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Sequential Morphological Alterations in Hepatic Cell Nucleoli
Induced by Varying Doses of Actinomycin D
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SUMMARY

White female rats were given injections i.v. or i.p. of
actinomycin D and the sequence of nucleolar segregation
or reorganization in hepatic cells was documented. Sub
sequent to i.v. injection of 1.25 Mg/g, the earliest nucleo
lar alteration is the accumulation of dense plaques within
nucleolar vacuoles and in the region of the nucleolus-as-
sociated chromatin. At 10 min these plaques enlarge, and
at 20 min they appear to coalesce, with some separation of
the fibrillar and particulate components. Nucleolar segre
gation is more completely developed at 30 min, but it re
quires between 30 min and 1 hr for complete develop
ment. Following i.p. injection of 0.1 ng or 0.3 ÃŸg/g,
actinomycin D produces only partial segregation, which
most frequently appears as a peripheral fibrillar zone
with a central particulate area. Restoration of normal
nucleolar structure takes place between 105 and 140 min
after 0.1 Mg/g and begins about 6 hr after 0.3 Mg/g al
though it is not entirely completed until 12 to 24 hr after
this dose. During recovery from the 2 lower doses, it
appears that the fibrillar component of the nucleolonema
is reconstituted first. It is suggested that nucleolar segre
gation may be brought about by contraction of the intra-
and extranucleolar chromatin with a concomitant sepa
ration of the attached fibrillar components from the
separated particulate components. It is also suggested
that the nucleolar particles represent the coiled ends of
the fibrils.

INTRODUCTION

As part of a continuing study of the morphological and
metabolic response of the nucleolus of rat hepatic paren-
chymal cells to various metabolic inhibitors, some of
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which are carcinogenic agents, we previously presented
evidence that the structural alteration induced by actino
mycin D is partially dose dependent (6). To gain further
insight into the possible mechanism of the nucleolar
change termed "nucleolar segregation" (2, 27), we have

extended our ultrastructural studies on the sequential
response of these nucleoli to 3 doses of actinomycin D.
All material available from the previous study at doses of
0.1 Mg/g and 0.3 tig/g injected i.p. and the 5-min ex
periment following 1.25 Mg/g i-v- was reexamined and
new micrographs were taken. In addition, 13 experimen
tal and 6 control animals representing 4 new time inter
vals at the highest dose (1.25 Mg/g) and 1 new time after
each of the lower doses (0.3 g/g or 0.1 Mg/g) were stud-
died. These latter doses produce approximately 25% and
50% inhibition of orotate incorporation, respectively,
and result in a somewhat modified structural alteration
(6). These sequential observations appear to suggest some
new interpretations of the morphological changes, and
therefore form the basis for this report.

MATERIALS AND METHODS

Animals and Injections. The additional experiments
were carried out as previously reported (6) on fasted
white female rats.

Injections i.v. When adequate anesthesia had been ob
tained, the left femoral vein was exposed, and a 26-gauge
needle was inserted. All injections were administered
slowly (30 sec) in volumes less than 1 ml, and these ex
periments were completed in the morning to minimize
possible diurnal variation. Each experimental animal
received 1.25 ÃŸgactinomycin/g body weight. Controls
received an equal volume of 0.9% NaCl solution.

Experimental Plan. A total of 18 controls given injec
tions of NaCl solution, 11 animals receiving 0.1 ng/g
actinomycin, 19 receiving 0.3 ng/g actinomycin, and 9
which were given 1.25 pg/g actinomycin i.v. were ex
amined. The times of decapitation, number of animals
examined, and doses of actinomycin administered are
summarized in Table 1.

Electron Microscopy. Tissue from the left lobe of the
liver was prepared as reported previously (6). All sec
tions were examined in a Philips EM 100, 200, or 300
electron microscope at 60- or 80-kV acceleration.
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Table I
Animals examined by electron microscopy

No. of animals examined after following
dose of actinomycin:

Â»imcs cxaniuicu5

minIO
min20
min30
min60
min80

min105
min140

min4
hr6hr12

hr24
hr48

hr0.9%

NaCl
solutionM8/ÃŸ11124

322

41
212110.3

jig2422432/g"1.25ng/g"22221

"The two smaller doses (0.1 /Â¿gand 0.3 jug) were given i.p.; the

largest (1.25 Â¿ig)was given via the femoral vein under Nembutal
anesthesia.

RESULTS

The ultrastructural features of the normal hepatic
parenchymal cell nucleus and nucleolus as well as the
modification termed nucleolar segregation have been
adequately described previously (2, 6, 17, 25, 27, 32). It
is important to emphasize, however, the intimate as
sociation of the fibrillar and particulate components of
the normal nucleolus (nucleolonema) with the surround
ing chromatin (2, 34) (Fig. 1). The chromatin may fre
quently be seen interdigitating with the nucleolar mass
and appears in the less dense nucleolar vacuoles (34).
Such an intimate relationship between chromatin and
nucleolonema is not evident in typical nucleolar segre
gation (Fig. 6). The nucleolus assumes a rounded or oval
outline, often surrounded by a clear zone in which small
fibrils are sometimes evident (11) o(Figs. 7, 10, and 11).
There is separation of the 150-A particles from the
40- to 60-A fibrillar component, and a dense fibrillar
"plaque" appears at the periphery of the nucleolar mass

in most instances (Fig. 6).
Sequential Alterations following 1.25 Â¿Â¿gActinomycin

Given i.v. The plaque component appears to be the first
alteration after i.v. administration of actinomycin, oc
curring within 5 min after injection (Fig. 2), as previously
reported (6). At this time, the fibrillar and particulate
components are still disposed about nucleolar vacuoles,
and form a typical nucleolonema. The plaque component
appears both at the periphery of the nucleolar mass, in
the area of the nucleolus-associated chromatin, and
within the nucleolar vacuoles, in close association with
the nucleolonema. Ten min after injection of actinomy
cin, the nucleolonema and nucleolar vacuoles are still
evident (Fig. 3). However, the plaque material appears
to have enlarged, and the nucleolus is somewhat con
densed. At 20 min after the injection, the components

of the nucleolus have begun to segregate (Fig. 4). The
fibrillar structure has condensed, and the particles are
not disposed along the fibrils as in the normal nucleolus,
but occur in small groups. In addition, the plaque com
ponent has enlarged, and appears in the periphery of the
nucleolar mass. The nucleolonema is not definitely
seen at this time, and nucleolar vacuoles are infrequent.
At 30 min after i.v. injection, nucleolar segregation is
more nearly completed (Fig. 5) but complete segrega
tion of plaque, fibrillar, and particulate components was
only seen at 1 hr (Fig. 6).

Sequential Alterations following 0.3 /<g Actinomycin
Given i.p. A brief description of some of these observa
tions has been given previously (6). Even in its fully de
veloped form, typical nucleolar segregation was not seen.
Instead, an incomplete form, termed partial segregation
(7), was seen in which the nucleolar vacuoles persist,
usually surrounded by the fibrillar component, which is
also seen at the periphery of the nucleolar mass (Fig.
12). The nucleolus is more nearly round or oval, often
surrounded by a clear halo in which delicate fibrils are
present (Figs. 10 and 11). The outline appears more reg
ular than that of the normal nucleolus. The dense plaque
component, seen as the earliest change after the higher
dose, was identified at 30 min after this dose (Fig. 10),
although it was infrequently encountered at the later
intervals.

Partial segregation was seen in the majority of nucleoli
30 min after i.p. injection. It must be pointed out that,
because of the incomplete nature of the lesion, tangential
sections revealing only portions of nucleoli are difficult to
evaluate. However, even these usually showed definite
alterations and all of those nucleoli which could be ade
quately assessed showed this change. The change was
still present at 80 min and was most pronounced 4 hr
after the injection (Fig. 11). Segregation was virtually
complete at this time, with the exception that usually the
dense plaques were not present. At 6 hr, the majority of
nucleoli still showed partial segregation. However, in
some there was a more organized appearance to the
fibrillar component (Fig. 12). In the most frequent plane
of section (Fig. 12), the fibrils, not accompanied by par
ticles, were still seen at the perimeter of the nucleolar
mass, while the central portion was exclusively composed
of particles. This early reconstitution of the ribbon-like
arrangement of the nucleolonema was composed largely
of fibrils which were disposed in somewhat broader
bands. At 12 hr, there was substantial restitution of nu
cleolar structure, although some nucleoli still contained
a central zone composed solely of particles (see Fig. 7 in
Ref. 6). At 24 and 48 hr the nucleoli were indistinguish
able from those of controls.

Sequential Alteration following 0.1 /<Â»Actinomycin D
Given i.p. At 80 min following i.p. injection of 0.1 Mg/g,
partial segregation very similar to that seen after the
0.3-Mg dose was seen (Fig. 7). The fibrillar zone was ag
gregated at the perimeter of the nucleolar mass and sur
rounding nucleolar vacuoles. There was sometimes the
impression of persistence of the nucleolonema in the
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peripheral portions, but this was mainly composed of
fibrils. The particles were most often found in the center.
A few strands of chromatin were often noted within the
somewhat enlarged nucleolar vacuoles (Fig. 7). After 105
min, the nucleoli were still similar to those seen at 80
min, although the nucleolonemal remnants appeared
with more frequency (Fig. 8). Again, the outline of the
nucleoli was more regular, round or oval, and a clear halo
was sometimes seen. All nucleoli that could adequately
be assessed were affected. At 140 min, restoration of
normal nucleolar architectonics was seen (Fig. 9). The
restitution appeared to proceed in the same fashion as
that noted above; that is, the fibrils were restored first.
Nucleoli also appeared entirely normal at 4 hr after this
dose.

DISCUSSION

The present studies indicate that return toward normal
structure occurs less than 2 hr after partial segregation
induced by 0.1 /ug/g actinomycin and between 6 and 12
hr after 0.3 /Â¿g/g-In addition, except at 30 min, after the
lower doses the dense fibrillogranular plaque, found in
typical segregation (2, 6, 11, 12, 23, 26, 27), was absent.
The nature and significance of the plaque are not en
tirely known, but it appears to contain RNA and pro
tein (23, 33). In our studies, plaques were difficult to see
unless the sections were stained with both uranyl acetate
and lead. When lead alone was used, they were not
nearly as dense, suggesting that their appearance is
somewhat dependent on an increased affinity for uranyl
acetate. We have now observed small plaques under a
variety of circumstances which are not associated with
gross alterations in RNA synthesis (unpublished ob
servations). Therefore, the plaques may reflect some
rather nonspecific response, even though they were the
earliest nucleolar lesion observed following ethionine
treatment, and their appearance correlated well with the
onset of inhibition of RNA synthesis in that system (25).
Since loss of previously labeled RNA is more marked at
higher doses of actinomycin (6), the plaques may reflect
focal degradation (24) of some component(s) of the nu-
cleolonema.

There is an interesting parallel between the appear
ance and evolution of the response to low doses of actino
mycin and the appearance of nucleoli during amphibian
embryonic development (10). In our study, the disap
pearance of the reticulated appearance of the nucleo
lonema, with margination of the fibrils and a central
particulate zone, gives an appearance analogous to the
transformation from an exclusively fibrillar nucleolus to
one composed of particles surrounding a fibrillar core in
the embryo. Following this stage in the embryo, a reticu
lated appearance of the nucleolonema and vacuoles de
velop. Restoration of the nucleolonema after actinomy
cin appears to follow a similar pattern. Jacob postulates
that the changes in the form of the embryonic nucleolus

reflect concomitant change in the functional state of the
nucleolus-associated chromatin (10).

The latter proposal leads logically to considerations
such as the following: it is assumed that, during active
synthesis of RNA at the nucleolus organizer site, the
chromatin is most probably in an extended conformation
(1, 3, 4, 10, 15). The work of DuPraw (4) indicates that
the chromatin of the interphase nucleus assumes a tightly
coiled configuration and that this arrangement may be
important in the metabolism of the interphase nucleus;
that is, in its tightly coiled state, the DNA may be syn
thetically inactive (heterochromatin). If one accepts that
this coiled structure is the conformation of chromatin
which is not actively engaged in synthesis of RNA, while
an extended arrangement (euchromatin) is associated
with synthetic activity, it is possible to suggest a mech
anism for the induction of nucleolar segregation (5). In
this proposal, the binding of actinomycin to the (actively
synthesizing) DNA of the nucleolus-associated chromatin
inhibits RNA synthesis (21), and initiates retraction of
the extended DNA. Indeed, retraction of loops of lamp
brush chromosomes (9) and puffs of polytene chromo
somes of Dipterans (15) has been seen after exposure to
actinomycin. Binding of a large amount of actinomycin
could also cause local alterations resulting in the forma
tion of the small dense plaque component. As coiling of
the chromatin progresses, the plaques, which first appear
in close proximity to intra- and extranucleolar chroma-
tin, begin to coalesce. The fibrillar component, which has
been shown to be the earliest labeled component (8),
and suggested to contain the higher molecular weight
RNA (45 S) (2, 8) as well as protein, should be attached
to the chromatin by its growing RNA chain at the site
of active synthesis (decoding). The coiling of the chroma-
tin would cause the fibrillar mass of RNA and protein
to be carried along as the chromatin assumes a more
tightly wound configuration.

It has been suggested that the particles are made up
of coiled fibrils (28), and there is evidence that a fibril
may remain attached to isolated nucleolar particles (22)
as well as interconnect particles in intact cells (19, 28).
It has been suggested that unwinding of the particles
leads to their conversion to fibrils (2, 27). It seems possi
ble then that the particles represent the tightly wound
ends of the fibrils. The particles become labeled after
the fibrils, indicating that they may be derived from the
fibrils (8). If currently accepted schemes are correct (18,
20, 22, 29, 35) the particles probably contain at least the
28 S component of ribosomal RNA. In our view, as the
fibrils "mature" and twist into particles, many of these

detach and lie adjacent to their fibril of origin. Retrac
tion of the chromatin, then, would draw the fibrils away
from their detached coiled ends, the particles.

Such a model is supported by the remarkable pictures
of Miller and Beatty of isolated extrachromosomal nu
cleoli of amphibian oocytes (16). In their preparations,
the granular cortex is lost during preparation, indicating
that the granules are largely dissociated from the fibrils.
The fibrils do remain attached to the DNA-containing
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core, and in their pictures one can see distinct coiling of
the ends of the RNA-protein matrix fibrils, although this
could occur during the isolation procedure. It is not com
mented upon by the authors. Nevertheless, their study
indicates clearly that the fibrils are anchored firmly to
the DNA core in this type of nucleolus (16).

To summarize our proposal (5), coiling of the chroma-
tin would cause retraction of the fibril. The particles,
which have separated and have not been dispersed
within the nucleus or, possibly transported to the cyto
plasm, would merely be left behind in situ. This twisting
and retraction of the nucleohistone strand also causes
an accumulation of the intimately associated plaques at
the periphery of the nucleolar mass. A diagrammatic rep
resentation of this hypothesis in relation to the observa
tions following i.v. injection of actinomycin is illustrated
in Chart 1.

Partial segregation following lower doses may also be
explained by such a mechanism, as may the action of

FIBRILS ff PLAQUE

PARTICLES

(o) CONTROL (b)~5 MIN (e) IO MIN

Id) 30 MIN (e) 60 MIN

Chart I. Diagrammatic representation of proposed mechanism of in
duction of nucleolar segregation by actinomycin D based on the se
quential response to i.v. actinomycin. The normal nucleolus is depicted
in a as consisting of a DNA backbone, the nucleolus-associated chroma-
tin, shown as 2 helically coiled dense strands, along which finer strands
are disposed, representing the RNA-protein fibrillar component of the
nucleolonema. The ends of these fibrils are coiled to form groups of
particles, and the central lighter areas represent nucleolar vacuoles. In
Â¿>,the formation of plaques is shown (5 min) as cross-halched zones
between the DNA strands and the fibrillar component. In c, the DNA
has begun to coil (10 min), carrying the attached fibrils with it and be
ginning to bring several plaques into apposition as well as to draw the
fibrils away from the particles. In d, the coiling has progressed (30 min),
and the winding of the DNA strands has caused coalescence of the en
larged plaques and separation of the fibrils from the majority of the
particles. The process of segregation is complete in e with the tightly
coiled DNA strands at the periphery and large plaques adjacent to
fibrils which have separated completely from the majority of the par
ticles (60 min).

thioacetamide, 5-fluorouracil, and ethionine which have
been shown to interfere with the development of typical
nucleolar segregation by actinomycin (2, 7, 13, 30, 31)
Thioacetamide increases RNA and protein synthesis
while blocking its transfer to the cytoplasm (2, 16), causes
enlargement of the nucleolus (2, 31), and delays the ap
pearance of segregation, although typical segregation
does occur after an initial lag (13, 31). Treatment with
5-fluorouracil inhibits RNA synthesis but does not pro
duce typical segregation by itself, and prevents its induc
tion (30). The lesion of fluorouracil-actinomycin treat
ment (30) appears very similar to the partial segregation
seen after ethionine-actinomycin treatment (7).

The possible explanation of these observations in light
of the present studies is as follows: partial segregation
reflects binding of a lesser amount of actinomycin, caus
ing only segmental coiling of the DNA strand. It has been
shown that euchromatin (active) binds actinomycin more
avidly than heterochromatin (inactive) (3). In lower
doses, actinomycin inhibits synthesis of nucleolar RNA
selectively (20) and produces partial segregation in the
majority of nucleoli (6, 14). This suggests that there is a
hierarchy of binding sites for actinomycin dictated in
part by the functional state of the chromatin. Therefore,
we suggest that a critical amount of actinomycin must be
bound to the DNA before typical segregation is induced.
Thioacetamide might make more sites available, thus
requiring an increased amount of actinomycin binding
before complete retraction of the chromatin strand takes
place. This delays the onset of segregation (13, 31). Fluo-
rouracil, on the other hand, reduces available binding
sites because inhibition of RNA synthesis produces a
heterochromatin-like state to which actinomycin has a
lowered affinity. Thus the amount of actinomycin bound
to the chromatin never becomes sufficient to induce typi
cal segregation. The latter explanation may be applied to
the inhibition of typical segregation seen following ethio
nine pretreatment, although we previously suggested that
altered energy metabolism may play an important role in
this latter phenomenon (7).

Based on these considerations, we have suggested (5)
that nucleolar segregation is the consequence of active
coiling of the chromatin strand, with concomitant separa
tion of the fibrils from their detached coiled ends, the
particles. The morphological observations reported here
are at least consistent with such a formulation.
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Fig. 1. Hepatic cell nucleolus of control rat given an injection of NaCI solution. The fibrillar component (/) is disposed in a ribbon-like configura
tion about less dense nucleolar vacuoles (a). Numerous dense particles (arrow) are scattered along the fibrillar element, and together they make
up the nucleolonema. The nucleolus-associated chromatin (c) is evident at the periphery of the nucleolar mass. X 17,200.

Fig. 2. Hepatic cell nucleolus of rat given an i.v. injection of 1.25 /ig actinomycin/g body weight and killed after 5 min. The nucleolonema is
still composed of fibrillar (/) and paniculate (p) elements and surrounds nucleolar vacuoles (r). Dense plaques (arrows) are seen in the region of
the vacuoles and the nucleolus-associated chromatin (c). X 22,300.

Fig. 3. Hepatic cell nucleolus of rat given an i.v. injection of 1.25 <jgactinomycin/g and killed after 10 min. There is slight separation of fibrillar
(/) and particulate (p) components. The nucleolonema and nucleolar vacuoles are still seen. The dense plaques (arrows) are enlarged and appear
more frequently in the periphery of the nucleolar mass in areas of nucleolus-associated chromatin (c). X 20,600.

Fig. 4. Hepatic cell nucleolus of rat given an i.v. injection of 1.25 ^g actinomycin/g and killed after 20 min. Separation of fibrillar (/) and par
ticulate (p) elements is more evident, and the dense plaques have enlarged and appear to be coalescing (arrow). X 33,200.

Fig. 5. Hepatic cell nucleolus of rat given an i.v. injection of 1.25 Mgactinomycin/g and killed after 30 min. Large plaques (arrow) are grouped
at the periphery of the nucleolus which is composed mostly of fibrils (/")with a few groups of particles (p) X 24,400.

Fig. 6. Hepatic cell nucleolus of rat given an i.v. injection of 1.25 ^g actinomycin/g and killed after 60 min. The large plaques are seen at the
periphery of the fibrillar mass (/). Only a few particles are evident in this plane of section. X 27,800.

Fig. 7. Hepatic cell nucleolus of rat given an i.p. injection of 0.1 >ig/g and killed after 80 min. A clear halo in which small fibrils can be seen
surrounds the oval nucleolar mass. Fibrils (/) are grouped at the perimeter or surrounding vacuoles (v) in which a few strands of chromatin can be
seen (adjacent to v). The central area of the nucleolus is made up exclusively of particles (p). X 23,800.

Fig. 8. Hepatic cell nucleolus of rat given an i.p. injection of 0.1 jig/g and killed after 105 min. The oval nucleolar mass is surrounded by fibrils
(/) which suggest a nucleolonema. The particles (p) still form the center of the nucleolus. X 39,400.

Fig. 9. Hepatic cell nucleolus of rat given an i.p. injection of 0.1 Mg/g and killed after 140 min. The outline is more irregular, and a ribbon-like
nucleolonema has been reformed. Particles (p) are grouped at intervals along the fibrils (/) which surround small nucleolar vacuoles. X 30,500.

Fig. 10. Hepatic cell nucleolus of rat given an i.p. injection of 0.3 >ig/g and killed after 30 min. The oval mass is surrounded by a clear halo in
which chromatin fibrils can be seen. The particles (p) have separated from the fibrils (/) but there is still a large nucleolar vacuole (v) in which a
few chromatin fibrils can be discerned. A few small dense plaques (arrow) are seen scattered in close association with fibrils and chromatin.
X 26,200.

Fig. 11. Hepatic cell nucleolus of rat given an i.p. injection of 0.3 Â»ig/gand killed after 4 hr. The nucleolus is rounded and surrounded by a clear
halo. The particles (p) and fibrils (/) are separated into distinct zones, but no plaques are present, and there are a few nucleolar vacuoles.
X 37,600.

Fig. 12. Hepatic cell nucleolus of rat given an i.p. injection of 0.3 /ig/g and killed after 6 hr. The nucleolus has a more irregular outline, and
there is substantial reconstitution of a ribbon-like nucleolonema which is made up almost entirely of fibrils (/). The particles (p) are still grouped
in the center of the nucleolar mass. X 24,600.
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