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ABSTRACT 

The number of pore complexes per nucleus was determined for a wide variety of 
cultured cells selected for their variable DNA content over a range of 1-5,600. 
The pore number was compared to DNA content, nuclear surface area, and 
nuclear volume. Values for pore frequency (pores/square micrometer) were 
relatively constant in the species studied. When the pore to DNA ratio was plotted 
against the DNA content, there was a remarkable correlation which decreased 
exponentially for the cells of vertebrate origin. Exceptions were the heteroploid 
mammalian ceils which had the same ratio as the diploid mammalian cells despite 
higher DNA content. 

The results are interpreted to mean that neither the nuclear surface, the 
nuclear volume, nor the DNA content alone determines the pore number of the 
nucleus, but rather an as yet undetermined combination of different factors. The 
surface and the volume of vertebrate nuclei do not decrease with decreasing DNA 
content below a given value. The following speculation is suggested to account for 
the anomalous size changes of the nucleus relative to DNA content in vertebrates. 
Species with small DNA complements have a relatively large proportion of active 
chromatin which determines the limits of the physical parameters of the nucleus. 
The amount of active chromatin may be the same for at least the vertebrates with 
low DNA content. At high DNA content, the nuclear parameters may be 
determined by the relatively high proportion of inactive condensed chromatin 
which increases the nuclear surface and volume. 

The two membranes of the nuclear envelope are 
interrupted by nuclear pore complexes, the struc- 
ture and possible function of which have been the 
subject of several reviews (9-13, 19, 20, 32, 35). 
These pore complexes could control the exchange 
of macromolecules between the two major com- 
partments of the cell either by a change in total 
number of pores or by a selective filter mecha- 
nism. Feldherr (8) determined that gold particle 

size rather than pore frequency seemed to influ- 
ence the exchange rate. Paine et al. (29) found 
that the pore complex has a patent radius of 45 
and, therefore, allows free exchange of small 
molecules. No selective filter function other than 
pore size has been demonstrated up to now. An 
increase in the nuclear pore number, however, 
could be brought about experimentally in lympho- 
cytes that had been stimulated with phytohemag- 
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glutinin (PHA)  (23, 24), indicating a change in 
nuclear pore number  during a change in metabolic 
activity. Also,  the total pore number  per nucleus 
doubled from a plateau in the G1 phase to the end 
of the cell cycle in HeLa  cells, and the pore- 
volume ratio stayed equal during this time (24). 
The question which arose from these observations 
is whether there is any relationship between the 
amount  of D N A  and the nuclear pore number  and 
whether the volume or the surface of the nucleus 
are determining factors. Another  possibility is that 
neither the D N A  content,  volume nor the surface 
of the nucleus determines the nuclear pore num- 
ber. To compare cells of  varying origins and D N A  
content, we had to analyze cells at the same activ- 
ity. We selected proliferating cells in culture be- 
cause they were engaged in a comparable activity, 
and because they had an added advantage in that 
their nuclear size could be determined with high 
accuracy in the live cel ls)  

M A T E R I A L S  A N D  M E T H O D S  

Some of the cell lines used in this investigation were 
obtained from the American Type Culture Collection 
(Rockville, Md.) (Xenopus laevis, kidney cells [A6]; 
mouse L cells [L929]; and African Green Monkey cells 
[CV1]). Others were obtained as follows: Peromyscus 
crinitus cells from Dr. T. C. Hsu (Anderson Hospital, 
Houston, Texas); Rana pipiens cells from Dr. J. J. Freed 
(Institute for Cancer Research, Philadelphia, Pa.); 
Notophthalmus viridescens cells from Dr. T. S. Reese 
(National Institutes of Health, Bethesda, Md.); Droso- 
phila ($2) cells from Dr. I. Schneider (Walter Reed 
Hospital, Washington, D. C.), and yeast from Dr. L. 
Hartwell (University of Washington, Seattle, Wash.). 
The cell lines of the salamander Triturus cristatus (heart), 
and the toads Xenopus laevis (heart), and Scaphiopus 
holbrooki (heart) were established in our laboratory. 
WI38, HeLa, and CHO cells came from Wistar stocks. 
Chicken explants were made from ll-day-old embryos 
and used on the 7th day after explanting the tissue. 

The cells were maintained in different media. Tritu- 
rus, Rana, and Xenopus cells were established and main- 
tained in Leibowitz medium, with 20% fetal calf serum 
diluted to 60% with H~O at 24~ Scaphiopus was estab- 
lished and maintained in MEM, with 20% fetal calf 
serum diluted to 80% with 1420. Mouse L, HeLa, WI38, 
CV1, and CHO cells were maintained in MEM with 
10% fetal calf serum. All media contained 0.1 mg/ml of 
streptomycin and 200 U/ml of penicillin, except the 
medium for Scaphiopus, in which fungal growth had to 
be suppressed initially by the use of Fungizone (E. R. 

1 Maul, H. M. 1977. Comparison of nuclear surface and 
volume in cells grown in suspension vs. monolayers. 
Manuscript submitted for publication. 

Squibb & Sons, New York, N. Y.). Drosophila cells 
grew at 250C in Schneider's medium with 10% heat-in- 
activated serum. Yeast (Saccharomyces cerevisiae) was 
grown according to Hartweli (17) at 24"C or with the 
same medium but containing 20% glycerol. After sev- 
eral days, the yeast adapted to this condition but grew 
very slowly. 

Determinations of nuclear diameter by phase-contrast 
microscopy, of height by electron microscopy, and of 
pore frequency by freeze-etching were done on cells 
during the exponential growth phase (48 h after plating). 

For determination of nuclear size the short and long 
axis of 50 live cells were measured and averaged sepa- 
rately. The average height was calculated from 20 elec- 
tron micrographs of cross-sectioned cells embedded in 
situ (4). To estimate the surface area and the volume, we 
viewed the nucleus as a cylinder with an elliptical base, 
the rim of which then consisted of a semicircle (Fig. 1). 
The measured diameters were the sum of the major (or 
minor) axis of the ellipse, plus the radius of the rim (half 
the nucleus height). The average nuclear surface area, 
therefore, would equal the surface area of both bases of 
the cylinder, plus the product of the circumference of the 
cylinder's base and one-half the circumference of the 
circle, i.e., the circumference of the rim. Similarly, the 
volume of the nucleus was calculated from the cylinder's 
volume and the tim's volume. Therefore, the cylinder's 
volume equals the area of the base times the height of 
the cylinder. The rim's volume equals the area of the rim 
times the circumference of the cylinder's base. 

HeLa, mouse L, and CHO cells were grown in sus- 
pension culture. Their nuclei appeared mostly round. 
The long and short axes of these nuclei were averaged, 
and the surface and volume were calculated as if the 
nuclei were spheres. The same calculations were per- 
formed for Drosophila cells, since these nuclei were 
round despite the fact that the cells grew on plastic or 
glass. The special conditions and calculations for the 

FACE ON VIEW 

I ( I 

CYLINDER ' ~RIM~I 

MEASURED DIAMETER 

FIGURE ! Schematic representation of the idealized 
nuclear shape for cells grown as monolayers. See text for 
rationale of surface and volume calculation. 
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nuclear size in yeast will be given in the Results section, 
since these nuclei are so small that they cannot accurately 
be measured by light microscopy. 

For freeze-etching, the cells were scraped from the 
tissue culture bottles with a rubber-tipped glass rod and 
resuspended in increasing concentrations of glycerol in 
medium up to 20% vol/vol within 10 min. After 30 min, 
the cells were gently concentrated in a tabletop centri- 
fuge and frozen on gold specimen holders in liquid nitro- 
gen-cooled Freon 22. The specimens were freeze-frac- 
tured in a Balzers' freeze-etch device (Balzers AG Bal- 
zers, Liechtenstein), etched for 1 min at 100~ and 
subsequently shadowed with platinum carbon (26). The 
replicas and sections were examined in an Hitachi 
HU11E microscope at 75 kV. For each set of negatives, 
a calibration was performed for the magnification 
(20,000) used to correct any instrumental variation. 
Pores were counted directly on the negatives with the aid 
of a stereoscope, and the areas were determined by 
planimetry. Care was taken to eliminate areas of the 
nuclear membrane with obvious curvature, to avoid an 
overestimate of pore frequency (Fig. 10). 

For measurements of nuclear height, the cells were 
fixed in situ in 3-cm Falcon plastic petri dishes (Division 
of BioQuest, Oxnard, Calif.) with 3% glutaraldehyde in 
0.1 M phosphate buffer with 1 mM MgC12 for 30 min, 
and postfixed in 1% OsO4 in the same buffer for 30 min. 
The cells were then block-stained in 0.5 % uranyl acetate 
in H20 for 16 h at 60~ (22), rapidly dehydrated, and 
flat-embedded (4) in Epon 812. After removal of the 
plastic petri dish, the cells were reembedded so that they 
could be sectioned perpendicular to the plane of growth. 
This resulted in two lines of ceils in each section. All 
nuclei seen in the microscope were photographed so long 
as they had not been tangentially sectioned. There was 
remarkably little variation in the height of most nuclei. 

For autoradiography, cells were grown on small cover 
slips and incubated for 30 min with 4 ~Ci/ml of 
[H3]thymidine (sp act 6.7, New England Nuclear, Bos- 
ton, Mass.). After being coated with Kodak emulsion 
(NTB Type 2), exposed for 7 days, developed, and 
fixed, 500 cells were counted, and the number of labeled 
cells was determined. 

Cells were sent to Los Alamos, New Mexico for DNA 
determination at the same passage level as that at which 
they were used for the analysis of nuclear pore number. 
DNA content per cell was determined by staining cell 
populations with acriflavine (6) and/or Mithromycin (5) 
and by analyzing them with the Los Alamos flow micro- 
fluorometer (FMF) (18). Fluorescence intensity was 
determined for the Gt peak for each cell line and com- 
pared with that for the G~ peak for Chinese hamster 
ovary (line CHO) cells. CHO cells contain 6.0 x 10 -re g 
of DNA as determined by Schmidt-Thannhauser analy- 
sis (21). In some instances, for cells with very low or very 
high DNA contents, direct comparison with CHO cells 
was not possible. In these cases, intermediate values 
between the cell lines were determined with the use of 
fluorescent microspberes or an electronic flasher compo- 

nent of the flow microfluorometer. Cells with very high 
DNA contents appear to be less amenable to flow micro- 
fluorometric analysis that mammalian cells, for as yet 
undetermined reasons. Therefore, in several cases, 
DNA determinations were made by the classical Feulgen 
technique. In all other cases, the flow system analysis 
has proven to be highly reproducible and accurate 
(---3-5%). 

For cytophotometric determination of the DNA con- 
tent, monolayers of cells were fLxed and stained by a 
Feulgen procedure for DNA (7). Hydrolysis with 5 N 
hydrochloric acid at 24~ for 50 min was used to insure 
optimal dye binding. The cells were then incubated for 
2 h in Schiff's reagent and rinsed in three changes of 
freshly prepared sulfide bleach, dehydrated, cleaned, 
and mounted in synthetic resin. The relative single-cell 
DNA content was determined with a Vickers M85 scan- 
ning microdensitometer (Vickers Instruments, York, 
England) as described by Goldstein (15, 16). Briefly, the 
specimen is viewed in a conventional microscope system, 
and an adjustable photo-electric grading system is used 
to define the measuring field. During operation, the 
measuring field is scanned by a flying spotlight probe. At 
the end of a scanning raster, the signals are electronically 
integrated. The contribution from the same measuring 
field without the nucleus is then obtained from a second 
scan in the immediate vicinity and subtracted from the 
first measurement. The values under the G~ peak are 
averaged and used for the calculation of the DNA val- 
ues. 

R E S U L T S  

The  nuclear  dimensions  as seen with the phase  
microscope (Figs. 2 -4)  can be measured  with 
great accuracy because the he te rochromat in  on 
the nuclear  m e m b r a n e  increases its contrast .  The  
error  was less in the large nuclei of the Noto- 
phthalmus cells (Fig. 4) than in the  smaller  nuclei 
of the CV1 cells (Figs. 2 and 3) or in the nuclei of 
Drosophila cells tha t  had  a d iamete r  of only about  
5 / z m  (class interval ,  1 /xm).  The  elliptical shape of 
the nuclei was not  always the ideal one shown in 
Fig. 2; the project ion of some nuclei was more  
circular (Fig. 3), but  there  were no  ext reme devia- 
tions f rom the geometr ic  shape.  No measurement s  
were made  f rom giant nuclei in a popula t ion  or 
from the small  fraction of cells tha t  were multinu- 
cleated. F rom Figs. 5 and  6, the basis for calculat- 
ing the nuclear  surface and  volume can be ob- 
served.  The  cells were usually fiat, and the nuclei 
are rounded  at their  margins.  Drosophila cell nu- 
clei are round  despite the fact that  they were 
grown on plastic (Fig. 7). 

De te rmina t ions  of errors  in the  different meas- 
u rements  revealed that  n o  significant difference in 
the pore frequency existed be tween  two replicas 
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from the same cell population frozen at the same 
time. As previously shown, there is a significant 
difference (9.6%; P = 0.05) within one replica if 
well frozen cells are compared to cells that contain 
ice crystals in their cytoplasm. These cells were 
judged to be dead since the same percentage of 
cells did not exclude dye (25). The reproducibility 
of the planimetry for the same set of areas was 
extremely good when the work was performed by 
the same person on the same type of paper on 
different days. A difference of up to 10% did 
occur when different persons performed the pla- 
nimetry on the same set of areas, so the planime- 
try was subsequently performed by one person. 
After each set of micrographs, the electron micro- 
scope was calibrated to exclude instrument varia- 
bility. 

The determination of nuclear size was more 
problematic. 50 measurements of length and 
width proved sufficient to obtain reproducible re- 
sults. If 50 measurements were repeated on the 
same slide, the length for P. crinitus cells was 
15.92 - 1.72 and 16.10 -+ 1.27 (P = 0.25), 
respectively, and the width 9.92 -+ 1.38 and 10.04 
- 1.03 (P = 0.25). The resultant size difference 
for surface and volume was about 2% in both 
cases. Some areas on the same slide were more 
confluent than others. Nuclei of confluent P. crini- 
tus cells did not have a nuclear length and width 
different from those of cells at low density (P = 
0.2; P -- 0.5) if measured on the same slide. 
However, there was a significant difference when 
cells were plated and measured at different times. 
In CV1 cells, one measurement was 20.0 -+ 2.18 
p.m vs. 20.4 -+ 2.15 p.m in length (P -- 0.2) but 
13.9 - 1.99 p.m vs. 11.3 -+ 1.52/zm in width (P 
= 0.001). The resultant surface and volume dif- 
ferences were 12% and 15%, respectively. A sig- 
nificant difference in the width but not in the 
length of nuclei was found also if the cells were 
grown on glass rather than plastic. In Notophthal- 
mus viridescens the P-value for nuclear length was 
0.15 but for nuclear width was 0.05, resulting in 
about an 8% difference in surface and volume. 
For the spadefoot toad, the results were the same 
(length P = 0.3, width P = 0.002; 7% surface 
difference, 8% vol difference). The variability of 
the pores//~m 2 for different exponentially growing 
cultures of the same cell type has also been deter- 
mined repeatedly. The difference was never more 
than 6% and usually between 2 and 3% (data are 
available on two series of comparably activated 
lymphocyte populations, 24), 

Errors in the determination of nuclear height in 

flat cells have hardly any effect on determinations 
of nuclear surface, but they translate directly into 
errors in nuclear volume. In WI38 cells, a differ- 
ence of 10% in height changes the nuclear surface 
by only 1.2% but changes the volume by 9.8%. 
The mean nuclear height as measured in the var- 
ious experiments did not vary significantly (N. 
viridescens P = 0.15; CV1 cells P = 0.35). 

Nuclear shape has little influence on the surface 
area and volume in flat cells. In "spherical" nuclei 
of cells grown in suspension culture there is a 
nuclear indentation at the cytocenter, which re- 
sults in an overestimate of about 25% in volume 
and an underestimate of about 15% in surface. ~ 
The numbers in Table I represent the corrected 
values. Briefly, the indentation at the cytocenter 
results in a nuclear shape similar to the shape of an 
indented ball. Since most cells will appear round 
when the indentation is parallel to the optical axis, 
the volume will be extremely overestimated if the 
formula for a sphere is used. Measurements of 
nuclei seen with the indentation at fight angles to 
the optical axis tend to underestimate the surface 
since one can imagine the indentation ballooned 
out. The indentation seems to be due to microtu- 
bules. If Colcemid was added to break the micro- 
tubules, the short diameter of the nucleus in- 
creased but not the long one. Our estimates also 
take into account folds of the nuclear membrane. 
The estimates of nuclear size were made on live 
cells in medium, but the pore frequency was deter- 
mined on glycerinated cells. The effect of glycerol 
on nuclear size was therefore determined in 
chicken and WI38 cells. In WI38 cells, the nuclear 
length was 22.9/zm -+ 2.2 and the width 11.8 - 
1.8 in the controls vs. 21.6 -+ 2.3 and 11.7 -+ 2.0 
in the glycerinated cells. In a repeat of the meas- 
urements, the length differences were reversed, 
i.e., the control nuclei were slightly shorter. The 
differences are not significant. The same observa- 
tion was made with chicken cells (23.3 -+ 3.5 and 
11.0 - 2.0 p.m vs. 23.1 - 4.2 and 11.1 -+ 2.1 
/zm). The standard deviation was always slightly 
larger in the glycerinated samples, probably be- 
cause the fine line of the nuclear membrane was 
not so distinctly recognizable as in the controls, 
but the mean of the nuclear measurements did not 
show any significant difference. Methodological 
investigations on glycerin-treated cells have previ- 
ously been reported for cells in suspension culture 
("spherical cells") (24, 25). 

From the determinations of error, the methodo- 
logical error should be less than -+ 15%. Among 
the 10 determinations of nuclear pore number 
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which had been repeated, none showed a differ- 
ence of 20% except those for yeast, but in this 
instance the growth conditions were different. 
Variability with different growth conditions has 
not been determined yet. 

The DNA content of Triturus and Notophthal- 
mus can be determined cytophotometrically. As 
controls, chicken explants, WI38, and CV1 cells 
were also measured cytophotometrically. The ra- 
tios determined between the DNA values of the 
GI peaks obtained by flow microfluorometry and 
the mean of arbitrary units of the G1 peaks varied 
between 2.71 and 2.73 (arbitrary U/10 -12 g) for 
the cell types stained in the same dish and mea- 
sured on the same day (see Fig. 11 a and b for 
overlap of FMF and cytophotometrically obtained 
data). In both types of measurements, one finds 
the G2 peaks slightly larger than twice the G~ 
peak. The average ratio was used to calculate the 
DNA value for the G~ peak of Triturus and Noto- 
phthalmus cells. For S. cerevisiae, data from Bick- 
nell and Douglas (1) were used. 

Because of the small size of the yeast nucleus 
and the cells' high densities, no direct measure- 
ments could be made on live cells with the contrast 
microscope. Also, because of the great curvature 
of the nuclear membrane fracture faces, measure- 
ments for the surfaces had to be corrected. The 
nuclear size had to be estimated from cross frac- 
tures. In Fig. 8, a face-on view of the yeast nuclear 
envelope is shown, and in Fig. 9 a cross fracture. 
Both figures represent the fractures obtained and 
indicate that the nucleus is primarily a sphere in 
the preparation analyzed (see, however, reference 
31). The nuclear membrane areas as well as the 
cross fractures at right angles were measured in 
0.05 p,m class intervals. From the the distribution 
in Fig. 12, the maximum diameter of the mem- 
brane fracture faces can be observed not to over- 
lap significantly the diameters of the cross frac- 
tures of the nuclei. This feature indicates that at a 
given fracture angle (about 127 ~ ) the membrane 
splits, whereas if the angle is more acute (<127 ~ ) 
the membrane is cross fractured, i.e., at a fracture 
angle of exactly 90 ~ on a sphere, the maximum 
diameter would result. 

For the nuclear diameter the mean was not 
used, as this would have resulted in an underesti- 
mate; rather, we used the value for the shoulder at 
the large diameters (1.85 /zm). The precipitous 
drop indicates that few nuclei are larger, and 
therefore represents the maximal diameter. There 
seems to be only a narrow range of nuclear diame- 

ters. If 1.85 /zm is used as the diameter, the 
surface of the average yeast nucleus is 10.75 p,m 2 
and the vol 3.32/xm a. Calculation of surface of a 
segment from its projection (the average of the 
measured diameters of the nuclear surfaces) re- 
sults in a correction factor of 0.882. The value of 
12.51 pores//~m z determined from the micrograph 
is, therefore, only 11.03 pores/p.m 2. The resulting 
average pore number per nucleus (119 pores) is 
substantially lower than the one calculated by 
Moor and M/ihlethaler (26) for old or stationary 
yeast cells. 

In another experiment, yeast cells were kept in 
medium containing 20% glycerol. They grew 
much slower and had a smaller corrected pore 
frequency (8.92 /zm2), a smaller surface (9.08 
/zm2), a smaller volume (2.5/zm 3) and, therefore, 
a smaller pore number (81 pores per nucleus), 
i.e., there were 32% fewer nuclear pores in the 
slow growing yeast. 

For convenience in determining nuclear size, 
mammalian cells with spherical nuclei had initially 
been selected. Also, the DNA content of CHO, 
HeLa, and mouse L cells had already been deter- 
mined repeatedly (L. L. Deaven, unpublished ob- 
servations). The pore number of cycling human 
lymphocytes had been estimated previously (24). 
As can be seen from Fig. 16, the pore/DNA ratio 
was approximately the same in these four cell lines 
despite a more than twofold variation in DNA 
content. We decided to extend the number of 
different cell lines and select them according to 
different D N A  content. Table I provides the sum- 
mary of the data collected during this extended 
investigation, and reveals an obvious increase in 
nuclear surface with increasing DNA content; this 
increase is not proportional, however. For the 
cells of vertebrate origin, there is little increase 
in nuclear surface from 2.6 pg to 7.7 pg DNA,  
followed by a more or less linear increase to 95 pg 
DNA. The nuclei of R. pipiens cells are an excep- 
tion, in that they have a relatively large surface 
(Fig. 13). 

Another unexpected finding is the lack of in- 
crease in nuclear volume with increasing DNA 
content in the flat nuclei of normal diploid chicken 
cells, spadefoot toad cells, WI38 cells, and P. 
crinitus cells (Fig. 14). The nuclear volume in the 
heteroploid cells increases with the DNA content 
so that the nuclear volume/DNA ratio remains 
about the same. If we compare the nuclear vol- 
ume/DNA ratio to the total DNA content of all 
vertebrate cells investigated, no strict correlation 
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seems to exist (Fig. 15). A line was drawn through 
the values of those diploid cells with normal DNA 
content in which no increase in nuclear volume 
was observed. Generally speaking, a clustering 
could be observed around a nuclear volume-to- 
DNA ratio of 30 /~ma/10 -lz g. 

If the nuclear pore/DNA ratio vs. the DNA 
content is plotted, a rather unexpected relation- 
ship becomes apparent (Fig. 16). The pore/DNA 
ratio decreases most rapidly in nuclei with a low 
DNA content. In nuclei with a higher DNA con- 

tent, the pore-to-DNA ratio may level off asymp- 
totically due to the continuing decrease in nuclear 
surface/DNA ratio, but also due to a drop in the 
pore frequency in nuclei with an extremely large 
DNA content. The very high pore/DNA ratios of 
Drosophila (3787) and yeast cells (6611) have not 
been included in Fig. 16 since their DNA value is 
so low that no accurate representation can be 
given in the graphic display. There is, however, no 
asymptotic increase seen if a log scale is used for 
plotting the data. 
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FIGURE 10. Nuclear surface of Triturus cristatus exposed by freeze-etching for the determination of 
pores/unit area. x 30,000. Arrow indicates direction of shadow. 

FmURE 2 Phase-contrast micrograph of a nucleus from a CV1 cell in culture, demonstrating the 
predominant elliptical shape. • 1,000. 

FmURE 3 Phase-contrast micrograph of a nucleus of a CV1 cell in culture, demonstrating the more 
circular shape, x 1,000. 

FmURE 4 Phase-contrast micrograph of an N. viridescens nucleus. • 1,000. 

FIGURE 5 Cross section of a WI38 cell for the determination of nuclear height. The nuclei are very flat 
and without major folds. • 10,000. 

FIGURE 6 Cross section through an N. viridescens nucleus, showing heterochromatin in the middle of the 
nucleus, x 4,000. 

FIGURE 7 Cross section of a Drosophila cell nucleus for nuclear height determination. The nuclei were 
round despite monolayer culture, x 10,000. 

FIGURE 8 Face-on view of the nuclear membrane of S. cerevisiae. Most exposed nuclear membrane 
fractures showed a great curvature. Therefore, the determination of the projected area would be an 
overestimated pore frequency, x 20,000. 

FIGURE 9 Cross-fracture of the nucleus of S. cerevisiae. The outline was mostly round, indicating a 
spherical nucleus. • 20,000. 
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FIGU~ 12 The diameter of exposed yeast nuclear sur- 
faces (open area) and the diameter of cross-fractured 
yeast nuclei (hatched area) do not overlap much. 

Most nuclear surface-to-volume ratios (/xm2/ 
/zm 3) are about 1.2. The lowest ratio (0.61) is that 
of N. viridescens with the highest DNA content; 

the highest ratio (3.24) is that of yeast with the 
lowest DNA content. Among the vertebrates, the 
higher ratio is found for the lung cells of man and 
mouse. The basic tendency of pore/volume ratio is 
that it is rather equal over a wide range of DNA 
values. There is an abrupt drop in the amphibian 
nuclei with high DNA content but not in the toad 
with low DNA content. Also, there is a relatively 
high ratio for both normal lung cell lines. 

The proportion of thymidine-labeled cells after 
a 30-min pulse was used to determine whether or 
not a cell population was cycling. The lowest num- 
ber of labeled cells was found in the extremely 
slow growing N. viridescens cells, which have an 
approx. 90 h doubling time (T. S. Reese, personal 
communication). This is in strong contrast to our 
T. cristatus cell line which, at its 34th passage, 
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scatters around 30. The line connects the values for flat 
(m) nuclei of the diploid cells of chicken, spade foot 
toad, WI38, and P. crinitus. The values for spherical (Q) 
nuclei were corrected for the error in volume determina- 
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grows rather rapidly with a doubling time of less 
than 48 h (63% cells in S phase). 

DISCUSSION 

Nuclear pore complexes are localized on the inter- 
face between the two major cellular compart- 
ments, the cytoplasm and the nucleoplasm. The 
functions of this structure in the nuclear mem- 
brane a priori relate to nuclear-cytoplasmic ex- 
change, and a large number  of publications have 
dealt with these questions (for review, see refer- 
ences 9-13,  19, 20, 32, and 35). 

In HeLa cells during the cell cycle, the number  
of pore complexes doubles from a Gl-phase pla- 
teau to the end of the cell cycle. During this time 
the ratio of pores-to-unit volume stayed the same 
(about 6.2 pores//~m a) (24). Also, human lym- 
phocytes, when transformed to blasts by PHA,  
and when cycling, had a similar number  of pores/ 
/zm a (5.8 vs. 6.2) and about the same number  of 
pores if one corrected for the differing DNA con- 
tent. We, therefore, asked whether the D N A  con- 
tent or the nuclear volume determined the pore 
number  in proliferating cells. 

The pore /DNA ratio was found to be equal for 
human lymphocytes, CHO,  HeLa, and mouse L 
cells over a wide range of DNA content. For those 
ceils with flat nuclei, a quite different pattern of 
the pore /DNA ratio became evident. Basically, it 
was lower in nuclei with higher D N A  values. The 
large pore /DNA ratio in the lower range of D N A  
values is related to the fact that nuclear size, i.e., 
surface and volume, did not decrease with de- 
creasing DNA values below those for mammalian 
cells. The reason for this is not clear. However, 
one could speculate that for all vertebrate cells 
about the same amount  of chromatin must be 
active for proliferative processes, that this D N A  
largely determines the size of the nucleus, and, 
also, that the condensed chromatin occupies little 
space relative to its amount  of DNA.  In cells with 
exceptionally large amounts of inactive DNA rela- 
tive to the active DNA,  the size of the nucleus will 
depend on this inactive DNA.  Such a speculation 
would also explain the equal pore /DNA ratio in 
normal and heteroploid mammalian cells despite 
increasing DNA content by assuming that, upon 
addition of chromosomes, proportionately more 
membrane-bound and active chromatin is present. 
Not all the evolutionary increase in DNA may be 
active DNA (volume increase) or membrane-  
bound DNA (surface increase) but may consist of 
satellite DNA,  of other genes added by tandem 
gene duplication that are not used in normal cell 
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functions during proliferation, or of secondary si- 
lencing after polyploidization steps (28). The inac- 
tive or condensed chromatin will then add little 
volume relative to its amount of DNA. 

Since there is an obvious relationship between 
the surface area and the DNA content, we may 
have to look for an explanation that involves this 
parameter. The number of pores per nucleus in 
proliferating cells is strongly determined by the 
surface area and only somewhat modified by the 
pore frequency. The rather similar pore frequency 
in eucaryotes with the lowest DNA content and in 
those with DNA contents 500 times higher is 
surprising and shows that pore frequency data 
alone are useless. The data may indicate, though, 
that the pore frequency is determined by some as 
yet unknown chromatin membrane property. The 
same range of pore frequencies has been reported 
for plants by Branton and Moor (3), Severs and 
Jordan (31), and Thair and Wardrop (34). They 
are well below the maximal pore frequency of 
about 68 pores//J.m 2 (23). The basic data on Tetra- 

hymena (36) have been included in our Table I 
since this proliferating ciliate with its macronu- 
cleus is an exception to the haploid or diploid cells 
investigated by us, in that it has a very high pore 
frequency and contains many times its diploid ge- 
nome. The surface/DNA ratio, volume/DNA ra- 
tio, as well as the pore/DNA ratio, are within the 
range of those of the diploid cells. Other cell types 
with very high pore frequencies in the nuclear 
membrane are specialized, such as oocytes with 
the germinal vesicle with highly reiterated ribo- 
somal DNA, the polytene salivary gland cells (13, 
27), the malpighian cells (33), and the alga Aceta- 
bularia with the polyploid macronucleus (14, 38). 
Cells with high pore frequencies tend to be poly- 
ploid and nondividing. 

From our results, we conclude that neither the 
surface, the volume, nor the DNA content alone 
determines the total pore number. We may have 
to assume a combination of several parameters, 
depending on the amount of active DNA. The 
narrow range of pore frequencies and the initially 
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nonlinear relationship of surface with D N A  con- 
tent also suggest an influence that is exerted by 
membrane-bound D N A .  This D N A  may occupy 
the same surface in birds, frogs, and mammals as 
long as its amount is not greater than that of 
mammals.  The approximately equal surface D N A  
ratio for "spherical" and flat mammalian nuclei (if 
spherical nuclei are corrected for shape-related 
underestimate of surface and overest imate of vol- 
ume) strengthens this assumption. 

The basic concept that the total nuclear pore 
number  depends on the activity of the cell has 
been shown for PHA-act ivated lymphocytes (23, 
24). The increase in pore frequency in activated 
lymphocytes has been corroborated by Wunder- 
lich et al. (37), using concanavalin A as a mitogen. 
The same cell type, thus, can have widely different 
numbers of nuclear pores, depending on its meta- 
bolic state. Our comparison of varying cell lines is 
only valid if one assumes approximately equal 
activity during proliferation. This may be the case 
for the cells of vertebrate origin but certainly not 
for yeast, Drosophila, and Tetrahymena. 
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