
mone must remain in the medium for 
continued bud development. Removal of 
cytokinin causes the cells to revert to 
filamentous growth, indicating that cyto- 
kinin does not act as a trigger but must 
be present throughout development (2). 
Removal of A23187 from the cells by 
washing after 5 hours also eliminates the 
response, suggesting that elevated intra- 
cellular Ca2+ must be maintained for 
development to proceed. This finding 
agrees with our CTC results, which sug- 
gest that a long-term change in ca2+ is 
associated with bud formation (3). 

Our findings are consistent with the 
calcium hypothesis of Metcalfe et al. (14) 
that the transition of cells from the rest- 
ing state (Go) is regulated by an increase 
in the concentration of free calcium in 
the cytoplasm. The increase in intracel- 
lular Ca2+ must be of long duration. It is 
necessary to expose human lymphocytes 
to A23 187 for more than 20 hours (over a 
wide range of Ca2+ concentrations) to 
stimulate mitosis (15); a short exposure 
to a high concentration of Ca2+ does not 
generate a signal that commits the cell 
to divide (14, 16). Similarly, in Funaria 
stimulation of mitosis by A23187 appears 
to require the maintenance of high intra- 
cellular Ca2+ for several hours. There is 
evidence that target cells in Funaria are 
arrested in G2 whereas nontarget cells 
are maintained in GI (17). Indeed, Fos- 
ket (18) postulated that cytokinin stimu- 
lates essential events in the transition 
from G2 to mitosis in the plant cell cycle. 
We believe that an essential step may be 
the establishment of a long-term increase 
in intracellular Ca2+. These results, to- 
gether with earlier reports linking cytoki- 
nin and stimulation of ca2+ uptake in 
other systems (19-21), suggest that cy- 
tokinin exerts its effect on Funaria 
by elevating intracellular Ca2+. The in- 
crease is spatially controlled in the target 
cell and therefore may determine the 
location of the initial asymmetrical divi- 
sion leading to bud formation. 
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Subperiosteal Expansion and Cortical Remodeling of the 
Human Femur and Tibia with Aging 

Abstract. Increases with aging in subperiosteal dimensions and second moments 
of area (measures of bending and torsional rigidity) in femoral and tibia1 cross 
sections are documented in an archeological sample from the American Southwest. 
Significant differences between cross-sectional sites and between sexes in the 
pattern of cortical remodeling with age are also present. These differences appear to 
be related to variations irt the stress or strain levels in different regions of the femur 
and tibia which result from in vivo mechanical loadings of the lower limb. 

Subperiosteal expansion of long bones 
with aging was first demonstrated radio- 
graphically for the femur by Smith and 
Walker (I) and has since been shown to 
occur in several other areas of the skele- 
ton (2, 3). These observations are clini- 
cally significant in that apposition of 
bone on the subperiosteal surface may 
mechanically compensate for endosteal 
resorption and cortical thinning with ag- 
ing (1, 2), thus reducing the risk of frac- 
ture among older adults (4). We present 
here evidence that supports a model of 
general subperiosteal expansion of long 
bones with aging but also indicates that 
this remodeling process is modified by 
localized bone site differences in me- 
chanical loadings, some of which are 
apparently sex-specific. The results sug- 
gest that exercise-related stress and 
strain is an important stimulus to sub- 
periosteal appositional growth and skele- 
tal remodeling in adults, and consequent- 
ly that relatively less mechanically 
stressed areas may be more subject to 
fracture in later life. 

A major problem common to most 
studies of cortical bone remodeling with 
aging is that they rely on extrapolations 
from one-dimensional radiographic 
breadths, a procedure that can cause 
significant errors in the estimation of 

two-dimensional cross-sectional parame- 
ters (5). There is at present no practical 
noninvasive technique available for ac- 
curately measuring the cross-sectional 
geometries of internal body segments in 
vivo in large samples (6).  For this reason 
we chose direct measurement of cut 
bone sections in vitro as a means for 
studying geometrical changes with age. 

A sample of femora and tibiae from 
119 individuals was selected from the 
Pecos Pueblo archeological collection, 
excavated from a large late prehistoric 
and protohistoric site in New Mexico (7). 
Archeological samples have the advan- 
tage of being generally more genetically 
and environmentally homogeneous than 
modern dissection room collections; 
thus, intrapopulational differences in 
skeletal structure due to factors such as 
sex and age may be defined more clearly 
(8). Pelvic and cranial morphology were 
used to determine sex and age estimates 
were based upon pubic symphyseal 
form, functional dental wear, and endo- 
cranial suture closure (9). The use of 
multiple skeletal indicators has been 
shown to yield sex estimates with an 
accuracy of better than 95 percent; age 
estimation is adequate for placing indi- 
viduals into 5-year categories in the third 
and fourth decades and into 10-year cate- 
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gories in the fifth and sixth decades (no 
accurate age estimates can be made be- 
yond age 60 years) (10). None of the 
skeletal indicators used should bear any 
direct relationship to sex or age differ- 
ences in long bone cortical geometry. 
Ten individuals from Pecos were includ- 
ed in each sex-age category (11). 

Each femur or tibia was sectioned 
perpendicular to its longitudinel axis at 
five diaphyseal sites corresponding to 
20,35,50,65, and 80 percent of the bone 

length, measured from the distal end. In 
addition, one site through the femoral 
neck at its minimum superior-inferior 
breadth was sectioned. Photographs of 
the cut cross-sectional surfaces were 
rear-projected onto an electronic digitiz- 
er (12), and subperiosteal and endosteal 
perimeters manually traced. Perimeter 
point coordinates at l-mm intervals were 
input into program SLICE (13), where 
geometric section properties (areas, 
principal second moments of area, and 

their orientations) were calculated. The 
method has been shown to be accurate 
and reproducible to within 2 percent (13, 
14). A total of 1309 cross sections were 
included in the analysis. 

Changes with age in bone areas of a 
representative cross section-the femo- 
ral midshaft-are shown in Fig. 1. In 
both sexes the area of the medullary 
(marrow) cavity and the total area 
bounded by the subperiosteal (outer) 
bone surface increase with age. Howev- 
er, although increases in total subperios- 
teal area are fairly similar in males and 
females (averaging 7 percent in males 
and 11 percent in females over all 11 
cross sections), percentage increases in 
medullary area are much greater in fe- 
males (39 percent versus 19 percent for 
males over all sections) (15). Thus, be- 
cause of relatively greater endosteal re- 

Mates Females  

sorption of bone with aging, females 
show a significant decline in compact 
cortical bone area (average 10 percent), 
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whereas males show only a negligible (1 
percent) average decrease in compact 
cortical bone area. 

Figure 2 illustrates the changes with 
age at the femoral midshaft in the maxi- 
mum second moment of area (I,,,) or 
areal moment of inertia (16). For both 

2 0 30 40  50 80 20 30 40 50 80 
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Fig. 1. Change with age in bone areas of the femoral midshaft cross section (mean i. 2 standard 
error). 
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sexes, I,,, increases with age (average 
of all cross sections, 9 percent in males 
and 7 percent in females). Age differ- 
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ences in the minimum second moment of 
area (Imi,) and the polar moment of area 
(4 of bone cross sections also show an 

Table 1. Percentage change with age in cross-sectional geometric properties of the femur and 
tibia: {[(40+ years) - (20 to 39 years)]/(20 to 39 years)} x 100. 

increasing trend in both sexes (average 
increase in Imi,, 8 percent in males and 3 
percent in females; average increase in J, 

Cortical Medullary Subperi- 
Cross osteal area area L a x  I m i n  

section (%I (%I area (%I 
9 percent in males and 6 percent in 
females) (16). Thus, despite age-related 
declines in compact cortical bone area, 

Males 
13.6* 

second moments of area in femoral and 
tibia1 cross sections increase. This is due 
to subperiosteal expansion and progres- 

Tibia 20 percent 
Tibia 35 percent 
Tibia 50 percent 
Tibia 65 percent 
Tibia 80 percent 

sive remodeling into a cortex of larger 
diameter, with more bone placed farther 
from the section centroid (16). The sec- 
tion modulus (17) for these 11 cross 
sections also increases, averaging 7 per- 
cent in males and 4 percent in females. 

23.0$ 
9.9 

8.5 
13.6* 
25.4$ 
19.8t 
13.lt 
7.5 

Females 
9.1* 

57.8$ 
62.4$ 
45.6$ 
24.2$ 

16.9t 
3 3 . 3  
66.6$ 

Femur 20 percent 
Femur 35 percent 
Femur 50 percent 
Femur 65 percent 
Femur 80 percent 
Femoral neck 

These results, derived from direct 
measurement of cut bone cross sections, 
support most of the original findings of 
Smith and Walker (I), who extrapolated 
section properties of the femur from ra- 
diographic breadths. These investigators 

Tibia 20 percent 
Tibia 35 percent 
Tibia 50 percent 
Tibia 65 percent 
Tibia 80 percent also suggested possible site-related dif- 

ferences in the degree of subperiosteal 
expansion in the femur, possibly mediat- Femur 20 percent 

Femur 35 percent 
Femur 50 percent 
Femur 65 percent 
Femur 80 percent 
Femoral neck 

ed by differences in mechanical stress. 
Our results also support this conclusion, 
although our data indicate that the inter- 
action between mechanical factors and 
skeletal remodeling is probably much *Results of a t-test between 20- to 39-year and 40+-year age groups: P < .05. +P < .01. 
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more complex than that originally envi- 
sioned by Smith and Walker. 

Age changes in bone areas and second 
moments of area at each of the 11 cross- 
sectional sites are summarized in Table 
1. To allow easier comparison of inter- 
site and between-sex differences in gen- 
eral aging trends, the data are reduced to 
percentage differences between "youn- 
ger" (20 to 39 years) and "older" (40+ 
years) adults. The results indicate signifi- 
cant differences in the degree of change 
with age in bone cross-sectional proper- 
ties. Furthermore, the pattern of age 
change is somewhat different in males 
and females, particularly in the femur. 
Females exhibit the greatest increases 
(or smallest decreases) with age in bone 
areas and second moments of area in the 
proximal femoral diaphysis and the next 
greatest increases in the mid-distal tibia. 
For males, the greatest increases in these 
properties are in the middle three cross 
sections of the tibia and the next greatest 
increases in the midshaft region of the 
femur. Both sexes show relatively small 
increases (or decreases) in total subperi- 
osteal area and second moments of area 
in the most distal and proximal cross 
sections (that is, at 20 and 80 percent of 
the tibia bone length, 20 percent of the 
femur bone length, and the femoral neck 
section). 

To a large extent, these intersite differ- 
ences in bone remodeling with age ap- 
pear to be explicable in terms of differ- 
ences in in vivo mechanical stress or 
strain levels in the lower limb. That is, 
regions subjected to relatively high me- 
chanical stress in vivo show the greatest 
increases with age in total subperiosteal 
area and second moments of area and the 
smallest decreases in compact cortical 
bone area. As discussed in (a), sex- 
related differences in pelvic structure 
and activity patterns at Pecos apparent- 
ly led to relatively greater mediolateral 
bending and torsional stresses in the 
lower limb bones among females in the 
sample. This could explain the relatively 
greater age-related increases in cross- 
sectional geometric parameters among 
females in the proximal femoral diaphy- 
sis, a region of particularly high medio- 
lateral bending stress in vivo (18), and 
the mid-distal tibia, a region of high 
torsional stress (19, 20). Conversely, 
male lower limb bones were apparently 
subjected to relatively greater anteropos- 
terior bending stress (8). Thus, males 
show greater age-related increases in 
geometric parameters near the midshaft 
femur and tibia, regions of high antero- 
posterior bending stress in vivo (14, 19, 
21). The results of measurements of oth- 
er geometric properties-for example, 

Age (years) 

Fig. 2. Change with age in the maximum 
second moment of area (I,,,) of the femoral 
midshaft cross section (mean * 2 standard 
error). 

the orientations of principal axes and the 
relative bending rigidities in different 
planes-also support these conclusions 
(8, 14). 

Of particular clinical interest are the 
relatively small increases (or actual de- 
creases) with age in cross-sectional areas 
and second moments of area in both 
sexes near the proximal and distal ends 
of the femur and tibia, since fractures in 
the metaphyseal regions of long bones 
are particularly prevalent among the el- 
derly (4). Explanations for this fracture 
pattern have usually focused on changes 
in the trabecular bone content of me- 
taphyseal regions, that is, more rapid 
turnover rate and thus loss of trabecular 
versus compact cortical bone with aging 
(4, 22). 

Our results indicate that an additional 
factor-mechanical stress and strain-re- 
lated remodeling of bone cortices-may 
also have an important effect on the 
pattern of fracture distribution. Specifi- 
cally, metaphyseal regions may not be 
subject to as high bending and torsional 
stresses as other regions of long bones 
during normal in vivo use of the limb. 
Thus, there may be less mechanical stim- 
ulation for continuing subperiosteal ap- 
position of bone. As a consequence, 
regions near the bone ends are mechani- 
cally weaker and more prone to fail 
under unusually high (fracture-provok- 
ing) bending or torsional loadings, partic- 
ularly as bone is lost from the endosteal 
surface with increasing age. 

In the only other study that we know 
of dealing with cortical bone remodeling 
with age based on direct measurements 
of geometrical parameters, Martin and 
Atkinson (23) found that subperiosteal 
expansion and increases in second mo- 
ments of area in femoral cross sections 
from a modern autopsy collection oc- 
curred only among males and not among 
females. Although there are several pos- 

sible factors that could be invoked to 
explain this difference between their 
study and ours (24), perhaps the most 
plausible explanation involves differ- 
ences in activity levels between the two 
samples. Based on ethnohistoric data 
(a), it is evident that the life-style of 
Pecos females subjected them to signifi- 
cantly more strenuous exercise than fe- 
males from modern industrialized popu- 
lations, the source of subjects for the 
other study. Thus, generally higher lev- 
els of activity may account for the great- 
er apposition of bone throughout life 
among Pecos females. A similar activi- 
ty-mechanical stress factor, activating 
increased bone apposition during adult- 
hood-has also been cited as contribut- 
ing to the lower rate of hip fractures 
among the elderly, particularly women, 
in nonindustrialized as compared to 
Western industrialized populations (25). 
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Phagocyte Impotence Caused by an Invasive 
Bacterial Adenylate Cyclase 

Abstract. For unknown reasons, humans infected with the bacterium Bordetella 
pertussis are exceptionally vulnerable to secondary infections. Bordetella species 
elaborate a soluble, heat-stable, and highly active adenylate cyclase. This enzyme is 
internalized by phagocytic cells and catalyzes the unregulated formation of adeno- 
sine 3',5'-monophosphate (cyclic AMP), thereby disrupting normal cellular function. 
This unusual phenomenon may explain Bordetella-induced aphylaxis and may prove 
to be useful for investigating a variety of cyclic AMP-governed processes. 

Bacteria of the genus Bordetella cause 
acute and chronic respiratory diseases in 
many species of animals. In humans, B. 
pertussis produces whooping cough, a 
prolonged infection of the respiratory 
tree characterized by severe paroxysms 
of coughing interrupted by inspiratory 
whoops. Despite effective immunization 
programs in some countries, whooping 
cough remains a leading cause of child- 
hood mortality (I). 

Among the unusual features of B, per- 

tussis infection are an absence of fever, a 
lack of neutrophilia, and a high incidence 
of secondary bacterial pneumonias (2). 
These features suggest impaired host de- 
fense. Indeed, alveolar macrophages 
from rabbits chronically infected with B. 
bronchiseptica do not produce superox- 
ide in response to inflammatory stimuli 
(3). 

Pathogenic Bordetella spp. elaborate a 
unique, heat-stable, and highly active 
adenylate cyclase that is associated with 

the bacterial cell envelope and is also 
present in the supernatant of suspension 
cultures (4). We hypothesized that this 
enzyme might enter phagocytic cells and 
generate adenosine 3',S1-monophos- 
phate (cyclic AMP), a known inhibitor of 
phagocyte functions (5). The resulting 
cyclic AMP-mediated impairment of 
neutrophil and macrophage function 
might defend Bordetella against phago- 
cytic attack and might also explain Bor- 
detella-induced aphylaxis. 

We initially tested this hypothesis by 
investigating the effects, on human pe- 
ripheral blood neutrophils (6), of culture 
medium in which virulent B. pertussis 
had been grown (7). The supernatant 
fluid of B, pertussis cultures contains a 
labile factor that causes dose-dependent 
suppression of superoxide production by 
human neutrophils stimulated with opso- 
nized zymosan (8) (Fig. 1A). The stabil- 
ity of this bacterial inhibitor is improved 
when whole B. pertussis organisms are 
placed in 4M urea and stored at -70°C. 
Extensive dialysis to eliminate the urea, 
followed by centrifugation to remove in- 
soluble particulates, reproducibly yields 
potent inhibitory activity (9) (Fig. 1). All 
subsequent experiments were performed 
with such urea-extracted, dialyzed prep- 
arations. 

The inhibitory effects of Bordetella 
products on superoxide production are 
not limited to neutrophils; human alveo- 
lar macrophages (10) exposed to B. per- 
tussis extract also show marked suppres- 
sion of superoxide production (11) (Fig. 
1B). In addition, Bordetella products in- 
hibit neutrophil chemotaxis and particle 
ingestion (results not shown). Perhaps 
most important, the Bordetella products 
induce a profound bactericidal defect in 
human neutrophils (Fig. 2) which resem- 
bles that found in chronic granulomatous 
disease (12). Our findings agree with 
earlier reports describing B. pertussis 

A Neutrophils B Alveolar 
macrophages Fig. 1. Superoxide generation by stimulated human phagocytes and 

= inhibition by Bordetella products. (A) Human neutrophils, 2 X lo6, 

g 100 
suspended in 200 p1 of Hanks balanced salt solution, were incubated 
for 10 minutes at 37°C with 200 p1 of the indicated dilution of the 

0 supernatant of 48-hour cultures of B.  pertussis (protein content, 120 - 
o pgirnl) (left panel) and with dialyzed extract of B.  pertussis organisms 
8 .d (protein content, 520 pglml) (right panel). Cytochrome c (1.2 rng) and 
c opsonized zymosan (1 mg) were added (total volume, 1 ml) and the 
,- - superoxide-dependent reduction of femcytochrome c was determined 

E 5 0  
after 10 additional minutes of incubation at 37°C as previously de- 
scribed (8).  Results are expressed as percentages of control (untreated 

01 
o, values), and bars represent the range of independent triplicate deter- 
01 P .- minations. (B) Human alveolar macrophages (lo6) suspended in 100 p1 
x of Hanks balanced salt solution were incubated with 100 p1 of 
2 dialyzed extract of B.  pertussis (T)  or 100 p1 of external dialysis fluid 
P (C) as above. The cells were then stimulated by the addition of 1 mg of 
cz 

0 
opsonized zymosan (left bars) or 0.1 pg of phorbol rnyristate acetate 

C T  C T  (right bars). Superoxide production was assessed by following lu- 
C 46541.1 C \6'/41/1 minol-enhanced chemiluminescence as described (11). Results repre- 

Dllutinn 
sent the mean and range of triplicate determinations. 
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