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Acidic proteins of the nucleoh organizer re- 
gions, selectively stained by silver (AgNOR-pro- 
teins), were investigated during interphase in leu- 
kemia cells with a confocal Scanaing laser 
microscope (CSLM). Simultaneous confocal fluores- 
cence (for specific labeling of DNA, using propid- 
ium iodide) and transmitted light microscopy com- 
bined with digital deconvolution (for the location 
of the AgNOR proteins in nonconfocal mode) were 
used. The distribution of the AgNOR proteins mea- 
sured by 3D microscopy was described by their 
number, the volume occupation of the nucleus by 
the AgNOR aggregates, the distance between each 
AgNOR, the distance of each AgNOR to the nucleolar 
border, and their anisotropy. The results of the 3D 
analysis were compared to those obtained by con- 

ventional 2D analysis, cytogenetical analysis of 
metaphase nucleolar organiser regions (NORs), and 
cell duplication rate. The descriptive power of these 
3D parameters were assessed for nine leukemic cell 
lines. The measurements of the 3D spatial distribu- 
tion of AgNORs was a better discriminant parameter 
than the morphological parameters (i.e., number 
and volume). The 3D expression of AgNORs is also a 
reliable parameter for assessing proliferative activ- 
ity of leukemic cells and seems to be in relation 
with the Merentiation stage of these leukemic 
cells. o 19% wdey-uss, I~C. 

Key terms: NORs, Ag-NOR proteins, three-dimen- 
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Nucleolar organizer regions (NORs) are the genomic 
DNA segments encoding for ribosomal RNA (rRNA) (40). 
In human somatic cells, NORs are located on the short 
arms of the five acrocentric chromosomes; numbers 13, 
14,15,21, and 22 (20,24). During interphase, the NORs 
are located in the fibrillar center and surrounding dense 
fibrillar components of nucleoli (9). They can be visual- 
ized in chromosome preparation and in interphase nuclei 
because each NOR is associated with argyrophilic pro- 
teins (AgNOR) involved in the regulation of transcription 
or post-transcriptional modification of rRNA transcripts 
(21, 47). The silver staining technique for the demon- 
stration of NORs (AgNORs) was originally used to dem- 
onstrate NORs in cytogenetic preparations (18, 23). The 
technique was simplified and first applied to histological 
and cytological preparations by Ploton et al. (38). Re- 
cently, it has been demonstrated that the quantity of in- 
terphase AgNORs is related to the cell proliferation rate, 
allowing the use of interphase AgNOR quantification as a 
parameter for cell kinetics evaluation (1 1, 12, 55). Se- 
quential in situ hybridization of rRNA genes and AgNOR 
staining studies showed that AgNOR proteins can be con- 
sidered to be a marker of ribosomal genes that are ac- 

tively transcribed or potentially active (24,4 1,47). How- 
ever, it has been demonstrated that the distribution of 
interphase AgNORs can be useful to distinguish malig- 
nant cells from corresponding benign or normal cells on 
the basis of a higher quantity of interphase AgNORs (7, 
31, 51). The AgNORs are considered to represent a new, 
additional diagnostic and prognostic information in tu- 
mour pathology ( 13, 15). 

The aim of this work was to compare the usually em- 
ployed 2D quantification of AgNORs with 3D quantifica- 
tion and distribution of the nucleolar argyrophilic com- 
ponents during interphase in leukemic cells lines. The 
3D spatial distribution of AgNORs was investigated using 
simultaneous confocal laser scanning fluorescence (nu- 
clear staining by propidium iodide) and transmitted light 
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microscopy combined with digital deconvolution (for 
the location of AgNOR proteins in non confocal mode). 
The results of the 3D analysis were compared to those 
obtained by conventional 2D analysis, cytogenetical anal- 
ysis of metaphase nucleolar organizer regions, cell dupli- 
cation rate, and differentiation stage of nine leukemic cell 
lines. To our knowledge, it is the first quantitative ap- 
proach of the 3D spatial distribution of AgNOR proteins 
in interphase leukemic cells. 

MATERIALS AND METHODS 
Cell Culture 

Nine leukemia continuous cell lines-LAMA 84 (46), 
LAMA 87 (6), LAMA 88 (6),  HL60 (16), U937 (48), 
THP-1(52), K562 (29), UM384 (5), NB4 (28Fderived 
from leukemic patients were investigated. Cell lines were 
maintained in suspension culture (RPMI 1640 medium, 
Boehringer Mannheim, Meylan, France) supplemented 
with 10% of Fetal Bovine Serum (FBS-Gibco; Cergy 
Pontoise, France), 100 IU/ml penicillin, and 100 mqml 
streptomycin in a humidified atmosphere (5% C02,95% 
air) at 37°C. The medium was changed twice weekly. 

Population Doubling T h e  
Cells (5  x lo5) were grown in plastic flasks. The pop- 

ulation doubling times were determined by counting the 
cells in triplicate samples at 24-hr intervals according to 
the method described by Patterson (37) .  

Staining for Karyotyping 
G, R, and C banding was performed to ascertain the 

karyotype. Twenty metaphase cells from each sample 
were analysed according to ISCN (27). Total chromo- 
some number and acrocentric chromosome number 
were counted and the mean calculated. In the K562 cell 
line, the number of acrocentric chromosomes could not 
be determined (great heterogeneity). 

NORs Staining of Cytogenetic Samples 
Silver staining of NORs was carried out on cytogenetic 

samples using a solution of 1 vol 2% gelatine in 1% 
aqueus formic acid and 2 vol 50% silver nitrate. Silver 
staining was performed for 20 min at room temperature 
(18-2OoC) in the dark After staining, the slides were 
rinsed in a 5% thiosulfate solution, washed in bi-distilled 
deionized water, and stained with 4% Giemsa for 10 min. 
The NO% in metaphase cells were counted and the 
mean number calculated (20 cells per cell line). In U937, 
NORs number cannot be evaluated. 

Preparation and Analysis of Samples in 2D for 
Conventional Light Microscopy 

Cytocentrihged cell samples were air dried, fixed in 
100% ethanol, and stained with selective one-step silver 
staining technique for the AgNOR proteins following the 
procedure reported by Ploton (39, 40). After rehydra- 
tion, the slides were covered with a freshly made staining 
solution prepared by mixing two solutions: one volume 
of a 2% gelatin solution in 1% formic acid and two vol- 

umes of 50% AgNO,. The slides were incubated for 25 
min at room temperature in the dark. After staining, they 
were washed in bi-distilled water and placed in 5% so- 
dium thiosulphate solution for 5 min. After fixation in 
thiosulphate solution, they were rinsed in bi-distilled wa- 
ter, counterstained with Mayer’s haematoxylin for 5 s, 
dehydrated in graded alcohols, and cleared in xylol. All 
solutions were prepared in glassware cleaned with an 
acid dichromate solution. Quantitative 2D analysis was 
performed with a computer-assisted image analysis sys- 
tem (SAMBA 2005, Alcatel-TITN Co., Grenoble, France). 
The images obtained by a CCD video camera mounted on 
light microscope (Axioplan, Zeiss, Germany) were dis- 
played on a TV screen. Measurements were made with a 
plant-apochromat X 100/1.0 oil immersion objective 
(Zeiss); the total magnification was X 1250. Video signals 
were digitized and stored as 512 X 512 pixels coded in 
256 levels of gray. 

Analysis in Confocal Microscopy 
Preparation of samples for observation in confo- 

cal microscopy. For 3D analysis and in order to pre- 
serve the nuclear volume, the cells were fixed in para- 
formaldehyde, stained with selective one-step silver 
staining technique for the AgNORs proteins, and counter- 
stained with propodium iodide (PI). In brief, 2 ml of 
suspension culture containing 1 x lo6 cells were centri- 
fuged for 5 min at 800 rpm and resuspended in 4% para- 
formaldehyde for 10 min. The slides were treated with 
aminoalkysilane (42) to enhance adherance. Approxi- 
mately 5 X lo4 cells were applied per slide and centri- 
fuged at 700 rpm for 5 min using a Cytospin (Shandon). 
The preparation was washed for 10 min in deionized 
water and stained with selective one-step silver staining 
technique for the AgNOR proteins, as noted previously 
(39), and rinsed again in water. Propidium iodide solu- 
tion (50 pg/ml) was used for DNA specific labelling for 
20 min. The slides were then washed three times in dis- 
tilled water and mounted with antifading solution (2.396 
w/v DABCO in 90% glycerol 0.1 M Tris. pH 7.5). Finally 
a 20 X 20 mm coverslip was sealed with nail polish. 

Data acquisition. The optical sections of the AgNOR 
proteins and the nucleus were acquired simultaneously 
using a LSM410 confocal scanning laser inverted micro- 
scope (Carl Zeiss, Oberkochen, Germany) fitted with a 
63 X , NA 1.4, Plan-Apochromat oil immersion objective. 
The AgNOR proteins were imaged in laser scanning 
brightfield transmitted light mode, whereas the nucleus 
(propidium iodide stained) was imaged in confocal laser 
scanning fluorescence mode. Propidium iodide fluores- 
cence (nuclear imaging) was excited with the 514 nm 
wavelength of an Argon laser. The emitted red fluores- 
cence was collected through a 560 nm beam splitter 
followed by a 590 nm long-pass filter. The same laser 
wavelength was used for the transmission mode (AgNOR 
proteins imaging) to avoid differences in focal planes. 
The voxels were sampled every 0.12 Fm in the focal 
plane; the microscope stage was moved vertically up 0.24 
pm between the recording of each optical section; and 
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FIG. 1. Examples of 3D reconstructions of nuclei and AgNORs. A. Stereogram of a Lama 87 cell nudeus; the 
nuclear envelope is shown in gray and the AgNOR can be seen in bright white (15 aggregates). B. Stereogram 
of a HL-60 cell nucleus; only 6 aggregates can be seen. Scale bar: 5 pm. 

the quantification of signal intensity was done on 8 bits 
(256 gray level values). Each optical section was re- 
corded with a scanning time of 0.5 s per field. This scan- 
ning time was long enough to obtain a good signal to 
noise ratio while limiting the fading of the PI fluores- 
cence. For each sample, the optical sections were stored 
as two series of 60 digital images (128 X 128 pixels): 
one corresponded to the sections of the nucleus (NV 
volume) and the other corresponded to the sections of 
AgNOR proteins (AG volume). 

Computer equipment. The discrete values were 
transferred and stored on a workstation via a high-speed 
IEEE-488 communication line. Since the amount of data 
was huge, they were archived on a digital audio tape 
device (1.2 Gbyte per tape). The analysis of the discrete 
volumes were performed on an Iris Indigo workstation 
(Silicon Graphics, Mountain View, CA). This UNIX work- 
station was fitted with a Rs 4000 RISC processor and a 64 
Mbytes RAM. 

The analysis software and 3D visualisation software 
(Fig. 1 ) were written in standard C language using the GL 
library (Silicon Graphics library) and the FORMS user 
interface library (courtesy of Marck Overmars, Depart- 
ment of Computer Science, Utrecht University, The Neth- 
erlands). We developed a program to extract measure- 
ments from the 3D data sets. The features were: (1) 
morphological parameters such as the number of Ag- 
NOR stained aggregates, their average volume fraction 

and the associated standard deviation, (2) topographical 
parameters such as the normalised average distance of 
the Ag-NOR stained aggregates from the nuclear border, 
the normalised average distance to the nearest neighbour 
of each aggregate, and their respective standard devia- 
tions; and (3) anisotropical parameters given by the two 
first latent roots eigenvalues of the matrix of direction 
cosines (35) (Fig. 2, Table 1 ). 

Because the AgNOR stack of sections was collected in 
a nonconfocal mode, the axial resolution was much 
lower than that obtained for the nuclear stack. To com- 
pensate for the difference of resolution, a restoration pro- 
cess was performed on the first data set. This restoration 
filter (36) is based on a simplified implementation of the 
nearest-neighbour method (4) (Fig. 3). We assessed the 
efficiency of the restoration process by comparing the 
result of the segmentation of AgNORs on a few nuclei 
after deconvolution, with the result of the segmentation 
of the same data directly imaged in confocal reflection 
contrast. An example of such comparison is shown in 
Figure 4. It appears that the result of the segmentation is 
quite similar in both cases, although a finer resolution is 
obtained in confocal reflection contrast. After this resto- 
ration step, the Ag-NOR stained aggregates were seg- 
mented by a gray level thresholding. Then the connected 
components corresponding to each AgNOR stained ag- 
gregate were labeled using a seed-fill algorithm (36). Af- 
ter this labelling step, the volume of each aggregate was 
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distances of AgNORs AgNORs anisotropy distances between 
AgNORs from the nuclear border 

FIG. 2. Schematic diagram of the topographical features extracted from the 3D data sets. 

Table 1 
Thirteen Parameters Computed on AgV0R.s 30 Images 

Parameters Abbreviation 
Morphological parameters 

Number of aggregates NbNOR 
Average volume fraction (% ) AV 
Scatter of volume fraction sv 
Scatter of total volume fraction 

Normalised average distance of the Ag-NOR 

Scatter of normalised distance of the 

Average total volume kaction ATV 
STV 

Topographical parameters 

aggregates from the nuclear border 

AgNOR aggregates from the nuclear 
border SDE 

Normalised average of interaggregates 
distances AD 

Scatter of normalised interaggregates 
distances SD 

Normalised average distance to the nearest 
neighbour of each aggregate" AN 

Scatter of normalised distance to the 
nearest neighbour of each aggregate" SN 

ADE 

Anisotropical parameters 
1st eigenvalue EV1 
2nd eieenvalue Ev2 

aParameters rejected by discriminant analysis. 

calculated by counting the number of voxels with the 
same label. To compute distances between aggregates, 
distances from the border of the nucleus and other topo- 
graphical parameters to the center of gravity of each la- 
beled aggregate were calculated. 

A bias due to the high opacity of the silver staining was 
clearly seen on the nuclear sections: the AgNOR staining 
aggregates created a shadowing effect beneath their lo- 
cations in the nuclear sections. The fluorochromes lo- 
cated under the aggregates were not uniformly excited 
and the light they emitted was partially blocked. This 
effect resulted in conical shadows under the locations of 
the AgNOR stained aggregates in the nuclear sections. 
Consequently, before the calculations of features, the pre- 
sumed boundaries of the nucleus had to be retrieved. We 
chose to approximate the boundaries of the nucleus by its 
convex hull. The convex hull calculation was based on the 

Voronoi diagram (3, 35). The shadowing effect did not 
create a real problem for the calculation of the center of 
gravity of the AgNOR aggregates since in transmitted light 
microscopy the level of light is many orders of magnitude 
greater than in fluorescence and the amount of diffracted 
light collected by the lens under the aggregates is suffi- 
cient to form a complete image of the volume. 

In order to avoid measurement biases induced by the 
different sizes of nuclei, all the distances were normalised 
by a reference distance. This unitary distance Dnomz was 
the shortest distance between the nuclear gravity centre 
and the border of the nucleus. The shortest distance of 
each aggregate was normalised with this reference dis- 
tance. For each nucleus, the average and standard devia- 
tion were computed for the distance between each pair 
of aggregates and the distance of each aggregate to its 
closest neighbour. 

The morphological parameters were the number of A g  
NOR aggregates, the average volume fraction of AgNOR 
aggregates, and the associated standard deviation. The 
volume fraction was calculated by dividing the volume of 
an aggregate by the volume of the convex hull of the 
nucleus. 

To measure the anisotropy of the distribution of A g  
NOR stained aggregates in the nucleus, we defined 3D 
unitary vectors along the directions originating from the 
gravity centre of the nucleus and pointing to each gravity 
centre of AgNOR stained aggregates (Fig. 2). The mea- 
surement of the anisotropy of the spatial distribution of 
aggregates was given by the values of the two first latent 
roots (or eigenvalues) of the matrix of direction cosines 
of these vectors. This method was introduced by Ander- 
son and Stephens (1). The relative proportions of the 
eigenvalues Evl and Ev2 indicate the degree of anisot- 
ropy. For example, for a perfect isotropy EVl and EV2 are 
equal to 33%; when the anisotropy increases EVl be- 
comes significantly greater than EV2 (35). 

RESULTS 
AgNOR Analysis and Cell Duplication Rate 

The correlation between the mean of three measure- 
ments of the doubling time and the mean of the number 
of interphase AgNORs is shown in Figure 5. The mean 
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FIG 3. Example of serial optical sections of AgNORs in a nucleus of a Lama 87 cell in transmitted light 
microscopy. A. Raw images of every second section (0.48 pn apart) along the optical axis. B. Deblurred images 
of the same sections obtained by digital deconvolution. Scale bar: 5 km. 

doubling time showed a greater correlation with the 
mean number of AgNORs in 3D (r = 0.94, P < 0.0001) 
than in 2D analysis (r = 0.86, P < 0.003). The nine cell 

lines were separated into three groups: ( 1 )  with a dou- 
bling time under 23 h, (2) between 26 and 29 h, (3) 31 
h or more. In the first group (fast proliferating cell lines 



3D QUANTITATIVE DISTRIBUTION OF AgNORs 19 

36- 

FIG. 4. Comparison of the segmentation of the Agh'OR aggregates of 
the same nucleus imaged with different microscopical modes: left col- 
umn (a,c), confocal reflection contrast; right column (b,d), decon- 
volved transmitted light microscopy. Top row (a,b): 3D reconstruction 
view facing the optical axis (z axis). Bottom row (c,d) 3D reconstruc- 
tion view after a 90" rotation about the y axis. Scale bar: 5 pm. 

HL-60 
r = 0.95 
p < 0.0001 

O THP-1 

(K562, Lama 87, Lama 84), one can observe a consider- 
able difference between the number of AgNORs mea- 
sured in 2D and in 3D (13.33 f 5.38, 19.79 2 5.38, 
respectively). In the second and third groups, corre- 
sponding to slow proliferating cells, no significant differ- 
ences were observed (2) 2D 9.88 * 2.94, 3D: 9.67 * 
3.02); (3) 2D: 7.53 f 2.75, 3D: 7.39 2 2.08). Compari- 
sons of the doubling time with the AgNOR areas in 2D 
(Fig. 6A) showed a greater correlation than the AgNOR 
number measured in the same mode (r = 0.92, P < 
0.0005). This correlation was not observed with the av- 
erage total volume fraction (ATV) (Fig. 6B). 

3D AgNOR Analysis vs. Cytogenetical Analysis 
A significant correlation was found between interphase 

AgNORs determined by 3D analysis and NOR number on 
metaphase cells (r  = 0.69, P < 0.05). Interphase Ag- 
NO& also showed a positive but not statistically signifi- 
cant trend with the number of metaphase acrocentric 
chromosomes (r = 0.67, P < 0.06). However, AgNOR 
number in 3D was not correlated with the total number 
of chromosomes (r = 0.55, P < 0.1) (Fig. 7). 

2D vs. 3D AgNORs Analysis 
The number of AgNORs detected by 3D analysis was 

generally greater than in 2D (Fig. 8). The major signifi- 
cant differences were observed in Lama 87 (3D: 2 1.28 * 
7.59; 2D: 11.23 f 3.06) and K562 (3D: 21.51 f 6.02; 2D: 
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FIG. 5. Correlation between the AgNOR number (NbAgNORs) and the 
cell duplication rate in 2D analysis [y = -1.75X + 45.06; r2 = 0.741 
(A) or 3D analysis [y = - 0 . 9 8 ~  + 39.01; rz = 0.891 (B). 

14.62 2 3.77). These two cell lines had the fastest cell 
duplication rate (Fig. 5). Only in Lama 88 (3D: 9 * 2.6, 
2D: 10.56 * 3.39) and UM384 (3D: 8.53 2 3.25,2D: 9.86 
k 2.4), the AgNORs number measured by 3D quantifica- 
tion was lower than in 2D analysis. The mean of the 
volume of AgNORs computed in 3D was not correlated 
with the area of AgNORs in 2D analysis ( r  = 0.45, P < 
0.2) (Fig. 9). 
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L 

Analysis of Spatial Distribution Parameters 
Statistical analysis. The AgNOR proteins were selec- 

tively detected by specific silver staining and nuclear 
DNA by propidium iodide. The silver stained proteins 
were visualized in enhanced transmitted light micros- 
copy (nonconfocal mode) and the PI fluorescence of the 

FIG. 7 .  Correlation between the mean of AgNOR number computed in 
3D and the number of NO& in metaphase cells (A), the acrocentcic 
chromosome number (B), or the total chromosome number (ploidy) 
(C). 
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FIG. 9. Comparisons of the mean of AgNOR area measured in 2D with 
the average total volume fraction ( A m )  of AgNOR in 3D. 

nucleus in confocal mode. To study the spatial distribu- 
tion of AgNOR proteins, we defined a series of parameters 
that quantify the topography, the morphology, and the 
anisotropy (Table 1 ). The analysis of all spatial distribu- 
tion parameters showed the following trends: In all anal- 
ysed cell lines, the first anisotropical parameter (1st 
eigenvalue-EV1) was much greater than the second an- 
isotropical parameter (Zend eigenvalue-EV2); the 
means for each cell line was approximately the same 
(EV1 55%, EV2 30%) (Fig. 10A). The normalised 

average distance from nuclear border (ADE) and scatter 
of normalised distance from nuclear border (SDE) dem- 
onstrated that excepting the K562 cell line, the majority 
of AgNORs are located midway between the center of the 
nuclear mass and the nuclear border (AgNORs of K562 
were more frequently located on the periphery) (Fig. 
10B). This suggested that AgNOR aggregates were situ- 
ated preferentially in the central and equatorial plane. 
The longest distances between AgNOR aggregates (nor- 
malised average distance-AD, scatter of normalised dis- 
tance-SD) were found in HL-60, whereas the shortest 
were found in Lama 87. Generally, the inter-AgNOR dis- 
tances were longer in slow proliferating cell lines (Fig. 
lOC). A similar tendency was observed in the distribu- 
tion of the volume fractions (average volume fraction- 
AV, scatter of average volume fraction+); the average 
volume fraction of AgNOR aggregates was smaller in the 
fast proliferating cells than in slow proliferating cells 
(Fig. lOD). 

Factorialcllscriminan t analysis. To recapitulate the 
differences or resemblances between the nine cell lines, 
we used a factorial discriminant analysis (FDA). The para- 
metric description of each cell lines was used as the basis 
for defining a Bayesian cell classifier. After such a classi- 
fier was obtained, each cell was submitted to it and re- 
assigned to the cell line it had the highest probability of 
belonging to. The percentage of good reclassification is a 
way to assess the measurement accuracy. The higher this 
percentage, the more discriminant the parameters are. 
The most discriminatory parameters were the AgNOR 
number (NbNOR; discriminant power/dp = 68.853) and 
normalised average distance !%om nuclear border (ADE; 
dp = 21.033); the less discriminatory was the second 
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FIG 10. Comparisons of the parameters computed on 3D images. A. 
Anisouopical parameters: first eigenvalue EVl and second eigenvalue 
EV2. Bars correspond to the standard deviations. The ordinate axis is 
expressed as a percentage of the sum of the three eigenvalues. B. Topo- 
graphical parameters: normalised average distance of the AgNOR aggre- 
gates from the nuclear border ADE and scatter of normalised distance of 

the AgNOR aggregates from the nuclear border SDE. C. Normalised av- 
erage of inter-aggregates distances AD, scatter of normalised inter-aggre- 
gates distances SD. D. Morphological parameters: average volume frac- 
tion AV and scatter of volume fraction SV. Bars correspond to the 
standard deviations. 

anisotropical parameter (EV2; dp = 1.663). Table 2 
shows the rate of well-classified cells (bold figures) for 
each group after the ninth step of a stepwise discriminant 
analysis using the Bayesian classifier. The rate of good 
reassignment (or total correct classification rate) was 
74.5%. This high value confirmed the significance of the 
measurements. Indeed, if these were not representative 
and cells were reclassified randomly, the rate of good 
reassignment would be 11 O x , .  The two remaining vari- 
ables (normalised average distance-AN and scatter of 
normalised distance-SN to the nearest neighbour of 
each aggregate) did not significantly improve the classi- 
fication. In our study the most individualized cells lines 
were K562, Lama 84, and NB4. The most frequently mis- 
classified cell lines were Lama 88 and U937. Figure 11 
represents the projections of 9 cell lines (95% tolerance 
ellipses) on the first and the second factorial planes de- 

fined by FDA. On the first factorial plane three groups of 
cell lines can be distinguished: i-HL60, Lama 88, NB4, 
THP1, U937, UM384, ii- K562, iii = Lama 87, Lama 84. 
The first group corresponds to the slowly proliferating 
cell lines, the second and third correspond to highly pro- 
liferating cells. On the second factorial plane, the differ- 
ences between the cell lines belonging to the first group 
were more visible. 

DISCUSSION 
Recently AgNOR proteins have become a new param- 

eter to assess cellular proliferation. The nature and rela- 
tionship between interphase AgNOR quantity and cellu- 
lar proliferation have been widely investigated under 
different conditions and models of cellular and tumoral 
pathology (13, 15, 49). In the cell lines derived from 
different tumour types, it has been demonstrated that 
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Table 2 
Con fusion Mat& for 9 Cell Line? 

HL6O THP- 1 UM384 Lama 88 u937 NB-4 Lama 84 Lama 87 K562 
HLGO 21 4 3 3 1 0 0 0 0 
THP- 1 3 24 4 2 0 1 0 1 0 
UM384 0 2 23 2 1 3 0 1 0 
Lama88 3 2 3 18 0 7 3 1 0 
u937 3 5 3 0 15 0 0 3 0 
NB-4 0 0 0 0 0 29 2 0 0 
Lama84 0 0 0 0 0 0 29 1 0 
Lama87 0 0 2 0 0 1 2 24 0 
K562 0 1 1 0 0 0 0 0 33 

“Confusion matrix. Total correct classification rate: 74.5%. Classification of AgNORs labeled nuclei was obtained after the ninth stage 
of a stepwise discriminant analysis using 1 1  topographical variables. The two remaining variables (AN and SAN) did not sigtllficantly 
improve the correct classification rate. In such a matrix, the rows correspond to the actual cell line and the columns correspond to 
the groups to which the nuclei were assigned to by a Bayesian classifier. Bold face numbers on the main diagonal indicate the number 
of well-classified nuclei. For example, in the K562 cell line, 33 cells were correctly identified, whereas one cell was confused with 
THP.1 and one cell was confused with UM384. 

rapidly proliferating cells have an amount of interphase 
AgNOR proportionally higher than slowly proliferating 
cells and that AgNOR quantity can be considered as an 
indicator of the speed of the cell duplication ( 11,4449) .  
To assess the relationship between AgNOR expression 
and cellular proliferation, the AgNOR quantity was com- 
pared to the kinetic data obtained by evaluation of other 
cell proliferation markers. A significant correlation or 
positive trend was shown between the AgNOR quantity 
and tumour growth fraction expressed by percentage of 
the S-phase cells in non-Hodgkin’s lymphoma (8), breast 
carcinoma (17), gastric carcinoma (44), and meningio- 
mas (34). However, this correlation was not observed in 
leukemia cells labeled with bromodeoxyuridine (33). A 
significant correlation was observed between AgNOR val- 
ues and growth fraction evaluated by the nuclear Ki-67 
immunoreactivity in numerous human tumours ( 13, 15, 
49). Similar studies investigated the relationship between 
metaphase NORs and the quantity of the interphase Ag- 
NOR proteins (10, 12). These data indicated the lack of 
direct relationship between metaphase NOR numbers, 
the number of NORs bearing chromosomes, and inter- 
phase AgNOR quantity in neoplastic cells. Most of the 
nucleolar organizer regions analyses in the leukemic cells 
refer to metaphase NORs (2, 12) or to interphase Ag- 
NORs (19, 32, 33), whereas few studies refer to both 
(30). In bone marrow, the number of metaphase NORs 
was higher in lymphoblastic leukemia than in normal 
cells (2). Metaphase NOR and interphase AgNOR scores 
were studied in chronic myeloid leukemia (30). AgNOR 
numbers demonstrated greater variations in bone mar- 
row than in peripheral blood cells, which more closely 
resemble normal lymphocytes. However, the NOR num- 
bers diminished in the most mature cells. Large variations 
of NOR and AgNOR scores were observed in acute non- 
lymphoblastic leukemias (45). In all the above men- 
tioned reports, the quantitative approach was evaluated 
under 2D conditions. Therefore, it is reasonable to sup- 
pose that the “absolute” number of AgNOR (more fre- 
quently calculated) was underestimated. On the con- 

trary, the AgNOR area is artefactually overestimated. 
Both errors of estimation are related to resolution limi- 
tations. To verify this hypothesis, we proposed a quanti- 
tative approach of 3D spatial distribution of A g N O R s  in 
leukemic cell lines using simultaneous confocal laser 
scanning fluorescence (nuclear staining by PI) and im- 
proved transmitted light microscopy (AgNOR proteins in 
nonconfocal mode). The results of the 3D analysis were 
also compared to cell duplication rates and to the num- 
ber of NOR sites and of acrocentric chromosomes, and to 
the total chromosome number (cytogenetic study). 
Three recent studies presented 3D data (22, 37, 43). Al- 
though these were only qualitative, they provided inter- 
esting information about the organization of AgNORs, the 
transcriptional regions, and the nucleolus. Other authors 
such as Imamura et al. (26) used a fluorescent NOR (FI- 
NOR) staining and measured the NOR expression in 3D 
(number, diameter) on histological sections of benign, 
borderline, and malignant human tumours. They ob- 
served a remarkable increase of FINORs in the process of 
tumour progression. 

AgNOR Analysis and Cell Duplication Rate 
In our study the number of AgNORs estimated under 

3D spatial conditions showed a greater correlation with 
cell duplication rate than that calculated in 2D. The dif- 
ferences in AgNOR enumeration were particularly obvi- 
ous in rapidly proliferating cell lines. The average total 
volume fraction by nuclear (AVT) did not show, except- 
ing Lama 84 and Lama 87 cells, great variations and was 
not correlated with cell duplication rate. These results 
suggested that in cell lines the dispersion of NO& and 
their associated argyrophilic proteins reflect the rapidity 
of cell proliferation rather than the total volume fraction 
of the AgNOR aggregates. This point may appear quite 
surprising and is indeed difficult to interpret because it 
could be due to an imperfect stoichiometry in the pre- 
cipitation reaction of the AgNORs proteins. However, af- 
ter discriminant analysis, the nine cell lines can be clas- 
sified into two groups: group 1: HL60, UM384, U937, 
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FIG 1 1. Factorial discriminant analysis. Plots of the first and second factorial planes; the symbols are plotted 
at the central position of corresponding population and the ellipses are the 95% confidence limits of the 
population (in extenso 95% of the population can be found inside the ellipse). 

LAMA 88, THP-1 and NB4 (slowly proliferating cells); granulomonocytic (HL60, UM384  and NB4), eosino- 
group 2: LAMA 84, LAMA 87 and K562 (rapidly prolif- monocytic (LAMA 88) or monocytic (THP- 1 and U937) .  
erating cells). The cells of the first group were differen- The cells of the second group were very undifferentiated 
tiated along the granulomonocytic pathway and ex- and possessed three or more differentiation potentialities 
pressed only one or two differentiation potentialities: (erythrocytic, megakaryocytic, eosinophilic, granulo- 
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cytic, or monocytic). These results show a variation of 
AgNORs during the cell differentiation process. Experi- 
ments are in progress to confirm this relation between 
differentiation stages and AgNORs after culture of 
LAMA88 cells in presence of chemicals (TPA and sodium 
butyrate) and physiological (GM-CSF, TGFP, erythropoi- 
etin, and vitamin D3) inducers. 

AgNOR Analysis and Cytogenetid Study 
It was demonstrated that the total number of chromo- 

somes is positively correlated with the number of acro- 
centric chromosomes (25) and that the number of acro- 
centric chromosomes is correlated with the number of 
metaphase NORs (53). However, the majority of data 
published previously indicate the absence of a strict nu- 
merical relationship between the number of metaphase 
NORs and interphase AgNOR values (10, 12, 14, 53). It 
also has been shown that interphase AgNOR quantity is 
not related to the DNA ploidy in different cancer cells 
(14). However, in the present data the values of inter- 
phase AgNORs in leukemic cells were significantly cor- 
related with metaphase NOR number and showed a pos- 
itive trend with acrocentric chromosome number but not 
with total chromosome number. These observations in- 
dicate that a greater number of metaphase NORs could 
be associated with a greater number of interphase Ag- 
NORs and confirm that AgNORs is not related to DNA 
ploidy (14). 

2D vs. 3D AgNOR Analysis 
It was quite surprising that 3D analysis showed a un- 

derestimation of AgNORs quantity in comparison with 
2D analysis, principally in rapidly proliferating cell lines. 
Furthermore, AgNOR areas computed in 2D showed a 
higher correlation with the speed of cell duplication than 
the AgNOR number computed under the same condi- 
tions. The lower number of AgNORs in 3D than in 2D in 
two cell lines is related to the differences of resolution 
and sometimes encountered “bizarre configurations” 
(26). The 3D AgNOR analysis offers a better resolution 
than 2D. The nucleus examined in spatial conditions ob- 
viate, moreover, the AgNOR masking effect. The AgNOR 
area measurements in 2D expressed the number of Ag- 
NOR aggregates rather than the actual amount of pro- 
teins. The mean of total volume fraction of AgNORs was 
not correlated with AgNOR area in 2D. These results are 
in agreement with previous data that showed that 2D 
AgNOR areas are related to cell duplication rate (14, 50)  
and ’H-thymidine incorporation ( 10) independently of 
the type of neoplastic cells. 

Analysis of Spatial Distribution Parameters 
The analysis of 13 parameters of spatial distribution 

showed that AgNOR proteins are preferentially situated 
in central and equatorial plane. The AgNORs in the cells 
with greater proliferating ability had, generally, a larger 
number, a smaller average volume fraction, and a ten- 
dency to form clusters and move closer to the nuclear 
border. The study of the spatial distribution of AgNORs is 

also a new and interesting method to describe and dis- 
tinguish the cells in their different proliferative and 
pathological states. 
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