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Abstract. In order to study if there arg differences between cells of the same tssue with one and two nucleoli,
nuelear and nuclealar volume, density of tritated wridine incorporation, amount of DNA per nucleus and intensity
of cytoplasmic basophilin were measured in mononucleolated and binucleolated rat epithelial endometrial cells,
in onion root meristemaric cells and in chick embryo matrix celis of the central nervous system. neurablasts and
neurons. Mo significant differences in nuclear volume, density of rritiated vridine incorporation and amount of DNA
per nucleus were found between cells of the same type with diverse numbers of nucieoli. Binucleolated endonietrial
cells, matrix cells, and root meristematic cells have biphasic distributions of nucleolar volumes, One peak of this
distribution roughly coincides with the nucleolar volume of mononucleslated cells, the other peak corresponds almaost
to double the volume. As the density ol uridine incorporation is the same irrespective of the nucleolar number and
volume, the cells with larger nucleolar volumes have higher pre-rRNA svnthesis, These cells also have hisher amounts
of ribosomes in the cytoplasm, as revealed by the photometric study of basophilia. It is concluded that in this
population of cells the ribosomal production is regulated to a higher steady equilibrium than in the general population.
This difference is not due to polyploidism or to the increased DMNA content of G2 phase cells. Binucleglated
neurcblasts and neurons have nucleolar volumes similar to those of mononucleolated ones,

Introduction

Classical studies on the nucleolus in different gland
cells demonstrated o relationship between intensity of pro-
tein synthesis and nucleolar size [Gabe and Arvv, 1961],
Carrelated microscopical and microchemical experiments
on supraoplic neurons established the existence ol a direct
relation between nucleolar volume and the RNA content
in these cells [Edserdn and Eichier, 1958). Nucleolar
volume and intensity 0 iridated oridine incorporation
were recently studied in experiments of hormonal inhibi-
tion and activalion of trunseription [ Fdzgre: Nin et al.,
1979). However, these findings muost be related wo the vari-
ations of the number of nucleoli. Several small nucleoli are
formed during telophasic reconstrucsion [MeClintock,
1934] As they progressively associate during the G
perivd. thetr number diminishes and  their volume
increwses [Anmavtassova- Kristeve, 1977) Nevertheless, the

presence of one, two or more necleoli 15 a commaon chser-
vation in liver cells and other differentiated cells that are
seldom involved in a mitoue cyele. In the prosent work.
quantitative aspects of solitiry and muluple nuclesli are
studied in several animal and plant cells. inan el Tert 1o elu-
cidate the relatienships between the number wnd valume
ot nucleoli and the physiclogical states of the cells,

Platerial and Methods

The cxpermments were pecformed an rac epithelisl encemeiral ceils,
muttris cells, medrobleds gl dsnsiere neurons of the sputabaond ol thy
chick emhrea en dilTerem develogumental stages, and oo soeos zen-
spermartag cells, Adl Dasaes were lised in 2,5% glutarabdelinde s af
cacody it hul¥er arptd T3 for § ot roomoempera o, e adebvdrned
141 HI':IIJ wab conseestrations ol ety | ool follownd s pregs leee apdy
and embedded inoglvede ether 000 erck ) Theee methids of vontrsd

wesegarned ool uranylaceiate-leid dieate for peeerl siudics ol the cel?
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Tabile 1 Muclear volume (pm') of cells with one and two pucleoli

x S0 M T =

Epathelial endometrial cells
1 nucleolus A [1a} 1,226
2 nueleali 104 77 159 8
Hoal meristematic cells
| nuclealus 507 237 485 .19
2 nucleoli 533 01 169 %
Muatrix eelis
1 nuglenlus 51 20 k)
2 nucleali 48 18 30 g
mulipoler neurallasts
1 nuelealus 108 a7 47 207
2 nucleoli 133 a9 an e
S-day immature neurons
1 nuclealos 275 &1 36 207
2 nuclzali 234 103 460 '
[3-clay immature neucons
1 nucleclos 285 140 44 0.41
2 nucleok - 272 124 EX] )
21-day neurons !
1 nuglenlus a83 196 45 505
2 nucleali an 149 30 ’

e

IR

LI

3004

T0D

120 ]

|
| |

Th il

Fip. L Muchear valume of cells with tan nuclend (dulizd columns)
andd with three nucieol fopen colwmns o Ordimae s calibrated in cubie
prcremetees. bnabseiss, B e endemeioal epithelial eetls B mol meri-
stemtie cells) W matnx cells: M= pewtablasis: 9003 amd 21 = noorons

of ok cevhreos of 90 13 and 21 days of incuhation

struclueres, Hernfued’s | 1909] uranyl peelale-EDTA-lend citrate for
silinueleoproteic (RN pariches, apd phesphotungsie acid provedure
i chvramalin | Feizgaez Moaetal, 1973 Far autoradiegraphy the cells
were Tabelled with 5 Hluridine {New Englind Maclear) of specilic
activiey 23 Cie Mo 100 pCim] Bmall pleces ol endometraum ol adult
rts i cslews were incwhated Tor labelling, as reperted previously
| Fehevercia et al, J9E5] Onivn soots were immersed in aguegus solutions
oftritiated uridine, Hferd Ld cmulsion was apphed by the method of the
platinum loug [Hease gad Jung, 1964 Aler 3 or & monihs of exposire.
the autoradiogrems for electron miceescopy were developed in 2
Phemiden (Geigyleantaining solution | Lered and Paweleez, 1966] wilh
gold latensification [Safeerer and Bacliemam, [1964]. Those autoradio-
prams intended for light microscopy were devaloped sith 3-19 {hadak)
alter L month ol exposure, Alter development, RNF structures were con-
wrasted for clectron microscopy according o Fakee angd Seomierd [1973].
Taluidine blue-horas wis wsed Jior generad staining in lzht microscopy.
Clantitative anolvses were erried out by the by pethetieal grain analysis
method | Blackerrand Parev, 1973 Parepondd Blackert, 1976 using a Hew-
let-Packard 9325 microcomputer inerfaced with a graphic digitizer and
a plotier. The program ealeulating the hypathetical point sources. the
hypothetical grain disiribution and comparing it wilh the real one was
developed by us. Pictures were taken at a fixed magnification
(5400 = 1001in an EM 95 (Car] Zeissy electren microscope and enlarged
(e 3¢ 28,500, Areas were measured using (he graphicdigitizer of the micre-
eomputer. Light-microscopic studies were perfozmed an 2-10 8-pm-thick
sections of material fined und embedded for cleciron microscapy, stained
with wluiding blug-borax. the Feulgen method Tor DNA ar with the
toluidine blue-maolybdate methed for phonocleoprotemn [Pearse, 1968]
and maunted in synthetic resin. MNucleolir diameters were mesured on
thee stices in wn Axiomal (Carl Zeiss) provided with an imernal graticule
1% 3,200 or in astandard microscape (Carl Zeiss) with an inlermediate
magnification lens (Opovar) and o micromerns ocelar with avernier al
w0 bA00, Pierures imended Tor densilemelric messurements were taken at
¢ G on Techaical Pan film  Kodaktin and Amplival {Carl Zeiss, Jena)
photomicroscope using the camplementary calor for each type of stain-
ing. Fictures of nuecle) with different numbers af nueleoli were made with
the same film, AT {ilms with pietuses o be compared were developed a1
e same time o the <ime salution, The ilbaminating lamp was powered
with reaulated current and expasure ume was kepl constnd. Transmit-
ance wos messuced 10 an Qe 4310 seanning denstometer provided
with @ 20epm apesiuee and @ paper recorder, Lingar records were
chtrined on the whale image of the cell, Hesoever, anly the nucleus was
measnsed fn Fewlzen prepastions and ooy the eytoplasm in those
apined  with wloidine  blwe-mobvbdae. Some preparstions were
dermounted and poststamed inorder W estahlish the nunber af noeleali
in each vell, The aret under the curve was measured with o planimeler
and e results were expressed Do relative, arbileary units,

Resulis

Nuclear valumes of cells with one and two nuclenli are
verv similar (tabie 1) In fact the largest percenlage
increase in nuclens volume (237 wos found in endometri-
al epathelial cebls wath two nuclealis In all the types of cells
studied, the nuciear volume of the few of them with three
nucleatt does not differ significants from those with two
(fig. 13, The nucleclar volume of cells with one nuclecius
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Table 1L Yolume {um®) of solitary aucleeles and the sam of
nucleciar valumes of cells with two aucleali

X sD N T

Epithelial endumetrizl cells
1 nuc1m:I?5 2.5 1.9 1.91.:!'.'-' 157
2 nuclenh 3l L2 237
Foot menstemaiic calls

sl 3 337
1 nocle l_ﬂ?n 14.2 7 322 293
2 nucleoli 26 49 116
Matrix cells
1 nugleolus 25 1.6 T 337
2 nueleali 4.1 2.4 7 ’
hultipolar newroblasts
1 nuelealus 4.6 2.4 47 0.20
2 nucleali 4.7 1.7 a9 -
Deday mmature neurons
1 nuclealus 4.3 21 a4
2 nucleoli 4.7 1.5 45 B
[3-day immature néwrons
1 nucleslus 0.2 7.9 44 178
2 nuelenl a3 18 29 '
21-day neurons
1 nucleolns 6.7 4 i5 0.17
2 nucleoh 6.5 5.3 30 )

15 smaller than the sum of the volumes of hoth nucleoli of
those cells that have two, in endometrial cells, in onion rool
meristematic cells. and in matrix cells. but not in neara-
blasts or in neurcns {iable ITY. The distributions of
nuclealar volumes of cells with one and two nucteali in the
endometrial epithelivm (fig. 2, 3). meristematiccells (fig. 4,
5), and matrix cells (g 6, 7) demonstrate that there are
two populations among binucleolate cells, those with a
nucteolar volume simufar o that of the cells with one
nucleolus, and those with almost the double nuclenlar
valume, The tatal nucleclar volume of meristematic cells,
nedrablasts and neurons with three nuclech does not
differ from that of cells with two nucleoli (fig, 83,

Comparison of the numericel density ol the silver
grains per unit arca of nucleoli demonsirates no differ-
ences between the density of labelling ol solitury and mul-
tiple nuclecli in endometoul and meristemanc root cells
(tuble 111

Inorder o estimate the amaountof ribosomes. the inten-
sity of the toluidine blue staining it pH 3 was measured on
the eytoplasm of root meristematie cells with one and two
nucleoli, The cells with two nucleol have signaficantly
more cylaplasmic basophilin than those with only one
{table TV,
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Fig.2. Diatributlon of the nucleolar volemes al the emdomeiel cpi-
thetial cells with vne nuclenius, The ordinate shows the retative fregoen-
oy, The abscizsn shows the mid-paints of cach class in cubic micrometers.
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Fip. 3. Thstribution of the ol nucleelarvolumes ol endometric] epi-

thefial cefls with pao nacleali, Ordingte and abscissa as in lizore 2.
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Fig.d, Distzibution of nucleoalir velumes of rool mensiematic ceils
with ene pudleclus, Oedinae and abscisse as Hgure 2
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Fip. 5 Distshuzon of wial nuclealar volumes of rool meristematic
cells with o nueleelh, Crdingte and abscissa as in gure 2.
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Fig.ti. [hzribution of nucleolar velumes of matns eglls af the central
nErVOLS Sysiem owili ene nicleolis, Ordizate and abscizsa as in figure 2,
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Fig. 7. Doaribnion of wial nocleolar velumes of matrix cells of the
cenanb nervois svstems with swae niecieoli, Ordimate and abscissa as in

figurs L

Table HL Incorporation of ritaied undine in noclenlis number
o silver prans per anil arca ol mucleolus over the backpround

x 5D N ST

Epthelut endomeinip! cells

| nuelealus 2.27 148 56

2 neleali 214 144 21 Wl
Rool merisiematie cells

1 nuglevius 245 1144 34

2 nuelend 20,82 Ll

TAT 34
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Fip 8. Nucleolar volumes ol cells with two nucleoli (dotted eolumns)
and with three nuclecli fopen columns) Ordinate and abscissa as in
figure 1.

Table IV, Cyloplasmic basophilia of onien root meristemaric cells
with ene and two neclendis arbitrary units of the area under the part of
the transmittance curve over the backiround

x S0 ™ o
Cells with 1 nuelealus 0157 0069 28 2.0.47
Cells with 2 nucleol 0229 0103 27

Table ¥, Comparative measurements of DNA per nuciews in Fenl-
pen-stained preparations: acbitrary units of the paer of the area of the
tramsmitiance curve over the background

X sD N T
Endometrial ¢pithelinm
i :mc]eu]!.m 21 E 13 0.29
2 maaclenli 22 T 13
oot mersiem
I nucleolus 1 15 17 0.45
T nucleol Q.5 4.5 17 o
hatrixn cells
1 nucleolos 168 GE 21
2 nucleodi 145 2 14 13

Multipaslar neuroblasts
1 nuclels 162 28 28

2 nuclecls 1463 3o 16 108
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The estimation of the BiNA per nueleus in cells with one
and two nucleoll shows no difference hetween them (G-

ble V).

Diiscussion

A very imporiant fact in the interpretation of the resulls
is the absence of differences in the density of incorporation
of tritiated vridine between solitury and multiple nucleoli
with diverse nucleolar volumes, The changes in the nu-
merical density o e silver grains perunit aren in pleteres
at the same magnification oblained from sections of the
same thickness, are the correct estimations of the changes
of the density of lubelling per unit volume [Underwoged
1970). Thus, there 15 a direct relation between the total
nucleolar volume and the total synthesis of pre-rRNA in
each cell type. Tritiated wridine incorporation has been
found distributed all over the fibrillar zone of the
nucleolus [Granboulan and Granbowlan, 1965 Miree and
Seahd, 1981] In nueleoli with mixed granubar and fibrillar
components, as these of the cells studied in the present
work, the nuclenlar arganizer is dispersed in the nucleolar
volume, as the extended chromatin found inside the
nucleclus by the PTA method [ Fadzgres Nin et al, 1973).
Furthermore, studies of the chanzes in nucleclar velume
during experimental medifications of the rate of witiated
uridine incorporation demonstrated that they vary in
parallel, although the changes in volume lag some hours
behind the alterations of incorporation | Fézguez Ninetal.,
1978, 1979]. This retardation may ke explained by the time
required to increese the contentin ENA and protzin of'the
nucleolus (o such an extent as to make the augmentation
of volume measurable. This is supported by the finding
that the volume of the nucleclus is proporional Lo s con-
tentof RMNA and protein| Lin. 1955], However. the number
of nuclecli per cell was seldom taken into account, The
sum of the individual nucleolur volumes of every
nucleolus in each cell was analvred in ervthroblasts in dit-
ferenmt stages of maturation. and correlates well with 1he
changes in ENA synthesis during the differentiation of
these cells (Serebf e al. 1983,

Binucleclated cells in endomerrial epithelium, roaot
meristemn, and matrix cells of embryonic contral nervous
systern have a biphasic distribution of their wial nucleolar
valume. This finding indicates that there are two popula-
tions of cells with two nucleolis one with approximatively
the same total nucteolur valume as mononuclooliated cells
and the other with almost double the volume. As synthetic
activity and RNA cantent of the nucleal ure proponional

o the total nucleolar volume. there are also two popula-
vons of cells with diverse steady equilibrivms hetween the
rate of synthesis of pre-rRN A and ts magration oo the evio-
plasm.

The measurements of cvtoplasmic basophilin indicare
that cells with two nucleoli and Targer nucleolur volume
than monvnucleolated ones have more ribesomes than
those with one nucleclus and smaller nucleclar volume,
All these resulis demonsteate not only different siates m
the resulution of pre-rBNA ranseription in cells of the
same tissue, in the same specimen, but alsa dilTerences in
the amount of the complete final product, the ribosame. .
The ussues with binueleolute cells with larger nucieolar
volumes and higher uridine incorparation have cells com-
mitted o the mitotic ovele, On the contary. neuroblusts
and neurons, which are cells in indefinite GO have no Jdif-
ferences in nuclealar volume between eelis with ene and
two nucleoli. The higher requirements of ribosomes of the
former may be related o the mass increase necessary
between mitoses, Althouzh no quantitative estimation of
the mitotic index was carried out in the present work. the
number of cells in mitasis seems to be very much less than
that of cells with two nucteoli and o larse oucleolar
volume,

There is no clear relation between ploidism or number
af nucleolar organizing recions (NOR) on ane side. and
the rate of pre-rRMNA synthesis on the ather. [n mualee. a
linear relation was found between the number of NOR
and the RNA content ol the nucleelus [ Lin, 19533], On the
cantrary, Median and Ritossa [[970] reported the same rae
of synthesis of pre-rRMNA In diffecent clones ol Orosophila
mefanogaster carning from haploid to tetraplotd quanttes
of MOR. Subsequent works indicate thut in thisspecies the
rate of pre-rBNA s more related o the number of sex
chiromosomes than o the quuntity of NOR [ Bicudo and
Richardson, 1977 Kobaneishvilf evall, 19831 The present
study shows that cells with the same ploidism, and in the
same tissue of the same specimen. may have sienificantdy
dilferent rates of pre-rERNA synthesis, These differences
sugrest that metabolic requirements may moduiute the
rate of trunscription of the NOR in cells of the sume
genetic lineuge. This moduliion of synthesis is accom-
panied by an increased RNA content in the nuclealus and
by an avgmentation in the number of cvioplasmic ribe-
SETIES,

[1is a common obseovation that very active cells have
larger nuclei than inuctive ones, and this ditference isolen
related to the decendensunen of compact chromatin
[Dupey-Codnetal, 1976) However o dewiled study of the
changes of the nuclear volume, decondensation ol com-
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puct chromitin and increase in the rate of RNA synthesis
during neuroblast differentiation, casts some doubts on
the existence of u simple relalion between these param-
elers | Mzguez Ninetal., [983). The present results demon-
strate no correlation between the rate ol pre-rRNA and the
nuclear velume in the cells studied. 1n spite of the diminu-
Linn of the number of nucleeli during telophase and during
period Gl ol the imerphase [Anastassova-Krisieva, 1971,
there are evidences of genctic control of the number of
nucleali in cells in GO. such as mouse liver cells and lym-
phocyles [fvamve, 19717 Flaherny et al, 1972) In other
studies, the number of nucleoali was related o the tran-
seriptional activity of the cell, such as in different types of
ervthroblasts [Sasaki et al.. 1983] However, the present
results indicate that in some cell types there are cells carry-
ing the same number of nucleoli but with different pre-
rRMNA transcriptional rates. The morphological parameter
refuted o pre-rRNA transcriptiional activity is the ol
nucleolar volume,
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