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Synopsis

Dose- and time-dependent effects of Actinomycin D (AMD), 5—50 ^cg/ml, were observed on physiological 
parameters and the fine structure of Tetrahymena during a 6-hour exposure.

Dose-dependent effects were seen after a 1-hour exposure as: 1) Changed rate of endocytosis in 
concentrations above 30 /zg AMD/ml. 2) Progressive nucleolar changes involving segregation of the 
granular and fibrous components, as well as aggregation of the fibrous components apparently through 
sliding along the nuclear envolope. 3) Presence of 2-3 different nucleolar stages (out of 7 defined stages) in 
cells at any one dose of AMD. 4) Changed rates ofRNA (drastically) and protein (moderately) synthesis 
(10-40 /zg AMD/ml). The number of cells engaged in DNA synthesis and the cell content of ATP 
remained unaltered on exposure to the drug. Time-dependent effects were seen after a 5—6 hour exposure as: 
A) Cessation of cell proliferation at any one dose of AMD. B) Additional nucleolar aggregation at low 
AMD doses. C) Formation of large spherical nucleolar bodies of varying electron density especially at the 
high dose of AMD. D) Appearance of intranuclear rods of a microtubular substructure in some cells. 
E) Prevention of structural changes in peroxisomes and to some extent in mitochondria. F) Decreased cell 
content of ATP in concentrations above 10 /zg AMD/ml. Prolonged exposures to the drug resulted in 
spontaneous recovery of cell proliferation in up to 30 /zg AMD/ml. The results are discussed in relation to 
previous reports on the effect of AMD on this ciliate.

JYTTE R. NILSSON 
Institute of Cell Biology and Anatomy 

Zoological Institutes 
University of Copenhagen 

Universitetsparken 15 
DK-2100 Copenhagen 0, Denmark

Keywords:
Actinomycin D, nucleolar stages, endocytosis, ATP content, RNA synthesis, protein synthesis, 

Tetrahymena pyriformis GL

© Det Kongelige Danske Videnskabernes Selskab 1985 
Printed in Danmark by Bianco Lunos Bogtrykkeri A/S 

ISSN 0366-3612 . ISBN 87-7304-155-6



24:2 3

Introduction Material and methods

Actinomycin D (AMD) is an antimetabolite inhib
iting DNA-depcndcnt RNA synthesis by tight, but 
reversible, binding to the narrow groove of the DNA 
molecule {Hyman and Davidson 1970, Goldberg and 
Freedman 1971). Transcription of the various classes 
of RNA is inhibited in a dose-dependent manner by 
AMD in mammalian cells with that of ribosomal 
RNA (rRNA) being most sensitive {Goldberg and 
Freedman 1971, Perry and Kelley 1970), hence low 
doses of AMD are used routinely in biochemical 
studies to exclude rRNA synthesis.

The drug also induces fine structural changes in 
nucleoli in a variety of cell types {Stevens 1964, 
Simard and Bernhard 1966, Goldblatt et al. 1970, 
Phillips and Phillips 1971a, 1971b, Lane 1969, Scheer 
et al. 1975, Recher et al. 1976, Chaly et al. 1979, Jordan 
and McGovern 1981), including Tetrahymena as ob
served after a 5-hour exposure to either 10 /zg 
AMD/ml {Satir and Dirksen 1971) or 50 /zg AMD/ 
ml {Eckert and Franke 1975). The most prominent 
feature of the AMD-induced nucleolar changes is 
the segregation of the granular and fibrous compo
nents, the structural reflection of the inhibited 
rRNA synthesis.

The purpose of the present investigation has been 
to study more closely the effects of AMD on the 
ciliate Tetrahymena using a range of doses (5—50 /zg 
AMD/ml) and with special emphasis on a short 
exposure, corresponding to 1/3 of the generation 
time, but also to some extent on longer exposures 
corresponding to 2 normal cell generations. The 
AMD-treated cells were examined for their capacity 
to form food vacuoles, their rates of DNA, RNA and 
protein synthesis, and their content of ATP, in 
addition to changes in their fine structure, es
pecially those of the nucleolar organization. Both 
dose- and time-dependent effects of the drug have 
been found.

Tetrahymena pyriformis GL {Nanney and TffCoy 1976) 
was grown axcnically at 28°C in 2% proteose 
peptone (Difco) enriched with 0.1% yeast extract 
(Difco) and inorganic salts {Plesner et al. 1964). The 
100-ml cultures were shaken and aerated. The cells 
were used in the exponentially multiplying growth 
phase where the generation time is 170 min. For 
determination of the cell density, cell samples were 
fixed in an equal volume of 2% (v/v) glutaral
dehyde in 0.1 M cacodylate buffer, and after 10 
minutes, the sample was diluted with 0.45% NaCl 
before counting in a particle counter, Coulter Coun
ter model ZB. In each experiment, 1—2 100-ml 
cultures were subdivided into equal volumes which 
received different concentrations of the test com
pound or served as control samples.

Actinomycin D (AMD; Sigma) was dissolved in a 
mixture of 87% glycerol and redistilled water (1:1 
v/v) because of its low solubility in water; stock 
solutions of 10 mg AMD/ml were used. The cells 
were exposed to 5-50 /zg AMD/ml, and for each 
concentration 2 control samples were made, one 
consisting of untreated control cells and another 
containing an equivalent volume of the glycerol/ 
water mixture.

For determination of the rate of endocytosis, the 
cell samples were exposed for 10 minutes to an 
equal volume of carmine particles (4 mg/10 ml) 
suspended in culture medium containing the appro
priate amount of test compound. After exposure to 
the carmine suspension, the cells were fixed as 
described above and the number of labelled food 
vacuoles was counted in 100 cells per sample, as 
described previously {Nilsson 1972). The capacity of 
the cells to form food vacuoles was expressed as a 
percentage of that of the control cells.

The cellular content of ATP was determined by 
the bioluminescent firefly luciferase assay for ATP
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Fig. 1. The effect of actinomycin D ( 1-hour exposure) on the rate 
of endocytosis in Tetrahymena as determined by a 10-minute 
uptake of carmine particles. The data are expressed as percent of 
the corresponding glycerol-treated control cells (drawn curve) 
and of untreated control cells (open symbols). The number of 
experiments is indicated in brackets and the standard deviation 
of the mean is indicated by vertical bars.

(Myhrman et al. 1968) adapted for Tetrahymena (Nils
son 1980). The different doses of AMD were tested 
for inhibition of the output of the bioluminescence 
using standing amounts of ATP but no interference 
was observed.

For electron microscopy, the cell samples were 
mixed with equal volumes of 4% glutaraldehyde in 
0.1 M cacodylate buffer. After a 10-minute fixation, 
the cells were washed in cacodylate buffer and 
treated for 1 hour with 1 % osmium tetroxide in the 
same buffer. The material was then washed and 
dehydrated through a graded series of ethanols and 
finally in propylene oxide before embedding in 
Epon. The sectioned material was contrasted for 20 
minutes in zinc-uranyl acetate (Weinstein et al. 1963) 
and for 3 minutes in lead citrate (Venable and 
Coggeshall 1965) before examination in a Zeiss EM9 
electron microscope. Micrographs were taken at 
primary magnification between 1,800 and 20,000 
times.

For determination of the rate of DNA, RNA, and 
protein synthesis, AMD-treated cells (10, 20, 30, 
and 40 peg AMD/ml), the corresponding glycerol- 
treated control cells, and an untreated control 
sample were exposed for 10 minutes (one hour after 
addition of AMD) to tritiated thymidine or uridine 
(Amersham Radiochemical Centre, TRA 120 and 
TRA 178) and for 20 minutes (50 minutes after 
addition of AMD) to tritiated proline (TRK 323). 
In all instances, the isotopes were added at a 
concentration of 20 /zCi/ml. After labelling, the 
cells were fixed for electron microscopy as described 
above. The sectioned material was mounted on 
carbon-coated colloidin films, contrasted with zinc
uranyl acetate only, and coated with a thin layer of 
carbon before applying Ilford L-4 emulsion by the

loop method (Caro 1969) as described previously 
(Nilsson 1980). After an 8-week exposure, the auto
radiograms were developed in Microdol X and 
contrasted with citrate before examination in the 
electron microscope. The rate of incorporation of 
labelled material was determined semi-quan- 
titatively by counting the number of developed 
silver grains above measured nuclear and cyto
plasmic areas (using a planimeter) in micrographs 
of at least 10 cells per sample; the results were 
expressed as the number of silver grains per 10 gm2. 
The data in Fig. 3 represent the sum of the mean 
values for the nuclear and cytoplasmic labelling.
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Fig. 2. Diagrams of dose- and time-dependent 
effects of Actinomycin D (AMD) on the 
Tetrahymena macronucleus after a 1-hour 
(B-G) and a 5-hour (H,I) exposure, respecti
vely. A: Numerous small, unit-sized nucleoli 
evenly distributed along the nuclear envelope 
(STAGE 1) prior to addition of AMD. B: 
Slightly enlarged nucleoli (aggregation of 2-3 
small nucleoli) evenly distributed along nu
clear envelope (STAGE 2); 10 /zg AMD/ml. 
C: Small nucleolar aggregates in uneven dis
tribution along nuclear envelope (STAGE 3); 
20 /zg AMD/ml. D: Enlarged nucleolar ag
gregates in outpockettings of nucleus (STAGE 
4); 30 fig AMD/ml. E: Irregularly shaped 
entangled nucleolar aggregates (STAGE 5); 
40 /zg AMD/ml. F: Enlarged irregular nucle
olar aggregates with numerous “islets” of low 
electron density (STAGE 6); 50 pg AMD/ml. 
G: Large spherical nucleolar fusion body 
with large “nucleolar vacuole” (STAGE 7); 
50 /zg AMD/ml. H: Large compact, spherical 
nucleolar fusion bodies (compare with C); 20 
pg AMD/ml. I: Large compact, spherical 
nucleolar fusion body with well-defined “nu
cleolar vacuole” (compare with Fand G); 50 
pg AMD/ml. Note the progressive condensa
tion of chromatin from small to large granules 
during the 1-hour exposure (A-G). For fine 
structure of nucleolar changes see Plate I, 1-7 
and Plate II, 1-4. Drawn from electron micro
graphs. Bar indicates 2 pm.

Results

Exponentially multiplying cultures of Tetrahymena 
were exposed to Actinomycin D (AMD) in con
centrations ranging from 5-50 pg/ml; for each 
concentration, 2 control samples (untreated and 
glycerol-treated cells) were examined. Ehe cells 
were observed after a 1-hour and a 6-hour exposure 
to the drug, corresponding to a 1/3 and 2 cell 
generations, respectively; the two sets of data will 
be described separately.

Short-time exposure to AMD
The effect of AMD on endocytosis after a 1-hour 
exposure is shown in Fig. 1. Below 30 pg AMD/ml, 

the rate of endocytosis is unaffected, whereas a 
dose-dependent inhibition is seen above this value. 
The solvent for AMD, glycerol, has a slight stimula
tory effect on endocytosis as indicated in the figure 
by comparison of the data to those of untreated 
control cells (open symbols). In vivo observation of 
AMD-treated cells revealed the presence of small 
refractile granules and nucleolar aggregation; these 
feature were not observed in any of the control cells.

The fine structure of AMD-treated cells was 
affected by all concentrations of the drug in a dose
dependent manner; most conspicuous were the 
nucleolar changes. The overall nuclear changes are 
indicated in Fig. 2, where a control nucleus (Fig. 2, 
A) is compared to representative nuclei of cells 
exposed for 1 hour to 10 pg AMD/ml (Fig. 2, B), 20 
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pg AMD/ml (Fig. 2, C), 30 pig AMD/ml (Fig. 2, 
D), 40 pg AMD/ml (Fig. 2, E), and 50 pg AMD/ml 
(Fig. 2, F,G). A progressive aggregation of nucleoli 
is seen with increasing dose of AMD, although 
some variation occurs within single samples (Fig. 2, 
F,G); moreover, a notable chromatin condensation 
occurs concomitantly. The nucleolar changes in
volved loss of the granular components and gradual 
fusion of the remaining fibrous components (Plate 
I, 2-7) of the small, unit-sized nucleoli typical of 
exponentially multiplying Tetrahymena (Plate I, 7). 
Interestingly, the close association of the small 
nucleoli with the nuclear envelope (Plate I, 7) is 
largely maintained by the nucleolar aggregates in 
the drug-treated cells (e.g. Plate I, 7); furthermore, 
the nucleolar organizers (arrows in Plate I, 1-6) 
become distinct in drug-treated cells, apparently 
due to condensation. At high doses of AMD (> 30 
pg/ml), most of the granular nucleolar component 
was lost during the 1-hour exposure (Plate I, 5-7), 
whereas the nucleoli of glycerol-treated control cells 
remained unchanged (Plate I, 7).

The degree of nucleolar changes varied among 
cells at any one AMD concentration, as mentioned 
above, thus not all cells are affected to the same 
extent by the drug. In order to analyse this feature, 
7 stages were defined to characterize the nucleolar 
organization: Stage 1: Small (0.3 pm) unit-sized 
nucleoli (Plate I, 7) typical of fast growing cells; 
they are predominantly granular in substructure 
and distributed evenly along the inner side of the 
nuclear envelope (Fig. 2, A). Stage 2: Groups of 2-3 
unit-sized nucleoli, mainly fibrous in substructure 
(Plate I, 2), distributed evenly along the nuclear 
envelope (Fig. 2, B). Stage 3: Small groups of unit
sized nucleoli (Plate I, 3) separated from one an
other leaving unoccupied areas along the nuclear 
envelope (Fig. 2, C). Stage 4: Enlarged groups of 
several small nucleoli (Plate I, 4) at a few sites on 
the nuclear envelope (Fig. 2, D). Stage 5: Extensive 
entangled masses of fibrous nucleolar bodies (unit
sized entities recognizable in some parts) with 
distinct nucleolar organizers (Plate I, 5); the nu
cleolar bodies are localized at few sites on the 

nuclear envelope (Fig. 2, E). Stage 6: Large irreg
ularly shaped nucleolar aggregates with numerous 
irregular “nucleolar vacuoles” (unit-sized entities 
no longer visible; Plate 1,6); the nucleolar associa
tion with the nuclear envelope is largely maintained 
(Fig. 2, F). Stage 7: Large (up to 4 pm) spherical 
nucleolar fusion bodies of a uniform fibrous sub
structure and with a central “nucleolar vacuole” 
filled with granular material corresponding to dis
sociated granular nucleolar components (Plate I, 
7); the entire macronucleus contained only 1 or 2 
such bodies (Fig. 2, G). Nuclei containing nucleolar 
stages 3—7 are of an irregular shape (Fig. 2), 
probably due to the close association of the nucleoli 
and the nuclear envelope. The distribution of the 
nucleolar stages was analysed in a large number of 
drug-treated cells; the data are shown in Table 1. 
Nucleolar stage 1 was confined to control cells and 
2—3 stages were found in each drug-treated sample, 
which may indicate a certain cell cycle stage de
pendence. The overall analysis shows a clear dose- 
related response of the nucleolar organization to the 
drug. Moreover, the chromatin material condenses 
in a dose-dependent manner (Fig. 2, B-G).

The cytoplasm of AMD-treated and correspond
ing glycerol-treated cells was also examined for 
structural changes, in part to distinguish direct 
effects of the drug from those possibly induced by 
the solvent (Table 2). Mitochondria and peroxi
somes remained unchanged in all concentrations of 
AMD, glycogen particles and concentric profiles of 
the rough endoplasmic reticulum appeared in 10 pg 
AMD/ml, lipid droplets and autophagic vacuoles 
appeared in 40 pg AMD/ml, and all drug-treated 
cells contained small dense granules. In glycerol 
control cells, glycogen particles, lipid droplets, and 
dense granules appeared only in the high con
centrations; however, enlarged endoplasmic re
ticulum cisternae, but no concentric profiles, were 
seen in the high concentrations of glycerol.

The rates of DNA, RNA, and protein synthesis 
were studied after 1 hour in 10-40 pg AMD/ml, 
using electron microscope autoradiography. Irre
spective of the concentration of AMD, the number
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TABLE 1. Distribution of nucleolar stages in Tetrahymena treated for 1 hour with Actinomycin D

Actinomycin Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Number of Cells

None 100.0 0.0 0.0 0.0 0.0 0.0 0.0 ( 50 )
5 pg/ml 0.0 80.0 20.0 0.0 0.0 0.0 0.0 ( io )

10 pg/ml 0.0 44.6 46.4 9.0 0.0 0.0 0.0 ( 56 )
20 pg/ml 0.0 15.9 50.0 29.6 4.5 0.0 0.0 ( 44 )
30 pg/ml 0.0 0.0 31.6 42.1 24.6 1.7 0.0 ( 57 )
40 pg/ml 0.0 0.0 0.0 6.2 18.8 41.7 33.3 ( 48 )
50 pg/ml 0.0 0.0 0.0 0.0 19.0 33.4 47.6 ( 31 )

For definition of nucleolar stages see text and Fig. 2, A-G and Plate I.

TABLE 2. Cytoplasmic feature of Tetrahymena exposed for 1 hour to Actinomycin D (or solvent: glycerol)

Cell 
constituent

no AMD 5 Pg
AMD/ml

(S = 0.2%)

lOpg 
AMD/ml 

(S - 0.4%)

20 pg
AMD/ml

(S = 0.8%)

30 pg
AMD/ml

(S = 1.2%)

40 pg
AMD/ml

(S = 1.6%)

50 pg
AMD/ml

(S = 2.0%)

MITOCHONDRIA light type unchanged unchanged unchanged unchanged unchanged unchanged
(unchanged) (unchanged) (unchanged) (unchanged) (unchanged) (unchanged)

PEROXISOMES light type unchanged unchanged unchanged unchanged unchanged unchanged
(unchanged) (unchanged) (unchanged) (unchanged) (unchanged) (unchanged)

GLYCOGEN absent absent few few few few present
PARTICLES (absent) (absent) (absent) (absent) (absent) (few)

LIPID absent absent absent absent absent few few
DROPLETS (absent) (absent) (absent) (absent) (few) (few)

DENSE absent few few few present present present
GRANULES (absent) (absent) (absent) (absent) (few) (few)

AUTOPHAGIC absent absent absent absent absent few present
VACUOLES (absent) (absent) (absent) (absent) (absent) (absent)

ENDOPLASMIC normal normal normal but normal but enlarged enlarged enlarged
RETICULUM concentric concentric cisterns, cisterns, cisterns,

profiles profiles concentric concentric concentric
profiles profiles profiles

(normal) (normal) (normal) (enlarged (enlarged (enlarged
cisterns) cisterns) cisterns)

Cells in exponentially multiplying growth phase before exposure.
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Fig. 3. The effect of Actinomycin D on the rates of RNA (■) and 
protein (•) synthesis in Tetrahymena as determined after a 1-hour 
exposure. The data (means of 12-15 cells per sample) are 
expressed as percent of the values from corresponding glycerol- 
treated control cells (drawn curves) and from untreated control 
cells (open symbols). Semi-quantitative determination from 
electron microscope autoradiography. See text for further expla
nation.

of cells in DNA synthesis remained unchanged, 
thus 69% of the untreated control cells had incor
porated tritiated thymidine and the figure found for 
AMD- and glycerol-treated cells was 67% ± 3.7% 
(analysis of 12 cells per sample); however, whereas 
the rate of DNA synthesis (number of silver grains 
per unit nuclear area) was unaltered in 10 pg 
AMD/ml and the corresponding control, it was 
reduced to 70% and 64% in 20 and 40 pg AMD/ 
ml, respectively; the corresponding control cells 
showed similar values. The rates of RNA and 
protein synthesis are shown in Fig. 3. RNA syn
thesis was greatly affected by AMD, and not all 
cells in 30 and 40 pg AMD/ml had incorporated 
tritiated uridine, whereas all control cells were 
labelled. Moreover, cytoplasmic RNA labelling was 
low in all drug-treated cells and it was reduced to 
70% in the glycerol-treated cells, thus the nuclear/ 
cytoplasmic ratio was higher than in untreated 
cells. Protein synthesis was also affected in a dose
dependent manner but to a lesser extent. Labelled 
material was found above both cytoplasm and 
nucleus in all cells and, apart from in 40 pg AMD/ 
ml, the nuclear/cytoplasmic ratio was above 1; 
glycerol-treated control cells showed an increased 
rate of protein synthesis as compared to untreated 
control cells (open symbols in Fig. 3). Although the 
data on tritiated uridine incorporation indicate a 
low nuclear/cytoplasmic transport as reported by 
Eckert et al. (1975), the data on tritiated proline 
incorporation show uninhibited transport from 
cytoplasm to nucleus.

To check the energy level of the cells, their 
content of ATP was measured. However, this pa
rameter was unaffected by the drug (Table 3).

TABLE 3. Effect of Actinomycin D on content of ATP in 
Tetrahymena

Actinomycin D/ml 1-hour exposure 5-hour exposure

5 Pg 102.8 (109.8) 97.8 (112.4)
io gg 106.4 (103.6) 79.8 ( 89.5)
20 |ig 103.2 ( 98.2) 86.8 ( 89.7)
30 ng 98.4 ( 95.3) 71.8 ( 74.2)
40 pg 100.7 ( 91.5) 55.4 ( 58.6)
50 pg 124.2 ( 95.4) 53.8 ( 58.9)

Data expressed as percent of glycerol-treated, and untreated 
proliferating (brackets), control cells. Means of 3 experiments 
with a standard deviation of fess than 10%.

Prolonged exposure to AMD
After the first hour in up to 30 pg AMD/ml, a 
20—30% increase in cell density was found but no 
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further increase occurred during the following 5 
hours; no proliferation was seen at the higher doses 
of AMD. Fhe glycerol-treated control cells prolifer
ated at normal rate, but only after a lag period of up 
to 2 hours in the high concentrations; this lag 
period indicates an adaption of Tetrahymena to 
glycerol and may explain the above-mentioned re
duced RNA synthesis and increased protein syn
thesis of these cells. In all AMD-treated cells, the 
rate of endocytosis, after a 3-hour exposure, was 
unaltered from the situation seen after 1 hour (Fig. 
1); however, after a 6-hour exposure the rate had 
decreased in concentrations above 10 pg AMD/ml 
to 81, 35, 6 and 2% in 20, 30, 40, and 50 pg AMD/ 
ml, respectively (4 experiments). Concomitantly, 
the cellular content of ATP was affected (Table 3), 
thus AMD has a time-dependent effect on both 
endocytosis and the cell content of ATP; further
more, the number of small, refractive granules 
increased with time in AMD-treated cells. Ex
tended exposures to the drug resulted in spon
taneous recovery of cell proliferation in con
centrations of up to 30 pg/ml.

The fine structure of cells exposed to 10-50 pg 
AMD/ml was examined after a 5-hour exposure 
during complete arrest of cell proliferation. Typ
ically, the cells contained large glycogen islets, lipid 
droplets, increased number of dense granules, some 
autophagic vacuoles, concentric profiles of rough 
endoplasmic reticulum, and dense type mito
chondria but light type peroxisomes; however, cells 
in 50 pg AMD/ml contained both light and dense 
type motochondria (Plate II, 5). Most prominent, 
however, were the nucleolar structures; all nucleoli 
were large and appeared as compact, spherical 
bodies with occasional “nucleolar vacuoles” (Figs. 
2 H, I and Plate II, 7-4), thus additional nucleolar 
aggregation had occurred in the low concentrations 
of the drug (compare C and H in Fig. 2). The 
nucleolar bodies had a uniform fibrous substructure 
with no trace of the granular component. Moreover, 
conspicuous small, dense structures had accumul
ated on the surface of the compact nucleoli or 
within “nucleolar vacuoles” (Plate II, 3-4); pre

sumably, they represent condensed nucleolar 
organizers as they differ distinctly from the con
densed chromatin granules (Plate II, 2, 3). Some 
cells, irrespective of the concentration of AMD, 
contained intranuclear rod structures juxtaposing 
or penetrating the compact nucleoli (Plate II, 7). 
These intranuclear rods are composed of micro
tubules embedded in an amorphous material (Plate 
11,2). Not only did the nucleolar bodies vary in size 
but also in electron density of their fibrous substruc
ture as seen in separate nucleoli (Plate II, 4) or 
within a larger composite nucleolar body (Plate II, 
3) at the high concentration of AMD.

By the end of the 5-hour observation time, the 
control cells had reached the early stationary phase 
of growth. Concomitantly their nucleoli had 
changed in structure (Plate II, 6) to the typical 
configuration of decelerating metabolism (growth) 
involving nucleolar aggregation and segregation of 
their fibrous and granular components, but unlike 
the nucleolar changes induced by AMD, the granu
lar components “peel off’ in nucleolonema-like 
configurations {Nilsson and Leick 1970) (compare 
Plate I, 2 and Plate II, 5).

Discussion

In agreement with the known action of actinomycin 
D (AMD) on rRNA synthesis, the most conspic
uous effect of the drug on Tetrahymena was the 
induction of nucleolar changes, as reported pre
viously after a 5-hour exposure to 10 pig AMD/ml 
{Satir and Dirksen 1971) and 50 pg AMD/ml {Eckert 
and Franke 1975). However, the dose response of 
progressive nucleolar changes during a 1-hour ex
posure to AMD has not been demonstrated pre
viously.

Short exposure to AMD
The dose-dependent nucleolar changes indicate a 
sequential change in the nucleolar organization of 
Tetrahymena, a change which accelerates in the high 
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concentrations of AMD. This conclusion was reach
ed after classification of the nucleolar configura
tions in cells treated with 5—50 pg AMD/ml and the 
finding that all AMD-treated cells had nucleoli 
differing from those of untreated cells; 7 nucleolar 
stages were defined. Stage 1 is typical of Tetrahymena 
from exponentially multiplying cultures where 
500-1000 small unit-sized nucleoli, predominantly 
granular in substructure, juxtapose the nuclear 
envelope {Nilsson and Leick 1970) to which they are 
attached by fine filaments {Satir and Dirksen 1971, 
Eckert and Franke 1975). In the presence of AMD, 
the nucleoli segregated into their granular and 
fibrous components as described for a variety of 
cells {Simard and Bernhard 1966, Goldblatt et al. 1970, 
Phillips and Phillips 1971a, 1971b, Snow 1972, Lane 
1969, Simard et al. 1974, Scheer et al. 1975, Recher et 
al. 1976, Chaly et al. 1979, Jordan and McGovern 
1981). However, in Tetrahymena this segregation of 
the nucleolar components is accompanied by ag
gregation of the fibrous components into entangled 
masses at low doses, and into huge homogeneous 
bodies at high doses of the drug. The nucleolar 
aggregates maintain a close association with the 
nuclear envelope, a finding which indicates sliding 
of the small unit-sized nucleoli along the envelope 
during aggregation. This phenomenon of nucleolar 
aggregation in Tetrahymena may reflect the extra- 
chromosomal nature of the rRNA genes {Gall 
1974); it occurs in response to numerous factors 
interfering with growth of this ciliate (e.g. Nilsson 
1976, Pyne et al. 1983), although not to such a 
dramatic extent as that observed at high doses of 
AMD. In AMD, the aggregation cannot involve 
much reduction in nucleolar volume because a 
compact, spherical nucleolar body of a diameter of 
3 pm may in fact accomodate 1000 of the small (0.3 
pm) unit-sized nucleoli.

The analysis of the distribution of the nucleolar 
stages in cells exposed to the different con
centrations of AMD, revealed more than one stage 
at any one AMD concentration. The finding indi
cates a cell cycle dependent response as that re
ported {Cleffmann et al. 1974) for incorporation of 

Plate I. Fine structure of nucleolar changes induced by a 1-hour 
exposure to different doses of Actinomycin D (AMD) and 
definition of nucleolar stages 1—7. All figures X 50,000. (See Fig. 
2 for overall features of the nuclei). Bar indicates 0.5 /xm.

1. Stage 1: Small unit-sized nucleoli, predominantly granular 
in substructure, in close association with the nuclear envelope 
(e) and with a central nucleolar organizer (arrow). Typical of 
Tetrahymena from fast growing cultures (no AMD).

2. Stage 2: Enlarged nucleoli due to fusion of 2—3 small unit
sized nucleoli, the substructure is predominantly fibrous with a 
rim (arrow heads) of granular material (nucleolar segregation); 
note that the association with the nuclear envelope is maintained 
(e). (10 /zg AMD/ml).

3. Stage 3: Further aggregation of the small nucleoli (unit 
entities recognizable); part of the fibrous aggregate maintains 
the position on the nuclear envelope and little granular nucleolar 
component (arrow head) is visible. Nucleolar organizer (arrow). 
(5 /ug AMD/ml).

4. Stage 4: Enlarged aggregates in which unit-sized nucleoli 
may be recognized. Several condensed nucleolar organizers may 
be seen (arrows). (30 /zg AMD/ml).

5. Stage 5: Entangled mass (only partly shown) of fibrous 
nucleolar material (entities not clearly identifiable) with distinct 
nucleolar organizers (arrows) and little granular component 
(arrow head). (50 jug AMD/ml).

6. Stage 6: Large irregularly shaped nucleolar aggregate (only 
small section shown), the unit-sized entities no longer visible in 
the entangled fibrous mass. The nucleolar organizers (arrows) 
are confined to irregularly shaped cavities (“nucleolar vacuo
les”) in which free granular material corresponding to the 
granular nucleolar component is seen. An extensive portion of 
the nucleolar aggregate is associated with the nuclear envelope 
(e). (40 /zg AMD/ml).

7. Stage 7: Large spherical nucleolar body (minor portion 
shown but see Fig. 2, G) of a compact fibrous substructure and 
with a large “nucleolar vacuole” (nv) filled with granular 
material corresponding to dissociated granular nucleolar compo
nent and resembling ribosomes outside nuclear envelope (e). An 
extensive portion of the nucleolar body (4 gm in diameter) is 
associated with the nuclear envelope (e). (50 /zg AMD/ml).

tritiated AMD in Tetrahymena. However, consider
ing that the drug enters the cells primarily by food 
vacuole formation {Nachtweg and Dickinson 1967), 
this incorporation of tritiated AMD coincides with 
the capacity of individual cell stages in the cell cycle 
to form food vacuoles {Nilsson 1976). Hence the 
differing responses of individual cells may depend 
on the amount of drug taken up rather than on their
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cell cycle stage. One hour corresponds to 1/3 of a 
cell generation of Tetrahymena and the 20—30% 
increase in cell density seen after this time in up to 
30 pg AMD/ml indicates that the most advanced 
cell stages complete the cycle, whereas cell division 
is abolished at higher concentrations. These find
ings arc in accordance with those found using heat 
synchronized Telrahymena populations, where inhib
ition of cell division depends on the time of addition 
(about 1 hour before synchronous division) and 
the concentration of the drug [Lazarus et al. 1964, 
Whitson and Padilla 1964, Moner 1965, Frankel 1965, 
Dugaiczyk and Eiler 1968, Fink and Zeuthen 1980). 
Although cell division may be inhibited after a 
1-hour exposure to AMD, the number of cells in 
DNA synthesis remained constant, but the rate of 
thymidine incorporation decreased with increasing 
dose of the drug, presumably due to the known 
binding of AMD to DNA [Goldberg and Friedman 
1971, Kersten 1971) possibly reflected by the ob
served chromatin condensation.

At low doses of AMD (below 1 pg/ml) rRNA 
synthesis is selectively inhibited in mammalian cells 
and total RNA synthesis is abolished above 5 pg 
AMD/ml [Perry and Kelly 1970). Higher doses of the 
drug are needed to affect RNA synthesis in 
Tetrahymena, thus after a 3-hour exposure to 5 pg 
AMD/ml, rRNA synthesis is inhibited by only 50% 
and concomitantly tRNA synthesis was lowered by 
30% [Leick 1969). The question of whether AMD 
may be a non-selective inhibitor of rRNA synthesis 
in Telrahymena was investigated by Ernst and Oleinick 
[VTTiy, RNA synthesis was effected in a dose- and 
time-dependent manner in 0.5—10 pg AMD/ml 
with almost equal inhibition of Poly (—) and Poly 
( + ) RNAs, quite unlike the situation in mam
malian cells. The low rates of RNA synthesis, found 
by electron microscope autoradiography in the 
present study, arc in good agreement with the 
biochemical findings within the same range of 
AMD doses [Ernst and Oleinick 1977, Eckert and 
Franke 1975). In addition, protein synthesis in 
Tetrahymena is affected by the drug, thus a 23% 
dissociation of polysomes occurs within 1 hour in 10 

Plate II. Fine structure of cells exposed for 5 hours to actinomy
cin D (AMD) and of a control cell [6). Time-dependent effects of 
AMD.

1. Aggregation of two large spherical nucleolar bodies of a 
compact fibrous substructure. Conspicuous intranuclear rods 
(arrows) juxtapose or penetrate the nucleoli. Note the compact 
condensed chromatin granules in the nucleoplasm (n). (10 /zg 
AMD/ml). X 1,800. Bar indicates 0.5 p.m.

2. Enlargement of lower part of 1 showing portion of the 
intranuclear rod juxtaposing the nucleolar body. The substruc
ture of the rods (arrows) is clearly microtubules embedded in 
amorphous material. Condensed chromatin granules (ch). (10 
/zg AMD/ml). X 60,000. Bar indicates 0.5 /zm.

3. Part of 3.5 gm large composite nucleolar body revealing 3 
spherical portions (1, 2, 3) of different electron density. Nucleo
lar organizers (arrows) are seen in the “nucleolar vacuole” in the 
body labelled 2; they differ from the condensed chromatin 
granules (ch) on the surface of the nucleolar body. (50 gig AMD/ 
ml). Magnification as in 2.

4. A small spherical nucleolar body surrounded by several 
nucleolar organizers (arrow) resembling those found within the 
“nucleolar vacuole” (nv) of the adjacent large nucleolar body 
(see full outline of the two nucleoli in Fig. 2,1). Note the different 
electron density of the nucleolar bodies. (50 /zg AMD/ml). 
Magnification as in 2.

5. Portion of cytoplasm of cell in 50 /zg AMD/ml. Note the 
light type peroxisomes (p) and light and dense type mitochon
dria (m). Magnification as in 2.

6. Nucleolus of control cells at early stationary growth phase. 
Nucleolar aggregation has occurred (note association with nucle
ar envelope (e)) as well as segregation of the granular and 
fibrous component; however, the granular component typically 
“peel off’ in nucleolonema-like structures (nl) unlike the situa
tion in AMD (compare to Plate I, 2). (Glycerol-treated control 
cell). Magnification as in 2.

pg AMD/ml [Ernst and Oleinick 1977), a figure 
which equals the 74% value for protein synthesis in 
the present study. Only a slight additional effect is 
seen on protein synthesis with increasing doses of 
AMD [Fink and Zeuthen 1980, present study).

Extended exposure to AMD
The time-dependent effects of AMD on the 
Tetrahymena nucleoli were evident after the 5-6 hour 
exposure. All nucleoli, irrespective of the con
centration of the drug, were spherical, compact
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fibrous bodies with no trace of the granular compo
nent; they were few in number at any one con
centration of AMD which means that additional 
aggregation has occurred in cells at the low doses of 
the drug. Thus the nucleolar bodies found in 10 pg 
AMD/ml differ from those reported by Satir and 
Dirksen (1971) for which no explanation can be 
offered; however, the nucleolar bodies observed in 
50 pg AMD/ml resemble those reported by Eckert 
and Franke (1975). An additional observation is that 
the electron density of the large fusion bodies may 
vary; such a segregation of the fibrous nucleolar 
component into types of varying electron density 
has been observed in other AMD-treated cells 
(Stevens 1964, Phillips and Phillips 1971a, 1971b, 
Simard el al. 1974, Jordan and McGovern 1981). The 
phenomenon could be ascribed to the random 
release of immature pre-rRNA from the template as 
observed in AMD-treated oocytes (Scheer et al. 
1975). In Tetrahymena, pre-rRNA becomes stably 
bound to the nucleoli (fibrous component) after 
synthesis, whereas the precursors of cytoplasmic 
ribosomes, containing 26S and 17S rRNAs, are 
bound more loosely (granular component) (Herlan 
el al. 1979). Although no considerable processing or 
degradation of pre-rRNA could be found during a 
90-minute exposure to 50 pg AMD/ml (Eckert et al. 
1975), a slow processing and/or release of pre- 
rRNA could occur during the additional 4-hour 
exposure, thus leaving some nucleoli with reduced 
mass, fhe less dense nucleolar structures could 
therefore represent a nucleolar matrix as found in 
cultured human fibroblasts (Jordan and McGovern 
1981). Moreover, the time-dependent loss of the 
granular nucleolar component from the Tetrahymena 
macronuclcus also indicates degradation or trans
port of rRNA to the cytoplasm; although AMD has 
been reported to inhibit nuclear/cytoplasmic trans
port (Eckert et al. 1975), the present study demon
strates that cytoplasmic/nuclear transport takes 
place in the presence of the drug as newly syn
thesized protein enters the nucleus.

Intranuclear rod structures were found in some 
AMD-treated cells. The structures are composed of 

microtubules embedded in an amorphous material 
and they appear under conditions of arrested cell 
division; they could represent remnants of division- 
associated microtubules in cells with abolished divi
sion. AMD also induces intranuclear structures in 
oocytes (Lane 1969, Snow 1972, Eckert et al. 1972); 
however, these structures differ from the intra
nuclear rods in Tetrahymena, but they resemble the 
actin bundles induced by dimethyl sulphoxide in 
this ciliatc (Nilsson 1980, Katsumara and Fukui 1982).

The cytoplasmic changes induced by AMD in 
Tetrahymena primarily reflect a general cessation of 
cell proliferation as seen under stationary phase 
conditions (e.g. Nilsson 1976). However, peroxi
somes and mitochondria did not appear in their 
expected dense type (Nilsson 1976, 1981), which 
indicates interference with the biochemical events 
responsible for the transformation of the light to the 
dense type. In fact, AMD inhibits the increase in 
the specific activity of the peroxisomal enzyme, 
isocitrate lyase, normally seen in Tetrahymena at 
cessation of growth (Levy 1967), moreover the drug 
affects mitochondrial transformation and mito
chondrial RNA synthesis in other cells (Kahri 1968, 
Young and Zimmerman 1974).

Although AMD prevents cell proliferation of 
Tetrahymena for several hours, this inhibition is 
abolished during prolonged exposures to up to 30 
pg AMD/ml (Satir 1967 and present study). The 
study by Satir and Dirksen (1971) is a description of 
such growth during a 45-hour exposure to 10 pg 
AMD/ml. Whether this recovery of growth after a 
long lag period in AMD is due to the drug being 
metabolized or to adaption of the cells is not known.
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