.9 

Per ios teum and nonper ios teal  bone  cul tured in same vial and in contact  
Control  3,443 • 635 8,076 • 1,020 7.1 • 0.6 
Cortisol 8,190 • 1,268 a 13,289 • 1,864 a 10.3 • 0.9 a 

Values are means  + SE for 6 half  calvariae cultured for 96 h in the cont inuous  presence of cortisol, 100 nM,  and pulsed with 3H-proline 
of  the culture med ium was replaced daily so that  bones  were cultured in the  cont inuous presence  of  condit ioned medium.  Calvariae 
were pulsed with 3H-proline for the last 2 h of  the incubation.  The per ios teum was removed  f rom the central bone by dissection before 
the incubation and bones  were cul tured in three different ways:  (1) Per ios teum and nonperiosteal  bone were cul tured in separate  vials. 
(2) Per ios teum and nonper ios teal  bone were cultured in the same vial but  physical  contact  was prevented  by placing the central bone 
inside and the per ios teum outside an organ culture grid. (3) After  dissection,  per ios teum and nonperiosteal  bone were cul tured in the  
same vial and allowed to come in contact  and attach. Percent  collagen was corrected for the relative abundance  of  proline in CDP and 
NCP  
a Significantly different f rom control,  P < 0.01 

Table 3. Effect of  cortisol,  30 nM, on alkaline phospha tase  ac- 
tivity in intact  ealvariae and in per ios teum and nonperiosteal  
c e n t r a l  b o n e  o f  c a l v a r i a e  d i s s e c t e d  b e f o r e  and  a f t e r  a 
24 h culture 

Alkaline phospha tase  
activity/half  calvaria 
(p-nitrophenol nmol/30 min) 

Calvariae Control  Cortisol 

Intact  6510 • 373 9006 • 590 a 

Dissected after culture 
Per ios teum 2853 _+ 200 2704 • 153 
Nonper ios tea l  bone  4016 • 378 5484 • 338 a 

Dissected before culture 
Per ios teum 1198 • 122 1508 • 176 
Nonper ios tea l  bone  2092 • 318 3285 • 194 a 

Values are means  _+ SE for 6 - 1 8  half  calvariae cul tured for 24 
h in the cont inuous  presence  or absence  of cortisol. The perios- 
t eum was removed  by dissect ion before or after the culture 
a Significantly different f rom control,  P < 0.05 

variae were dissected after the completion of the 96 
h incubation, cortisol inhibited the labeling of CDP, 
NCP, and DNA and the DNA content to a similar 
extent in the periosteum and in the nonperiosteal 
central bone. In addition, histological sections 

showed a generalized decrease in cellularity in cal- 
variae treated with cortisol, 100 nM, for 96 h. 

To determine if the effects of cortisol were de- 
pendent upon the periosteal cell population, the 
periosteum was removed prior to the incubation. 
The incorporation of 3H-proline into CDP and of 
3H-thymidine into DNA was decreased in dis- 
sected, control, untreated calvariae when compared 
with control intact bones (Fig. 3 and 4). Continuous 
treatment with cortisol, 100-1,000 nM, for 96 h or 
for the last 72 h of a 96 h culture period, inhibited 
the labeling of CDP and DNA in the periosteum of 
dissected bones but it had no effect in the central 
nonperiosteal bone. Further, control nonperiosteal 
bones contained (mean + SE; n = 6) 2.3 + 0.2 Ixg 
and cortisol-treated (100-1,000 nM) contained 2.1 
_+ 0.26-2.8 + 0.6 txg DNA/half calvaria. Histolog- 
ical sections of dissected calvariae showed that the 
cellularity of the nonperiosteal bone was the same 
in control and cortisol-treated (100 nM) bones. The 
effect of cortisol was not altered by culturing the 
periosteum and central nonperiosteal bone in the 
same vial and separating the two tissues with an 
organ culture grid. Exposure to 100 nM cortisol for 
the last 72 h of a 96 h culture inhibited the labeling 
of periosteal CDP from a control value of (mean _+ 
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Table 4. Effect of  cortisol on the incorporat ion of 3H-proline into CDP and NCP and on the  incorporat ion of  3H-thymidine into acid 
insoluble res idues and on D N A  content  in intact  calvariae and in per ios teum and nonperiosteal  central bone of calvariae d issec ted  after 
the complet ion of  a 96 h culture 

3H-Thymidine 
% Collagen incorporat ion 

Treatment  CDP (dpm/bone) NCP (dpm/bone) synthes is  (dpm/bone) D N A  qxg/bone) 

Intact  calvariae 
Control  44,376 4- 4,677 43,201 4- 3,894 15.9 4- 0.5 3,276 + 534 11.1 _ 0.5 
Cortisol 7,009 -+ 1,031 a 10,423 4- 1,341 a 11.0 4- 0.4 a 467 4- 40 a 6.6 4- 0.1 a 

Dissected calvariae 
Per ios teum 
Control  10,825 _+ 790 20,278 4- 1,661 9.1 4- 0.6 2,369 _ 345 7.1 _ 0.5 
Cortisol 1,542 _+ 314 a 4,942 4- 755 a 5.3 4- 0.3 a 319 4- 58 a 5.1 4- 0.3 a 

Nonper ios tea l  bone  
Control  30,404 4- 2,242 14,561 4- 1,247 28.1 4- 1.5 1,130 4- 91 3.8 4- 0.3 
Cortisol 4,988 4- 465 a 3,867 4- 316 a 19.2 4- 0.3 ~ 228 4- 19 a 2.5 4- 0.I a 

Values are means  _+ SE for 6 half  calvariae cul tured for 96 h in the cont inuous presence  of  cortisol, 100 nM, and pulsed with 3H-proline 
(CDP and NCP) for the last 2 h or with 3H-thymidine for the last 1 h of  the culture period or with cortisol, 1 IxM, and examined  for 
D N A  content .  The per ios teum was removed by dissect ion after the incubation.  Percent  collagen was corrected for the relative abundance  
of  proline in CDP and NCP 
a Significantly different f rom control,  P < 0.01. 
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Fig. 3. Effect of  cortisol on the incorporation of  3H-proline into CDP in intact bones  and in calvariae dissected prior to a 96 h culture.  
Bars and vertical lines represent  means  and SE for 6 half calvariae cultured for 96 h in the cont inuous  presence  or absence  of  cortisol 
and pulsed with 3H-proline for the last 2 h. The  per ios teum was removed from the central  bone  by dissect ion before the  incubat ion 
and per ios teum and nonperiosteal  central bone  were cultured in separate  vials. *Significantly different f rom control P < 0.05. Fig. 
4. Effect  of  cortisol on the incorporation of 3H-thymidine into acid insoluble res idues (DNA) in intact  bones  and in calvariae d i ssec ted  
prior to a 96 h culture.  Bars and vertical lines represent  means  and SE for 6 half calvariae cul tured for 96 h in the cont inuous  p resence  
or absence  of  cortisol and pulsed with 3H-thymidine for the last 1 h. The per ios teum was removed  from the central  bone  by dissect ion 
before the incubation and per ios teum and nonperiosteal  central bone were cul tured in separate  vials. *Significantly different f rom 
control,  P < 0.05. 
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Table 5. Effect of cortisol on alkaline phosphatase activity in 
intact calvariae and in periosteum and nonperiosteal central bone 
of calvariae dissected before a 96 h culture 

Alkaline phosphatase 
activity/haft calvaria 
(p-nitrophenol nmol/30 min) 

Intact 
Treatment calvariae Dissected calvariae 

Nonperiosteal 
Periosteum bone 

Control 8349 _+ 563 723 _+ 65 1646 ~ 89 
Cortisol 

10 nM 6162 • 163" 617 • 78 1587 +_ 273 
100 nM 4615 ___ 237* 873 • 103 2789 +- 383* 
1 ixM 3720 • 438* 772 • 84 2564 • 288* 

Values are means m SE for 5-20 half calvariae cultured for 96 
h in the continuous presence or absence of cortisol. The perios- 
teum was removed by dissection before the culture. Data are 
pooled from two experiments. 
* Significantly different from control, p < 0.05. 

SE; n = 12) 1155 +_ 95 to 735 _ 133 dpm/half  
calvaria (P < 0.01) and the labeling of periosteal 
D N A  from 311 _+ 21 to 197 _+ 10 dpm/half  calvaria 
(P < 0.01) without  affecting the nonperiosteal  bone 
which was separated by an organ culture grid. Ex- 
posure  to 100 nM cortisol (72-96 h) also inhibited 
the labeling of CDP and D N A  in dissected calvariae 
if the per ios teum and nonperiosteal  bone were cul- 
tured in the same vial and came in contact .  How-  
ever, the magnitude of the effect was only equal to 
that observed in the per ios teum cultured alone (not 
shown). 

Cortisol t rea tment  for 96 h at concentrat ions of  
10 n M - 1  ~M inhibited alkaline phosphatase  activity 
in intact calvariae.  In contrast ,  when calvariae were 
dissected prior  to the culture,  cortisol had no effect 
in the per iosteum, and st imulated alkaline phospha-  
tase activity in the central  nonperiosteal  bone (Ta- 
ble 5). 

Discussion 

The present  studies confirm that short- term expo- 
sure to cortisol st imulates calvarial collagen syn- 
thesis whereas  long-term t rea tment  has an inhibi- 
tory effect secondary  to a decrease  in cell popula- 
tion [5, 6]. When  calvariae were  dissected at the 
end of  the incubation, the s t imulatory effect of  cor- 
tisol on collagen was limited to the central nonper-  
iosteal bone.  Since this t issue is relatively rich in 
osteoblasts  [7-9] ,  these results suggest that cortisol 
affects osteoblast ic collagen synthesis.  This is sup- 

por ted by demonstra t ing that short- term t rea tment  
with cortisol st imulates nonperiosteal  alkaline phos-  
phatase  activity, and by  previous work  showing that 
it s t imula tes  ca lvar ia l  type  I col lagen synthes is ,  
both parameters  of  osteoblast ic  function [6]. Cor- 
tisol also caused a small inhibition of  3H-thymidine 
incorporat ion after 24 h of  t rea tment  which was not 
associated with a decrease  in D N A  content.  Fur- 
ther, dissection of  the calvariae revealed a small 
increase in D N A  content  in the nonperiosteal  bone 
which could be responsible in part  for the cortisol 
stimulation of  bone collagen synthesis.  However ,  
the s t imulatory effect on bone collagen was of much 
greater  magnitude than that on D N A  content  indi- 
cating that another  mechanism was also responsible 
for the effect on collagen synthesis.  

The short- term st imulatory effect of  cortisol on 
col lagen syn thes i s  was not  o b s e r v e d  in ca lvar iae  
dissected before the incubation if the per ios teum 
and central  nonperiosteal  bone were  cultured sep- 
arately or if their  contact  was prevented  by an organ 
culture grid that  allowed free exchange of medium. 
In contrast ,  cortisol st imulated collagen synthesis 
when the two dissected tissues came in contact  and 
were  physical ly at tached during the culture period. 
This indicates that physical  proximity of  the per- 
ios teum to the nonperiosteal  bone  is required to ob- 
serve the cortisol s t imulatory effect on bone col- 
lagen synthes is .  The  labeling of  CDP, NCP, and 
D N A  was  d e c r e a s e d  in con t ro l  b o n e s  d i s sec t ed  
prior to the culture,  compared  with control intact 
bones,  indicating that  cellular loss had occurred.  
However ,  the lack of  a cortisol s t imulatory effect 
on collagen synthesis could not be attributed to cel- 
lular death, since the effect was restored if the per- 
ios teum and central  bone came in contact  during 
the culture and cortisol st imulated alkaline phos- 
phatase  activity in dissected central  bone.  In addi- 
tion, 24 h t rea tment  with cortisol did not stimulate 
collagen synthesis in dissected bones  that had been 
p r e v i o u s l y  cu l tu red  in con t ro l  m e d i u m  for  72 h 
which should have allowed the tissues to recover  
f rom the t rauma of the dissection. Further,  insulin, 
para thyroid  hormone ,  and epidermal  growth factor  
were  found to have the same effects whether  the 
nonperiosteal  bone  was dissected before or after the 
culture [21]. Although the reason for the different 
effects of  these agents and cortisol is unknown,  it 
may  be related to differences in the mechanism of 
action of peptide hormones  and steroids. 

The  collagen synthesized by the untreated non- 
periosteal  bone  was higher if the per ios teum was 
cultured in the same vial separated by an organ cul- 
ture grid than if the two tissues were  cultured in 
different vials. This suggests that  the per ios teum 
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releases material with bone collagen stimulatory ac- 
tivity but this material did not modify the lack of  a 
cortisol effect on nonperiosteal collagen synthesis. 
This might have been due to dilution of  a soluble 
factor with the culture medium. However ,  partially 
purified condit ioned medium from periosteal cul- 
tures s t imulated collagen synthesis  in intact  cal- 
variae but did not modify the lack of a cortisol effect 
in dissected calvariae (E. Canalis, unpublished ob- 
servat ions) .  These  results  suggest that per ios teal  
tissue and not factors are required to obtain a cor- 
tisol stimulatory effect on nonperiosteal collagen, 
or that gross interactions between the periosteum 
and nonperiosteal bone might permit higher con- 
centrations of  the putative periosteal factor to reach 
the nonperiosteal  bone. Neither  periosteal tissue or 
factors were required to observe a cortisol stimu- 
latory effect on alkaline phosphatase activity which 
occurred in the osteoblastic rich nonperiosteal bone 
of  dissected calvariae. This is in accord with studies 
showing a stimulatory effect of cortisol in cloned 
osteoblasticlike os teosarcoma cell lines [22]. 

In contrast  to its short-term collagen stimulatory 
effect, cortisol had a marked inhibitory effect on 
collagen and noncollagen protein synthesis in intact 
calvariae treated for 72 and 96 h. The effect was 
oberved in the periosteum and in the central non- 
periosteal bone of calvariae dissected after the cul- 
ture, and it was concomitant  to a marked and gen- 
eralized inhibition of  DNA synthesis. This confirms 
previous investigations indicating that the cortisol 
inhibition of  collagen and noncollagen protein syn- 
thesis is secondary to a decrease in cell population 
[6]. When calvariae were dissected prior to the in- 
cubation, the inhibitory effect of cortisol on col- 
lagen and DNA synthesis was observed only in the 
periosteum, rich in fibroblasts and progenitor cells. 
The selective loss of  a nonperiosteal cortisol inhib- 
itory effect on collagen and DNA synthesis after 
the removal  of  the per ios teum indicates that  the 
generalized inhibitory effect of cortisol observed in 
intact cultured bones is secondary to an inhibition 
of  per ios teal  p reos teoblas t ic  cells. Moreover ,  the 
removal of  the periosteum resulted in a stimulatory 
effect of cortisol on alkaline phosphatase activity in 
nonperiosteal bone treated for 96 h. This stimula- 
tory effect is in accordance with studies on osteo- 
blasticlike os teosarcoma cell lines where short- and 
long-term treatment  with cortisol stimulates alka- 
line phosphatase activity (M. Centrella and E. Can- 
alis, unpublished). The loss of the stimulatory effect 
of cortisol on nonperiosteal collagen is probably re- 
lated to the removal  of  the periosteum which needs 
to be present  to obtain this effect. 

Thus, it appears that cortisol does not have a di- 

rect  inhibitory effect on osteoblastic cell function, 
and dissecting calvariae after the culture may gen- 
erate misleading results. The loss of  a nonperiosteal 
cortisol inhibitory effect on collagen and DNA syn- 
thesis does not seem to be secondary to the im- 
mediate t rauma of  the dissection since cortisol had 
a per ios teal  effect .  Fur ther ,  the results  were  not  
modified by culturing the dissected bones for 24 h 
in control medium prior to the cortisol t reatment 
and the cortisol effect on alkaline phosphatase ac- 
tivity was maintained. Other authors have reported 
inhibitory effects of  glucocorticoids on protein syn- 
thesis and cell repl ica t ion  in nonper ios tea l  bone  
cells but they have used gentle periosteal scraping 
followed by enzymatic  digestions of  the calvariae 
[1-4].  It is possible that a number  of  periosteal cells 
were  p rese rved  in the prepara t ions  used,  which 
could be responsible for the effects observed.  In the 
present  studies, we dissected the periosteum with 
the use of a microscope and removed all of  the per- 
iosteal tissue, which seems to account  for the dif- 
ferences observed.  Another  possibility may be re- 
la ted to the c o n c e n t r a t i o n s  of  g lucocor t i co ids  
tested, since studies showing an inhibitory effect of  
g lucocor t icoids  on os teoblas t l ike  cells f requen t ly  
used higher concentrat ions than those tested in the 
present investigations [2, 23]. 

In conclusion, these studies indicate that short- 
te rm t rea tment  with cort isol  st imulates collagen 
synthesis in nonperiosteal  bone,  an effect that re- 
quires the presence  of  periosteal tissue. Long-term 
exposure to cortisol decreases periosteal DNA syn- 
thesis which results in a generalized inhibition of  
calvarial collagen synthesis but cortisol does not 
cause a direct inhibition of  osteoblastic function. 
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