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RNA polymerases (POL) are integral constituents of the
protein synthesis machinery, with POL I and POL III coding for
ribosomal RNA and POL II coding for protein. POL I is located
in the nucleolus and transcribes class I genes, those that code for
large ribosomal RNA. It has been reported that the POL system
is seriously affected in perinatal asphyxia (PA) immediately after
birth. Because POL I is necessary for protein synthesis and brain
protein synthesis was shown to be deranged after hypoxic-
ischemic conditions, we aimed to study whether POL derange-
ment persists in a simple, well-documented animal model of
graded global PA at the activity, mRNA, protein, and morpho-
logic level until 8 d after the asphyctic insult. Nuclear POL I
activity was determined according to a radiochemical method;
mRNA steady state and protein levels of RPA4O—an essential
subunit of POL I and III–were evaluated by blotting methods;
and the POL I subunit polymerase activating factor-53 was
evaluated using immunohistochemistry. Silver staining and
transmission electron microscopy were used to examine the
nucleolus. At the eighth day after PA, nuclear POL I decreased

with the length of the asphyctic period, whereas mRNA and
protein levels for RPA4O were unchanged. The subunit poly-
merase activating factor-53, however, was unambiguously re-
duced in several brain regions. Dramatic changes of nucleolar
morphology were observed, the main finding being nucleolar
disintegration at the electron microscopy level. We suggest that
severe acidosis and/or deficient protein kinase C in the brain
during the asphyctic period may be responsible for disintegration
of the nucleolus as well as for decreased POL activity persisting
until the eighth day after PA. The biologic effect may be that PA
causes impaired RNA and protein synthesis, which has been
already observed in hypoxic-ischemic states. (Pediatr Res 53:
62–71, 2003)

Abbreviations
PA, perinatal asphyxia
PAF53, polymerase activating factor-53
POL, RNA polymerase
RPA4O, RNA polymerase subunit-40

In eukaryotes, three different POL transcribe nuclear genes.
POL I transcribes class I genes, those that code for large
ribosomal RNA (rRNA). It is located in the nucleolus, repre-
sents 50–70% of polymerase activity per cell, and as many as
40,000 copies per cell are present (1). This high number of
POL I molecules transcribes as few as about 100 genes, which
is appropriate as the rRNA precursor is long (i.e. 6,000–15,000
nucleotides), and as many as 50 polymerase molecules may
transcribe each rRNA gene simultaneously. This intense tran-
scriptional activity reflects the need of the cell for rRNA; 10

million copies of rRNA are required (2) to form the 10 million
ribosomes required for a single cell division. rRNA genes,
transcribed by POL I, form the primary RNA transcript, the
45S-rRNA. Before release from the nucleus as ribosomal
particles, 45S-rRNA is cleaved to a copy of 28S-rRNA, 18S-
rRNA, and 5.8S-rRNA each. POL III transcribes class III
genes, those that encode a number of small RNA molecules,
including 5S-rRNA. It is located in the nucleoplasm, makes up
10% of the polymerase activity of the cell, and about 20,000
copies are present per cell (3). These transcribed genes are
assembled with other rRNA products transcribed by different
POL to form ribosomes. This process, ribosome biogenesis, is
described in detail in excellent reviews (4, 5). The complex
mechanism of rRNA—transcription by POL—has not been
fully elucidated yet, but the principles are well established and
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given elsewhere (6, 7). The regulation of transcription by POL
is described in a series of publications (4).

Information about RNA polymerases in hypoxic-ischemic
states is limited (8–10) and data from adult models of isch-
emia/hypoxia representing stroke rather than PA are of limited
value for the explanation and the understanding of pathophys-
iology and biochemistry of PA, as it is widely accepted that
metabolism and disease mechanisms are different in the imma-
ture system (11–14).

In a recent report using a simple, well-documented, and
noninvasive model of PA that resembles the clinical situation
(15, 16), we have shown that the POL I system in PA was
affected as soon as within minutes after the asphyctic insult
(17). It was the aim of this study to show whether this finding
would be transient or persisting, and we indeed observed that
POL derangement as reflected by decreased POL activity, an
impaired POL subunit at the immunohistochemical and nucle-
olar disintegration at the electron microscopy level, was found
approximately a week after the asphyctic insult.

METHODS

Animals and Experimental Design

Asphyxia was induced in pups delivered by cesarean section
on pregnant Sprague-Dawley rats. Within the last day of
gestation as evaluated by estabularium protocols, animals were
killed by neck dislocation and hysterectomized. The uterine
horns, still containing the fetuses, were extirpated and placed in
a water bath at 37°C for various periods from 5 to 20 min.
Cesarean-delivered control and asphyctic pups were obtained
from the same mother, inasmuch as each rat delivered approx-
imately 10–14 pups.

After the asphyctic period, i.e. incubation at 37°C, the uterus
horns were rapidly opened and the pups removed. Pups were
cleaned, the umbilical cord was ligated, and the animals were
allowed to recover in a hood. Only litters with pups weighing
�4.5 g at the time of delivery were used in the experiments.
Ten pups per group (normoxia for 10 min and 20 min of
asphyxia) were studied and six pools of three pup brains per
group (normoxia, 10 min of asphyxia, 20 min of asphyxia)
each were used for the POL I activity determinations. In the
group with normoxia and 10 min of PA, 100% survival was be
found and in the group with 20 min of asphyxia, 74% survived.
At 21 min of asphyxia, only 10% of the pups survived.

Rat pups were given to surrogate mothers and were well
accepted. The animal studies were carried out according to the
rules from the American Physiology Society and approved by
the local animal committee. At the age of 8 d, rats were killed
for the experiments. Animals used for biochemical studies
were killed by decapitation and the brain was kept at �80°C
until biochemical assays were performed. Brains used for POL
I activity studies were prepared immediately as given below.
Brains used for morphologic studies were taken from fixation-
perfused rats as given below.

mRNA Isolation from Brain, Northern Blots, and
Dot Blots

The organs were obtained at autopsy and taken immediately
into liquid nitrogen. Frozen brain samples were ground and
mRNA extraction was performed using the Quick Prep Micro
mRNA Purification kit (Amersham Pharmacia Biotech AB,
Uppsala, Sweden) (18). Subsequently, 6 �g mRNA each,
dissolved in 6 �L diethylpyrocarbonate (DEPC) water, 11.8
�L of DMSO, 2.4 �L 0.1 M NaHPO4 buffer, and 3.5 �L
deionized 40% glyoxal were incubated for 1 h at 50°C and
subsequently cooled on ice. To this solution, 6.3 �L of a
mixture of 50% glyoxal, 10 mM sodium phosphate, and 0.4%
bromphenol blue were added. The sample was applied onto
1.2% agarose gel and electrophoresed at 3–4 V/cm for 2.5 h in
circulating 0.01 M phosphate buffer, pH 7.0. RNA was then
transferred to a positively charged nylon membrane (Hybond
N�, DuPont, Bad Homburg, Germany) by capillary blotting
and fixed with 0.05 N sodium hydroxide for 5 min at room
temperature and finally equilibrated at pH 7.0 with three
washes in 2� standard saline citrate (SSC). The cDNA probe
for �-actin was purchased (ATCC 9800, American Type Cul-
ture Collection, Manassas, VA, U.S.A.), cDNA for RNA poly-
merase subunit RPA40 was constructed, and these probes were
used for Northern and dot blots.

Preparation and labeling of the probe for RPA40 (EMBO,
Heidelberg, Germany) was done as follows: The RPAC 40 ho-
molog was isolated from AA8 OHO cells (ATCC 4433) and
amplified using the plasmid pSPORT1 in Escherichia coli XL1-
Blue MRF (Stratagene, Heidelberg, Germany) in Liria Broth (LB)
medium containing 100 �g ampicillin/mL overnight at 37°C.
Isolation was carried out with Wizard Minipreps (Promega, Mad-
ison, WI, U.S.A.). cDNA RPA40 was cut from 5 �g of the
plasmid by the use of EcoR I (5 U) and HindIII (5 U), separated
on 1% TAE agarose gel electrophoresis, and eluted by QIAquick
(QIAGEN, Valencia, CA, U.S.A.) from the gel. One hun-
dred nanograms of the RPAC 40 homolog from AA8 were
added to 5 �L 10� SSC buffer, 1 �L 20 mM dNTP-Mix, 1
�L Taq-DNA polymerase (5 U/�L, Amersham Pharmacia
Biotech AB), and 1 �L 5'-CCTTCAATAGGAGACAAG-3'
(18-mer, temperature 38.3°C, 100 pmol/�L, amino acid
sequence in AA8RPA:LSPTEG) or 5'-CGCCGAGATC-
CCAACTCT-3' (18-mer, temperature 52.3°C, 100 pmol/�L,
amino acid sequence in AA8RPA: AEIPTL) and 5 �L
fluorescein-nucleotide mix (Renaissance random primer flu-
orescein labeling kit, DuPont). This mixture was used for
the amplification in 40 cycles of 94°C for 30 s, 55°C for
30 s, and 72°C for 30 s (19).

Labeling of the �-actin probe was performed during PCR
and after the human �-actin control amplimer set (CLON-
TECH, Palo Alto, CA, U.S.A.), adding 5 �L of fluorescein-
nucleotide mix (Renaissance random primer fluorescein label-
ing kit). PCR products were separated in a 1% Tris acetate-
EDTA (TAE)-agarose gel and eluted.

After fixation of bound RNA, the nylon membrane was
incubated in prehybridization solution [0.25 M phosphate
buffer, pH 7.2, containing 5% SDS wt/vol, 1 mM EDTA, and
0.5% blocking reagent (from Dupont NEL 203)] for 12 h at
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65°C in a hybridization oven. The blots were hybridized
overnight at 65°C with the labeled probes each (50 ng/mL of
prehybridization buffer).

After hybridization, nonspecifically bound material was re-
moved by posthybridization washes with 0.5� and 0.1� pre-
hybridization buffer twice at 10 min each at 65°C. The 0.5�
and 0.1� prehybridization buffer was brought up to 65°C
before use, and the second wash was performed at room
temperature.

Hybridized blots were blocked with 0.5% blocking reagent
in 0.1 M Tris HCl, pH 7.2, and 0.15 M NaCl for 1 h at room
temperature. Membranes were then incubated with antifluores-
cein horseradish peroxidase antibody (DuPont) at a 1:1000
dilution in the solution given above for 1 h under constant
shaking. Membranes were washed four times for 5 min each in
the solution given above.

The nucleic acid chemiluminescence reagent (DuPont) was
added to the membranes and incubated for 1 min. Excess
detection reagent was removed by the use of filter paper, the
membrane was placed in plastic wrap and exposed to autora-
diography reflection films (DuPont) for 15 min at room
temperature.

Dot blots were performed according to the method of White
and Bancroft (20). One microgram of mRNA in 10 �L dieth-
ylpyrocarbonate (DEPC) H2O was added to 30 �L of a mixture
of 500 �L deionized formamide, 162 �L 37% formaldehyde,
and 100 �L 10 � MOPS. This solution was brought to 65°C
for 5 min and cooled on ice for 3 min.

A nylon membrane (Hybond N, Amersham Pharmacia Bio-
tech AB) was moistened in 10� MOPS and put into two layers
of moistened Whatman 3MM filter paper (BioRAD, Vienna,
Austria) in the dot blot apparatus. The chamber was closed
tightly and 40 �L of each sample was applied under vacuum.
Under vacuum, 0.05 M NaOH was added, the nylon membrane
was removed from the dot blot apparatus, and it was again
incubated with 0.05 M NaOH for 5 min. Finally, the nylon
membrane was equilibrated in 2� SSC to reach a pH of 7.5.
Prehybridization was performed by 0.1 mL of prehybridization
solution [5 � SSC, 0.1% (wt/vol) SDS, 0.5% (wt/vol) blocking
reagent (DuPont), 5% dextran sulfate, dissolved at 60°C, and
used at room temperature] per square centimeter of membrane
and the volume of the probe was 20 ng/mL, wrapped in a
plastic bag. Subsequent washing steps and detection of the
products was performed according to the manufacturer’s in-
structions. Densitometry of films was performed using the
Elscript 400 densitometer (Hirschmann, Berlin, Germany).

Western Blots for the Determination of RPA40
Immunoreactive Protein

Snap frozen brains were thawed on ice and mixed 1:5
(wt/vol) with homogenization solution (0.25 M sucrose, 1 mM
EDTA, 3 mM imidazole, 0.1% ethanol, pH 7.2) (21). Samples
were homogenized for 30 s (six strokes) at 440 rev/min in a
Potter-Elvehjem homogenizer on ice. The homogenate was
centrifuged for 5 min at 3000 � g and 4°C. The supernatant
was used for the determination of protein and immunoblotting.
Using ice-cold homogenization solution, the supernatants were

brought to equivalent protein concentrations. To these super-
natants, equal amounts of sample buffer were added. Samples
were heated at 95°C and loaded onto a 7.5% SDS-
polyacrylamide gel. After separation proteins were transferred
electrophoretically to nitrocellulose membranes for 1 h at 100
V in blotting buffer (25 mM Tris, 192 mM glycine, 20%
methanol), membranes (Hybond-P, Amersham Pharmacia Bio-
tech AB) were washed and blocked in PBS (137 mM NaCl, 2.7
mM KCl, 8.1 mM Na2HPO4 � 12 H2O, 1.5 mM KH2PO4)
containing 0.05% Tween-20 and 1% BSA for 1 h at room
temperature, followed by probing of the membranes with a
RPA4O antibody generously provided by I. Grummt, German
Cancer Research Center, Heidelberg, Germany. This antibody
was diluted 1:1000 (vol/vol) with PBS containing 0.05%
Tween-20. Membranes were washed four times for 15 min in
PBS containing 0.05% Tween-20 and 1% BSA before incuba-
tion at room temperature with horseradish peroxidase-
conjugated goat-anti-rabbit IgG (Sigma Chemical, St. Louis,
MO, U.S.A.), diluted 1:16.000 (vol/vol) in PBS/Tween-20.
Membranes were washed again four times for 15 min and the
blots were developed with the ECL Western blotting System
(Amersham Pharmacia Biotech, Little Chalfont, Buckingham-
shire, UK). Densitometry was performed as described above.

Determination of Brain Tissue pH

Brain tissue pH was measured 8 d after the asphyctic period
by inserting the tip of a tissue pH electrode of 2 mm diameter
(Wissenschaftlich-Technische Werkstaetten, Vienna, Austria)
into the thawed whole tissue kept at �80°C. Measurements
were done in triplicate with pepsin-distilled water rinsing
cycles (16).

Determination of Nuclear POL I

Preparation and isolation of brain cell nuclei. Rat brain was
homogenized and nuclei were isolated according to the method
given by McEwen and Zigmond (22). Animals were killed by
decapitation and brains were rapidly removed, placed on ice, and
minced. Pools of three neonatal brains (average weight 200 mg)
were transferred to a precooled 5-mL glass homogenizer with a
Teflon pestle with ice-cold buffer I (0.32 M sucrose, 1 mM
KH2PO4, 1 mM MgCl2, pH 6.5). The tissue was homogenized
with 20 gentle strokes and transferred to a chilled tube. The
homogenate was filtered through two layers of sterile cheese cloth
into 35-mL centrifuge tubes and centrifuged for 10 min at 850 �
g at 4°C (Beckman J2-21 centrifuge, Beckman Coulter, Inc.,
Fullerton, CA, U.S.A.). The supernatants were removed, and the
pellet was resuspended in 20 mL of buffer I, mixed, and centri-
fuged again for 10 min under the same conditions. Procedures
were repeated with 20 mL of buffer I and centrifugation at 650 �
g for 10 min at 4°C. The supernatant was discarded and the pellet
was resuspended in 4 mL of buffer I and vigorously vortexed.
Twenty-five milliliters of buffer II (2.39 M sucrose, 1 mM
KH2PO4, 1 mM MgCl2, pH 6.5) were added and mixed thor-
oughly with the nuclear suspension.

This mixture was centrifuged for 60 min at 63,600 � g in a
SW28 rotor of a Beckman L8–55 ultracentrifuge (Beckman
Coulter, Inc.). After carefully removing the supernatant and
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swabbing the interior walls of the tubes with tissue paper, the
purified nuclear pellets were resuspended in 5 mL solution
containing 10 mM Tris-HCl pH 7.5, 1 mM MgCl2, 1 mM
dithiothreitol (DTT), and 10% (vol/vol) glycerol.

The quality of each nuclear suspension was optically con-
trolled by phase contrast microscopy (Nikon TMS, Tokyo,
Japan). The total amount of nuclei of each preparation was
counted using a cell counter (Sysmex Microcellcounter CC
108, TOA Medical Electronics Corp., Japan).

Measurement of protein, DNA, and RNA concentrations.
The brain nuclei suspension was analyzed for protein content
by the method of Lowry et al. (23) using BSA as standard. The
concentration of DNA and RNA was measured using an
analyzer (GeneQuant II, Amersham Pharmacia Biotech).

Measurement of POL I activity. POL I activity was mea-
sured according to the methods described by Kokko et al. (24)
and Nakamura et al. (25) with slight modifications. Isolated
brain nuclei (15–25 �g of DNA) were suspended in incubation
medium containing 140 mM Tris-HCI, pH 7.9, 3.5 mM DTT,
7 mM MgCl2, 9 mmol/L NaF, 0.6 mM each of guanosine
5'-triphosphate, ATP, and cytidine 5'-triphosphate, 10 �mol/L
nonlabeled uridine triphosphate (UTP), and 1 �Ci [31H]UTP
(12.2 Ci/mmol, Amersham Pharmacia Biotech) with 1 �g
�-amanitin (Sigma Chemical). All assays were performed in
triplicate. Samples were incubated at 37°C for 15 min; blank
samples were kept on ice for the same period of time. The
reaction was stopped by cooling the tubes to 0°C and adding
100 �L of 0.4 mol/L Na-pyrophosphate and 400 �L of 25%
ice-cold trichloroacetic acid (TCA) solution.

After keeping all tubes in ice for 15 min and centrifugation
at 10,000 � g for 15 min at 4°C, the supernatants were
discarded and the pellets were washed twice with 800 �L of
ice-cold TCA. The precipitate was dried at 37°C for 15 min
and dissolved in 100 �L of formic acid and 5 mL scintillation
fluid (Ready Safe liquid scintillation cocktail, Beckman
Coulter, Inc.). The radioisotope activity was measured with a
liquid scintillation analyzer (2000 CA TM-Carb, Packard,
Netherlands).

RNA polymerase activity was measured in six pools (three
brains per pool) of each group (normoxia, 5 min, 10 min, 15
min, and 20 min of asphyxia followed by a 10-min recovery
period) and expressed as the difference between the sample and
the blanks. Results were given as counts per milligram DNA
and alternatively per milligram protein.

Histologic and Morphometric Examinations

Fixation and embedding. A syringe was placed into the
aorta of anesthetized animals and a fixative consisting of 2%

paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phos-
phate buffer, pH 7.4, was used for the perfusion of animals for
5 min. For electron microscopy investigations, a second fixa-
tive (3.0% glutaraldehyde in the identical buffer) was perfused
for 5 min. Perfused corpses were placed at 4°C and subse-
quently brains were removed from the skull, postfixed for 2 h
in the same fixative, washed three times in PBS, dehydrated,
and embedded in paraffin for light microscopy and embedded
in LR-White (Eppelheim, Germany) for electron microscopy
studies. For light microscopy, paraffin sections of 5 �m were
mounted on positively charged slides (DAKO, Carpinteria,
CA, U.S.A.). We used LR-White semithin sections of 0.5 �m
for morphometric analysis and 0.1 �m for electron microscopy
observations.

Immunohistochemistry

Because the antibody against RPA40 did not stain paraffin-
embedded brain sections, we decided to use an antibody
against the essential POL I subunit PAF53 (kindly supplied by
I. Grummt, DKFZ, Heidelberg, Germany).

Six-micrometer-thick paraffin sections were mounted on
adhesive slides, dewaxed, rehydrated, and washed twice in
PBS. For antigen retrieval, sections were subsequently incu-
bated in PBS containing 0.2 M EDTA, autoclaved at 121°C for 2
min, and allowed to cool down for 3 h. Sections were rinsed
briefly in distilled water, washed twice in PBS, and preincubated
with FCS and 0.05% Tween-20 (Sigma Chemical) for 30 min at
room temperature. The primary antibodies were diluted 1:300 in
DAKO antibody diluent. The incubation took place overnight at
room temperature. Optimized standardization of all further steps
(secondary reagent incubation, section washings, and signal de-
velopment) was performed using an automated immunostainer
using DAKO immunoperoxidase kit (DAKO TechMate designed
for Horizon immunostainer). The immunostained slices were
dehydrated in ascending ethanol series and two changes of xylene,
permanently mounted with a coverslip, and examined on a Nikon
Microphot light microscope.

Silver Staining of Nucleoli and Nuclear and
Nucleolar Morphometry

For the visualization of nucleoli, slides were dewaxed by
three changes of xylene for 10 min each, rehydrated in a graded
series of ethanol, and incubated in 0.1 M citric acid adjusted to
pH 6.0 at 121°C in an autoclave for 20 min and allowed to cool
overnight. The silver-staining procedure was performed as
described by Lindner (26) and counterstaining was with 0.1%
methyl green.

Table 1. Results of biochemical investigations in rat brain (means � SD)

Minutes of perinatal asphyxia Normoxia 10 20

POL I activity (cmp/mg DNA) 23 462 � 3 146 20 147 � 1 212* 17 312 � 1 076*
POL I activity (cmp/mg protein) 2 248 � 216 1 876 � 197* 1 246 � 127*
Brain pH 7.28 � 0.07 7.31 � 0.06 7.27 � 0.06
mRNA RPA40/�-actin (arbitrary units) 1.8 � 0.2 1.9 � 0.3 1.8 � 0.3
Immunoreactive RPA40-protein (arbitrary units) 0.86 � 0.17 0.92 � 0.14 0.89 � 0.16

* Significantly different from normoxia.
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Figure 1. Reduced immunostaining for PAF53 is found in three areas at 20 min of perinatal asphyxia (right panel) compared with normoxia (left panel). The
(nucleolar) staining pattern in frontal cortex (a,b), striatum (c,d), hippocampus CA1 (e,f ) revealed a fuzzy, washed out appearance in the PA group [�1600, the
bar represents 40 �m (a–e) and 100 �m (e–f )].
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Morphometry of nuclear- and nucleolar-size micrographs of
silver-stained brain sections was done on a Nikon Microphot
FMX. Kodak technical pan films (100 ISO) developed for 6
min in Ifotec HC at 20°C were used. Prints were enlarged to a
final size of �2500 and the images scanned into a computer.
The size of nuclei and nucleoli were measured using the
computer program Scan (Sigma, St. Louis, MO, U.S.A.). We
compared normoxic with graded perinatally asphyctic pups. In
a second approach, we stained semithin sections of exactly 0.5
�m thickness with toluidine blue, which preferentially stains
nucleolar ribonucleoproteins (27). The results obtained reflect
the average nucleolar portion within the cell nucleus (28).

Electron Microscopical Studies

Thin sections were mounted on 300-mesh copper grids
stained with 1% uranyl acetate for 3 min and 1% lead citrate
for 1 min, rinsed in five changes of distilled water, air dried,
and examined in a transmission electron microscope (Jeoul
1200, Tokyo, Japan).

The observed structural differences in the arrangement of
nucleolar components that we named “compact” and “frag-
mented-nucleolonema type” were quantified in a blinded man-
ner as follows: Observed nucleoli were assigned to one of the
defined types, compact or fragmented-nucleolonema type, by
two independent observers in the normoxia group and the
asphyctic groups from 5 to 20 min.

Statistical Methods

ANOVA with subsequent Kruskal-Wallis test, or t test when
appropriate, was applied. Statistical significance was consid-
ered at the p � 0.05 level.

RESULTS

Biochemical Results

Biochemical results are presented in the Table 1. For mRNA
levels, a single band was observed in the Northern blots,
indicating specificity of the hybridization technique. mRNA
steady state levels for the essential subunit RPA4O were
normalized versus the housekeeping gene �-actin. No signifi-
cant differences between animals subjected to normoxia and
animals subjected to asphyctic periods of 10 or 20 min were
observed in the dot blots.

For protein and immunoreactive RPA4O levels, a single
band at 40 kD revealed the specificity of the antibody. The
levels of RPA immunoreactivity were not significantly differ-
ent between normoxic and asphyctic rat brains. Nuclear POL I
activity significantly decreased with the length of the asphyctic
period when normalized versus protein or RNA. Brain pH was
comparable between asphyctic and normoxic brain.

Morphologic Results

Immunohistochemistry. As shown in Figue 1, positive
staining for PAF53 was observed in three brain regions: frontal
cortex, striatum, and hippocampus CA1. In all brain regions of
asphyctic pups, the signal was found in the nucleolus and was

consistently decreased. Under identical staining conditions,
most cells from PA revealed weak or no contrast. Quantifica-
tion of PAF53 immunoreactivity in frontal cortex is shown in
Table 2.

Silver staining. As shown in Figure 2, nuclei and nucleoli
were well contrasted by silver impregnation and nuclear coun-
terstaining in normoxic animals. Ten minutes of asphyxia were
correlated with a reduction in silver staining, and in all brains
subjected to 20 min of asphyxia, neurons had a “fuzzy,”
washed-out appearance, and the majority of the nuclei and
nucleoli were reduced in size (Fig. 2).

Morphometry revealed a significantly reduced total nucleo-
lar size. The average nucleolar fraction per cell was also
reduced, indicating that the reduction in nuclear size was not
secondary to a reduction in cell size (Table 3).

Electron microscopical findings. Under normoxic condi-
tions, the nucleolar dense fibrillar component forms strands
arranged around the fibrillar center, forming together the fibril-
lar complex (29, 30). This fibrillar complex is associated with
and embedded in the granular component (Fig. 3a).

In PA, distinct rearrangements—fragmentations of nucleolar
structure—were found.

Under asphyctic conditions, the granular component dis-
persed and disappeared. Strands of dense fibrillar component
revealed a deconvoluted, fragmented appearance. Only a small
portion was attached to a fibrillar center, a major portion
appeared in loosely arranged fragments and was clearly distin-
guishable from possible remains of granular component (Fig.
3b).

Morphometry of the two morphologically different nucleolar
types showed the prevalence of the fragmented nucleolar type
in frontal cortex of animals with PA (Table 4).

DISCUSSION

In a previous study, we showed deterioration of RNA poly-
merase and nucleolar changes within minutes after PA (17).
Here, we show that deficient POL I activity along with de-
creased essential POL subunit PAF53 protein and disintegra-
tion of nucleolar structures still can be detected 8 d after the
asphyctic insult. We proposed that decreased POL I activity in
brain of asphyctic animals was caused by acidosis, and, indeed,
irreversible inactivation of POL I and II by low pH has been
described (31). This could serve as an explanation for impaired
POL I activity at the time point of 8 d in this study. Another
possibility is that POL I activity and even nucleolar integrity
are affected by dramatic reduction of protein kinases as, for
example, protein kinase C (PKC). In brain and in heart, we
detected PKC and PKA decreasing with the length of the
asphyctic period in the identical animal model used in the
present study (15, 16). This proposed tentative mechanism is

Table 2. Number of PAF-53 immunoreactive nucleoli per cell in
frontal cortex neurons (means � SD)

Minutes of perinatal asphyxia Normoxia 10 20

1.08 � 0.82 0.98 � 0.71 0.82 � 0.71*
Observations (n) 359 250 250

* Significantly different from normoxia.
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Figure 2. Silver-staining pattern in three brain regions (right, PA; left, normoxia). (a,b) Frontal cortex neurons after silver staining for nucleolar visualization.
A dense, well-contrasted staining is shown in brain of normoxic animals, whereas nucleoli of animals after 20 min of asphyxia were reduced in size and showed
fuzzy, washed-out staining. Identical staining patterns were found in striatum (c,d) and hippocampus CA1 (e,f) (�1600, the bar represents 40 �m).
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supported by previously published observations that a) POL I
shows protein kinase activity itself (32), b) POL I is phosphor-
ylated by nuclear protein kinases (33, 34), and c) it has been
shown that POL I activity is strongly linked to PKC activity
(35) and that the interaction between PKC and POL is valid
also for other RNA polymerases (36, 37).

The essential POL I subunit RPA40 was preserved in terms
of protein levels, thus arguing against a simple loss of cells and
protein. The essential subunit PAF53, however, was remark-
ably reduced in asphyctic brain as shown by immunohisto-
chemistry. We suggest that this subunit was disappearing,
disintegrating from POL I, degraded, or its synthesis simply
not recovering during the period of 8 d. Disintegration from the
POL I complex is less likely as, during conditions like serum
starvation, actinomycin treatment, and mitosis, PAF53 remains
attached to the transcriptional machinery (38). It is also unclear
whether deficient or disintegrated PAF53 would have contrib-
uted to impaired POL I activity, as Hanada et al. (39) have
shown that it is rather involved in the formation of the initiation
complex at the promoter by mediating the interaction between

POL I and UBF, the upstream binding factor for active rRNA
synthesis. Decreased immunoreactive PAF53 in asphyctic
brain samples may therefore help to explain decreased RNA,
which was described in neurons to persist until at least 3 mo
after PA (17). Decreased POL I activity along with decreased
PAF53 may well cause decreased RNA in the postasphyctic
period. Decreased RNA synthesis after ischemic-hypoxic in-
sults has been described already (8, 10, 40), and the conse-
quence of decreased RNA on decreased protein synthesis has
been addressed by several groups (41–45).

In addition, synthesis and turnover of rRNA in the brain are
low, even under physiologic conditions (46), supporting our
findings of delayed recovery of postasphyctic POL functions
and RNA synthesis in neuronal and glial cells during early
postnatal development is decreasing (47).

Disintegration of the nucleolus in our present study is most
probably linked to impaired POL I activity but could lead to
decreased RNA and protein synthesis. Nucleolar changes, as
revealed by silver staining, were found already in heart after
PA in the identical animal model, as published previously (19).
Here, we describe the underlying ultrastructural findings of
disintegration—rearrangement of nucleolar structural compo-
nents. The granular component was dispersed/disappearing,
and the strands of nucleolar dense fibrillary component of the
nucleolus were fragmented. As at the time point of 8 d after
PA, pH returned to physiologic levels, nucleolar changes—
most probably due to severe acidosis at the time of the asphyc-

Figure 3. Electron microscopicy demonstration of nucleolar changes in PA. The nucleolus from a frontal cortex neuron of a normoxic rat pup (left) in
comparison with a nucleolus from an animal asphyctic for 20 min (right) at a magnification of �30,000. The most prominent difference is the fragmented,
disintegrated appearance of the strands of the dense fibrillar component (df). gc, granular component. Bar represents 200 nm.

Table 3. Ag-staining and size measures (areas � SD in square
micrometers)

Minutes of perinatal asphyxia Normoxia 10 20

1.25 � 0.68 1.11 � 0.63 0.72 � 0.45*
Observations (n) 286 289 191

* Significantly different from normoxia.
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tic insult—may not have been repaired within 8 d. It is widely
accepted that nucleolar changes as evaluated by silver staining
reflect nucleolar activity (48, 49); that the dense fibrillar com-
ponent, here shown to be altered in the postasphyctic brain,
contains DNA (50); and that this DNA is actively described
(51, 52) and is mandatory for early processing steps of nascent
transcripts (53). mRNA steady state levels for RPA40 were
unchanged at the time point of 8 d, but we cannot exclude that
determination of the transcriptional rate would have shown
decreased transcriptional function. The possibility that nucle-
olar disintegration in addition to POL I inhibition was origi-
nally induced by severe acidosis is highly likely, as Barsotti et
al. (54) found nucleolar fragmentation by �-amanitin-mediated
blocking of POL II. The ATP depletion, found in the early
phase of PA in our model, may have contributed to the
disintegration of nucleolar structure as well, because the integ-
rity of the nucleolus depends on ATP (55, 56).

We conclude that deficient POL I and nucleolar changes
persist until at least d 8 of the postasphyctic period. Both
phenomena may be the result of severe acidosis, ATP deple-
tion, and probably impaired phosphorylation of POL I at the
time of the asphyctic insult. Because of several factors such as
irreversible inhibition of POL I by acidosis, low RNA synthe-
sis, and turnover in the postnatal brain, recovery of the RNA
polymerase machinery was delayed. The consequences of
long-lasting deficient POL I and nucleolar changes are obvi-
ously impaired RNA and protein synthesis in the postasphyctic
brain.
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