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The metabolism of high-molecular-weight RNA in the nuclear and cytoplasmic fractions
of newborn and adult rat brain was investigated after the intracranial administration of
[32P]P1. In young brain, a considerable proportion of the newly synthesized radioactive
RNA is transferred to the cytoplasm, in contrast with the adult brain, where there appears
to be a high intranuclear turnover. Electrophoretic analysis of the newly synthesized
RNA showed that processing of rRNA precursor to yield the 28 S and 18 S rRNA may
be more rapid in the adult than in the young, although most of the adult rRNA in the
nucleus is not transferred to the cytoplasm. In young brain, processing is probably tightly
coupled to transport of rRNA into the cytoplasm, so that 28 S and 18S rRNA are not
subjected to possible degradation within the nucleus. Polyadenylated RNA turns over in
concert with high-molecular-weight RNA in the nuclei of the adult rat brain. In the cyto-
plasm the polyadenylated RNA has a higher turnover rate relative to rRNA. In the young
brain the polyadenylated RNA is transferred to the cytoplasm along with rRNA, although
polyadenylated RNA is transported into the cytoplasm at a faster rate. The nuclear and
cytoplasmic polyadenylated RNA species of young brain are larger than their corres-
ponding adult counterparts. These results suggest that there areconsiderable changes in the
regulation of the nucleo-cytoplasmic relationship of rRNA and polyadenylated RNA
during the transition of the brain from a developing replicative phase to an adult differ-
entiated and non-dividing state.

It is generally accepted that the bulk ofcytoplasmic
high-molecular-weight RNA is derived from RNA
synthesized within the nucleus. The nuclear prev,
cursors are synthesized as rather large molecules,
which are first processed before they are transported
into the nucleus. For example, the nuclear 45SrRNA
precursor is cleaved in several successive steps to yield
the 28S and 18S rRNA. These rRNA molecules
are thentransported to the-cytoplasm as 40S and 60S
ribosomal subunits respectively, with the small
subunit appearing first (Darnell, 1968). For most
mRNA, the nuclear precursor is believed to be a
giant transcript, referred to as heterogeneous
nuclear RNA, which is also further processed by
various cleavage steps. The discovery of poly(A)
residues in cytoplasmic mRNA (Lim & Canellakis,
1970; Kates, 1970), followed by reports (Brawerman,
1974) that poly(A) was added post-transcriptionally
to heterogeneous nuclear RNA, has established that
at least some of the nuclear precursor to mRNA is
polyadenylated. Since we have found that the
synthesis of polyadenylated RNA is decreased
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during development of the rat cerebral cortex
(Berthold & Lim, 1976), we were interested in
determining whether other changes occurrd in the
metabolism of both polyadenylated RNA and
rRNA. In view of the known precursor-product
relationship between RNA in the cytoplasm and in
the nucleus we have studied the metabolism of brain
high-molecular-weight RNA in these two compart-
ments. The results are discussed in the context of the
change in the brain from a proliferating state in the
newborn to a non-dividing finally differentiated
state in the adult.

Materials and Methods

Chemicals

A.R.-grade chemicals were used throughout.
Sarkosyl (laurylsarcosine) was obtained from Ciba-
Geigy Co., Duxford, Cambs., U.K. Formamide
(99.9% purity) was a product of Merck and Co.,
Poole, Dorset, U.K. Solutions were all made up in
glassware previously treated with 0.)5M-NaOH and
rinsed with water, to minimize contamination with
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extraneous ribonuclease. In experiments involving
binding of polyadenylated RNA to oligo(dT)-
cellulose all the solutions were subjected to treatment
with diethyl pyrocarbonate to destroy ribonuclease
(Williamson et al., 1971).

Animals
(32p]pl (The Radiochemical Centre, Amersham,

Bucks., U.K.) was administered to 3-day-old and
150-day-old rats by intracranial injections at a dosage
of 1 mCi/g wet wt. of brain as previously described
(Berthold & Lim, 1976). At appropriate times after
the injection, the rats were decapitated and the skull
was cut away to expose the brain. The cerebellum was
removed in situ and the brain transected at the level
of the pons-medulla. The forebrain was removed, the
olfactory lobes were dissected out, and meninges and
remaining blood vessels teased out. The forebrains
were then immediately homogenized at 4°C in
medium containing 0.25M-sucrose, 40mM-Tris/HCI,
pH7.6, 25mM-KCl and 1 mM-MgCl2 by using ten
strokes of a loose-fitting Teflon-glass tissue grinder
(Thomas and Co., Philadelphia, Pa., U.S.A.) to
disperse the tissue, present as a 10% (w/v) suspension.

Subcellular fractionation
The subcellular fractions were obtained by

subjecting the homogenate to a modification of the
combined centrifugation-phenol treatment by the
method of Markov & Arion (1973) based on that of
Georgiev (1967), except that all operations with brain
tissue was performed at 4°C. An initial cytoplasmic
fraction (C) was obtained by centrifuging the homo-
genate at 10OOg for 10min in the MSE Mistral 4L
centrifuge to sediment the nuclei. This cytoplasmic
supernatant was immediately subjected to the phenol
treatment previously described for preparation of
high-molecular-weight RNA (Berthold & Lim,
1976). The crude nuclear fraction was resuspended in
the original volume offresh homogenization medium
or, occasionally, 0.9% NaCI. An equal volume of
ice-cold phenol, previously equilibrated with water
and titrated with 0.1 M-NaOH to adjust thepH to 6.0,
was added to the resuspension. The mixture was
carefully shaken and then left at 4°C for 20min. The
phases were separated by centrifugation in the
Mistral 4L centrifuge at 3000g for 20min. The super-
natant was removed and designated the first wash
fraction (Wl). The residue was washed as above with
water and this second wash was removed and
corresponded to fraction W2 of Table 1. The final
phenol phase contained as a white flocculent pre-
cipitate the nuclear fraction (N). High-molecular-
weight RNA from the different fractions was
obtained by a combined phenol extraction-LiCI
precipitation procedure as previously described
(Berthold & Lim, 1976).

Electrophoretic analyses

32P-labelled high-molecular-weight RNA was
analysed on dilute polyacrylamide gels as previously
described (Berthold & Lim, 1976). More recent
analyses have been performed on composite gels
containing 1.5-1.75% (w/v) polyacrylamide in a
matrix of 0.5% purified agarose (Koch-Light Ltd.,
Colnbrook, Bucks., U.K.; Summers, 1969; Peacock
& Dingman, 1968). The molecular weights of the
RNA species were determined by using 28 S (mol.wt.
1.7 x 106) and 18 S (mol.wt.0.7 x 106) rRNA standards
(Loening, 1968).

Oligo(dT)-cellulose chromatography
The isolation of polyadenylated RNA was per-

formed by a modification of the batchwise method of
Edmonds (1971) by using formamide to elute poly-
adenylated RNA from the oligo(dT)-cellulose
(Lindberg & Persson, 1972). 32P-labelled high-
molecular-weight RNA, in 0.5ml of a high-salt
solution, containing 0.4M-NaCI, 10mM-Tris/HCI,
pH7.4, 0.1Y% sodium dodecyl sulphate, 0.1%
laurylsarcosine, 1mM-EDTA and 10% (v/v) form-
amide, was mixed thoroughly with 15mg of the
oligo(dT)-cellulose (previously washed with O.1M-
NaOH, and later with the high-salt solution). The
mixture was left to react for 5min and a further 1.5 ml
of the high-salt solution was then added to the
mixture with constant shaking. The cellulose-bound
polynucleotide was sedimented by centrifugation at
3000g for 5min either at 4°C or at room temperature
(20°C), since this made no difference to the elution
pattern. The 2ml high-salt fraction was removed
from the sediment, and the cellulose, containing
polyadenylated RNA, was subjected to further
washes, each time involving 2ml of the high-salt
solution. Complete elution oftheRNA not containing
polyadenylate was monitored by Cerenkov-radiation
measurements ofthesewashes(Berthold &Lim, 1976).
The polyadenylated RNA was eluted by similar 2ml
washes with a low-salt solution, which was the high-
salt solution from which 0.4M-NaCl was omitted and
replaced by formamide, to give a final concentration
of 90% (v/v). Complete elution of the labelled poly-
adenylated RNA, again monitored by measurements
of Cerenkov radiation, was achieved with IOml of the
low-salt/formamide solution. RNA in the combined
first two washes of the high-salt solutions was
precipitated directly by the addition of 2vol. of
ethanol. The polyadenylated RNA solution in the
low-salt fraction was adjusted to contain 0.2M-
sodium acetate, pH6.0, and carrier yeast RNA was
added before precipitation with 3 vol. ofethanol. The
samples were left at -20°C for at least 16h for
complete precipitation. The RNA precipitates were
sedimented by centrifugation at 30000g for 20min
in a refrigerated MSE 18 centrifuge. TheRNA species
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were then subjected to electrophoretic analyses as
described above for determination of their molecular-
weight distribution. The results obtained by the
batchwise method were similar to those obtained by
column chromatography (Berthold & Lim, 1976) and
the method proved to be more convenient for
isolating polyadenylated RNA.

Results
Developmental differences in the incorporation of 32p
into high-mokecular-weight RNA

Relative-specific-radioactivity measurements. High-
molecular-weight RNA was isolated from sub-

Table 1. Content ofhigh-molecular-weight RNA in different
fractions offorebrains ofnewborn and adult rats

High-molecular-weight RNA was isolated from sub-
cellular fractions of the forebrains of 3- and 150-day-old
rats as described in the Materials and Methods section.
WI and W2 represent the first and second washes of the
crude nuclear fraction respectively. The values shown are
the various proportions of high-molecular-weight RNA
in the fraction relative to the total high-molecular-weight
RNA recovered (based on E26o measurements). The
results of a typical experiment are shown.

E260 recovered (%)

Fraction Adult Newborn
Cytoplasm (C) 44.8 38.3
1st wash (W1) 32.0 35.7
2nd wash (W2) 7.0 5.7
Nuclei (N) 16.2 20.3

cellular fractions derived from the forebrains of new-
born or adult rats, at different times after the intra-
cranial administration of [32P]P1. About 40% of the
total cellular high-molecular-weight RNA was
present in the cytoplasmic fraction (C) after an
initial centrifugation step to sediment the nuclei
(Table 1). The first nuclear wash with a phenolic
solvent released almost as much RNA into the
supernatant (W1). This fraction contained no DNA
at all and u.v. analyses of the high-molecular-weight
RNA showed it to be similar to the C fraction. These
two cytoplasmic fractions combined represented
about 75% ofthe total cellular high-molecular-weight
RNA in both young and adult brains. The second
phenolic wash of the nucleus (W2) always contained a
small proportion of the high-molecular-weight
RNA, and in the case of nuclear lysis, which occurred
occasionally, also some DNA. The residual nuclear
pellet contained 16-20% of the total cellular high-
molecular-weight RNA in both young and adult rat
brain preparations.
The nuclear fraction is considered together with

fraction W2 as a combined nuclear fraction Nc in the
extended analysis on Table 2, which shows the
relative specific radioactivity ofthe different fractions,
4h and 24h after the administration of [32P]P1,
calculated from the relative proportions of both
radioactivity and absorbance in the fractions. In the
adult brain, there was proportionately more radio-
activity in the nucleus than in the cytoplasm, on the
basis of nucleic acid content, even after 24h of
labelling. This was shown by the high nuclear/

Table 2. Developmental changes in the relative accumulation of32P-labelledhigh-molecular-weight RNA in the variousfractions
ofratforebrain

32P-labelled high-molecular-weight RNA was isolated from the different fractions of the forebrains of 3- and 150-day-old
rats injected intracranially with 1 mCi of [32P]Pl/g of brain as described in the Materials and Methods section. The rats
were killed 4 or 24h after the injections. The combined nuclear fraction (Nc) consisted ofthe purified nuclei and W2 (second
wash) shown in Table 1. Radioactivity and E26o of the high-molecular-weight RNA are expressed as the recovery of each in
the various fractions compared with the total recovery. These values are from a typical experiment.

Relative sp.
Recovery (%) radioactivity (R.S.A.)

Labelling (radioactivity recovery\ R.S.A. (Nc)
Age period (h) Fraction Radioactivity E260 E260 recovery J R.S.A. (C)

150 days 4 Cytoplasm (C) 14.6 44.8 0.33
(adult) Wash (Wi) 36.6 32.0 1.14

Nuclear (Nc) 48.9 23.2 2.10 6.3
24 Cytoplasm 23.7 36.4 0.66

Wash 24.7 39.9 0.62
Nuclear 51.5 23.7 2.18 3.3

3 days 4 Cytoplasm
Wash
Nuclear

24 Cytoplasm
Wash
Nuclear

24.8
39.1
36.1
45.7
30.7
23.6

38.2
35.7
26.0
42.3
33.6
24.1

0.65
1.09
1.39
1.08
0.92
0.98

2.1

1.0
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cytoplasmic ratio of 3, which, although lower than
the value of 6 at 4h of labelling, represents a con-

siderable differential.
In contrast, the corresponding nuclear/cytoplasmic

relative-specific-radioactivity ratio in the young brain
fell from 2 at 4h of labelling to 1 by 24h of labelling.
Thus at this latter time, both fractions are equival-
ently labelled. The relative specific radioactivity for
the WI fraction in early labelling studies was inter-
mediate between those of the combined nuclear and
the cytoplasmic fractions in both young and old,
approaching the cytoplasmic values by 24h of
labelling. All subsequent studies on the nucleo-
cytoplasmic relationships of high-molecular-weight
RNA were based on analyses of the purified nuclear
fraction (N) and the cytoplasmic fraction (C).

Specific-radioactivity measurements. The incor-
poration of [32P]P1 into high-molecular-weight RNA
of the total cellular extract as well as into the nuclear
and cytoplasmic fractions was then studied over a 48h
period in both newborn and adult rats. The results are
expressed as specific radioactivities (radioactivity/
E260; Fig. 1) and showed that at both ages, incor-
poration of the precursor into total cellular high-
molecular-weight RNA continued well into the
second day after a single intracranial administration
of [32P]P1.

In the adult (Fig. la), at all times after the adminis-
tration of precursors, the specific radioactivity of the
nuclear fraction exceeded that of the cytoplasmic
fraction and the increase in the cytoplasmic fraction
paralleled that in the nucleus. In the young rat brain
(Fig. lb), however, the specific radioactivity of the
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nuclear RNA after 5h of labelling was similar to that
after 24h, with a decrease from 24h to 48h. After an
initially slow start, the specific radioactivity of the
cytoplasmic RNA increased continuously.

Electrophoretic analyses of the labelling of high-
molecular-weight RNA

Adult rat brain. The high-molecular-weight RNA
was subjected to electrophoretic analyses on poly-
acrylamide gels to determine if further differences in
the nucleo-cytoplasmic relationships of the high-
molecular-weightRNA occurred during development
that could be characterized as changes in the nature
of the transcribed product. In the adult brain, 2.5h
after [32P]P1 administration, despite the low radio-
activity in the total high-molecular-weight RNA, the
presence of discrete 28 S and 18 S rRNA could be
detected along with labelled RNA of much larger
molecular weights (Fig. 2a). By Sh of labelling, most
of the radioactivity incorporated was in the 28S and
18 S RNA, although there were still significant
amounts in the larger RNA molecules (Fig. 2b).
Within 24h (Fig. 2c) the labelling of these larger
forms was considerably decreased in relation to that
of the rRNA.
Within the nucleus, the 2.5h-labelled RNA con-

sisted largely of the heavier-than-28 S RNA species,
in addition to the 28 S and 18 S rRNA. The contribu-
tion of the larger RNA to the labelling of the high-
molecular-weight RNA decreased progressively with
increasing times of labelling. In the cytoplasm radio-
activity was predominantly in the rRNA.

0

[ling period (h)

Fig. 1. Incorporation of [32Plorshophosphate into brain high-molccular-weight rRNA

(a) Adult rats (150 days old) and (b) 3-day-old rats were each injected intracranially witi 1 mCi of [2P]P1/g of brain. High-
molecular-weight RNA was isolated from unfractionated brain homogenates and cytoplasmic and purified nuclear fractions
as described in the Materials and Methods section. Radioactivity and E260 measurements were made of the high-molecular-
weight RNA isolated from brains of rats killed at the various times after the injection. 9, Nucleus; o, cytoplasm; A, total
unfractionated homogenates.
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Fig. 2. Electrophoretic analyses of 32P-labelled high-molecular-weight RNA from the different fractions of adult rat brain
32P-labelled high-molecular-weight RNA from the different adult brain fractions derived from the preparations shown in
Fig. 1 were electrophoresed at (a) 2.5h, (b) 5h or (c) 24h after the injections. For details see the Materials and Methods
section. Electrophoresis was at 5mA for 1.5h.

Newborn-rat brain. In the newborn-rat brain, the
majority of RNA labelled after 2.5h was much
heavier than the 28 S rRNA and, although the
presence of 28S and 18S rRNA could be detected
(Fig. 3a), the labelling of these rRNA species was less
pronounced than the corresponding preparations
from the adult brain. By 5h of labelling, the incor-
poration of radioactivity into the rRNA had in-
creased relative to the other heavier species (Fig. 3b).

Within the nucleus the RNA labelled after 2.5h
consisted mainly of the larger RNA species, although
labelling of the 28 S and 18S rRNA, as well as their
precursor forms, 20 S, 32S and 41 $ RNA, also
occurred. After 5h the contribution of the 28 S and
18 S RNA to the radioactivity of the nucler high-
molecular-weight RNA had increased, although, as
fo the 2,51h nuclear sample, the rqlgtive amounts of
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labelled 28 S and 18 S RNA were markedlylower than
in the corresponding nuclear RNA samples from the
adult brain. The labelling of the cytoplasmic RNA at
these short periods after 32P administration, as well as
at longer periods, was not unlike that in the corres-
ponding samples from adult brains, with most of the
radioactivity being in 28 S and 18 S rRNA.

Metabolism ofpolyadenWlated ANA
The contribution of polyadenylated RNA to the

overall pattern of high-mocular-weight RNA
synthesis was next examined. -In the adult forebrain
(Fig. 4a), the polyadenylated RNA comprised about
28-30/ of the 32P-labelied high-msocular-weight
RNA in the nuclew at all time-periods investigated.
The correspm4ing cytoplasmic oontent of labelled
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Fig. 3. Electrophoretic analysis of32P-labelled high-molecular-weight RNA fromforebrain ofnewborn rats
32P-labelled high-molecular-weight RNA from the different fractions of the 3-day-old rat brain was prepared as described
in Fig. 1 and characterized as in Fig. 2. The positions of marker 28 S and 18 S RNA are shown.

polyadenylated RNA fell from 21 % at 2.5h of label-
ling to about 5% within 48 h.

In the young brain (Fig. 4b) the content of
radioactive polyadenylated RNA in the nucleus was
also 28-30% up to 24h of labelling. This value had
fallen to 14% by 48h of labelling. In the cytoplasm.

the content of radioactive polyadenylated RNA at
2.5h of labelling was similar to the nuclear content
(approx. 30%). By 5h the cytoplasmic content was
lower than the nuclear content, finally falling to
about 10% by 48h oflabelling. In both the young and
adult brains, the content of radioactive polyadenyl-
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Fig. 4. Metabolism of32P-labelledpolyadenylated RNA
32P-labelled high-molecular-weight RNA from the different fractions of forebrains of (a) adult and (b) newborn rats pre-
pared as shown in Fig. 1 were subjected to oligo(dT)-cellulose chromatography to isolate polyadenylated RNA as described
in the Materials and Methods section. The proportion ofradioactivity present in the polyadenylated RNA fraction was then
determined at different times. *, Nucleus; o, cytoplasm; a, total unfractionated homogenate.
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Fig. 5. Electrophoretic analysis of32P-labelledpolyadenylated RNA isolatedfrom adlt ratforebrain

Polyadenylated RNA was isolated from purified high-molecular-weight RNA derived from nuclear (a) and cytoplasmic (b)
fractions ofthe brains of 150-day-old rats. The rats had been previously injected with [32P]P1 either 3h or 48h before being
killed. Conditions for electrophoresis are as in Fig. 2. The positions of marker 28 S and 18 S RNA are shown.* -, 3h
labelling; , 48h labelling.
Vol. 154
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Fig. 6. Electrophoretic analysis of32P-labelledpolyadenylatedRNA isolatedfrom newborn-ratforebrain

Polyadenylated RNA was isolated from 3-day-old rats (a) 2.5h or (b) 5h after the intracranial administrations of [32p]P, as
described for Fig. 5. The polyadenylated RNA was electrophoresed as described in Fig. 2. The positions ofmarker 28 S and
18 S are shown. ., Cytoplasm; -, nucleus.

ated RNA in the total cellular high-molecular-weight
RNA was intermediate between the nuclear and
cytoplasmic values, except for an anomalously high
value in the preparation from the young rat after
labelling for 2.5h. This high value suggests that
initially there was transient labelling of polyadenyl-
ated RNA in a fraction other than the nucleus and
cytoplasmic fractions used as a routine. Although
this point was not pursued further, it is likely that this
fraction corresponds to WI, i.e. the first phenolic wash
of the initial sediment after centrifugation at lOOOg
for 10min, which may include membranes involved
in transport ofmRNA (Cornudella et al., 1973).

Molecular-weight distribution ofadenylated RNA

In the adult (Fig. 5a) the mean molecular weight of
the labelled polyadenylated RNA in the nucleus was
found to be about 1.3 x 10' after either a 3h or 48h
labelling peridd. In both- cases, the value ranged
from 0.2 x 106 to lOx 106. In the cytoplasm (Fig. 5b),
there was also-inarked heterogeneity in the molecular-

weight distribution of the polyadenylated RNA.
There appeared to be a decrease in themean molecular
weight of the polyadenylated RNA from 0.6 x 1O6
after 3h of labelling to about 0.5 x 106 after 48h of
labelling. In the young rat, the mean molecular weight
of the labelled polyadenylated RNA in the nucleus
(Fig. 6a) was about 2.5 x 106 after 2.5h of labelling, a
value much larger than for the adult and, accordingly,
with a molecular-weight distribution containing more
of the larger species than the adult. In the corres-
ponding cytoplasmic preparation, the mean molecu-
lar weight was 0.8 x 106, which was again larger than
the value for the adult cytoplasmic preparation. It
was difficult to ascertain whether any change in the
size of the cytoplasmic polyadenylated RNA had
occurred after 24h of labelling, since after this time
the contribution of contaminating rRNA of high
specific radioactivity (the result ofcontinued accumu-
lation of RNA in young rats) obscured the radio-
activity of the polyadenylated RNA. This masking
effect could be seen even after 5h of labelling (Fig.
6b), when it was extremely difficult to geparate the
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radioactivity of labelled 28 S and 18 S rRNA peaks
fromn the labelled polyadenylated RNA peak. All
thesevalues of molecular-weight distributions have to
be tempered by the possibility of aggregation, which
seems particularly to affect those RNA species con-
taining polyadenylate residues (White et al., 1975).

Discussion
In order to study the nucleo-cytoplasmic relation.

ship of brain high-molecular.!weight RNA during
development we chose to use the combined centri-
fugation-phenol procedure [see Georgiev (1967) and
the Materials and Methods section] for obtaining
nuclear fractions essentially free of cytoplasmic
contamination. The use of alternative methods
involving purification of brain nuclei by sedimenta-
tion in 2.2M-sucrose (Lovtrup-Rein & McEwen,
1966) resulted in considerable breakdown of rapidly
labelled nuclear RNA, possibly because of nuclease
activity during the extended centrifugation. Phenol
treatment of crude brain nuclear fractions (i.e. the
'phenolic nuclei' of Georgiev, 1967) prevented break-
down of labelled highwmolecular-weight RNA.
Electrophoresis of high-molecular-weight RNA
from these nuclear fractions gave consistent RNA
patterns without evidece ofdegradation (e.g. Fig. 2).
Significant contamination of thes nuclear fractions
by cytoplasmicRNA could be ruled out by comparing
the content of radioative polyadenylated RNA in
the nuclear and cytopiasmic fractions (e.g. after 24h
oflabelling). Thus in the adult brain preparations the
content of radioactive polyadenylated RNA in the
nucleus remained above 25%, whereas the corres-
ponding value in the cytoplasm was 10%. (Fig. 4). In
the young rat the relevant values were 32% in the
nucleus against' 12% in the- cytoplasm. If cross-
contamination had occurred, especially after this
extended period of labelling with very high incor-
poration of radioactivity into RNA in both frac-
tions, there would not be this great disparity in the
polyadenylated RNA content. In addition, in both
young and adult brains, the mean molecular weight
of nuclear polyadenylated RNA was far greater, than
that ofthe corresponding cytoplasmic polyadenylated
RNA (Figs. 5 and 6), ruling out gross contamination
of the nuclear RNA with the cytoplasmic RNA. In
considering the cytoplasmic fraction we have chosen
to include the contribution of mitochondrial RNA
rather than subject the nuclear supernatant to further
centrifugation. This contribution is small compared
with that of microsomal RNA, which forms the bulk
of the cytoplasmic RNA (Balizs & Cocks, 1967).

Changing relationships of nuclear high-motecular-
weight RNA to cytoplasmic high-molecular-weight
RNA

In the adult the relative specific radioactivity in the
cytoplasm increases from 0.33 at 4h to 0.66 at 24h

Volt 154
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Fig. 7. Nucleo-cytoplasmic relationships ofhigh-molecular-

weight RNA in adult and newborn-ratforebrain
Data from Fig. 1 are plotted as a ratio ofthe specific radio-
activity of 32P-labelled high-molecular-weight RNA in the
cytoplasm to that in the nucleus at various times. Results
are shown for both adult (o) and newbom () rats.

after the administration of precursor, whereas the
values for nuclei remain at 2 at these ime, indicat-
ing a disproportionate retention of radioactive RNA
in the nucleus (Table 2). This result is consistent with
the view that in adult brain much of the RNA syn-
thesized in the nucleus turns over and that therefore
only a fraction of the synthesizedRNA is transferre41
to the cytoplasm (see Harris, 1974). In the young rat
brain by 4h the relative specific radioactivity of the
cytoplasm approaches that of the nucleus, After 24h
oflabelling the values are equivalentin both fractions.
These results indicate that there was a continuous
accumulation of newly synthesized high-molecular-
weight RNA in the cytoplasm. This accumulation,
mainly ofrRNA (Fig. 2c), occurred at the expense of
nuclear high-molecular-weight RNA.
The changing relationships of nuclear high-

molecular-weight RNA to cytoplasmic high-
molecular-weight kNA during development are also
illustrated by the results shown in Fig. 1, which are
expressed as a ratio of cytoplasic to nuclear values
(C/N) in Fig. 7. After 48h of labelling-the C/N ratio
in the adult rat brain was not substantially increased
over the ratio at 2.Sh. Thus most of the synthesized
RNA, which included both rRNA and polyadenyl-
ated RNA, remains within the nucleus. In contrast,
in the young rat brain the C/N ratio increased con.
tinuously from 2.5 to 48h after administration of
label. The high C/N ratio of 1.65 at 48h indicates
again that the continuous transfer of RNA from the
nucleus to thecytoplasm has depleted the nucleus of
its content of radioactive newly synthesize4 RNA.
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Synthesis ofrRNA

At early periods of labelling 28 S and 18 S rRNA
represent a smaller proportion of the radioactive
high-molecular-weight RNA in the nuclei of young
brains compared with the adult (Figs. 2 and 3).
At both ages the 18 S and 28 S rRNA were major
components of the radioactive high-molecular-
weight RNA in the cytoplasm during periods ofup to
2.5h after injection ofthe [32P]P1. It appears therefore
that in the young brain transfer of rRNA into the
cytoplasm is coupled to processing of the rRNA
precursor, so that at any time processed 28 S and 18 S
rRNA accumulate not within the nucleus but in the
cytoplasm. In contrast, in the adult, processing of
rRNA precursor without quantitative transfer of the
processed rRNA into the cytoplasm leads to accumu-
lation of the 28 S and 18 S rRNA within the nucleus.
These results indicate that the processing of rRNA
precursor is faster in the adult than in newborn brain
atid that most of the processed rRNA in the adult
nuclei must undergo turnover within the nucleus as
part of the general pattern of high-molecular-weight
RNA turnover.

Metabolism ofpolyadenylated RNA

Adult rat brain. In the adult the proportion of
radioactive RNA in the nucleus that was poly-
adenylated remained at about 25% at all times after
the administration of [32p]p1 (Fig. 4a). This synthesis
ofpoly(A) in concert with the rest ofthe nuclear RNA
has been previously observed much earlier in liver
(Lim et al., 1969, 1970). Since nuclear RNA turns
over, this maintenance of a constant percentage of
polyadenylated RNA indicates that it turns over in a
co-ordinated manner with the rest of the nuclear
RNA. Therefore polyadenylation of any RNA
transcript does not necessarily lead to its transport
into the cytoplasm, in agreement with the findings of
Perry et aL (1974), who also reported the intra-
nuclear turnover of poly(A) residues.
The report that HeLa-cell nuclear RNA con-

tained short internal poly(A) sequences of 20-40
nucleotides, which did not appear in the cytoplasm
(Nakazato et al., 1974), does not interfere with the
conclusions of Perry et al. (1974), whose studies were
conducted on terminal poly(A) sequences containing
above 60 nucleotides and averaging 200 nucleotides.
In brain the poly(A) nucleotides range from 100 to
200 nucleotides (Lim et al., 1974; DeLarco et al.,
1975), and there is as yet no evidence that short
poly(A) strands found internally in nuclear RNA are
common to all mammalian tissues.
The fall in the proportion of radioactive poly-

adenylated RNA in total cellular high-molecular-
weight RNA indicates that this polyadenylated RNA

turns over at a much faster rate than the rest of the
high-molecular-weight RNA. Since in the nuclei the
polyadenylated RNA component turns over in
concert with non-polyadenylated RNA, this fall
must be due to the cytoplasmic component. Cyto-
plasmic high-molecular-weight RNA is present at
4-5 times the nuclear values. This more rapid
turnover of cytoplasmic polyadenylated RNA is in
keeping with observations in other systems (Brawer-
man, 1974) that mRNA turns over at a faster rate
than rRNA. A direct examination of the cytoplasmic
value indicates that the proportion of radioactive
polyadenylated RNA falls over a 48h period from
22 to 5 %. This could have been partly explained by a
more rapid appearance of mRNA in the cytoplasm
if the total cellular metabolism of polyadenylated
RNA had not been investigated.

Young rat brain. In the young rat brain the pro-
portion of radioactive polyadenylated RNA in the
total high-molecular-weight RNA also falls over the
48h period, as in the adult, indicating a more rapid
turnover of the polyadenylated RNA (Fig. 4b).
Continued transport of high-molecular-weight RNA
into the cytoplasm leads to depletion of radioactive
nuclear RNA, which will thus have a correspondingly
decreased polyadenylated RNA content with time,
since the polyadenylated RNA component is
transferred out faster than is rRNA. Because of the
continued accumulation of rRNA in the cytoplasm,
measurements of the contribution of the poly-
adenylated RNA to the radioactivity of the cyto-
plasmic high-molecular-weight RNA after labelling
for longer than 5h will be unduly affected by the
presence of very large amounts of radioactive rRNA.
The cytoplasmic polyadenylated RNA is smaller

than nuclear polyadenylated RNA at all times and is
consistent with the view that there is a precursor-
product relationship between the two forms (Figs. S
and 6). In the adult cytoplasm, the polyadenylated
RNA appears to be decreased in size with increasing
times of labelling, indicating a further processing of
mRNA (Fig. 5b). This may involve changes in the
length of the poly(A) segment (Lim & Canellakis,
1970; Brawerman, 1974). Although the change in
size of the poly(A) segments concerns at most 200
nucleotides and would appear to be too small to
explain the apparent decrease in size in cytoplasmic
polyadenylated RNA (Fig. Sb), large apparent shifts
in size can occur because of the anomalous behaviour
of poly(A)-containing species (Pinder et al., 1974).

Developmental changes in the nucleo-cytoplasmic
relationships of high-molecular-weight RNA in the
brain

Our investigations reported in this and in the
previous paper (Berthold & Lim, 1976) have led us to
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the following conclusions. (1) More polyadenylated
RNA is synthesized in young brain than in adult.
(2) This increased synthesis may be necessary because
of increased turnover of mRNA in young brain,
perhaps as a result of changing requirements in the
nature of proteins during development. (3) In the
adult brain nuclei, high-molecular-weight RNA,
including polyadenylated RNA, turns over, whereas
in the young brain this turnover, if it occurs, is super-
imposed on a pattern ofRNA metabolism geared to
accumulation of rRNA in the cytoplasm. (4) In the
young brain there is a greater transfer of rRNA and
polyadenylated RNA into the cytoplasm. (5) Pro-
cessing of rRNA precursors, relative to trans-
cription, is lower in the young brain compared with
the adult brain. This may be a protective device
against accumulation ofrRNA in the nuclei of young
brain, where it would be degraded. (6) Subject to
the possibility of extensive aggregation, both the
initial transcripts that are polyadenylated and the
cytoplasmic mRNA are larger in size in young brains
than in adult.
Thus there are changes in the regulation of the

various metabolic processes involving mRNA and
rRNA which must occur in a co-ordinated manner
during development. We have previously shown
that neonatal-rat brain polyribosomes are completely
dissociated into ribosomal subunits on exposure to
O.5M-KCI, whereas adult brain polyribosomes are
more resistant (Lim & White, 1974). This dissoci-
ability of neonatal-rat polyribosomes may be
related to the wide disparity between the properties
of mRNA (which is unstable) and rRNA (which is
only stable in dividing tissues; Green, 1974) and may
be a means of ensuring that the mRNA is more
easily released from ribosomes for degradation,
making the ribosome more responsive to continued
influx of new and changing populations of
mRNA.
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