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Summary. A method for the extraction of total RNA of the planarian Polycelis tenuis
is described. This technique has been applied to the study of RNA synthesis in the course
of regeneration. Synthesis of RNA begins 7 hrs after sectioning and proceeds in two phases.
The first phase, from 7 to 21 hr is characterized by an increased rate of (3H) orotic acid
incorporation into RNA up to the 18th after sectioning followed by a decrease between 18
and 21 hrs. The rate of precursor incorporation then rised again in the second phase to
the 30th hr and finally decreased slowly until completion of regeneration. Studies of the
pool of nucleotide precursors, show that the observed variations of orotic acid incorpora-
tion into RNA reflect variations in RNA synthesis.

Electrophoretic analysis of RNA labelled for 2 hrs at various times during regene-
ration shows that the product formed during the first phase of regeneration is mainly
rRNA and low molecular weight RNA. The second phase of the regeneration process,
from the 24th hr, is characterized by the appearance of both ribosomal and polydisperse
RNAS. These heterogeneous RNA species are detected up to the 46th hr of regeneration,
after which time rRNA again becomes predominent.

The significance of the two phases of RNA metabolism of which this is the first obser-
vation during planarian regeneration is discussed in connection with other biochemical
events which have been described during regeneration processes in planarians and other
animals.

Introduction.

Although the morphological and the cytological aspects of the regeneration
process of fresh water planarians are well documented (Morita et al.,1969 ; Sauzin,
1967a and b ; Sauzin-Monnot, 1973 ; Spiegelman and Dudley, 1973), few studies have
been made of the biochemical mechanisms involved in the regeneration process
(Brondsted, 1969 ; Gabriel, 1969 ; Stewart et al., 1968 ; Franquinet and Le Moigne,
1979). Several results however suggest that the crucial biochemical and cellular
events which prepare the differentiation of the blastema take place within the first
48 hrs following sectioning. For exemple, a blastema isolated at the 48th hr after

sectioning can differentiate in an in vitro culture (Sengel, 1960) and neither X-ray
irradiation (Gabriel, 1968a) nor an inhibitor of RNA synthesis such as actinomycin D
(Le Moigne and Martelly, 1974) have an effect on the regeneration process when

applied after the second day of regeneration. These results led us to focus our
attention on the early biochemical events occurring at the onset of regeneration



and in particular on the metabolism of nucleic acids. In the present paper we

analyse the quantitative variations of RNA synthesis during the regeneration of adult
planarians.

Materials and methods.

Animals. - Adult planarians of the species Polycelis tenuis starved for one week
were kept in tap-water at 18 °c. They were cut into six equal pieces and the fragments
regenerated during the stated times.

Origin of the products. - All isotopicaly labeled compounds were supplied by the
CEA (Saclay, France), the scintillation liquid was provided by Packard. Tri iso-pro-
pylnaphthalen sulfonic acid (TNS) was purchased from Eastman, diethylpyrocarbo-
nate from Schuchardt Muchen ; nucleotides, arotic acid and uridine came from Sigma,
PEI cellulose sheets from Merck.

La6eling of RNA. - Preliminary experiments showed that labeled orotic acid

was more efficiently incorparated into planarian RNA than uridine. Two hours before
the end of the choosen regeneration time, sectioned animals were pulsed with tap-
water containing 50 gcilml of (3H) orotic acid (sp. act. 25 Ci/mM). All experiments
included control incubations in which intact planarians were labeled separately under
the same conditions. After incubation with (3H) orotic acid, planarians were extensi-
vely washed and RNA extraction commenced.

RNA extraction. - Glassware were heated at 200 °C for 2 hrs and buffers were
treated with diethylpyrocarbonate at 60 °C for 1 hr before use. Homogenization of
planarians was carried at room temperature for 10 min in a glass-teflon homogenizer
in 50 mM Tris, 150 mM NaCl, pH 9.0 containing 2 p. 100 TNS (1 ml per planarian) ;
pH 9.0 was chosen for quantitative extraction of RNA including mRNA (Brawerman,
1973). One volume of freshly distilled phenol was then added, allowed after 10 min.
shaking, by an additional volume of chloroformioamyl alcohol (24 : 1). After shaking
for a further 10 min the phases were separated by centrifugation (15 000 g) for

5 min and the phenolic phase was removed. The remaining aqueous phase and inter-
phase were reextracted twice by the same procedure and once with chloroform-
isoamyl alcohol alone. The final aqueous phase was adjusted to a concentration of
300 mM Na-acetate and precipitated overnight with 2.5 volumes of cold ethanol at
- 20 °C. Precipitated nucleic acids were dissolved and precipitated at least twice

from 100 mM Na-acetate, 1 mM Mg-acetate pH. 5.0 containing 0.5 p. 100 SDS in order
to eliminate the remaining phenol. The crude product was dissolved in 10 mM Tris-

HCI, 100 mM NaC). 30 mM MgCl, pH 7.0 and the solution was incubated for 30 min
at 5 !C after addition of RNase free DNase (10 !tg/mi) in order to remove DNA
which represented about 13 p. 100 of the extracted nucleic acids. RNA was then reco-
vered by precipitation with ethanol as before, assayed by spectrophotometry (1 A
260 nm = 41 gg RNA), and stored at - 20 oC in ethanol for at most 8 days before
analysis by polyacrylamide gel electrophoresis. The extraction procedure described
here yieled 25 to 40 gg of RNA per animal, fresh weight 10 to 12 mg, depending on the
duration of regeration. This amount was estimated to be slightly more than that extract-
ed by Gabriel from lyophilised planarians (Gabriel, 1969). Extraction of given quan-



tities of E. coli ribosomal RNA (given by Dr Grienenberger) were routinely performed
simultaneously with planarian samples. The RNA recovery attained 85 p. 100 of the
input RNA estimated by OD measurement before or after electrophoresis on polyacry-
lamide gels.

Electrophoresis on polyacrylamide gels. - RNA samples were electrophoresed in

2.5 p. 100 (w/v) polyacrylamide gels by a modification of the technique of Loening
(1967). Electrophoresis buffer contained 0.1 mM EDTA, 2 mM Mg-acetate, 30 mM Na
acetate, 40 mM Tris-HCI pH 7.4 and 0.5 p.100 SDS. Gels /10 cm x 0.7 cm) polymerised
in plexiglass tubes were prerun for one hr at room temperature and electrophoresis of
the RNA samples was then performed for 2.5 hrs (5 mA/gel, 8 V/cm). The gels were
then scanned with a densitometer (Joyce-Loebl) at 257 nm and cut into 2 mm slices.
After treatment of each slice with hydrogen peroxide (30 p. 100) for 6 hrs at 60 °C,
radioactivity was determined following addition of 10 ml of scintillation liquid (Insta-
gel). The correspondance between radioactivity and the profile of optical density was
established by ink markers.

Determination of the molecular weight of RNA.-The molecular weights of the
various RNA species were determined graphically using ribosomal RNA of E. coli

(16 S and 23 S) as standard (Bishop et al., 1967). The molecular weights or rRNA
from E. Coli were taken as 1.07 x 106 and 0.56 x 106 daltons (Stanley and Bock,
1965).

Nucleotide pool determination. - A double labelling technique was used (Horis-
berger and Amos, 1970). Planarians were labeled with (14C) orotic acid (7.4 4Ci/ml,
45 mCi/mM) for 30 hrs, rinsed in tap-water and groups of 10 animals were then
sectioned. The fragments were allowed to regenerate in water for 16, 19’or 21 hrs

and a 2 hr-pulse of (3H) orotic acid (40 gcijml, 25 Ci/mM) was then applied. Intact
planarians were submitted to the same treatment. After exhaustive washing to stop
labelling, animals were rapidly frozen in liquid nitrogen, and homogenized with
ice-cold 0.5 N perchloric acid (PCA). Aliquots ot each homogenate were neutralized
for measurement of protein content and total radiooctivity and the remainder was
kept at 4 !C for 30 min before being centrifuged at 15 000 g for 10 min. The resulting
pellets were washed once with 0.5 N PCA, and the pooled acid soluble fractions were
treated with 0.83 N KOH, 40 mM tris-HCI pH 8.3. After removal of potassium per-
chlorate by centrifugation, supernatants were frozen and stored at -20 °C for later
use.

After measurement of the total radioactivity present in the soluble fractions

their content of nucleotides and orotic acid was fractionated by two dimensional
chromatography on thin layer PEI cellulose sheets using a modification of the method
of Randerath and Randerath (1967). Origins were prespotted with marker solution
containing uridylic and cytidylic nucleotides, orotic acid and uridine, the samples
- were then applied. After preliminary development in distilled water, the dried sheets
were developed in the same dimension with 1 M acetic acid up to 8 cm, then with
0.8 M LiCI. After drying and desalting the chromatograms in anhydrous methanol,
the second dimension was developed with three steps of formate buffer pH 4.3 (0.5 M
3 s, 2.0 M for 2 min, 4.0 M up to the top). Nucleotides and orotic acid were localised
by ultraviolet light and spots were scraped for counting. Samples were counted in an
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Intertechnique liquid scintillation spectrometer and corrections for quenching and for
incomplete separation of (14C) and (3H) spectra were applied.

Proteins were measured according to Lowry et al. (1951) using bovine serum
albumine as standard.

Results.

Quantitative incorporation of (3H) orotic acid into RNA during regeneration.

Preliminary experiments established that exposure of simply decapitated plana-
rians to 50 gcilml of (3H) orotic acid for periods as long as 24 hrs did not result in
sufficient labeling of the extracted RNA for accurate quantitative determination.
Enhanced incorporation was obtained by increasing the number of activated zones in
each planarian at which the RNA precursor was preferentially incorporated. Animals
were therefore cut into six equal pieces, thus providing 10 blastema per planarian.
These fragments of about 1 mn were sufficient for survival and complete regeneration.

When planarians cut into six fragments were incubated with (3H) orotic acid
for 24 hrs either from 0 to 24 hrs or from 24 to 48 hrs after sectioning (results not
shown), labelling of RNA was about seven times greater during the second day of
regeneration than during the first. This incorporation was associated with an accu-
mulation of newly synthesized RNA in the regenerating fragments since the total RNA
extracted per planarian increased from 25 to 40 fL9 between 0 and 48 hrs after sec-

tioning although the blastema was not yet developped and was composed of only a
few cells at the 48th hr (Lender and Gabriel, 1960 ; Spiegelman and Dudley, 1973).
Furthermore, the content of protein/animal did not change significantly during this

period.
To elucidate the events underlying enhanced RNA labeling during the second

as compared to the first day of regeneration, the time course of RNA synthesis and the
type of RNA synthesised were investigated. Figure 1 shows the variation with time

of the specific activity of RNA extracted after incubation of planarian fragments in

the presence of 50 !tCi/mi of (3H) orotic acid for 2 hrs. By comparison with intact

animals (time 0) incorporation of labeled precursor into RNA of regenerating pla-
narian fragments was stimulated only from the 7th hr after sectioning. The rate of

(3H) orotic acid incorporation into RNA reached a maximum at 18 hrs, fell sharply
for the following 3 hrs, and then increased again until 30 hrs after sectioning.
Subsequently, a progressive decrease occurred up to the 7th day or regeneration
Comparison of the incorporation of (3H) orotic acid and of guanosine (14C) RNA
precursor which are metabolised to nucleotides triphosphates by completely different
metabolic pathways (Hauschka, 1973) showed that these variations of RNA labeling
were independent of the nature of the labeled precursor used.

These observations suggested that the pattern of RNA labeling during planarian
regeneration reflected variations in the rate of RNA synthesis. If this is the case, the

specific activities of the pools of nucleotide precursors would remain more or less
constant. We used the following double labeling technique in order to test the accu-
racy of this hypothesis at the crucial period of transition between the first and the
second phase of RNA labeling.



Study of the labeling of the nucleotide pool. _

The intracellular nucleotide pool was equilibrated with (14C) orotic acid for 30 hrs
prior to sectioning the animals. After 16, 19 and 22 hrs of regeneration in tap-water,
a 2 hr-pulse with (3H) orotic acid was applied. The amounts of labelled orotic acid and
of uridylic and cytidylic nucleotides in the acid soluble pool were then determined
(table 1). As measured by the ratio of the amounts of each isotope found in the pools of



uridylic and cytidylic nucleotides (on average, 4.6 for (14C) and 2.4 for (3H)) the ,meta-
bolism of orotic acid into the nucleotides did not differ markedly at various time of
regeneration. Furthermore, the (3H)/(14C) of each group of nucleotides did not display
significative variations between 18 and 24 hrs of regeneration in spite of extensive
changes in free (3H) orotic acid content. Therefore, the varying penetration of exoge-
nous (3H) orotic acid into sectioned planarians seems to be balanced by a mechanism
of regulation which controls its transformation into the final-nucleotides.

The results indicated that the reduced labeling of RNA between 18 and 21 hrs after
sectioning and the subsequent rise at the 24th reflected actual variations in RNA

synthesis rather than variations in the labeling of the pool of nucleotide precursors.

Qualitative studies of extracted RNA.

In order to compare the amounts of different classes of RNA synthesized during
regeneration, RNA samples prepared at different times after sectioning were analysed
by polyacrylamide gel electrophoresis. Results representative of the two phases of
regeneration are shown in figure 2. The p. 100 of total input radioactivity found in

various size classes of RNA at different times of regeneration was then calculated
(table 2).

It is noteworthy that a 2 hr-labeling period was sufficient for completion of the
synthesis of mature rRNA in the regenerating planarians. The molecular weights
assigned to rRNA were 1.53 X 106 (SEM = 0,02 ; n = 25). And 0.76 X 106

(SEM = 0.01 ; n = 25). The small additional peaks of labelled RNA corresponding to
3.8 x 106 and 1.75 X 106 daltons may represent rRNA precursors.

Extracts from unsectioned animals (fig. 2a) or planarians cut into six fragments
which had regenerated for 4 hrs displayed a rather low and unspecific background of



labelled RNA after a 2 hr-pulse. A 24 hr-pulse of intact planarians was in fact necessary
for the localization of rRNA and low molecular weight RNA in an electrophoretic
pattern (Martelly et al., 1976). Only ribosomal RNA species and low molecular weight
RNA were detected in extracts of regenerating animals pulsed after 12 hrs of regene-
ration and the pattern seen at 18 hrs was not significantly different from observed at
12 hrs. On the other hand, the 24 hr samples displayed a more heterogeneous pattern
of RNA species ranging from 3.5 X 106 to 0.3 X 106 daltons. This heterogeneity of
RNA species persisted in the 36 an 46 hr samples but was reduced after 72 hrs at which
time rRNA again became predominent. The proportion of low molecular weight RNA
rose from 12 to 17 p. 100 between 12 and 36 hrs and subsequently fell to about 12 p.100
at 72 hrs (table 2).

Discussion.

Planarians have been extensively used for investigation of Invertebrate regene-
ration. However, biochemical studies in the field are rather fragmentary and up to
now, no quantitative study of RNA synthesis during regeneration has been carried
out. We report here a simple procedure which enabled us to undertake such a study
using small quantities of material present in a few planarians or even a single animal,
whereas earlier reports on RNA studies required several hundred animals (Stewart
et al., 1969 ; Gabriel, 1968b).



In regenerating adult planarians, incorporation of labeled orotic acid into RNA
showed a biphasic pattern. The first phase lasted up to the 21st hr after sectioning,
and was followed by a second which lasted from 24 hrs after sectioning until comple-
tion of regeneration. The observed variation of incorporation of orotic acid into RNA
reflected variations of RNA synthesis. Indeed, the results of measurements of the size of
pools of nucleotide precursors obtained by a double labeling technique (table 1)
exclude possible effects of fluctuating metabolism of orotic acid into nucleotides on
the incorporation of the labeled products into RNA. It is noteworthy that the penetra-
tion of exogeneous orotic acid varied with the time of regeneration. It is therefore

possible that the impairement of precursor uptake observed at the 21st hr of regenera-
tion could be a manifestation of an end-product inhibition induced by a decreased rate
of nucleic acid synthesis and consequently, a decreased rate of removal of precursors
from the available pools. Such an occurrence has been reported in actinomycin D
treated cells (Skehel et al., 19b7). On the contrary, the increased uptake of orotic acid
at 24 hrs would be caused by an elevating increased rate of RNA synthesis.

In other experiments we have studied the kinetics of RNA labeling after the
18th hr of regeneration under pulse and chase conditions in the presence or

absence of actinomycin D (unpublished results). In such experiments, a reduction of
RNA labeling was observed after a chase and this effect was increased in the

presence of actinomycin D, suggesting that degradation of RNA may occur after the
18th hr after sectioning simultaneously with a reduced rate of RNA synthesis.

Electrophoretic analyses of RNA labelled for 2 hrs at various times during plana-
rian regeneration showed that at early times after sectioning rRNA was the major
product formed and that large amounts of polydisperse RNA were also formed at the
beginning of the second phase of RNA synthesis. Although we cannot exclude the
possibility that some RNA, in particular mRNA may be lost in the course of extraction,
all experiments were performed under similar conditions and we therefore, conclude
that changes in the content of polydisperse RNA reflect physiological differences in the
course of planarian regeneration. Moreover, the initial stimulation of rRNA synthesis
is consistent with the morphological observations in which the first signs of cellular
activation after the sectioning were the appearance of activated nucleoli and of an
increased number of cytoplasmic ribosomes in the undifferenciated cells (Morita et al.,
1969 ; Spiegelman and Dudley, 1973 ; Sauzin-Monnot, 1975). Stimulation of rRNA
synthesis at the onset of a regeneration process has also been reported in particular in
lens (Reese et al., 1969) and limb (Morzlock and Stocum, 1971) regeneration in Triturus
viridescens.

It has been reported that actinomycin D completly prevented regeneration when
applied during the first day after sectioning (Gabriel, 1969 ; Le Moigne and Martelly,
1974). Impairment of the regeneration process by inhibition of RNA synthesis decreased
when the inhibitor was present from the 24th hr following sectioning. After 48 hr of
regeneration the process was no longer affected by actinomycin D. These results
suggested that mRNA produced during the first phase of regeneration was not suffi-
cient for the development of the blastema and its differentiation and that the second

phase of RNA synthesis must be initiated for completion of regeneration.
A biphasic pattern of (3H) uridine incorporation into RNA has also been reported

i the course of regeneration of the oligochete Eisenia foetida (Lechenault and Gont-



charoff, 1972) and the polychete Owenia fusiformis (Thouveny et al., 1972, Fontes et al.,
1979). In the former case, the first peak of RNA was composed principally of polydis-
perse and low molecular weight RNA whereas the second peak predominantly
contained rRNA. A short peak of protein synthesis was observed before the onset of
the stimulation of RNA synthesis. These primary peaks of RNA and protein corres-
ponded to the period of cellular activation and dedifferentiation which occured in the
regeneration of Annelids. In planarians, where a dedifferentiation phase has not been
established, the onset of the regeneration process seems to be characterized by a
different time course of synthesis of the different RNA species.

Variations of cAMP content during planarian regeneration have been reported
(Franquinet and Le Moigne, 1979) and their comparison with the pattern of RNA
synthesis, during regeneration strongly suggests a negative control of the transcrip-
tion level by the cyclic nucleotide. Such a process was reported for example in Wolffian
lens regeneration (Thorpe et al., 1974). Experiments are now in progress to analyse
the effect on RNA synthesis of cAMP or neuromediators (or their antagonists) which
modify directly or indirectly the cAMP content (Franquinet and Martelly, in prepara-
tion).
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Résumé. Une méthode d’extraction des ARN totaux adaptée aux planaires a été appli-
quée à l’étude des synthèses d’ARN chez ces animaux au cours de la régénération. Ces
synthèses sont stimulées en deux phases. La première phase est caractérisée par une aug-
mentation de l’incorporation de l’acide orotique (3H) entre 7 et 18 h après la section suivie
par une diminution jusqu’à la 21e h. L’incorporation du précurseur augmente à nouveau
jusqu’à 30 h, reste à un niveau élevé plusieurs jours et décroît lentement à la fin de la
régénération. Ces variations d’incorporation du précurseur dans les ARN semblent
refléter des variations de synthèses d’ARN puisque le marquage du pool de nucléotides
ne change pas significativement. Au cours de la première phase des synthèses d’ARN, on
détecte essentiellement des ARN ribosomaux et des ARN de poids moléculaire légers,
alors que au cours de la seconde phase, outre ces ARN, on décèle également des ARN de
poids moléculaire hétérogènes jusqu’au 3e jour de régénération. Les ARN ribosomaux
redeviennent ensuite prédominants. La signification de ces deux phases du métabolisme
des ARN est discutée en rapport avec d’autres événements biochimiques décrits au cours
de la régénération des planaires ou d’autres animaux..
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