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tions. 

Recent chemical and physicochemical 
studies of chromatin isolated from bulk 

populations of synchronized cells sug- 
gest that chromatin conformation (1, 2) 
and levels of nuclear protein phosphoryl- 
ation (3) change throughout the mamma- 
lian cell cycle, parallel to other physical- 
chemical and autoradiographic parame- 
ters (4). Attempts have been made to 
correlate these variations with the mech- 
anisms that control cellular proliferation 
and S phase DNA replication (2, 3). It is, 
however, difficult to estimate the degree 
to which measurement artifacts are in- 
troduced in these determinations by the 
physical alterations of macromolecular 
structure which are produced during the 
process of fractionation of cell constitu- 
ents. For instance, there is evidence that 
the structural and functional properties 
of native chromatin are drastically al- 
tered by shearing during the isolation 
procedure (5, 6). It is desirable to deter- 
mine quantitative changes in chromatin 
during the cell cycle in situ, that is, in 
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cells that are morphologically intact. The 
DNA content of Feulgen-stained cell nu- 
clei and chromosomes may be estimated 
by means of the integrated optical den- 
sity (I.O.D.) obtained by scanning densi- 
tometers (7). Measurement artifacts usu- 
ally arise from random processes such as 
variation in nuclear thickness and elec- 
trical noise in the measurement system, 
thus making statistical analysis neces- 
sary. These studies determined that dif- 
ferences in mean values of nuclear geo- 
metric parameters and I.O.D. (DNA 
content) exist between images obtained 
from cells that were synchronized and 
harvested at various intervals through- 
out the HeLa S3 cell cycle. 

Several alternative approaches to tex- 
ture analysis have already been used 
successfully in various fields of life sci- 
ence (8). 

We measured the following parame- 
ters for each nuclear image at the base 
threshold [0.04 optical density (O.D.)]: 
I.O.D., area, projection, and perimeter. 
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We measured the following parame- 
ters for each nuclear image at the base 
threshold [0.04 optical density (O.D.)]: 
I.O.D., area, projection, and perimeter. 

We also computed these derived param- 
eters from measured values-average 
O.D. for each nuclear image (obtained 
by dividing the area of the nuclear image 
by the square of its parameter) and mean 
bounded path (obtained by dividing the 
area of a nuclear image by its horizontal 
projection). In this case the horizontal 
projection consisted of the linear sum of 
all lagging edges projected against a ver- 
tical line. 

We used the Quantimet 720-D auto- 
mated image analyzer for these experi- 
ments, which was equipped with a 
plumbicon scanner and 720-D densi- 
tometer module (Cambridge Instrument) 
(9), and a Reichert Zetopan research mi- 
croscope, equipped with an 80-,tm stage 
driven by a stepping motor. A 100-watt 
tungsten halogen light source was used, 
equipped with a 546-nm filter (40-nm 
bandwidth; Fish-Sherman). The con- 
denser aperture was 1.35; the objective 
was 100 x oil immersion planar achro- 
mat with open iris and a numerical aper- 
ture of 1.25. Internal magnification was 
10 x, produced by a Reichert high- 
quality, direct coupled magnification 
changer. 

The area scanned by the Quantimet is 
comprised of 880 by 688 picture points 
which are subdivided into a 32 by 24 
shade correction matrix. A featureless 
area of the specimen is imaged and load- 
ed into the shade corrector matrix. This 
provides a multipoint image loading of 
shading with omnidirectional inter- 
polation throughout and across matrix 

squares. During specimen analysis, the 
video signal is routed through the shade 
corrector that modulates the signal to 

provide on-line background smoothing. 
The shade corrector compensates for lo- 
cal gray level differences in the image 
and provides a flat background field 
throughout the scanned region. The lin- 
ear dimension of the square picture 
points was determined at the magnifica- 
tion used by means of a stage microme- 
ter (American Optical) graduated in 20- 
,um divisions. The frame was adjusted to 
include leading and trailing edges at a giv- 
en distance, and the frame width in pic- 
ture points was read from the display (re- 
peated ten times and averaged). The re- 
sultant mean picture point width (0.089 
gim) was then entered into the data ac- 
quisition program and formed the basis 
for all measurements of length and area. 
Final system performance was checked 
by measuring the I.O.D. and area of a 
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ture points was read from the display (re- 
peated ten times and averaged). The re- 
sultant mean picture point width (0.089 
gim) was then entered into the data ac- 
quisition program and formed the basis 
for all measurements of length and area. 
Final system performance was checked 
by measuring the I.O.D. and area of a 
single nucleus (Fig. 1), which was manu- 
ally positioned at seven different loca- 
tions within the scanning field-one in 
the center of the field, one in each cor- 
ner, and two on the center line (at the top 

SCIENCE, VOL. 196 

single nucleus (Fig. 1), which was manu- 
ally positioned at seven different loca- 
tions within the scanning field-one in 
the center of the field, one in each cor- 
ner, and two on the center line (at the top 

SCIENCE, VOL. 196 

Nuclear Morphometry During the Cell Cycle 

Abstract. Directly measured and derived geometric and densitometric parameters 
were obtained by means of the automated image analyzer Quantimet 720-D in Feul- 
gen-stained HeLa cells synchronized by selective mitotic detachment. These data 
indicate substantial alteration of nuclear morphology during the entire cell cycle, 
even during the G1 and G2 phases, and the late Gl-early S and late S-G2 transi- 
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and the bottom of the field). The 
coefficients of variation of these parame- 
ters represent estimations of the effects 
of both nonuniformity and random elec- 
trical noise during the time required to 
make the individual measurements 
(about 5 minutes). The coefficients of 
variation were 2.4 percent for I.O.D. and 
1.0 percent for area. Variation of both 
parameters was less than 0.5 percent for 
ten measurements of a single nuclear im- 
age in the center of the field. 

Logarithmically growing HeLa S3 
cells were maintained in suspension cul- 
ture in Joklik-modified Eagle's minimum 
essential spinner medium (10) supple- 
mented with 3.5 percent each of calf se- 
rum and fetal calf serum. Synchro- 
nization of cells (11, 12) was carried out 
in a warm room at 37?C for 18 hours. 
During this period, smears were pre- 
pared from the same culture at 1, 3, 5, 8, 
12, 15, and 18 hours after selective de- 
tachment. The smears for each post- 
detachment time were hydrolyzed with 
1N HC1 for 15 minutes and stained with 
Schiff reagent for 60 minutes according 
to the method of DeCosse and Aiello 
(13); after staining, the samples were 
mounted in Canada balsam. These stud- 
ies were made to determine whether dif- 
ferences in measured or computed geo- 
metric and densitometric parameters 
could be inferred to exist within cell 
cycle phases and across cell cycle phase 
boundaries (see Table 1). The following 
tests were performed for any parameter 
measured at the several points through- 
out the cycle. 

1) Bartlett's test for homogeneity of 
variance (14). Because variance increas- 
es during the cycle as the cells became 

---:; :s :i :~ :Fig. 1. Nuclear images of Feulgen-stained 
HeLa cells whose borders are defined by opti- 
cal density (O.D.) of 0.04. The number be- 

.M~ '~~* '~~ ' neath each cell indicates the I.O.D. value of 
area of hcell.Opithe cell. d tical density was calibrated as fol- 

lows: 100 percent transmission (0.0 O.D.) was 
threshod sedefined by a clear area of the slide (accom- 

Ts pcplished by setting the controls so that 250,000 
transfer cha c of the total of 500,000 picture points were in- 

21324948 dicated). The densitometer was then cali- 
brated for infinite O.D. by blanking all light to 

the scanner. A 1.0 O.D. density filter was then inserted into the light path (using the same clear 
area of the slide) and the densitometer was adjusted, by means of calibration controls, until a 
threshold setting 1.0 on the densitometer resulted (again using the 250,000 picture point criterion). 
This procedure produced an overall linear calibration from 0.0 to 2.0 O.D. [Because the light 
transfer characteristic of the plumbicon is linear (0.99), the threshold calibration was linear 
throughout the operating range of the plumbicon tube.] All geometric parameters were com- 
puted within the borders defined by 0.04 O.D. 

progressively desynchronized (1), this 
test always yielded a significant result. 

2) A Welch test of equality of means 
that does not require an assumption of 
homogeneity of variance (15) (see Table 
1). 

3) Two-tailed Student's t-tests (14- 
16), not involving assumptions of homo- 
geneity of variance, were used to com- 
pare the mean of a parameter with the 
mean values of the same parameter ob- 
served at the next earliest and next latest 
postdetachment times. The significance 
level for each comparison was 2.5 per- 
cent. These tests were employed to de- 
termine whether a given parameter 
changed within a cycle phase or across a 
phase boundary. 

The degree of cell synchrony achieved 
by selective mitotic detachment is high 
and consistent with previous results (1), 
as seen by the time course of I.O.D. after 
mitosis. Figure 2 shows that mean DNA 
content (I.O.D.) of Feulgen-stained 
HeLa cells remains constant from 3 to 8 

hours, increasing through 12 (middle-late 
S) to 15 hours (G2), decreasing again to 
the I.O.D. value of G1 (3 to 5 hours) at 18 
hours after mitosis. These results are in 
agreement with the labeling and mitotic 
indices of HeLa cells pulse labeled with 
[3H]thymidine (1), which indicates that 
DNA synthesis begins at 7 to 8 hours, 
reaching its peak at 12 hours, and falls to 
low levels at 18 hours after mitotic selec- 
tion. The same data (1) showed quite a 
few mitoses at 1 to 2 hours after selective 
detachment, which is consistent with a 
slightly higher mean I.O.D. at I than at 3 
hours. 

On the other hand, geometric para- 
meters such as area and perimeter 
(Fig. 2, lower panel) and projection (Fig. 
3, upper panel) show modulation of 
chromatin morphology during the cell 
cycle that is not necessarily correlated 
with DNA content. Each mean value for 
a given time after mitosis was statistical- 
ly tested, as previously described, 
against its previous and subsequent val- 

Table 1. Measured and computed mean parameter values observed in samples of synchronized HeLa cells as the population progressed through 
the cell cycle. Time represents the hours after selective detachment. Welch tests of each data set indicated that significant differences existed 
between individual means. The minimum sample size was 96 and the maximum 105. Numbers in parentheses represent the bounds of I standard 
deviation. Abbreviation: A.U., arbitrary unit. 

Parameter 

Time Form 
(hours) I.O.D. Average O.D. Area Projection Perimeter factor (no Mean 

(A.U. x 104) (A.U. x 103) (/m2) (a/m) (gm) dimension) ounded 
x 10-2 path (4tm) 

01 11.6 1.51 77.7 11.3 38.2 5.32 6.74 
(8.5-14.7) (1.22-1.81) (56.8-98.5) (9.0-13.6) (30.8-45.6) (4.3-6.6) (5.7-8.0) 

03 10.0 1.631 61.74 9.52 31.7 6.13 6.4 
(8.02-12.0) (1.37-1.94) (49.2-74.3) (8.4-10.7) (27.4-35.9) (5.4-6.9) (5.6-7.3) 

05 10.6 1.81 60.79 9.90 32.1 5.9 5.99 
(7.8-13.4) (1.48-2.21) (40.6-81.0) (7.9-11.9) (24.8-39.4) (4.8-7.3) (5.0-7.2) 

08 9.45 1.87 52.22 10.4 33.8 4.61 4.97 
(7.49-11.4) (1.52-2.3) (36.7-67.7) (7.7-13.1) (24.6-42.9) (3.2-6.7) (4.2-5.9) 

12 13.4 1.70 76.63 14.4 45.4 3.86 5.41 
(9.4-17.4) (1.34-2.16) (59.0-94.3) (9.6-19.2) (31.8-59.1) (2.4-6.2) (4.1-7.2) 

15 14.8 1.92 77.3 11.3 36.2 5.92 6.76 
(10.9-18.7) (1.56-2.36) (56.5-98.1) (9.4-13.1) (29.3-43.2) (4.8-7.3) (5.6-8.2) 

18 10.2 1.68 61.18 10.11 32.8 5.97 5.93 
(8.1-12.3) (1.35-2.08) (43.6-78.8) (7.0-13.2) 22.2-43.5) (4.4-8.0) (4.9-7.2) 
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ues. Differences in chromatin area can 
be found between late G1 and early S, 
even though DNA content remains prac- 
tically constant. Computation of derived 
parameters, such as average optical den- 
sity (average O.D.) (Fig. 2, upper panel), 
mean bounded path, and form factor 
(Fig. 3), shows that chromatin morpholo- 
gy does change significantly at 1 hour 

(early GI), 3 hours (mid-G1), and 5 hours 
(late Gi). Steadily increasing average 
O.D. and a parallel decrease in mean 
bounded path during this interval in- 
dicate a condensation of chromatin that 
is not detectable by any other means (1- 
4). Furthermore, between 5 hours (late 
GI) and 8 hours (early S) both form fac- 
tor and mean bounded path abruptly de- 
crease, while the I.O.D. is not signifi- 
cantly altered. Between 8 and 12 hours 
(mid-late S), the form factor decreases 
substantially and the mean bounded path 
increases slightly (but significantly). In 
the interval between 12 and 15 hours 
(late S-G2 transition), average O.D., 
mean bounded path, and form factor in- 
crease sharply (indicating a con- 
densation of chromatin and a change in 
the nuclear border toward more circular 

102 Av. O.D. Hela cells 1.0.D. 104 

geometry). On the other hand, it seems 
that chromatin dispersion increases (de- 
crease in average O.D.) from early S to 
middle-late S, decreasing to the original 
late G 1-early S value when the cells 
reach G2 (15 hours). These variations in 

average O.D., paralleling the abrupt 
variation in form factor (indicating a 
modulation of shape), are in perfect 
agreement with previous findings on iso- 
lated chromatin conformation as de- 
tected by circular dichroism and eth- 
idium bromide binding sites (1) during 
the HeLa cell cycle. The agreement is 
striking between the time course of the 

changes of primary binding sites (1) and 
changes in chromatin dispersion and 
convolution as indicated by the average 
O.D., mean bounded path, and form fac- 
tor, in the 3- to 15-hour interval. Further- 
more, while form factor (Fig. 2) is in- 
distinguishable between G2 (15 hours) 
and GI cells (3, 5, and 18 hours), the de- 
crease of mean bounded path (Fig. 2) is 
accompanied by a large decrease in aver- 
age O.D. (Fig. 1), which is compatible 
with increasing chromatin dispersion as 
the cells from G2 return to G1. 

These geometric and densitometric 
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Fig. 2 (left). Mean integrated optical density (I.O.D 
density (Av. O.D.) (obtained by dividing the I.O.D. by 
chronized HeLa S3 cells at various time intervals aft( 
was set to ensure that at least.100 nuclear images woulc 
tion was subject to the visual control of an operator wh 
If a given field contained overlapping nuclear images o. 
microscope stage was moved in 80-/tm steps until 
acquired data of all thresholds were spooled onto c 
quently transferred to a disk. Three computer prograi 
extraction of raw values for specific parameters and sl 
and variances that resulted (16). The dashed lines mear 
at the 2.5 percent level, while solid lines connecting two 
between such means were significant at the 5 percent 
projection, form factor (F.F.), and mean bounded path 
at various intervals after mitotic selective detachment 
area, projection, and perimeter, but only the base v 
reported. As noted in the legend to Fig. 2, dashed lines 
ficant in two-tailed Student's t-tests at the 2.5 percen 
means indicate a significant difference. 
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data from synchronized Feulgen-stained 
HeLa cells are interesting for two rea- 
sons. (i) They confirm, in chromatin ob- 
served in situ [see also (17)] the same re- 
sults observed in "isolated" chromatin 
by independent physical-chemical tech- 
niques, indicating substantial alterations 
in chromatin conformation during the 
cell cycle (4). (ii) They prove to be quite 
powerful with respect to the character- 
ization of chromatin morphology with a 
high degree of accuracy, even during the 
G1 phase (traditionally indicated as a 
"gap" or "black box," but now capable 
of subdivision into objectively identi- 
fiable subcompartments, with the same 
DNA content but different geometric 
properties). Also, this method could al- 
low characterization of chromatin mor- 
phology during the late G1-early S tran- 
sition (where most antimetabolites act 
and variations in DNA content are mini- 
mal) and between the G2 and G1 phases. 
These studies, conducted on Feulgen- 
stained, synchronized HeLa cells, prove 
that geometric and densitometric texture 
analyses may constitute a unique tool for 
achieving a newer understanding of the 
biology of cell growth and kinetics. Their 
impact on life science is promising, 
mostly because of the possibility of ex- 
tending such analyses to sections of in- 
tact tissues (18). 
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into osteoclasts during bone resorption. 

Monocytes and macrophages are often 
seen adjacent to bone-resorbing surfaces 
in patients with chronic inflammatory dis- 
eases, such as rheumatoid arthritis, peri- 
odontal disease, and cholesteatoma, and 
also in those with tumors that metastasize 
to bone. Monocytes and macrophages are 
also found in the normal bone-marrow 
cavity adjacent to remodeling endosteal 
bone surfaces. However, although there 
is in vivo experimental evidence that os- 
teoclasts may be derived from circulating 
mononuclear cells (1), there has been no 
evidence that these cells themselves are 
capable of direct bone resorption. We 
have now shown that circulating human 

monocytes can stimulate bone mineral 
and matrix resorption in vitro. 

Human peripheral blood monocytes 
were obtained from normal blood donors 
at the Connecticut Red Cross, Farm- 

ington, Connecticut. Human leukocytes 
were obtained from plateletpheresis do- 
nations from normal donors. After the 
platelets had been removed from the oth- 
er blood cells in the plateletpheresis ap- 
paratus, red cells were separated by dex- 
tran sedimentation to leave a leukocyte 
buffy coat. The neutrophils in the leuko- 
cyte buffy coat were removed by Ficoll- 
Hypaque (Pharmacia) density sedimenta- 
tion. When cells were suspended for 90 
minutes in medium containing 20 percent 
fetal calf serum in plastic petri dishes at 
37?C in an atmosphere of 5 percent CO2 
and air, monocytes adhered to the plastic 
surfaces (2). The nonadherent lympho- 
cytes were removed by gently rinsing the 
plastic petri dishes with fresh, warmed 
medium. Macrophages were grown as 
colonies from human bone-marrow aspi- 
rates cultured on semisolid mediums (3) 
(McCoy's 5A in methylcellulose-4000 
count sec-1) (Fisher) with 10 percent fetal 
calf serum and 5 percent horse serum. 
Macrophage colonies were clearly dis- 
cernible between the 10th and 12th days 
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of culture. The nature of these colonies 
was confirmed by Wright's staining of 
smeared cells. 

The assay for bone resorption used in 
these experiments has been described (4). 
Pregnant rats at the 18th day of gestation 
were subcutaneously injected with 0.2 mc 
of 45Ca or 1 mc of [3H]proline. The next 
day, the fetal rat radius, ulna, and tibia 
were removed, and the mineralized shafts 
were dissected free from the cartilag- 
inous ends and adjacent soft tissue. The 
bones were killed by freeze-thawing 
three times and were then exposed to 
ultraviolet light for several hours. The 
bones were either split or left intact and 
were then cultured with the cell prepara- 
tions for 5 to 8 days. The cells were cul- 
tured in BGJ medium (Gibco) supple- 
mented with either bovine serum albumin 
(4 mg per milliliter of medium) or 10 per- 
cent fetal calf serum inactivated by heat. 
Bone resorption was measured as the re- 
lease of 45Ca from the cultured bones 
into the medium. Values were expressed 
as means + standard errors for four pairs 

Table 1. Bone mineral release in the presence 
of cultured human mononuclear cells from 
paired killed bones previously incorporated 
with 45Ca. Cells were cultured for 5 days in 
BGJ medium supplemented with 4 mg of bo- 
vine serum albumin per milliliter of medium at 
a density of 1 x 106 cells per milliliter. Results 
are expressed as ratios of 45Ca released from 
killed bones cultured with the indicated cells to 
that released from paired bones cultured with- 
out the cells. Values are means + standard er- 
rors for four pairs of bone cultures. 

Ratio 
Culture (treated- 

to-control) 

Mononuclear cells 1.37 ? .14* 
Adherent mononuclear 

cells 1.30 ? .03 * 
Nonadherent mononuclear 

cells 1.13 ? .03* 

*Significantly greater than 1.0 (P < .05, t-test). 
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of bone cultures. Statistical differences 
were analyzed with t-tests. In some ex- 

periments the rat bones were labeled with 
[3H]proline to measure matrix resorp- 
tion, expressed as the percent of total 

radioactivity released into the medium 
during the period of culture (5). 

When human mononuclear cells, from 
which neutrophils were separated by Fi- 

coll-Hypaque sedimentation, were cul- 
tured with killed bones for 5 to 8 days, 
there was an increase in both 45Ca re- 
lease (Table 1) and [3H]proline release 
from the bones compared with the com- 
parison (paired) bones cultured without 
cells. When the cells were cultured for 8 
days with four pairs of bones previously 
labeled with [3H]proline, the treated-to- 
control ratios for radioactivity released 
into the medium were 1.52 ? 0.13 (P < 
.01; Table 1). The greatest increase in 
mineral release from the killed bones 
occurred between the 4th and the 8th 
days of culture (Table 2). The mono- 
nuclear cells were much more effectiVe in 
resorbing killed bone than the non- 
adherent population (P < .01; Table 1). 

Monocytes are not the only cells we 
have found to cause bone resorption di- 
rectly. Fetal rat calvarial cells also cause 
matrix resorption and mineral release 
from dead bones, although their effects 
are usually much greater than those of 
monocytes (6). During an 8-day period, 
calvarial cells cause a 40 to 200 percent 
increase in mineral release compared 
with paired bones cultured without cells, 
whereas monocytes usually cause a 30 to 
60 percent increase in mineral release. 
Marrow macrophages are also capable of 
resorbing killed bone. When colonies of 
macrophages obtained from normal hu- 
man bone marrow aspirate were cultured 
on semisolid mediums, adjacent but non- 
contiguous killed long bones of fetal rats 
were visibly resorbed during a 48-hour 
period between the 10th and 12th days of 
culture. None of the other cells that have 
been tested under these conditions [in- 
cluding nonadherent human lymphocytes 
(Table 1), rat fibroblasts, and non- 
adherent rat spleen cells] have caused 
mineral to be released from killed bones. 

Hormones that normally stimulate 
osteoclastic bone resorption and mineral 
release from live bones in organ culture 
-such as parathyroid hormone (PTH), 
osteoclast activating factor (OAF), 
1,,25-dihydroxycholecalciferol [1,,25- 
(OH)2D], and prostaglandins-E2 (PGE2) 
-did not increase mineral release from 
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1,,25-dihydroxycholecalciferol [1,,25- 
(OH)2D], and prostaglandins-E2 (PGE2) 
-did not increase mineral release from 
killed bones stimulated by mononuclear 
cells during an 8-day period (Table 2). In 
a separate experiment (experiment 2), 
salmon calcitonin (SCT) (100 milliunits 
per milliliter of medium) did not inhibit 
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Direct Resorption of Bone by Human Monocytes 

Abstract. Cultured human peripheral blood monocytes stimulate the release of bone 
mineral and matrix from killed long bones offetal rats. These effects were inhibited by 
cortisol but were not altered by hormones that normally stimulate osteoclastic bone 
resorption. There was no evidence of morphologic differentiation of the monocytes 
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