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Muorphological and gquantitative changes of ribonuclesproteic (RNP) stroctures
and chromatin are studied in the noclei of undifferentiated cells, nearablasis
and newrons in several degrees of matoration, in order to relaie them to (he
drastic modifications in transcription and or RNA processing taking place dur-

ing cell differentiation,

Undifferentinted {mairix) cells of 2-day embryos differ

from that of d-day embryos in their oucleolar volume and in the amount of

commpact chromatin,

Phese differences are interpreted as the earliest signy of

neurohlast differentiation, Al over the process of mateix cell-hipolar-muliipalar
neuroblast differentiation there is a lorge spreading of compact chromatin well
before any important change in RNP stroctures or in owclear volume,  The
most remarkable increase in nuclear volume and in the amoont of BRNP par-
ficles occurs during the dilferentintion of multipolae nenroblasts to immature
newrans, which is characterized by hurge svnaptogenic activity.  The interpre-
tation of these changes is discossed in conneetion, on one hand with the meta-
bolic effects of sypapses, and oo the other hand with the variations of pene
expression taking place in cell differentiafion and wnder other natural and

experimental situations,
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INTRODUCTION

The publication of the first practical methed for pre-
ferential staining of ribonucleoprotein (RNP) particles
by Bembard (2) was followed by numerous studics
of the nucleolus, interchromatin granules, perichromatin
fibrils and granules. Tt has been repeatedly demons-
traded thar the. allerations in transcription and‘or nu-
clear processing of RNA produce changes in number,
morphalopy, cvtochemical or autoradiographic features
el these particles (16, 17, 22, 25, 27, 28, 35 36).
Cell dilferentintion is a serics of progressive changes
in gene expression mainly due to medifications of
tramseription and/sor nuclear processing of RNA (5)
Studigs an RNP purticles and chromatin during develop-
menl have been carried our in mouse blastomeres (7}
In these very early stages of development the changes
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of nuclear structures are related with the storage of
RNA of maternal origin and with the onset of trans-
eriptional activity in the embiyos,

I'he present work was -undertaken to know more
about the changes in RNP particles and chromatin
disposition taking place during the drastic modificationsy
of transcription and/or processing of RNA accom-
panving cell differentiation. To Fulfill this end the
modifications of nuclear components are tudied during
the transformation of undifferentiated matrix cells into
non-divising newuroblases. the differentiation of neoro-
blasis 10 neurons and oeuronal maturation, [he
variation of nuclear structures in successive stages
of cell differentiation are related to well Known [and-
marks of neurngenesis.  Chick embryo spinal cord
i= an advantageous material to make this correlation
because several aspects of neural development have
been extensively studied i this subject: neurpblast
differentiation (4, 10, 14, 38); synaptogenesis (19,311}
myelination (6): ontogeny of hioelectric activity (24
embryonic motifity (18} and embryonic spontaneous
cell death (11).
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MATERIAL AND METHODS

The ventral hall of the cervical region of the spinal cord
of chick embryos of 2, 4. 9, 13 and 21 days of incubation,
corresponding 1o developmental stages 120 23, 35, 39, 45
and newborn chicken (12). constitute the material of this
study,  Fixation was carried out in 2.5 % glutaraldehyde
in .15 M ocacodvinte bulfer at pH 7.3, The fixative was
dropped for 20 min con the 2= and 4 duvs embryvos,
Older embryos were perfused through the left ventricle
with the same solution lor 30 min. A few samples were
postlixed in 2% osmiom tetroxide, but most of them
were debydrated and Epon-embedded wathout posifixation.
Cienernl staining was performed with aranyl acetate and
lead witrate,  Preferential contrasting of RNP particles was
carried out with uranyl acetale-EIXT A-lead citrate regressive
stain necording o Bernhard (23 In order 1o study chro-
matin, plutaraldelyde-lised  material was  embedded  in
glyeol-methperylate, sectioned and contrasted with phospho-
fungstie aeid as deseribed by Vizgues-Nin er @l (34)

Sompling

As contrasting methods used Tor electron mucroscopy in
this study do nol reveal eytoplasmic details, in order to
koow 1o which tvpe of cell belongs cach nuclews studied,
systematic sampling was corned ol i standanized regions
of the spinal cord ol embryvor inowell known stages of
devalopient:

= o Daday emlsrvos anterphosie nuelei of the ependymal
lnyer were studied inoorder 1o sample  undilferentited
cells Gk
— In d«hny embryos three regions were analyeed: epens
dymal laver, imermedinte Jayer and the anlage of the
anterior horn, called in this study peripheral layer, Epen-
dymal layer is solely or mainly formed by undifferentimned
cells (95 Intermediate Inyer corresponds 1o the mantle
loyer, 3l ks situated beétween the ependymal laver and the
non-cellular marginal lover. It s composed by bipolar
nevrohlasts (4 The developing amterior horn s consti-
tuted by multipolar neorobiasts (4

From 9 days Torward only moloneurons were studied.

Morphometry

Quantitative -analysis were carricd oul on svstematically
taken pictures of ol nuclei of 4 predetermined ares, Electron
optical mognilication was accurately fixed (8400 = 100)
in an EM 95 (Carl Zoiss) cleciron microscope.  No less
thin three non-consecutive seciions of each nucleus were
studied in order to estimate the varations duc to pon-
homogeneous  distribution of the structures  inside the
nucledy, Stereslogival evaluations were carried out using
well knowen methods for calenlating the fraction of the
volume of the container oecupied by the element in
sludy (32, Noclear and nueleolar volume were cstimated
under light microscops (Axiomat, Carl Zeiss) using 2 pm
thick sections: of the same embryos emploved for eleciron
microseope delermmations. The following parameters were
measured in nuoclel and nucleoli largest diameter. the
diameter perpendicular o the muddle point of the: largest
one, and the position aof the central poim of the aucleolus
rifered 1o a Cartesinn system of covrdinates with their
zero point In the Inlersection of nuclear diamciers, The
relative Trequeney of 1ofal BRNP porticles wis estimated by
the point Traction methad (323 The condensed chromalin
density was coleulated by the areal froction procedure (32)
Comparative measurements of the DNA content per nuelous
wire earried out in Feolpen stoincd  preparations (20)
ilhtminated with  green Lght (530 am)  under  strictly
stimdnrized conditions, A HP 9825T (Hewlett Packard)
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Fioure |. — Embryvas of 2 days of incubation, a) Light
micrograph of o tramsverse scction of the ‘cervical spinal
cord,  d-dorsal cord.  e-ependymal layer, p-peripheral
layer, = 290, &) Electron micrograph of matriz cclls in
the ependymal layer contrasted by uranyl-EDTA-lead
method for BNP particles.  Nucleoli (n) are large and
compict.  Other BRNP structures are evenly distribited in
nuciear ared, r-ribosomes, >019 0060,

i

Figrre 2. — Muatrix cell in the periphernl layver of a
Z-itay  embryo  contrasted  with  phosphotungstic acid,
Clumps of <compact chromatin (¢} are darkly siained.
Semucompnet chromatin (5) ocoupies most of the nuelear
area RNP structures including nocleolus {n) are not
stained.,  E-extended chromatin, 3 15000,
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lwoure 3, — Bipolar mewreblust in the intermicdiate laver
t, In figure 4g) of o d-dny embryo conttasied with
phosphotunestic neid.  Semicompact chromatin (51 e less
dbuictant than in the matrix eell nocléus in figuee 2.
On the conteary, there s more extended chromatin (EL
w10

Friver 4, — Embrvas of 4 davs of incubation. o) Light
micragriph al a transverse scetlon of the cervical spinal
cord.  The peripheral liver (p) s composed by the cells

Fowniing the anlage of the ventral horn, i-ntermediane Lver.
e-tpendvmnl lover. 2 315, &) Electron micrograph of the
nuglens o o multipelar neurshlast dn the peripheral
kover contrasted  with wranv-EDTAJead method,  The
ducleolus. {ny shows o nucleclonemal  structure.  Inter-
chromatin granules {icg) and fibeils (F) are  abundant.
o ELAE,

Figige 5, — Embryves of @ days of incubation, @) Licht
nrerograph of o transverse scetion of the cervical spinal
word showing  e-vpendimal  m-immatiore moloneurons:
bemimn-mvelinated while pmtier. 3 1600 5 Eleciron micro-
praph of b omueleus of an immatore moloneuron  stamed
By uranv-ETA-lead method.  The tangentlal cection of
the nuelenlus (0 shows its melenlonemn,  Interchromatin
pebiles Gt Form oo laree groap,. Clear arcas (cal without
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KNP purticles ire numerous,
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c-clumps ol compact

pez-penchromatin granules.  F-RNP [ibrils.

Fiover 6. — WNucleus of o motoncaron. of o newhorn
chicken stained by granv-EDTA-lend method, {n)-taneatiil
wwehion of the nucleolus showing the nuelealonema: (e
clumps of compact chronittin.  fou)-clear areas withogt
RNP particles. {icgi-interchromatin granules.  (pegl-peri-
chromatin granules.  F-RNP (ibeils, = 18,000,
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programible  caleulptor provided with  digitizer,  plotter
and a foppy disk unit, was used in measurements of arcas,
statistical analysis of data and dravwing of hstograms,

RESULTS

Morphology

The nuelei in the ependymal layer of embrvos of 2 days
af meubation are elliptical i shape, they have a very
Farge elongated nucleclus or several smaller spherical
ones (Fig. 1), These nucleoli are constituted by -a
compact mass of RNP fibrils and granules seldom
arginized inoa nucleolonemal structure. Wo fibrillar
genters are Tound.  Perichromatin fibrils and  inter-
chramain pranules are densely packed throughout the
nueleaplasm (Fig, 13, A few clumps of compact chro-
maolin are in contact with the nuclear envelope, isolated
i he nuclear sap ar adjacent 10 the nucleolus (Figz, 2),
Semicompact chromatin s {ormed by a network of
filaments densely stained by phosphotungstic acul. Tt
ean be oseen oveopyving o large part of the noclens in
Figure 2,

Muelet in the ependymal and imtermediate lavers of
deday embryos resemble those of 2-day embryvos except
for the loosening of meshwork of semicompact chro-
matin (Fig, 31 and the smaller size of the nucleot,
Newrobiasts in the development anterior horn of 4-day
embryvos have sphencal nueler with multiple nucleoli,
Perichromatin fibrils and interchromatin granules are
densely. packed leaving few clear spaces (Fig, 4y The
disposition of the chromatin is similar 1o that of the
neurablasts situpded in the intermediate laver.

Immature nevrons of the anterior horn of 9-day
and | 3-day embrvos have a large spheroidal nucleus
with one or two noclesli with nucleolonemal structure.
Interchromatin granutes are grauped in large ill-defined
clumps,  BNP contmning fibrils are unevenly distri-
huted in the nuelear sap, but they seldom surround the
few clumps of compact chromatin present o thess
nuelei (Fig. S).

The nucleus of the necurons of the anterior hormn of
the spinal cord of newborn chicken are large, sphe-
roidal i shape, with frequem invaginations of the
nuclear membrang, They have one or two Jarge nucleoli
with ‘4 locse nucleclonemal structure (Fig. 6).  Inter-
chromatin: granules form verv large irregular groups:

Clear arcas without RMNP particles appear between 4
and 9 davs of incubation. az can be seen comparing
figure 4 with fipure 5. This clear areas increase in
gize and number as developmeant proceeds (Fig. 6L

Stereclogy

The nuclear volume of matrix ¢ells and neuroblasts does
ngt change in embryos of 2 and 4 davs of incu-
bation (Fig. 7). ITmmature searons of 9-day embrvos
have sagnificamtly lareer nuclel than those of vounger
embryos (p< 00011, From 9 days of mmcubation 10
hatchnig the nuclear volume increases less steeply

(Fig. T
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Fisure 7. — Changes of auclenr volume during deve-

lopment, The time of incubation s represented in abscissa.
E-epemdyvmal layer cells,  Lintermecdhnte layver cells, P-peri-
pheral laver celis, Oedinate: nuelear volume in cubic micro-
meters.  Vertical lines represent the stancdared deviplion,

The nucleolar volume shows two  maxima;  one
corresponding to the matrix cells of 2-day embryos,
and the other to the motoneurons of newborn chicken
(Fig. 8).
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Ficure 8. — Changes of nuclealar velume.  Coordinales
as in the preceeding figure.

The position of the nucleolus was studied in nuoclei
with only one nucleolus using main diameters as a
system of coordinates. The location of the nucleolar
central point 5 expressed as a fraction of puclear dia-
meters. Bimodal distributions along the longest nuclear
diameter are observed in all types ef cells studied
from matrix cells in 2-day embryos to lirge maio-
neurons at hatching (Fig. 9. On the contrary, when
the distribution of nucleoli is studied along the trans-
verse diameter, a strong central tendency s evidenced
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Fratig, 9 — Lhistribution of positions of pucleolar central
poands micasured wlong the longest nuclear dinmeter  of
40 neurablasts, Ovdinate, relative  frequency. In the
abseissa ure shown the midpoints of the 10 classes in
welich the tortal Jenpth of the ouclear diameter s divided,

(Fig 103 This demonstrines the existence of two sites
af masimal pessibtality of finding the nucleolos, both
are sitded plonge the longest diameter of the nucleus,
They are separated by a central zone of 207 of the
nuclear diameter in length, in which the possibility
af encounernng the nuclenlus is lower,
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Fuiver 100 — Desiribution ot nucleolar central  points
trcisured wlong the sheetest nuclear dismerer in 433 neuro-
Blasts:  Coordinates us e [oure 9.

The uhsolute volume accopied by RNA-containing
librily inereises sharply dunng the maturation of moto-
newrans between 9 and 21 duvs of incubation (Fie. 1))

Uhe puosnt fracton oecupied by RNP-containing strue-
Iures shows w marked decrease between d4-duv and
Beduy embryas (Fie, 12, hachured barsy,  This dimi-
muein s coimcident with the development of intra-
nuelear elenr aeas withowt BRNP purticles  described
In o he  gréceding section,  However, the absolule
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Fioure 11. — Changes in the amount of RNA containing
fibrils.  Ordinate, cubic micrometers occupled by fibrils.
Abscissa, das in lgure 7.
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Fuvne 12 — Hochured bars repeesent the traction of
nuclear volume oceupled by RNP particles expressed as
point fraction s <hown in ordinate on the left scale.
White bars represent the absolute volume occupicd by
these structures in cubie micrometers, a5 shown in the
right scale.  Abseissa, ay in fipure 7.
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Fiowke 13, — Fraction of the nucledr space occupled by

compact chromatin, Ordinate: oreal Fraction; total auchear
area = 1. Abscissa, asin figure 7,
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volume occupied by BENP structures incroases steadly
between 4 davs of incubation and hatching, as shown
in figure 12 by while bars. In 3-day cmbrves there
is a signilicant increase in RNP particles between peri-
ependymal matrix cells and  peripheral  neuroblasts,
These estimations of the absolule volume occupied by
RINP structures are valid only [or comparison purposes
hetween observations performed with the same pre-
parative technigues and analveed with the same sierec-
lopical methods as those reported here.

The fricction of puclear area occupicd by compact
chromatin decreases continuously from 2 to 21 davs
of ncubation (Fig. 13)

The quantity of DNA per nucleus in matrix cells
of 2-day embryos, in ependymal- and intermediate-
layer eclls of d-day embpyos, is significantly higher
than the amount 2o represented by anaphase  plates
(Fig. 14y, Mulipolar neuroblasts in the peripheral
layer wl 4-day embryes and the motoneurons in diffe-
rent deprees of maturation of 9- 13-, and 21-day
embryos hove essenttully the same amount of DNA
as anaphase plates.
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Eigure [4. — Changos of the amouint of DNA per nucleus,

The ordinate s calibrated in arbitrary i, Abscssa, as
shown i Figure 7; A-anaphase plates,

DISCUSSION

several studies andicate that the pomitive ependymal
layer ds exelusively formed by germinal or matrix
cells-in milotic cvele (4, 10, 29),  The cervical spinal
cord ol 2-day embryves s composed mainly by these
matrix cells (21 The innermost dnd the outermost
nuclénr hvers of 2-dov embrvos were stodied sepa-
ridely in order to rest if medsurable nuclear chanees
exist belore ooy other sipn of differentintion. Hows
ever, no clear cut differences between  them  were
found an the nuelear parameters studied  except for

the amount of DNA per nucleus which s much higher
in peripheral layer cells.  On the contrary, there are
differences between matrix cells of 2-day embryos and
ependymal-taver cells of d-day embryos,  The main
changes are: a significantly diminution of nucleolar
volume and o reduction to one fourth of ity value of
the shundance of compact chromatin {p-<0401 o
both cases). Both tyvpes of cells wre mdistnpuishabie
by means of silver impregnutions (4) or by their ability
o incorporate [ H|-thvimdine (12, 135 Smaller nueleali
and unraveling of the chromatin characterize also hi-
polar neuroblasts in the intermediate layer of 4-day
embryos.  Thus, these changes may be the carliest
signs of  differentiation of  post-mitotic matrix - cells
transforming o nearoblasts in the ependymil laver of
deday cmbryos,

Peripheral neuroblasts in the anterior Dall of ihe
cervical spimal cord ol deduy embryvos e mainly
multipolar motor neuroblisis, whose axons are grow-
ing i the connective tissue (4], The tramstarmation
of bipelar mto multipolar neuroblist s accompanied
b i marked unraveling of chromatin, g small increase
in nuclear volume and in the tatal amount o RNE
particles. It iy worth to note that o large sproading
of cheomatin takes pluce olong the provess inclhwd-
ing matrix cell-bipolar nenroblust-multipolar neuroblasl
teansformations belore any mpartant chinge in RNP
structures of eredse 0 wuelenr volume. The amounl
of DNA per noclens of aullipolar aeuraldasts st
same as onoanaphase phites, indicating il there i%
no el engaved bnomitote cvele intermingled among
them.

[he large neorons o the head ol the anterior o
of Y-dayv embrva can be vigwed as immalure matos
peurons: most of ther wxens are fungtienally connect-
ed w0 omuscle colls (111 electron microscopic studies
demonstrate o large number of axo-dendrigio sysapses
in the motor regron of the spanad cord (19, 31 Tune-
tianal propiospingl conmections jire preséal b the cer-
vical level o these embivos (1%, Very impartant
nuclear changes were found o the present study be-
tween A4 -and 9 days of incubation. The larpe imerease
in nuclear volume that takes place o dhiy puriod
causes 3 dilution effect on RNP particles.  However,
there 15 o significant fnorease o the ab<pluté amount
of RMP structures per pueleus during this’ enfurgement
of nuclesr volume. This inerease is portindiy dueta the
augmentation m the ahundance of perichromatin [thols,
Several studies show that perichromatin fibrls contan
raprd |y labeled BRNA of non-nucléolur origin, probahly
bnRNA (1, %, 15 17, ZL, 22 26, 33  Acéviding
o this view the eorichment in perichromatin fibrils
found in motor-cell auclel hetween 4 and 9 days of
incubution rellects an incresse in the ranseription:
rate of non-nucleolar sites. Numerpos observationg
and  expenmental works indwale that pedchromaiin
graniles are intranuclear storage wnd /o rabsport pur-
ticles contatming non-nucleolur A (25, 28 33; 35,
36, 270 inoawrcement with this hypothesis the lirge
inorease i the smount of perichromatin: granules that
takes place berween 4 and 9 days ol ineubation in
the motor eells of the cervacal spinal worgd (370 can
ke nterpreted as the result ol o new egnilihriom be-
tween the hicher transeriptionil rate of some penvs
involved o the aeguisition of defimitive neweomil s
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and the exit of this ENA to the cvtoplasm.  In fact,
in experimental situations in which transcription and
transporiation or RNA 1o the cytoplasm are changed
al different rates, accumulation of perichromatin gra-
nules are found when  ranseription proceeds  faster
than transportation, and deplefion 14 seen in the inverse
situition (364, Furthermore, in cells in which some
genes are transeribed al owvery high rates, as pulls
and Balbiani rings of nuclet containing polyvtene chro-
mosomes, perichromatin granules are extremely abuon-
tant (33), These grunules originate mainly in these
foct (he). Most differentiated cells have perichromatin
granules [15) on the comrary, blastomeres (70 and
undifferentinted matrix cells (37) are devord or have
very few of them.  The incrense in the rate of trans-
eriplion ol some penes s probably o overy  peneral
phenomenen i differentiating cells (5) Thus, the
nerense i the number of perichromatin granules may
be e e the intranuclear accumulition of RNA syn-
thetived v some rapidly trmscribed genes coding for
masl phundant proteins oo differentiated  cells or in
their secretions,

Muostampartant changes in nuclear ribonucléoprotem
parbeles are relied 1o the development of penpheral
and central synaptic connections durmg neuronal dif-
ferentiation.  Numerous works demonstrate that diffe-
rentiation plleets the development af dillerent regions
al the lieain and the spingl cord (300, Demiled studies
on the nucleas vestibularis tapgentinlis show that imma-
lure nedrons [al o survive dn the absence of afferent
connechions 113, 33, [he metabaolic mfluences of
syraplic connections on developing post-synaplic neu-
roms were alse depusstrated at the molecular level (1),
The nuelear chunges reported in the present study
sugeest (hat at least part of these transynaptic rophic
and metabalic ellects on the development of  post-
synapic  neurons are due o oan aclion on gene
expression,

Between 9 days of ineubation and hatchmmg there
are important matoratonal  changes in the moto-
neurans,  The number and complexity of svpaptic
contacts increase sharply (E9) Myelination begins on
the [4th day of incubation, and most of the racts
become myvelinated between the [8th and the 2)s
day of incubation (4. 61 During this period the
bivelectric activity and the embryonic mouhty underso
important qualitative. and quantitative changes (241
Growth of the embryonic body causes o marked
lengthéning of the axons of the motancurons and @
concomitanl ncrcise i the nuclear volume.  The
main  nuclear differences between  motoneurons  of
smbryas.of Y and 21 days of incubation are: a steady
increase in nuclear and nucleolar volume. an augmen-
tilien of the total amount of non-nucleolzar RNP parti-
cles, and a progressive unraveling of chromatin,  The
numerical density of perichromatin sranules increases
cantinuausly in this period (373 All these changes
sugpest that the abeve mestioned morphological and
physiolagical  transtormanions are pecompamed by a
sustained enhancement ol transcniplional activity in the
nuclenlos and in the extranuclealar compartment. How-
ever, na sharp transition of nuclear parameters is found
i this period, all changes are the continualion at
slower rales of the trends initintled in previous singes
ol development,
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The decrease in compact chromatin found between
multipolar neuroblasts of the peripherul laver of 4-day
embrvos and motoncurons of 2 1-day embryos can only
be explained by modifications of chromatin disposition,
becuvse in this perind there is no diminution of the
DNA content per nucleus.

[t is importent to note that in all types of cells
studied in the present work the nucleolus is restrained
to a few positions inside the nucleus.  This result
stugpests that in spite of the large mobility of the
nucleus, the nucleolus s oa tarly still structure.
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