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SUMMARY

Repeated administration of phenobarbital (80 mg/kg twice daily) to immature rats over
a 3-day period is attended by increases in the ratio of RNA to DNA of hepatocyte nuclei

and whole liver. This effect- of phenobarbital does not appear to be mediated by cellular
proliferation or an increase in ploidy of hepatocytes, since the DNA content per liver re-

mained almost constant, or by reduced levels of intranuclear ribonuclease activity, since the
latter ivas elevated in phenobarbital-treated rats. The increase in the ratio of nuclear RNA

to DNA attains a maximum at 2 days, a time when the incorporation of L-[methyl-’4C]-
methionine into methylated nuclear RXAs (rRNA and tRNA) and the relative amounts of
preribosomal RNAs also become nmximal. The base composition (I)f nesvly synthesized
nuclear RNA shifts to a more guanvlic acid-cytidylic acid-rich, ribosomal tyje of RNA
composition after a single day of treatment- and remains fairly constant thereafter, whereas

the incorporation of 32P� into nuclear RNA is progressively increased over the 3-day period

of treatment-. The increases in RXA contellt of nuclei, ratio of nuclear protein to DNA,

liver si-eight-, and ratio of liver RXA to 1)XA become maximal at 3 days after the repeated

administration of phenobarbital. These results suggest that one of the effects of 1)h(’Ilo-
barbital may be exerted upon the synthesis of nuclear preribosomal and polydisperse RXAs,
which presumably perform au important function in increasing the level of protein -om-

pollelltS of the hepat ic endoplaSfllic reticulum after I)henobarbital administration.

INTRODUCTION

The induction is’hich occurs in the liver

after repeated administration of pheno-
barbital has been extensively studied in

recent years, because phenobarbital provides
a reproducible means for increasing the level
of a number of drug-metabolizing enzymes

and a system for studies of membrane bio-
genesis. The effect of phenobarbital in in-

creasing the level of protcm components of

the endopiasmic reticulum has been ascribed

These studies were sUl)ported by Grants GM-

12675 and GM-01308 from the National Institutes

of Health.
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mainly to increased rates of syntilesis of

some, but not all, membrane proteins (1-4)
and decreased rates of degradation of certain

membrane-associated enzymes (1, 2).

Studies from a number of laboratories
suggest that one of the effects of pheno-

barbital in the liver may occur at the level

of transcription. Some of these observations

include (a) increases in the efficacy of

hepatic chromat-in from phenoabrbital-

treated rats to synthesize RNA (5), (b)

increases in the activity of hepatic nuclear

RXA polymerase (6), (c) changes in the

DXA-RXA hybridization efficiency of nesvlv
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synthesized nuclear RNA from the livers of

treated rats (7), and (d) inhibition of drug-
induced increases of enzyme activity by

actinomycin D (8) . Moreover, recent studies
indicate that repeated administration of
phenobarbital to rats is associated with

increases in the RNA content of the liver

(9, 10), and especially with increases in the
RNA content of the smooth microsomal
fraction (9, 1 1, 12) . Because it has been

demonst rated that the smooth microsomal

fraction contains the same ribosomal RNA
components as the rough microsomal frac-
tion in addition to a minor membrane RNA

component (13) which is depressed by
phenobarbital administration (14), ribo-

somal RNA may be considered established
as OflC of the species of hepatic RNA that is
augmented by the administration of the
drug. Since the half-life of hepatic ribosomal
RXA is about 5 days (15), accumulation of
ribosomal RNA could result from an in-

creased rate of synthesis or a decreased rate
of degradation. Recently Cohen and Ruddon

(16) have reported that following the ad-
ministration of phenobarbital to rats the

isotopic labeling of cytoplasmic ribosomal
RNA ssas increased, whereas the labeling of
nuclear RNA ssas decreased. They have
proposed that the increased labeling of
ribosomal RNA arises either from decreased

degradation of hepatic ribosomal RNA or
from increased “processing” and transport
of ribosomal RNA to the cytoplasm.

The present studies were designed to
investigate effects of repeated administration

of phenobarbital on the distribution and
metabolism of nuclear RNA in rat liver. Th
results indicate that the repeated adminis-

tration of phenobarbital to rats is attended
by increases in the ratios of nuclear RNA to

DNA and liver RNA to DNA. These changes
are accompanied by an increased incorpora--
tion of L-[niet/iyl-’4C]methiornne and 32P�

into nuclear RNA, an early increase in the
guanylic acid-cytidylic acid content- of
IleWlV synthesized nuclear RNA, a relative
increase in the preribosomal RNA content
of nuclei, and an increase in alkaline ribo-

nuclease activity of isolated nuclei. These

findings suggest that one of the effects of

phenobarbital may be upon the synthesis of

polydisperse and preribosomal RNAS.

METHODS

Albino male rats (80-120 g) were obtained

from the Simonsen Company, \-Iimleapolis,
and maintained on Wayne Lab Blox and tap
water ad libitum. Groups of 4-10 rats were

given a total of two, four, or six intraperi-
toneal injections of phenobarbital (80 mg/
kg) dissolved in 0.9 % NaCl, or injections of

0.9 % NaCl alone. Doses were given every 12
lir, and each group is-as killed 12 hr after the

last dose.
32p� (1 mCi�rat, carrier-free) or L-[lflethyl-

14C]methionine (60 �Ci/ 100 g, 1 1 mCi/

mmolc) was given 20 mm prior to death via

the jugular vein to rats that had been lightly
anesthetized ‘with ether. At death the livers

were perfused in situ through the portal

vein with ice-cold 0.25 rsl sucrose and then
collected in a bath of the same solution. The
livers were freed of connective tissue and

minced with a tissue press at 2#{176}.Isolated

nuclei is-crc obtained from a 10 % homog-
enat-e of liver (glass vessel-Teflon pestle;

0.009-0.012-inch clearance; six strokes at

1200 rpm; in 62 % sucrosc-3 mit calcium
acetate by iveight) by ccntrifugation at
40,000 X g for 1 hr (17). The pellets ivere
suspended by homogenization as above in
10 volumes of 0.34 �i sucrose and sedimented
through an equal volume of 1 .0 ti sucrose-
0.5 mist calcium acetate to remove cyto-
plasmic contaminants (17). With this pro-
cedure 55-60 % of homogenate DNA was
recovered in nuclear pellets. For comparison,
nuclei were isolated according to the method

of Blobel and Potter (18) ; with this method
75-SO % of the homogenate DNA was
recovered in nuclear pellets of both pheno-

barbital- and 0.9 % NaCl-treated rats.

Ratios of RNA to DNA in nuclear pellets
prepared by either the present procedure or
that of Blobel and Potter (18) ivere nearly
identical. Treatment of nuclei with 1 %
Triton X-100 (18) resulted in the loss of an

equivalent amount of RNA (7-10 %) from
nuclear preparations of both phenobarbital-

and 0.9 % NaCl-treatcd rats. However, a
comparison of nuclear RXA sedimentation

profiles revealed that the Triton X-100
treatment of nuclei resulted in the break-
down of nuclear preribosomal RNAs. For
this reason and the fact that the relative

changes produced by phenobarbital in the
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ratios of nuclear RNA to DNA is-crc not

significantly different after Triton X-l00
treatment, the detergent is-as not u.sed in the

studies presented here.
RNA isas extracted from the pellets of

purified nuclei by homogenization is-ith a
solution containing 0.3 % sodium dodecyl
sulfate-0.1 r�t NaCl-0.05 �i sodium acetate,

pH 5.0, for 1 mm, and then with an equal

volume of phenol (90 %)-m-cresol-isater-S-
hydroxyquinolinc (3 : 0.6 : 0.4 : 4, v/v/v/ sv)
for 30 sec (17). The mixture is-as agitated

vigorously at 55#{176}for 10 min and centrifuged
at 25,000 X �i for 10 min. The aqueous layer

isas removed and treat-cd with 0.5 volume of
phenol-cresol mixture at 25#{176}as before.

RNA was recovered from the aqueous layer

by precipitation with 2.5 volumes of ethanol
containing 2 % potassium acetate at 2#{176}
overnight. The precipitate of RNA was

pelleted and redissolved in a small volume
of isater. The yield of RNA is-as 75-SO % of
the RNA in nuclear pellets for both pheno-
barbital- and 0.9 % NaCl-trcated rats. Con-
taminating 32P� is-as removed from the 32��

labeled RNA by gel filtration on a Sephadex
G-25 column (1 X 30 cm), ivhich is-as equil-

ibrated and eluted with a solution of 0.05 �i

sodium formatc-1 m�i sodium phosphate,
pH 5.0, at- 4#{176}.The RXA was recovered from

pooled fractions by precipitation with
ethanol ItS described above. Aliquots of
nuclear RNA preparations were centrifuged
(SW 27 or 27.1 rotor, Beckman Instruments)

on linear sucrose gradients (5-40 %, is/ss,
containing 0.1 M NaCl-0.01 M sodium ace-

tate-2 msi EDTA, pH 5.0) at 26,000 rpm
for 16 hr at 4#{176}.The gradients is-crc monitored

for absorbance at 254 nm and fractionated

(0.5- or 1.0-ml fractions) svith the aid of an
automatic density gradient fractionator
(model D, Instrumentation Specialties Com-

l)any, Lincoln, Ncb.) . 32P-Labeled RXA
fractions were treated with 0.25 N perchloric

acid at 70#{176}for 20 mm, diluted by the addi-

tion of 1 ml of water and 10 ml of counting

medium (19), and counted (LS-250, Beck-

man Instruments) at about 90 % efficiency.

‘4C-Labeled RXA fractions svere diluted by

the addition of 1 ml of water and 10 ml of

Biosolv (Beckman)-standard toluene fluor

(1:4, v/v) and counted at about 65%

efficiency.

Aliquots of 32P-labeled nuclear R-XA (0.5-

1 mg) were hydrolyzed with 0.3 N KOH at
37#{176}for 18 hr, and nucleotides is-crc frac-
tionated by gradient elution chromatog-
raphy (water to 4 N formic acid) on Dois-ex 1
columns (0.5 X 20 cm) as described prey-

ously (19). DNA was determined by the
method of Burton (20) after acid hydrolyisis,

and RNA, by the met-hod of Fleck and
Munro (21) after alkaline hydrolysis.

Nuclei were counted as described prcvi-
ously (19).

Alkaline ribonuclease was assayed in a

reaction mixture is-hich contained 0.05 �i

Tris buffer (pH 8.0), 0.5 � magnesium

acetate, 300-350 j�g of ribosomal [‘4C]RNA,
and nuclei (disrupted by sonic oscillation for

1 mm at 0#{176})equivalent to 300-400 �ig of
DNA in a volume of 1.0 ml. Incubations

were performed at 37#{176}for 20 miu� and
terminated by the addition of 2 ml of cold

7 % trichloracetic acid. After cooling in ice
for 10 mm, the samples is-crc centrifuged and
a 1 .0-mi aliquot of the supernatant solution
isas removed for counting (19). The assays
iiere corrected for zero-time values and sub-

stratc stability in the absence of nuclei. The
results are expressed as micrograms of

RXA digested per milligram of DNA (or
protein) per 20 mm. Protein was determined

by the biuret method according to Layne
(22), with bovine serum albumin as

standard.

RESULTS

Immature male rats received pileflo-

barbital (SO mg/kg intrapentoneally, twice
daily) dissolved in 0.9 % NaCl or 0.9 NaCl

alone, and were killed 12 hr after the last
dose at daily intervals UI) to 4 days. During

this period there svas au inverse relationship
betsveen the average DNA cOIlteflt i)(’r gram
of liver alld the relative increase in liver
weight (Table 1), indicating lit-tie change in

the DNA content of the liver,’ whereas the

1 The amounts (in picograms) of 1)NA per nu-

cleus are as follows: control, 8.09; pheitobarbital

(day 1), 8.26; phenobarbital (day 2), 8.40; pheno-
barbital (day 3), 8.80; phenobarbital (day 4),
9.17. The body weight of rats of the age used in

these studies normally increases at a rate of about

5-7 g/day. Since the liver comprises about 4.5%

of the body weight an(I increases in proportion to

the latter, liver weight- increases at a rate of about
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TABLE 1

Liver R.\�A , DNA, and relative weight and nuclear EtNA, DNA, and protein content oflivers of rats treated

with phenobarbital or 0.9% �aCl

Rats received phenobarbital (80 mg/kg) dissolved in 09% NaC1, or 0.9% NaCl alone (controls),

intraperitoneally every 12 hi, and were killed 12 hr after the last injection. The weights of all animals
were measured just prior to treatment and death. Isolated nuclei were prepared and counted as de-

scribed under METHODS. RNA, DNA, and protein were determined as described in METHODS. The values
represent averages of three separate experiments, four rats per group, ± standard errors of the mean.

Except for differences in liver and body weight, no significant differences were found for rats treated
with 0.97w NaCl for up to 4 days; therefore the values were pooled (controls).

Treatment Whole liver � Nuclei

RNA DNA RNA:DNA Increase
in weight

RNA RNA:DNA� Pro-
tein:
DNA

Controls

PB,& 1 day

PB, 2 days

PB, 3 days

PB, 4 days

mg/g

8.02 ± 0.3 2.18 ± 0.04

8.12 ± 0.4 1.97 ± 0.06

8.32 ± 0.2 1.79 ± 0.04

8.57 ± 0.2 1.68 ± 0.05

8.25 ± 0.3 1.72 ± 0.03

%

3.68 ± 0.10

4.12 ± 0.07 10 ± 2

4.65 ± 0.08 21 ± 1

5.10 ± 0.06 29 ± 1

4.80 ± 0.12 27 ± 1

pg/nucleus

1.7 ± 0.1

1.9 ± 0.1

2.1 ± 0.1

2.2 ± 0.0

2.2 ± 0.1

0.21 ± 0.01

0.23 ± 0.01

0.25 ± 0.01

0.25 ± 0.01

0.24 ± 0.01

4.5

4.7

4.9

5.0

4.9

a See footnote 1 to the text.

b The abbreviation used in this and the following tables is: PB, phenobarbital.

average RNA content per gram of liver in-

creased and attained a maximum (107 %- of
controls) 3 days after the initiation of drug
treatment. The ratio of RNA to DNA in the
liver also reached a maximum at 3 days,

confirming earlier reports of a phenobarbital-
induced increase in total liver RNA (9, 10).
This change is-as attended by an increase in

the RNA content of nuclei, which attained
a maximum (129 % of controls) at 3 days,

and by increases in the ratios of nuclear RNA
to DNA and nuclear protein to DNA, which

became maximal 2 and 3 days, respectively,
after initiation of drug treatment (Table 1).

The question whether phenobarbital in-

creases the amount of all or only some

species of hepatic nuclear RNA was exam-

0.23-0.32 g/day, or 5-7%/day. The DNA content

per nucleus of 1-day-treated rats increased only
2% over controls, i.e., at about one-third the

normal rate. Similar results were obtained for
2- and 3-day treat-ed rats; however, the relative

increase was greater in 4-day-treated rats. Thus

the phenobarbital-induced increases in J4NA
content per nucleus over the 3-day period of treat-

ment cannot be ascribed to cellular proliferation
or polyploidy, since replication is depressed in the

liver.

med by sedimentation studies on RNA
extract-ed from isolated nuclei of liver of rats

treated for 1, 2, and 3 days with pheno-
barbital or 0.9 % NaC1. Equal amounts of

nuclear RNA (about 85 jig) from the six

treatment groups of each experiment were
centrifuged in the same rotor on gradients of

identical height and composition. The results
were compiled from three complete studies of

this kind. A comparison of RNA sedimenta-
tion profiles for 0.9 % NaCl-treated rats

( controls) revealed no significant differences
in the distribution of nuclear RNAs over the

3-day period of treatment ; thus only a single

representative profile for the controls is
presented in the figures. At 2 and 3 days
after repeated administration of pheno-
barbital, the peaks of prcribosomal 33 S,

45 5, and 55 S RNA ivere augmented rela-
tive to the peaks of ribosomal 18 S and 28 S
RNA and the slowly sedimenting peak of

nuclear RNA (Fig. 1).
In order to estimate the magnitude of the

relative increases in preribosomal RNAs,

the RNA sedimentation profiles were

analyzed with an electronic curve analyzer

(model 310, du Pont) and resolved into eight

Gaussian peaks with approximate sedi-
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mentation coefficients of 18 S, 22 S, 25 5,

28 S, 33 5, 38 5, 45 5, and 55 S (Fig. 2). For
convenience tile peak at 28 S is referred to as

“ribosomal 28 S RNA”; hoss-ever, it is
understood that the 28 S peak includes both
ribosomal 28 S RNA and preribosomal 28 S
RNA. The percentage of the total area was

vu

FIG. 1. Sedimentation profiles of nuclear RNA

from livers of 0.9% NaCl-treated (control) and

phenobarbital-treated rats to which 32p1 (1 mCi/rat)
was given �O mm prior to death

Phenobarbit-al (PB) (80 mg/kg) or 0.9% NaCl
was injected intraperitoneally twice daily for 1, 2,

and 3 days; the last dose was given 12 hr prior to

death. Equal amounts of RNA (about 85 �g) from
the six treatment groups were centrifuged in the
same rotor (SW 27.1, Beckman) on linear sucrose
gradients (5-40%, w/w, containing 0.1 M NaC1-

0.01 M sodium acetate-0.002 M EDTA, pH 5.0) of
the same height and composition at 26,000 rpm for
16 hr at 4#{176}.Gradients were monitored for absorb-

ance at 254 nm (-) and divided into 0.5-mi

fractions with the aid of an automatic density
gradient fractionator (1500). The direction of
sedimentation is from left to right-. Approximate

sedimentation coefficients are shown above the

peaks (19). #{149}-s-#{149},distribution of 32� per 0.5-mi

fraction. Other details are given in the text.

FIG. 2. Sedimentation profiles of nuclear RNA,

ribosornal-preribosomal RNA region, front livers of

rats treated with 0.9% NaC1 or phenobarbital (80

mg/kg twice daily) for 2 days (upper curves, thick

line), and resolution of these profiles into Gaussian

peaks (lower curves, thin lines) with du Pont curve

analyzer

Other details are given in the legend to Fig. 1.

Although the values obtained by this procedure

were only approximations of the true area repre-
sented by each RNA component, the analysis pro-

vided reproducible results for the same RXA with

different inputs, and thus could be used to detect

changes in the content of nuclear RNA com-
ponents.

computed electronically for each peak. The

contribution of the prcribosom.al RNA

peaks (33 5, 45 5, and 55 5) to the total
ribosomal and preribosomal RNAs (iS 5,

28 5, 33 S, 45 5, and 55 S), excluding the
three less well-defined RNA components
with peaks at 22 5, 25 5, and 38 S, is-as

calculated. The resulting tabulation of the

percentages of preribosomal RNAs in pheno-
barbital- and 0.9 % NaC1-treated rat-s is
presented in Table 2. Repeated administra-
tion of phenobarbital increased the relative

amounts of preribosomal RNAs by factors

of 1.2, 1.9, and 1.6 over the controls after 1,
2, and 3 days, respectively, of treatment.
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It is likely that this method of analysis would

underestimate the magnitude of the change
if preribosomal 28 S R-NA also accumulates,

since this would increase the contribution

of “ribosomal 25 S RNA” and thereby par-

t-ially offset- the increases iii the more rapidly
sedimenting preribosomal RNAs.

To investigate svhether changes in RXA

dist ribution ivere associated with altered

metabolism of nuclear RXA, sedimentation
studies is-crc performed on RNA extract-ed
from isolated nuclei of liver of rats treated

with pheulobarbital or 0.9 % NaCl for 1, 2,

and 3 days prior to a labeling period of 20
mill svit h 321) � or L-[neeth yl-’4C]mct hionine.

The sedimentation profiles in each experi-

ment iyer(! Obtaitled from identical inputs of
RNA ill order to facilitate the comparison
of isotopic labeling data. Although the data

of only one experiment are presented for
each precursor, each experiment ivas per-
formed tsV() times. Administration of

TAttLE 2

Distribution of preribosoinal I?-VA front nuclei of

liver of rats treated nvith phenobarbital or

0.9� .VaCI

Hats were treated as described in Table 1.

Nulear ItNA was prepared as described in the

text- . Small amount-s of IINA (about 85 �g) from

the six treatment groups were centrifuged in

the same rotor (SW 27.1, Beckman) on gradients of

identical height and composition. Gradients were

monitored for aI)sorbance at 254 rim. The resulting

sedimentation profiles of nuclear RNA were re-

solved into (iaussiall peaks with the aid of a du

Pont (-urve analyzer (Fig. 2). The fraction of the

total area was computed for each peak. The con-

tribution of preribosomal RNA peaks (33 5, 45 S,

and 55 5) to the total ribosomal and preribosomal

RNAs (18 5, 28 5, 33 5, 45 S, and 55 S), excluding

the three less well-defined RNA components (22 S,

25 5, and 38 5), was calculated as described in the

text. The values represent the averages of three

experiment-s for each treatment day ± standard

errors of the mean.

Treatment Preriboso
RNA

ma! Relative
increase

Controls

%
52 ± 2

PB, 1 day 57 ± 3 1.2

PB, 2 days 67 ± 2 1.9

PB, 3 days 63 ± 2 1.6

phenobarbital over a 3-day period increased

the incorporation of 32p1 into nuclear RNA
by factors of 1.1, 1.4, and 1.9 over 0.9%

NaCl-treated controls after 1 , 2, and 3 days,

respectively, of treatment (Fig. 1). The total
radioactivity associated with rapidly sedi-
menting RNAs is-as increased more than

2-fold at 3 days, when the elevation in RNA
content of nuclei reached a maximum. With
a labeling period of 20 mm the 32P-labeled
RNA molecules of 0.9 % NaC1-treated rats

sedimented in polydisperse fashion, with the
bulk of the radioactivity sedimenting more
rapidly than the 28 S species. After 3 days of

treatment- with phenobarbit-al the same
labeling period gave a sedimentation distri-

bution of 32P-labeled RNA that- was aug-
mented and largely polydisperse ; however,
prominent peaks at 33 5 and 45 S and a
shoulder at 55 S ivere present. Figure 3

shows that phenobarbital treatment also

significantly enhanced the incorporation of

C

FIG. 3. Sedimentation profiles of nuclear RNA

from livers of 0.9% NaCI-treated (control) and

phenobarbital-treated rats to which L-[rnethyl-#{176}C]-

methionine (60 MCi/ 100 g of body weight) was given

20 mi-n prior to death

The profiles were obtained from equal inputs of

RNA (400 jsg) after centrifugation (SW 27 rotor,

Beckman) at 25,000 rpm for 16 hr at 4#{176}.Gradients

were monitored for absorbance at 254 am (--)

and divided into 1-mi fractions. #{149}-#{149}-#{149}, dist-ri-

bution of ‘�C per 1-mi fraction. Other details are

given in the legend to Fig. 1 and the text.
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isotope from L-[nleth yl- ‘4C]methioninc into
nuclear RNA after a single day of treatment.
The specific activities of nuclear RNA from
0.9 % NaCL and 1-, 2-, and 3-day pheno-

barbital-treated rats were 6,500, 11,500,

i3,000 and iO,000 dpm/mg, respectively,

and is-crc maximal at- 2 days (200 % of
controls), a time is-hen the accumulation of
preribosomal RNAs also is-as greatest

(Table 2). With a labeling period of 20 mm
the ‘4C-iabeled RNA molecules of both 0.9 %

NaCl- and phenobarbital-treated rats ap-
peared to be associated largely is-ith peaks
and shoulders of the major species of pre-
ribosomal RN-A.

In order to ascertain whether pheno-
barbital alters the relative synthetic rates of

preribosomal and polydisperse nuclear RNA,
the base composition of the 32P-labeled,

newiy synthesized nuclear RNA is-as deter-

milled by assaying the distribution of 32�

among the four ribonucleot-ides released by

alkaliule hydrolysis (Table 3). The base
ratio (A + U) : (G + C) of nessly synthe-
sized nuclear RNA decreased from a value
of 0.91 for the controls to 0.78 after a single

day of treatment, and remained fairly con-

stant thereafter. This shift was mainly due

to increased radioactivity found in guanylic
acid and decreased radioactivity found in

a-denylic and uridylic acids.
Because an accumulation of preribosomal

R-NA could result from either a decreased
rate of brcakdoisn or an iulcreased rate of
synthesis and/or processing, it- was im-

portant to investigate the effect of pheno-

barbital administration on nuclear ribo-

nucleasc activity. The assays ivere performed

is-it-h isolated nuclei from livers of rats

treated is-it-h phenobarbit-al or 0.9 #{182}�NaCl

for 1 , 2, and 3 days. Administration of
phenobarbital over a 3-day period increased
the alkaline ribonuclease activity of iso-
lated nuclei by 28 % over control values

(Table 4) ishen the data is-crc expressed

per milligram of I)XA, and by 17 � over
control values ivhen the data were expressed
per milligram of protein. These results
are in line with the relative increases in the

ratios of RNA to DNA and protein to
DNA of nuclei aft-er 3 days of treatment.

DISCUSSION

These studies shois- that the repeated
administration of phenobarbital (SO mg/kg

twice daily) to immature rats is accom-

pauned by increases in the RXA content- of
hepatocvt-e nuclei and cytoplasm svhich
become maximal 3 days after initiation of
drug treatment. Ratios of nuclear RNA to
DNA and liver RNA to DNA also increase,

becoming maximal at 2 arld 3 days, respec-
tively. This effect of phenobarbital does not

appear to be mediated by cellular prolifera-

tion or an increase in ploidy of hepatocytes,
since the DNA content- per gram of liver
decreased roughly in proportion to the
relative increase in liver weight-, indicating
little, if any, change in the DNA content

per liver. These result-s are in agreement
with those reported by Paulini et al. (23),
isho shoived that the repeated administ-ra-

TABLE 3

Base composition of newly synthesized nuclear RNA of livers of rats treated with phenobarbital or 0.9% NaCl

ilats were treated as described in Table 1, and 32p1 (1 mCi/rat) was injected intravenously 20 mm
prior to death. Nuclear RNA was prepared, treated to remove “P1, and hydrolyzed with 0.3 s KOH
as described in the text . The values for base composition are percentages of the total 32� in the mixed

2’- and 3’-nucleotides of RNA obtained by ion-exchange chromatography. The values represent averages

of duplicate analyses on the samples derived from two separate experiments, ± standard errors of the

mean.

Treatment Ba se composition Base ratio,
(A+U):(G+C)

C A G U

Controls 24.4 ± .4 25.4 ± .4 28.4 ± .1 22.7 ± .1 0.91 ± 0.00

PB, 1 day 24.9 ± .4 22.3 ± .3 30.2 ± .1 21.0 ± .2 0.78 ± 0.01

PB, 2 days 26.0 ± .1 22.6 ± .1 29.9 ± .1 21.4 ± .3 0.78 ± 0.01

PB, 3 days 25.2 ± .4 22.6 ± .1 30.2 ± .4 22.3 ± .2 0.81 ± 0.01
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TABLE 4

.T’SUclear ribonuclease activity of livers of rats

treate(l with phenobarbital or 0.9% NaC1

Hats received phenobarbital (100 mg/kg) dis-

solved in 0.9% NaC1, or 0.9% NaCl alone (con-

trols), every 24 hr and were killed 24 hr after the

last injection. Isolated nuclei were prepared as

described in the text. Assays were performed in
0.05 ii Tris buffer, pH 8.0, at 37#{176},containing 0.5

mu magnesium acetate, 300-350 �g of ribosomai

[‘�C]RNA, and nuclei (disrupt-ed by sonic oscilia-

tions for 1 mm at 0#{176})equivalent to 300-400 �g of

DNA. Iticubations were performed at 37#{176}for 20

mm and terminated by the addition of 2 volumes of

cold 7(( trichloracetic acid. The samples were

centrifuged after standing for 10 mm at 0#{176}.An

aliquot (1 mi) of the supernat-ant solution was
removed for counting as described in the text. The

assays were corrected for zero-time values and

substrate stability in the absence of nuclei. The

data are expressed as micrograms of RNA digested

per milligram of l)NA or protein during 20 mitt.

The values represent averages of duplicate

analyses from four separate experiments ± stand-

ard errors of the mean.

Treatment Rihonuclea se activity

RNA: DNA RNA:protein

�.ug/,ng/2O uzin i.ug/,ng/20 znin

Controls 57.5 ± 2.1 14.8 ± 0.7

PB, 1 day
PB, 2 days
PB, 3 days

59.0 ± 1.9

64.3 ± 1.6
73.8 ± 1.8

14.8 ± 0.4

15.9 ± 0.6

17.4 ± 0.5

t-ion of phellobarbital (SO mg/kg tivice

daily) to immature rats decreases the t-hymi-
dine labeling index of liver to about 20 %

of control values. In contrast, they also
showed that the repeated administration of

lower (loses of I)hellObarbital (40 mg/kg

twice (laily) to immature rats increases the
uptake of thymidine by liver at least 2-fold

over controls, confirming earlier reports of a

phenobarbital-induccd increase in DNA
and cell number (24). In addition, the
effect- of phenobarbit-al on nuclear RNA
content does not appear to be mediated by
reduced levels of intranuclear ribonuclease
activity, since the latter was elevated in
phenobarbital-trcated rats.

Accompanying the increase in the ratio of
nuclear RNA to DNA ivas a relative increase
in the amounts of nuclear prcribosomal
RXAs, an increased incorporation of L-

[met/i yl- ‘4C]methionine and 321? � into nuclear

RNA, and a shift in base composition of
newly synthesized nuclear RNA to a more

GC-rich RNA composition after a single day
of treatment. Although the greatest accumu-
lation of nuclear preribosomal RNA ivas

noted 2 days aft-er repeated administration

of phenobarbital, it is possible that maximal
accumulation occurred later but is-as ob-
scured by concomitant accumulation of pre-
ribosomal 28 S RXA, as discussed above.
Hoisever, it is also likely that the diminution
of preribosomal RNAs at 3 days may have
occurred either because of an acceleration of

the rat-c of proccssmg of preribosomal RNA

or because of a slackening of the rate of
synthesis, as suggested by the decreased
incorporation of L-[met/i-yi-’4Cjmethionme
into nuclear RNA at 3 days. The augmenta-

tion of GC-rich preribosomal RNA in the
nucleus is ill agreement with the findings of
increased incorporation of L-[-methyl-’4CJme-

thionine into nuclear RNA and enriched G +
C content of Ileis�ly synthesized nuclear RXA

after 1 and 2 days of drug treatment. There-
after the over-all base composition of newly
synthesized RNA remained fairly constant
ivhile the incorporation of 32p1 into nuclear

RNA was significantly increased, suggesting
increased elaboration of both polydisperse

and preribosomal nuclear RNAs.
In normal rat liver rapidly sedimenting

prcribosomal RNAs constitute about 25 %

of the total nuclear RNA but account for
only about 17 % of nuclear RNA synthesis
after short labeling times (25). The bulk of

the rapidly labeled nuclear RNA is AU-
rich heterogeneous nuclear RNA (poly-
disperse R-NA), which exhibits a rapid turn-

over when compared to preribosomal RNA,
but, unlike the latter, appears to be Un-
methylated (26, 27) and retained in the

nucleus, ishere its function is unknown (28).
Thus cytoplasmic messenger RNA appears

to derive from only a small percentage of
the total polydisperse nuclear RNA. The
biogenesis of the ribosome begins in the

nucleolus with the transcription of a high
molecular weight preribosomal RNA, which
is methvlated (29, 30) and then cleaved in a
stepwise, semiconservative fashion into a
number of preribosomal RNA intermediates,
from ishich the tsso ribosomal subunits and
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several smaller RNAs event-uallv emerge.
Numerous studies have shown that ribo-
somal R-NA synthesis is elevated by hor-
mones which stimulate proliferation of the
endoplasmic reticulum (31) and also by
removal of a part of the liver from rats (32).
However, it is not knoivn at what step in the

complex series of events leading to ribosome
formation this increase is accomplished.

The rate of ribosome formation may be

regulated by changing the rat-c of synthesis

of I)rcribOsOmal RNA or by maintaming a
constant rat-c of synthesis and altering
either the rate of processing or the rate of

degradation of preribosomal RNA. These

possibilities arc not-, of course, exhaustive or
mut ually exclusive.

Repeated administration of phenobarbital
appears to exert an increasingly profound

effect on hepatic nuclear RNA synthesis, as
suggested by the increased incorporation of
32p1 and L-[rnethyl-’4C}mcthlonine into n�-

clear RNA and the concomitant accumula-
tioti of preribosomal RNAs. Since the base
composition of newly synthesized nuclear

RXA remains essentially unchanged after
the first day of phenobarbital treatment,
these findings suggest that the same genes
are active, but at different rates at i and 3
days after treatment with the drug. How-
ever, the alterations in the base composition

of newly synthesized nuclear RNA may
simply reflect changes produced by pheno-

barbital in nucleotide synthesis or utilization

(see below) . An early response of hepatic
regulatory mechanisms to the administra-
tion of phenobarbital is suggested by the
findings of increased activity of nuclear

RNA polymerase (6) , increased transcril)tive
ability of chromatin (5), and increased in-
corporation of [‘4C]-orotatc into cytoplasmic
ribosomal RNA (16) and microsomal RNA

(33) within a day of treatment with the
drug. In contrast, similar studies (16, 34)
have shoivn that the incorporation of [‘4C]-
orotate into nuclear RNA is decreased after
a single or repeated administration of the

drug. On the basis of the latter observa-
tiolls, it has been suggested (16) that the

enhanced labeling of ribosomal RXA may
result from effects of phenobarbital either on
the stability of cytoplasmic ribosomal RNA
or on the processmg and transport of ribo-

somal RNA to the cytoplasm, rather than

on the synthesis of ribosomal RNA. Differ-
cnccs in the precursors used for labeling
RNA may account for this apparent dis-

crepancy. In this regard, it has been sug-
gested that the hepat-ic phosphoribosyl
pyrophosphate level is depressed by pheno-

barbital administration and may be rate-
limiting for synthesis of pyrimidines de novo

(35). Consistent with this possibility is the

observation that the specific activity of the
hepatic nucleotide pool is lowered by pheno-

barbital is-hen [‘4C]orotate is used as a pre-
cursor (16). In contrast, the repeated ad-
ministration of phenobarbital does not ap-
pear to depress the specific activity of the

RNA precursor pool with 32p1 as a precursor.

Hossever, the present studies do not provide
information with regard to possible changes
in nucleotide synthesis and utilization during
the response to phenobarbital administra-
tiOll. This question is presently under in-

vestigation. The precursor pools for RNA
synthesis in the liver are in equilibrium
w-ith nucleotides derived from synthesis

de novo and also from salvage of products

derived from the degradation of RNA and
nucleotide coenzymcs. Thus, if synthesis

de novo of pyrimidines is depressed by the
administration of phenobarbital, increased
phosphorylation of precursors derived from

salvage PathivaYs would result in higher
labeling of RNA precursors with 32P1 than

ivith [‘4Cjorotate. In contrast to the behavior

of either of the latter precursors, the use of
L-[fl?ethyl-’4C]methionine to monitor nuclear

RNA synthesis provides a distinct ad-
vantage, since the incorporation (methyla-
tion) itito ribosomal RNA (and tRNA) by-
passes nucleotide pools and takes place
either at the time of transcription or imme-
diately thereafter (29, 30). Moreover,
nuclear polydispersc RNA appears to be
unmet-hylated (26, 27) ; thus is-c have

assumed that the increased incorporation of
L-[fllethyl-’4C]mcthioninc into preribosomal

RNAs after phenobarbital administration
represents the increasing rates of synthesis
of preribosomal RNA in the nucleolus.

The studies reported here suggest that the

augmentation of nuclear RXA produced by
phenobarbit-al results from increased elabo-
rat-ion of both polydisperse and preribosomal
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RXA. Hosvever, the increased incorporation

of 32P� into nuclear RXA may be due to flue-

tuations in the specific activities of nucleo-
tide pools. It- is also possible that the accu-
mulation of preribosomal RXAs may have

arisen either from an increased rate of proc-
essing or from a less wasteful processing of

preribosomal RNA. The second possibility

seems less likely, since it was shown that
nuclear ribonuclease activity is elevated

in phenobarbit-al-treat-ed rats. The present

studies do not provide information is-ith re-
gard to the first possibility, ishich is cur-
rently under investigation in this laboratory.

Hoisever, the results presented here do not
appear to be dependent upon any change

produced by phcnobarbit-al in the rate of
transport of RXA to the cytoplasm, since
little of the isotope was found in cytoplasmic
RNA after a labeling period of 20 mm.
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