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Abstract
Severe hyperbilirubinemia causes neurological damage both in humans and rodents. The hyperbilirubinemic Gunn
rat shows a marked cerebellar hypoplasia. More recently bilirubin ability to arrest the cell cycle progression in
vascular smooth muscle, tumour cells, and, more importantly, cultured neurons has been demonstrated. However,
the involvement of cell cycle perturbation in the development of cerebellar hypoplasia was never investigated before.
We explored the effect of sustained spontaneous hyperbilirubinemia on cell cycle progression and apoptosis in whole
cerebella dissected from 9 day old Gunn rat by Real Time PCR, Western blot and FACS analysis. The cerebellum of
the hyperbilirubinemic Gunn rats exhibits an increased cell cycle arrest in the late G0/G1 phase (p < 0.001),
characterized by a decrease in the protein expression of cyclin D1 (15%, p < 0.05), cyclin A/A1 (20 and 30%, p <
0.05 and 0.01, respectively) and cyclin dependent kinases2 (25%, p < 0.001). This was associated with a marked
increase in the 18 kDa fragment of cyclin E (67%, p < 0.001) which amplifies the apoptotic pathway. In line with this
was the increase of the cleaved form of Poly (ADP-ribose) polymerase (54%, p < 0.01) and active Caspase3 (two
fold, p < 0.01). These data indicate that the characteristic cerebellar alteration in this developing brain structure of the
hyperbilirubinemic Gunn rat may be partly due to cell cycle perturbation and apoptosis related to the high bilirubin
concentration in cerebellar tissue mainly affecting granular cells. These two phenomena might be intimately
connected.
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Introduction

damage, it has been used as an animal model of CNI and
neonatal jaundice [7–9]. In jj Gunn rats, a statistically significant
arrest in cerebellar growth develops by postnatal day 9 [10],
with prominent loss and degeneration of Purkinje cells and
granule neurons, impairment of myelinisation, arborisation and
synaptogenesis, and reduction in the molecular and external
granular cell layer thickness [11–17]. Similar findings of
bilirubin toxicity to cerebellum have been documented also in
humans [3,18,19].
UCB is believed to induce damage by altering membrane
permeability and transport [20], inducing mitochondrial energy
failure [21], and increasing intracellular calcium concentration
[22]. These effects are believed to trigger excitotoxicity, redox
state imbalance, inflammation and activate apoptosis/necrosis
of cells [21,23–26]. Similarly, hyperbilirubinemia has been

Crigler-Najjar Syndrome type I (CNI) is a rare deficiency of
bilirubin UDP-glucuronosyl-transferase 1A1 (UGT1A1) activity
caused by mutations of the UGT1A1 gene[1,2]. The inability to
effectively conjugate unconjugated bilirubin (UCB), results in
massive deposition of the pigment in tissues, notably causing
neuronal loss in selected structures of the central nervous
system early in infancy [3–5].
The homozygous (jj) hyperbilirubinemic Gunn rat [6],
manifest an inherited absence of the UDP-glucuronosyltransferase (Ugt1a1) enzyme activity, due to a spontaneous
point mutation in the Ugt1a1 gene, leading to a truncatedinactive protein. With similar (to humans) inability to effectively
conjugate and excrete bilirubin and central neurological

PLOS ONE | www.plosone.org

1

November 2013 | Volume 8 | Issue 11 | e79073

Bilirubin and Cell Cycle in Rat Brain

reason, this post natal stage (P9) was considered the more
suitable stage to study the presence both cell cycle
perturbation and cell death. The cerebellum was immediately
removed and cleaned of meninges and 4th ventricle choroid
plexus. In addition cell cycle was evaluated also on the
cerebral cortex (a post mitotic CNS region after the birth),
dissected from normo-bilirubinemic (JJ) and hyperbilirubinemic
(jj) P9 Gunn rats (4 animals each genotype) after cleaning of
meninges and lateral ventricle choroid plexuses.

associated with reduced cholesterol concentrations [27–29].
The brain contein about the 25% of the total body cholesterol,
mostly “entrapped” in the myelin (70-80%), and cellular
membranes (50-90%) [30]. Cholesterol biosynthesis is needed
for myelin production by oligodendrocytes, and recently
oligodendrocytes have emerged as the brain cellular population
most sensitive to bilirubin toxicity. The altered myelination
reported both in the Gunn rat and humans [15,17,18] are in line
with the alteration in cholesterol metabolism .
Recently, the high concentration of plasma bilirubin of jj
Gunn rat hasbeen associated with the suppression of vascular
neointima hyperplasia after balloon injury [31–33] and inhibition
of tumour growth [34,35]. In vitro treatment of primary cultures
and tumoral cell lines with UCB (or its precursor, biliverdin)
caused cell cycle arrest in the G1 phase, due to a decrease of
Cyclin D, E, A as well as Cdk2 protein [31–36]. Most
importantly, perturbation of the cell cycle by bilirubin exposure
has been documented in neuronal cells in vitro [37].
The macroscopic effect of bilirubin toxicity (hypoplasia) in the
brain of the Gunn rat occurs in the cerebellum [10], a CNS
structure rapidly developing early after. At this time,
proliferation of granular precursor cells localized in the external
granular layer, is the dominant event in the cerebellar growth
[38,39], making this structure an ideal target for bilirubin
toxicity. Functional and morphological findings of bilirubin
toxicity to cerebellum have also been documented in humans
[3,18,19,40], suggesting the validity of the Gunn rat model in
newborn jaundice.
The current study explores in vivo a possible links between
hyperbilirubinemia, cell cycle perturbation and apoptosis, in
relation to the cerebellar hypoplasia of jj Gunn rat pups, as
model for the human pathology. Cerebellar tissue of jaundiced
(jj) pups and their non-jaundiced (JJ) littermates were
compared at post-natal day 9, just at the onset of cerebellar
growth arrest in the jj rats.

Bilirubin quantification in plasma and cerebella
Total bilirubin was quantified in plasma by the diazo-reaction
method [41] and unconjugated bilirubin (UCB) in whole
cerebella by the method developed by Zelenka [42]. Data are
expressed as mean ± SD of 6 independent biological
repetitions.

RNA isolation and real-time PCR analysis
Each hemi-cerebellum (9 animals each genotype. Each
animal was individually analysed) was collected in TriReagent
(Sigma-Aldrich, St Louis, MO, USA), and total RNA isolated
following the manufacturer’s instructions. Retro-transcription of
total RNA (1 μg) was performed with an iScriptTM cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA)
according to the manufacturer’s instructions.
The primers for the targeted genes Cyclin D1, E1, A, A1 and
Cdk2, selected because reported as modulated by bilirubin
[31,32] and the two house-keeping genes (hypoxanthineguanine phosphoribosyltransferase: Hprt1 and glyceraldehyde
3-phosphate dehydrogenase: Gapdh) were designed using
Beacon Designer 8.10 software (PREMIER Biosoft
International, Palo Alto, CA, USA) (Table 1). The quantitative
analysis of gene expression was performed by real-time PCR
on 25 ng of cDNA. The gene-specific sense and anti-sense
primers (usually 250 nM, 300 nM for Cyclin A1 primers) were
added with iQ SYBER Green Supermix in an i-Cycler iQ
thermocycler (Bio-Rad Laboratories, Hercules, CA, USA), the
reaction was performed as previously described [43]. The
relative quantification was made using the iCycler iQ software,
version 3.1 (Bio-Rad Laboratories, Hercules, CA, USA) by the
ΔΔCt method [44,45], taking into account the efficiencies of the
individual genes and normalizing the results to the two
housekeeping genes. The levels of mRNA were expressed
relative to a reference sample.

Materials & Methods
Animals
Animals (of both sexes) were obtained from the animal
facility of the Department of Life Sciences of Trieste University.
Animal care and procedures were conducted according to the
Italian Law (decree 116-92) and to The European Communities
Council Directive 2010/63/EU. The project was approved by
the Local Ethical Committee of the Trieste University (protocol
no: 387 –II/9). Because animals spontaneously develop the
pathology, and no treatments have been applied, additional
ethical approval was not required. All efforts were made to
minimize the number of animals and their suffering.
Hyperbilirubinemic Gunn rats (jj) and normobilirubinemic wildtype (JJ) were sacrificed 9 days after birth (P9) by decapitation
under (isofluorane) anaesthesia.
As previously shown by us [10] and others [13], at P9 the
cerebellar hypoplasia in Gunn pups is just starting to be
appreciable. Only thereafter the slope of growth curve and the
cerebellar weight diverge from those of normobilirubinemic
littermates indicating that cell death is the major phenomena
occurring after P9 to account for cerebellar hypoplasia. For this
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Protein isolation and quantification by Western blot
analysis
The other hemi-cerebellum (9 animals each genotype) was
used for protein analysis as previously described [43]. Total
protein content was determined by the bicinchoninic acid kit
(Procedure # TPRO 562, Sigma, St Louis, MO, USA). Proteins
(25 µg) were separated by SDS-PAGE on 10 or 12%
polyacrylamide gels and transferred at 100 V for 1 hr onto
PVDF membrane (0.2 µm; Whatman Schleicher & Schuell,
Dassel, Germany). PVDF membranes were saturated for 2hr in
blocking solution (4% non fat milk or bovine serum albumin in
T-TBS) and incubated overnight at 4°C with the appropriate
antibody (Table 2). Secondary anti-rabbit or anti-mouse HRP
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Table 1. Sequence of PCR primers for real-time PCR and efficiency.

Gene

Accession Number

Forward

Reverse

Eff. (%)

Gapdh

NM_017008.3

CTCTCTGCTCCTCCCTGTTC

CACCGACCTTCACCATCTTG

100.0

Hprt1

NM_012583.2

AGACTGAAGAGCTACTGTAATGAC

GGCTGTACTGCTTGACCAAG

102.5

Cyclin D1

NM_171992.4

AGCTGAGGCGTCCCAACC

CAACCAGAATACACAAAGCCAACC

101.6

Cyclin E1

NM_001100821.1

CAGTCAGCCTTGGGATGATGATTC

TCCTCCAGACCTCTTCTCTATTGC

98.6

Cdk2

NM_199501.1

CGGCAGGATTTTAGCAAGGTTGTG

CAGGTGAAGAGGGCTTTGGGAAG

98.0

Cyclin A1

NM_001011949.1

TATCTTCCTTCCTTGGTAG

TAATGAATAGCCCGTAAATG

106.6

Cyclin A2

NM_053702.3

TAGATGCTGACCCATACC

TCCTGTGACTGTGTAGAG

94.9

doi: 10.1371/journal.pone.0079073.t001

Table 2. Antibodies used for Western blotting.

Blocking Solution

Concentration (µg/mL)

Antibody

Manufacturer

Cyclin D1

4% BSA

135.0

[DCS-6] ab10540

Abcam, Cambridge, UK

Cyclin E

4% BSA

2.0

[E-4] SC-25303

Santa Cruz Biotechnology, Santa Cruz, CA, USA

Cyclin E

4% non fat milk

2.0

[M-20] SC-481

Santa Cruz Biotechnology, Santa Cruz, CA, USA

Cyclin A

4% BSA

0.5

[H-432] SC-751

Santa Cruz Biotechnology, Santa Cruz, CA, USA

Cdk2

4% non fat milk

0.03

[M2] SC-163

Santa Cruz Biotechnology, Santa Cruz, CA, USA

Actin

4% non fat milk

0.1

A2066

Sigma, St. Louis, MO, USA

p18-Cyclin E

4% non fat milk

2.0μg/mL

[M-20] SC-481

Santa Cruz Biotechnology, Santa Cruz, CA, USA

Parp-1

4% non fat milk

0.034μg/mL

#9542

Cell Signalling Technology, Danvers, MA, USA

cCasp-3

4% non fat milk

0.175 µg/mL

#9662

Cell Signalling Technology, Danvers, MA, USA

doi: 10.1371/journal.pone.0079073.t002

conjugated antibodies (P0448, 0.04 µg/ml, and P0260,
0.26µg/ml, Dako, Glostrup, Denmark) were used. Signal was
detected by chemiluminescence (Millipore, Billeria, MA, USA)
on X-ray films (BioMax Light, Kodak Rochester, NY, USA), and
protein expression obtained as previously described [46].
Differentially, the p18-Cyclin E, Parp-1 (116 kDa), cleaved
Parp1 (cParp-1, 89 kDa) and active Caspase-3 (cCasp3, 17
kDa) protein expression (Table 2), were obtained only by
normalization with the actin signal on 50 µg of protein. In both
cases, actin and targeted protein signals were developed on
the same PVDF membrane. The same procedure was applied
to the cerebral cortex samples.

min at RT and subjected to FACS analysis (cytometer BD
FACSCaliburTM; and CellQuest software, BD Biosciences, San
Jose´, CA). Data were collected for 10,000 events per sample.

Primary cultures generation
To identify the cell type primarily affected by bilirubin
(neuronal vs. glial), primary cultures of granular neurons and
astrocytes from freshly dissected Wistar rat cerebella (HanTM RccHanTM:WIST) were used (Ethical Committee of the Trieste
University, protocol no: 387 –II/9). Animals were sacrificed by
decapitation under isofluorane anaesthesia. The cerebellum
was immediately removed and cleaned of meninges and 4th
ventricle choroid plexus.
Cerebellar Astrocytes Primary Cultures were obtained
pooling the cerebella dissected from 6 P2 Wistar pups for each
biological repetition (5 biological repetitions), as described
previously by Booher [49]. Briefly, the dissected Cll were
collected in RT Dulbecco’s Modified Eagle Medium, low
glucose (DMEM; Invitrogen, Life Technologies Corporation,
Grand Island, NY) supplemented with 10 % heat-inactived
foetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA)
and 50 µg/mL gentamycin (Sigma-Aldrich, St. Louis, MO, USA)
(astrocytes culture medium). After cutting into small pieces,
cells were mechanically dissociated by a 70 µm nylon cell
strainer (#352350, BD Biosciences, Corning Inc., Corning, NY,
USA) and 20 times pipetting through a 5 mL pipette. The
resulting cell suspension was seeded at 1.2 x 105 cells/mL in 6well plates, and incubated in astrocyte culture medium at 37°C,

Tissue dispersion and cell cycle analysis
Cell dispersal and fixation was performed on freshly
dissected cerebellum as previously described with minor
modifications [47,48] (additional 7 JJ and 9 jj Gunn pups).
Briefly, small pieces of the tissue were mechanically dispersed
by 100 µm and 40 µm nylon cell strainers (BD Falcon # 352560
and # 352540, BD Bioscience, Bedford, USA). After
centrifugation (310 g; 4°C; 6 min), the cells pellet were fixed by
adding 5 ml of cold (-20°C) 80% ethanol drop-wise under
constant gentle vortexing. Samples were incubated for 30 min
on ice and stored at -20°C until stained. Thus, cells were
stabilized at RT for ≈ 10 min. After two sequential
centrifugations (310g; RT; 6 min) the sediments were
resuspended in 1ml of staining solution in PBS containing 0.1%
v/v Triton X-100, 20 µg/ml propidium iodide (PI), and 0.2mg/ml
DNAse free RNaseA. Samples were incubated in dark for 30
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Statistical analysis

5 % CO2, 90 % humidity. Experiments were performed at a
confluence of about 90 %.
Cerebellar Granular Cell Primary Cultures [50], were
obtained dissecting the cerebella from 6 P8 Wistar rats a
biological repetition (5 biological repetitions). Tissues were
collected at RT in BME (Invitrogen, Life Technologies
Corporation, Grand Island, NY) medium with 100 µg/mL
gentamycin (Sigma-Aldrich, St. Louis, MO, USA), After
trituration, the tissue was transferred into 10 mL of solution 1
(0.03 % MgSO4 and 3 mg/mL BSA in Krebs buffer: 124 mM
NaCl, 5.37 mM KCl, 1.01 mM NaH2PO4.H2O, 2.7 µM Phenol
Red, 25 mM Hepes, 14.5 mM D-glucose, pH 7.40) and
centrifuged at 200 g for 1 min. The pellet was resuspended in
10 mL of Solution 2 (0.03 % MgSO4, 3 mg/mL BSA and 0.12
mg/mL trypsin in Krebs buffer) and incubated at 37°C for 15
min with gentle agitation. Trypsin was inhibited by the addition
of 10 mL of Solution 3 (0.03 % MgSO4, 3 mg/mL BSA, 0.16
mg/mL trypsin inhibitor, 0.014 mg/mL DNase I in Krebs buffer),
and suspension centrifuged at 200 g for 1 min. After decanting
of the supernatant, 3 mL of Solution 4 (0.07 % MgSO4, 3
mg/mL BSA, 0.52 mg/mL trypsin inhibitor, 0.045 mg/mL DNase
I in Krebs buffer) were added, and cells gently separated by
pipetting through a sterile fire-polished glass Pasteur pipette.
After 4 % BSA gradient-separation (Gradient Solution: 4% BSA
in 0.06 % MgSO4, 0.001 % CaCl2, 3 mg/mL BSA in Krebs
buffer), 180 g for 5 min, the cell pellet was resuspended in 5
mL of Neuron Medium (BME, 10 % heat-inactivated FBS, 2
mM L-glutamine, 25 mM KCl, 10 mM Hepes, 44 mM NaHCO3,
100 µg/mL gentamycin, pH 7.40). Cells were seeded in 5
µg /mL poly-L-lysine (molecular weight 30,000-70,000) precoated 6-well plate at the density of 1.5 x106 cells/well in
Neuron Medium, and incubated at 37°C, 5 % CO2, 90 %
humidity. After 24 h the medium was renewed with the addition
of cytosine-β-D-arabino-furanoside (Ara-C, 10 µM), to prevent
the growth of non-neuronal cells, and D-glucose (5.6 mM).
Where not differently indicated, reagent were from SigmaAldrich, St. Louis, MO, USA.

Significant differences between genotypes were determined
by unpaired t-test using InStat 3.06 (GraphPad Software, San
Diego, CA, USA). Differences were considered statistically
significant at a p value lower than 0.05. All results were
expressed as mean ± S.D.

Results
Bilirubin content in plasma and cerebella
Hyperbilirubinemia develops spontaneously in Gunn rats,
due to the lack of efficient glucuronidation, resulting in marked
unconjugated hyperbilirubinemia. Total plasma bilirubin was
216.25 ± 23.92 μM in jj pups (Tbil) as compared to 6.94 ± 1.28
μM in non-jaundiced JJ controls (p < 0.001) (Figure 1A). The
unconjugated bilirubin (UCB) present in the circulation may
enter tissues, diffusing across cellular membranes and the
blood brain barrier, and accumulating in organs. In brain, this
leads to neurological damage. In jj Gunn rats, the
hyperbilirubinemia was associated with a 130 times higher
bilirubin cerebellar concentration in jj pups (5200 ± 1600 vs. 40
± 6 nM, jj vs. JJ rats, p < 0.001) (Figure 1B).

mRNA expression of cell cycle regulators
Selected Cyclins and cyclin-dependent kinase 2 (Cdk2)
expression was followed as markers of bilirubin influence on
the cell cycle, as previously reported by others [31–34]. The
expression of Cyclin D1 (the first cyclin to be induced,
regulating the G0 to S phase transition) and Cyclin A (S phase
transition) mRNA was reduced (20% and 15%, respectively) in
cerebella of jj rats, whereas Cyclin A1 and Cdk2 (forming active
complexes with the Cyclins here studied) mRNA levels were
comparable to controls. By contrast, the Cyclin E1 (G1 to S
phase) mRNA level was increased by 45% (p < 0.01) in
hyperbilirubinemic jj pups (Figure 2).

Protein expression of cell cycle regulators
Similarly, the selected Cyclins and Cdk2 protein expression
was evaluated. Figure 3A shows that the antibodies recognized
well-defined band(s) at the expected molecular weight(s) in rat
tissues (CycD1: 36 kDa; Cyclin A: 43.8 KDa and 29.6 KDa;
Cyclin A1: 47.7 KDa, and Cdk2: 33 kDa). In addition to the
expected Cyclin E band at 50 KDa (full length, FL), the E-4
antibody (N-terminal epitope) also detected the cleaved forms
of Cyclin E ranging from 49 to 34 KDa (low molecular weight
forms, LMW) [61,62].
Where the bands were quantified, a significant decrease in
the level of Cyclin D1 (15%; p < 0.05), Cyclin A1 (about 30%; p
< 0.01), and “43.8” and “29,6” Cyclin A rat isoforms (each about
20%; p < 0.05) were observed (Figure 3 B) in
hyperbilirubinemic rats. Similarly, the level of Cdk2 was
decreased by 25% (p < 0.001) in jj rats.
Total Cyclin E (FL plus LMW) detected by the E-4 antibody
was increased about 19% (p < 0.05) in jj animals, due entirely
to the increased amounts of the LMW cleaved forms of Cyclin
E; while the amount of the FL form (50 kDa) was unchanged.

Exposure of primary cell to bilirubin
Both cell types were exposed to 126 nM of free bilirubin (Bf).
This value of Bf was selected based on previous data from our
group [51–54] and, most importantly, because mimics the Bf
found in P9 jj Gunn rats [55–57]. 25 µM purified UCB [58],
dissolved in DMSO (vehicle) (Sigma-Aldrich, St. Louis, MO,
USA) was diluted in culturing medium, containing 10% FBS. Bf
concentration was assessed by peroxidase assay [59,60], and
cells exposed for two hours. Control cells were exposed to the
same DMSO amounts (0.5% final volume) needed to produce
the desired Bf.

Evaluation of bilirubin effects on cell cycle and
apoptosis
FACS analysis of cell cycle on primary cells harvested with
trypsin, was performed as described above for the in vivo
analysis. Apoptosis was evaluated by cCasp3 detection by
Western blot (see in vivo section).
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Figure 1. Plasma total unconjugated bilirubin amounts, and tissue cerebellar unconjugated bilirubin concentration. A)
plasma total unconjugated bilirubin amounts (Tbil) , and B) tissue unconjugated bilirubin concentrations (TUCB). □ Normal
homozygous JJ and ■ Hyperbilirubinemic homozygous jj Gunn rat. Data are expressed as mean ± SD. 6 animals of both genotypes
were used. Statistical significance: *** p < 0.001.
doi: 10.1371/journal.pone.0079073.g001

p18-Cyclin E protein expression and cParp-1 and active
Caspase3 analysis

longer. Under these conditions, we observed a cCasp3 amount
double in hyperbilirubinemic pups vs. the JJ control (p < 0.01)
(Figure 4B).

Because the increased expression of Cyclin E was
unexpected and, apparently, opposite to the concept of cell
cycle arrest, we decided to better analyse its up-regulation. For
this reason, we used the M-20 antibody (C-terminal epitope)
which recognize the p18-Cyclin E proteolytic fragment (Figure
4A), with known pro-apoptotic properties [63–65]. As shown in
Figure 4B, the p18-Cyclin E level was increased by about 67%
(p < 0.05). In agreement, Parp and cleaved Parp-1 (cParp-1,
Figure 4A), a marker of early apoptosis [66,67], were
significantly increased in jj animals by 38% and 54%,
respectively (both p < 0.01) as compared to control (JJ)
animals (Figure 4B). Under standard Western blot conditions,
the protein expression of cCasp3 was only detectable in jj
animals (data not shown). In order to perform the
quantification, we obtained the signal by exposing the film
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Western blot analysis of cerebral cortex samples
Cerebral cortex samples were also studied as cortex
represents a CNS post-mitotic tissue with tissue UCB amount
similar to jj cerebellum [68]. Cdk2 was selected since
significantly down regulated while Cyclin E, Parp-1; cParp-1
and cCasp3 were up regulated in the jj cerebellum. When the
analysis was performed on cerebral cortex samples, the Cdk2,
Cyclin E and Parp-1 levels were similar in the two genotypes
(mean ± SD: Cdk2: JJ: 1.0 ± 0.07; jj: 0.96 ± 0.08; T.Test: 0.34;
Cyclin E: JJ: 1.0 ± 0.3; jj: 0.89 ± 0.6; T.Test: 0.5; Parp-1: JJ: 1.0
± 0.06; jj: 0.91 ± 0.12; T.Test: 0.17). Both cParp-1 / cCasp3
were not detectable neither in JJ or in jj Gunn rats cerebral
cortex (data not shown).
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an optimal single cell suspension for FACS, disrupted the
epitopes.

In vitro analysis of bilirubin effects on the cell cycle
and apoptosis
To identify which proliferating cerebellar population (neuronal
or astroglial) was primarily affected by bilirubin, we used an in
vitro model of primary cultures of granular and astrocyte cells
obtained from Wistar rat cerebellum, and challenged the cells
with toxic concentration (126 nM) of free bilirubin.
By FCAS analysis, in granular cells we observed an
increased percentage of cells in Go/G1 phase (p < 0.01), with a
concomitant decrease in S and G2/M phases (p < 0.05 and p <
0.01, vs. vehicle alone, respectively). In astrocytes, a statistical
difference (p < 0.05) was observed only in phase S, while no
alterations of G0/G1 or G2/M phases were present (Figure 6
A).
Similarly, apoptosis, as evaluated by Caspase3 levels, was
increased only in granular cells exposed to bilirubin (p < 0.05),
while no changes were detectable in astrocytes.

Discussion
Despite several mechanism(s) of bilirubin toxicity to CNS
have been long proposed [20,22], the possibility that bilirubin
may alter the cell cycle has emerged only more recently
[31–35]. The proliferation of granular precursor cells in the
external granular layer is the dominant event in the rodent
cerebellar growth early after birth [38,39], rendering this
structure vulnerable to bilirubin toxicity and suggesting a link
between cell cycle perturbations and the typical cerebellar
hypoplasia of the jj Gunn rat [13].
By the use of this animal model, we report at P9 an
increased percentage of cells in late G0/G1 phase in the
cerebellum of hyperbilirubinemic (jj) Gunn rat pups. The
perturbation of the cell cycle was corroborated by the
decreased in vivo expression of Cylins D1, A, and A1 protein,
and of the constitutively expressed Cdk2. This was associated
with a 130 fold higher UCB concentration in the cerebellum of jj
pups, supporting the conclusion that high tissue concentration
of UCB we observed in vivo interferes with the cell cycle of
cerebellar cells, as previous reported in vitro for neurons [37]
and other cells type [31–34]. The cerebellum of rodents rapidly
develops early after birth, a period comparable to perinatal in
humans [38]. Although cerebellar hypoplasia in humans is not
usually reported, sporadically cases have been described [40],
and signs of functional and structural findings of cerebellar
bilirubin have been documented in humans [3,18,19]. This is
most probably due to the fact the human cerebellum develops
during the fetal life, and no mitotic cells are present after the
birth when the bilirubin level picks. This hypostesis is supported
by the lack of effects on both cell cycle and apoptosis in the
Gunn cerebral cortex, a post-natal post mitotic CNS structure,
having similar to cerebellum UCB content.
We observed a marked increase in Cyclin E mRNA and
protein in jj animals. This was apparently in contrast with the
concept that UCB arrests the cell cycle, and contrary to the
down-regulation of Cyclin E reported in vitro by Ollinger [31],

Figure 2. mRNA relative expression of Cyclin D1, Cyclin
E1, Cyclin A, A1 and Cdk2. □ Normal homozygous JJ and ■
Hyperbilirubinemic homozygous jj Gunn rat. Data are
expressed as mean ± SD. Statistical significance: ** p < 0.01.
doi: 10.1371/journal.pone.0079073.g002

FACS analysis of cell cycle
To confirm the cell cycle perturbation in vivo, we performed a
FACS analysis in the pool of dissociated cells from whole
cerebella (Figure 5 A). In cerebella from hyperbilirubinemic jj
animals as compared to cerebella from normobilirubinemic JJ
rats, the proportion of cells in G0/G1 phase was increased (p <
0.01), while that in S phase was decreased (p < 0.05). On the
contrary, the percentage of cells in the latest cell cycle phase
(G2/M) was identical in both genotypes.
By forward scattering analysis, two population, namely
population A and B, were detected (Figure 5 B). The cell cycle
in population A was comparable in the two genotypes, while in
population B, an increased presence of cells in G0/G1 phase (p
< 0.01) was observed, with a concomitant decrease in S phase
(p < 0.05), and G2/M phase (p < 0.01) (Figure 5 B). We did not
identify the two population by specific antibodies; most
probably because the dissociation procedure needed to obtain
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Figure 3. Representative Western blot and protein relative expression of Cyclin D1, Cyclin E, Cyclin A, A1 and Cdk2. A)
Representative Western blot, and B) protein relative quantification. FL: full length Cyclin E (50 kDa), LWM: low molecular weight
Cyclin E forms (49-34 kDa), Total: FL plus LMW Cyclin E forms. □ Normal homozygous JJ and ■ Hyperbilirubinemic homozygous jj
Gunn rat. Data are expressed as mean ± SD. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001.
doi: 10.1371/journal.pone.0079073.g003
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Figure 4. Representative Western blot and protein relative expression of p18-Cyclin E, Parp-1, cParp-1 and cCasp3. A)
Representative Western blot, and B) protein relative quantification. cParp-1: cleaved Parp-1. cCasp3: active caspase3 □ Normal
homozygous JJ and ■ Hyperbilirubinemic homozygous jj Gunn rat. Data are expressed as mean ± SD. Statistical significance: * p <
0.05, ** p < 0.01.
doi: 10.1371/journal.pone.0079073.g004
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Figure 5. Cell Cycle profile in JJ and jj P9 Gunn rats. Cell cycle was analysed on cells from whole cerebella (A), and in
population A and B, identified by forward- scattering (B). □ Normal homozygous JJ and ■ Hyperbilirubinemic homozygous jj Gunn
rat. Data are expressed as mean ± SD. Statistical significance: * p < 0.05, ** p < 0.01.
doi: 10.1371/journal.pone.0079073.g005
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Figure 6. Effects of bilirubin on cell cycle and apoptosis in cerebellar granular and astrocytes primary cell cultures. A)
Celll cycle analysis by FACS on cerebellar primary cell cultures exposed to 126 nM of Bf (black bars) and vehicle: 0.5% DMSO
(white bars). B) Western blot analysis of cCasp3 expression in astrocytes (grey bars) and granular cells (black bars) primary cell
cultures exposed to 126 nM of Bf vs. vehicle (0.5% DMSO, white bars). Data are expressed as mean ± SD. Statistical significance: *
p < 0.05, ** p < 0.01.
doi: 10.1371/journal.pone.0079073.g006

where primary cultures of vascular smooth muscle where
treated with up to 200 μM bilirubin/biliverdin. This apparent
disagreement may be justified by the relevant difference in
experimental model used. In fact, the in vivo data were
obtained on whole homogenates of P9 cerebella, an
experimental model more close to in vivo situation of severe
neonatal jaundice or Crigler-Najjar type I patients. The high
levels of the total Cyclin E protein are almost entirely
accounted by the increase in the LMW isoforms, whereas the

PLOS ONE | www.plosone.org

protein expression of the FL form was unchanged. The latter
result is in agreement with data reported by Peyton, where
local administration of bilirubin to injured rat carotid arteries did
not affect the Cyclin E FL protein amount [33]. Unfortunately,
no information was provided on the levels of Cyclin E cleaved
forms.
The complex of LMW Cyclin E with Cdk2 is known to be
functionally more active then FL Cyclin E/Cdk2 complex,
accelerating the cell cycle progression and proliferation [61,62],
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compound for the perturbation of the cell cycle and apoptosis
only in the granular cells, pointing as cell population target of
bilirubin toxicity in vivo.
In conclusion, our data obtained in vivo and confirmed in
vitro indicate that the high level of UCB in the cerebellum of
jaundiced jj Gunn rats causes cell cycle perturbation and the
enhancement of apoptosis, that may account at least in part for
the characteristic cerebellar hypoplasia of these animals. Cell
cycle alteration and apoptosis appear to be intimately linked
through an increased expression of p18-Cyclin E. This
hypothesis is supported by the lack of effects in the cerebral
cortex, a post mitotic CNS structure, in spite of a similar to
cerebellum UCB content. Our data also show that cerebellar
neuronal granular cells are the principal target of bilirubin
neurotoxicity. Since these are the fist data collected in vivo,
they may be important in understanding the mechanisms of
bilirubin toxicity to the CNS in humans.

and replacing Cyclin D1 deficiency [69]. However, this seems
not to be our case, as FACS analysis on cerebella of
hyperbilirubinemic pups confirmed a significant increase in the
G0/G1 cell populations with concomitant decrease of cells in S
phase. It is important to consider that the samples we analyzed
(Western blot, real time PCR, FACS) represent the entire pool
of cells that constitute the cerebellum, and include cells more
(neurones) and less (glial cells) sensitive to bilirubin toxicity
[70–73]. The presence of the less sensitive cells such as
population A in Figure 5 B, might partially mask the effect of
bilirubin toxicity to most sensible cells (population B, Figure 5
B), and minimize the difference between the two genotypes.
We reported a relevant increase (67%) for the p18-cyclin E
fragment in jaundiced jj Gunn rats. This fragment is generated
through caspase-mediated proteolytic cleavage of the Cterminal portion of Cyclin E, abrogating its binding to Cdk2 and
consequent activation of Cyclin E activity [74]. Moreover, the
p18-cyclin E fragment has a critical role in the amplification of
the intrinsic apoptotic pathway by activating the caspasemediated apoptotic cell death [63,64]. This involves cleavage of
several proteins essential for cellular function and survival [75],
one of which is Parp-1, Poly (ADP-ribose) polymerase-1,
synthesized first and then cleaved (cParp, 85 kDa fragment) in
the early steps of apoptosis [66,67,76]. In line with this is the
increased level of cParp and cCasp3 in the cerebellum of P9
hyperbilirubinemic Gunn rat pups (Figure 4) indicating the
enhancement of the apoptotic process by the higher UCB
levels present in these jaundiced animals, as previously
demonstrated in in vitro by the exposure of rat neurons to UCB
[26]. Unfortunately, we were not able to identify the two
population by specific antibodies or primers, most probably
because the procedure we applied to obtain an optimal single
cell suspension to be assessed by FACS, was disruptive, when
we challenged primary neuronal and astrocytes cells with toxic
amounts of bilirubin, we confirmed the higher sensitivity to
bilirubin of neuronal granular cells as compared to astrocytes
(Figure 6). Moreover, we demonstrated that bilirubin is the toxic

Acknowledgements
This article is dedicated to Jay Donald Ostrow who contributed
in the planning and in the critical revision of the study. We
thank Paola Zarattini (Animal Facility, Università degli Studi di
Trieste) and Andrea Lorenzon (Consorzio per il Centro di
Biomedicina Molecolare S.c.ar.l. - CBM) for their help in animal
management. We thank Libor Vitek (1st Faculty of Medicine,
Charles University in Prague, Czech Republic), for bilirubin
quantification and Dominik Meier (Universidad Favaloro,
Argentina) for his kindly help in the setting of FACS conditions.

Author Contributions
Conceived and designed the experiments: SG MCR.
Performed the experiments: MCR GF NR SEG FA EV SG.
Analyzed the data: MCR SG. Wrote the manuscript: MCR SG
CT.

References
1. Clarke DJ, Moghrabi N, Monaghan G, Cassidy A, Boxer M et al. (1997)
Genetic defects of the UDP-glucuronosyltransferase-1 (UGT1) gene
that cause familial non-haemolytic unconjugated hyperbilirubinaemias.
Clin Chim Acta 266: 63-74. doi:10.1016/S0009-8981(97)00167-8.
PubMed: 9435989.
2. Servedio V, d'Apolito M, Maiorano N, Minuti B, Torricelli F et al. (2005)
Spectrum of UGT1A1 mutations in Crigler-Najjar (CN) syndrome
patients: identification of twelve novel alleles and genotype-phenotype
correlation. Hum Mutat 25: 325. doi:10.1002/humu.9322. PubMed:
15712364.
3. Shapiro SM (2010) Chronic bilirubin encephalopathy: diagnosis and
outcome. Semin Fetal Neonatal Med 15: 157-163. S1744- doi:10.1016/
j.siny.2009.12.004.
PubMed:
20116355.
165X(09)00123-1
.
PII;Retrieved onpublished at whilst December year 1111 from . doi:
10.1016/j.siny.2009.12.004
4. Huang PW, Rozdilsky B, Gerrard JW, Goluboff N, Holman GH (1970)
Crigler-Najjar syndrome in four of five siblings with postmortem findings
in one. Arch Pathol 90: 536-539. PubMed: 5485109.
5. Ahdab-Barmada M, Moossy J (1984) The neuropathology of
kernicterus in the premature neonate: diagnostic problems. J
Neuropathol
Exp
Neurol
43:
45-56.
doi:
10.1097/00005072-198401000-00004. PubMed: 6693927.
6. Gunn CH (1938) Hereditary acholuric jaundice in a new mutant strain of
rats. J Hered 29: 137-139.

PLOS ONE | www.plosone.org

7. Schutta HS, Johnson L (1967) Bilirubin encephalopathy in the Gunn
rat: a fine structure study of the cerebellar cortex. J Neuropathol Exp
Neurol
26:
377-396.
doi:10.1097/00005072-196707000-00003.
PubMed: 6027437.
8. Chowdhury JR, Kondapalli R, Chowdhury NR (1993) Gunn rat: a model
for inherited deficiency of bilirubin glucuronidation. Adv Vet Sci Comp
Med 37: 149-173. PubMed: 8273513.
9. Yeary RA, Grothaus RH (1971) The Gunn rat as an animal model in
comparative medicine. Lab Anim Sci 21: 362-366. PubMed: 4329294.
10. Gazzin S, Berengeno AL, Strazielle N, Fazzari F, Raseni A et al. (2011)
Modulation of Mrp1 (ABCc1) and Pgp (ABCb1) by bilirubin at the bloodCSF and blood-brain barriers in the Gunn rat. PLOS ONE 6: e16165.
doi:10.1371/journal.pone.0016165. PubMed: 21297965.
11. Mikoshiba K, Kohsaka S, Takamatsu K, Tsukada Y (1980) Cerebellar
hypoplasia in the Gunn rat with hereditary hyperbilirubinemia:
immunohistochemical and neurochemical studies. J Neurochem 35:
1309-1318.
doi:10.1111/j.1471-4159.1980.tb09003.x.
PubMed:
6255097.
12. Conlee JW, Shapiro SM (1997) Development of cerebellar hypoplasia
in jaundiced Gunn rats: a quantitative light microscopic analysis. Acta
Neuropathol 93: 450-460. doi:10.1007/s004010050639. PubMed:
9144583.
13. Sawasaki Y, Yamada N, Nakajima H (1976) Developmental features of
cerebellar hypoplasia and brain bilirubin levels in a mutant (Gunn) rat

11

November 2013 | Volume 8 | Issue 11 | e79073

Bilirubin and Cell Cycle in Rat Brain

14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

with hereditary hyperbilirubinaemia. J Neurochem 27: 577-583. doi:
10.1111/j.1471-4159.1976.tb12285.x. PubMed: 966000.
Sawasaki Y, Yamand N, Nakajima H (1973) Gunn rat: an animal model
of Human kernicterus with marked cerebellar hypoplasia. Proc Japan
Acad 49. pp. 840-845.
Mikoshiba K, Akagawa K, Takamatsu K, Tsukada Y (1982)
Neurochemical studies on the cerebellar hypoplasia of Gunn rat
(hereditary hyperbilirubinemic rat). J Neurochem 39: 1028-1032. doi:
10.1111/j.1471-4159.1982.tb11492.x. PubMed: 6288859.
Yamamura H, Takagishi Y (1993) Cerebellar hypoplasia in the
hyperbilirubinemic Gunn rat: morphological aspects. Nagoya J Med Sci
55: 11-21. PubMed: 8247099.
Takagishi Y, Yamamura H (1989) Purkinje cell abnormalities and
synaptogenesis in genetically jaundiced rats (Gunn rats). Brain Res
492: 116-128. doi:10.1016/0006-8993(89)90894-9. PubMed: 2752293.
0006-8993(89)90894-9 . PII.
Brito MA, Zurolo E, Pereira P, Barroso C, Aronica E et al.; (2011)
Cerebellar Axon/Myelin Loss, Angiogenic Sprouting, and Neuronal
Increase of Vascular Endothelial Growth Factor in a Preterm Infant with
Kernicterus.
J
Child
Neurol
0883073811423975.
PII];
10.1177/0883073811423975 [doi].
Tabarki B, Khalifa M, Yacoub M, Tlili K, Essoussi AS (2002) Cerebellar
symptoms heralding bilirubin encephalopathy in Crigler-Najjar
syndrome. Pediatr Neurol 27: 234-236: 234–6. PubMed: 12393137.
S0887899402004253 . PII.
Rodrigues CM, Solá S, Castro RE, Laires PA, Brites D et al. (2002)
Perturbation of membrane dynamics in nerve cells as an early event
during bilirubin-induced apoptosis. J Lipid Res 43: 885-894. PubMed:
12032163.
Vaz AR, Delgado-Esteban M, Brito MA, Bolaños JP, Brites D et al.
(2010) Bilirubin selectively inhibits cytochrome c oxidase activity and
induces apoptosis in immature cortical neurons: assessment of the
protective effects of glycoursodeoxycholic acid. J Neurochem 112:
56-65. doi:10.1111/j.1471-4159.2009.06429.x. PubMed: 19818102.
JNC6429 . PII;Retrieved onpublished at whilst December year 1111
from . doi:10.1111/j.1471-4159.2009.06429.x
Brito MA, Brites D, Butterfield DA (2004) A link between
hyperbilirubinemia, oxidative stress and injury to neocortical
synaptosomes. Brain Res 1026: 33-43. doi:10.1016/j.brainres.
2004.07.063. PubMed: 15476695.
Grojean S, Koziel V, Vert P, Daval JL (2000) Bilirubin induces
apoptosis via activation of NMDA receptors in developing rat brain
neurons. Exp Neurol 166: 334-341. doi:10.1006/exnr.2000.7518.
PubMed: 11085898.
McDonald JW, Shapiro SM, Silverstein FS, Johnston MV (1998) Role
of glutamate receptor-mediated excitotoxicity in bilirubin-induced brain
injury in the Gunn rat model. Exp Neurol 150: 21-29. doi:10.1006/exnr.
1997.6762. PubMed: 9514835.
Falcão AS, Silva RF, Pancadas S, Fernandes A, Brito MA et al. (2007)
Apoptosis and impairment of neurite network by short exposure of
immature rat cortical neurons to unconjugated bilirubin increase with
cell differentiation and are additionally enhanced by an inflammatory
stimulus. J Neurosci Res 85: 1229-1239. doi:10.1002/jnr.21227.
PubMed: 17342778.
Rodrigues CM, Solá S, Brites D (2002) Bilirubin induces apoptosis via
the mitochondrial pathway in developing rat brain neurons. Hepatology
35: 1186-1195. doi:10.1053/jhep.2002.32967. PubMed: 11981769.
S027091390257381X . PII;Retrieved onpublished at whilst December
year 1111 from . doi:10.1053/jhep.2002.32967
Wallner M, Marculescu R, Doberer D, Wolzt M, Wagner O et al. (2013)
Protection from age-related increase in lipid biomarkers and
inflammation contributes to cardiovascular protection in Gilbert's
syndrome. Clin Sci (Lond) 125: 257-264. doi:10.1042/CS20120661.
PubMed: 23566065. CS20120661 . PII;Retrieved onpublished at whilst
December year 1111 from . doi:10.1042/CS20120661
Boon AC, Hawkins CL, Bisht K, Coombes JS, Bakrania B et al. (2012)
Reduced
circulating
oxidized
LDL
is
associated
with
hypocholesterolemia and enhanced thiol status in Gilbert syndrome.
Free Radic Biol Med 52: 2120-2127. S0891- doi:10.1016/
j.freeradbiomed.2012.03.002. PubMed: 22521902. 5849(12)00173-6 .
PII;Retrieved onpublished at whilst December year 1111 from . doi:
10.1016/j.freeradbiomed.2012.03.002
Bulmer AC, Verkade HJ, Wagner KH (2013) Bilirubin and beyond: a
review of lipid status in Gilbert's syndrome and its relevance to
cardiovascular disease protection. Prog Lipid Res 52: 193-205. S0163doi:10.1016/j.plipres.2012.11.001.
PubMed:
23201182.
7827(12)00059-8 . PII;Retrieved onpublished at whilst December year
1111 from . doi:10.1016/j.plipres.2012.11.001

PLOS ONE | www.plosone.org

30. Vance JE, Hayashi H, Karten B (2005) Cholesterol homeostasis in
neurons and glial cells. Semin Cell Dev Biol 16: 193-212. S1084- doi:
10.1016/j.semcdb.2005.01.005.
PubMed:
15797830.
9521(05)00021-2 . PII;Retrieved onpublished at whilst December year
1111 from . doi:10.1016/j.semcdb.2005.01.005
31. Ollinger R, Bilban M, Erat A, Froio A, McDaid J et al. (2005) Bilirubin: a
natural inhibitor of vascular smooth muscle cell proliferation. Circulation
112:
1030-1039.
doi:10.1161/CIRCULATIONAHA.104.528802.
PubMed: 16087796.
32. Ollinger R, Yamashita K, Bilban M, Erat A, Kogler P et al. (2007)
Bilirubin and biliverdin treatment of atherosclerotic diseases. Cell Cycle
6: 39-43. 3700 [pii] doi:10.4161/cc.6.1.3700. PubMed: 17245120.
33. Peyton KJ, Shebib AR, Azam MA, Liu XM, Tulis DA et al. (2012)
Bilirubin inhibits neointima formation and vascular smooth muscle cell
proliferation and migration. Front. Pharmacologist 3: 48. doi:10.3389/
fphar.2012.00048.
34. Ollinger R, Kogler P, Troppmair J, Hermann M, Wurm M et al. (2007)
Bilirubin inhibits tumor cell growth via activation of ERK. Cell Cycle 6:
3078-3085. 5022 [pii] doi:10.4161/cc.6.24.5022. PubMed: 18073533.
35. Rao P, Suzuki R, Mizobuchi S, Yamaguchi T, Sasaguri S (2006)
Bilirubin exhibits a novel anti-cancer effect on human adenocarcinoma.
Biochem Biophys Res Commun 342: 1279-1283. S0006- doi:10.1016/
j.bbrc.2006.02.074.
PubMed:
16516158.
291X(06)00324-X
.
PII;Retrieved onpublished at whilst December year 1111 from . doi:
10.1016/j.bbrc.2006.02.074
36. Stoeckius M, Erat A, Fujikawa T, Hiromura M, Koulova A et al. (2012)
Essential roles of Raf/extracellular signal-regulated kinase/mitogenactivated protein kinase pathway, YY1, and Ca2+ influx in growth arrest
of human vascular smooth muscle cells by bilirubin. J Biol Chem 287:
15418-15426. doi:10.1074/jbc.M111.266510. PubMed: 22262839.
M111.266510 . PII;Retrieved onpublished at whilst December year
1111 from . doi:10.1074/jbc.M111.266510
37. Deganuto M, Cesaratto L, Bellarosa C, Calligaris R, Vilotti S et al.
(2010) A proteomic approach to the bilirubin-induced toxicity in
neuronal cells reveals a protective function of DJ-1 protein. Proteomics
10: 1645-1657. doi:10.1002/pmic.200900579. PubMed: 20186750.
38. Rice D, Barone S Jr (2000) Critical periods of vulnerability for the
developing nervous system: evidence from humans and animal
models. Environ Health Perspect 108 Suppl 3: 511-533. doi:10.1289/
ehp.00108s3511. PubMed: 10852851. sc271_5_1835 . PII.
39. Volpe JJ (2009) Cerebellum of the premature infant: rapidly developing,
vulnerable, clinically important. J Child Neurol 24: 1085-1104. doi:
10.1177/0883073809338067. PubMed: 19745085. 24/9/1085 .
PII;Retrieved onpublished at whilst December year 1111 from . doi:
10.1177/0883073809338067
40. Lee YK, Daito Y, Katayama Y, Minami H, Negishi H (2009) The
significance of measurement of serum unbound bilirubin concentrations
in high-risk infants. Pediatr Int 51: 795-799. doi:10.1111/j.1442-200X.
2009.02878.x. PubMed: 19419529. PED2878 . PII;Retrieved
onpublished at whilst December year 1111 from . doi:10.1111/j.
1442-200X.2009.02878.x
41. Ehrlich P (1883) Sulfadiazobensol, ein Reagens auf Bilirubin. Centr.
Klin Med 4: 721-723.
42. Zelenka J, Lenícek M, Muchová L, Jirsa M, Kudla M et al. (2008) Highly
sensitive method for quantitative determination of bilirubin in biological
fluids and tissues. J Chromatogr B Anal Technol Biomed Life Sci 867:
37-42. doi:10.1016/j.jchromb.2008.03.005. PubMed: 18373963.
43. Gazzin S, Zelenka J, Adralova L, Konickova R, Coda Zabetta C et al.
(2012) Postnatal changes of bilirubin accumulation in selective brain
regions of hyperbilirubinemic Gunn rat. Pediatr Res , sumbitted .
44. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J et al. (2009)
The MIQE guidelines: minimum information for publication of
quantitative real-time PCR experiments. Clin Chem 55: 611-622. doi:
10.1373/clinchem.2008.112797.
PubMed:
19246619.
clinchem.
2008.112797 . PII;Retrieved onpublished at whilst December year 1111
from . doi:10.1373/clinchem.2008.112797
45. Vandesompele J, De PK, Pattyn F, Poppe B, Van RN et al. (2002)
Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes. Genome Biol 3:
RESEARCH0034. PubMed: 12184808.
46. Gazzin S, Strazielle N, Schmitt C, Fevre-Montange M, Ostrow JD et al.
(2008) Differential expression of the multidrug resistance-related
proteins ABCb1 and ABCc1 between blood-brain interfaces. J Comp
Neurol 510: 497-507. doi:10.1002/cne.21808. PubMed: 18680196.
47. Heinlein C, Deppert W, Braithwaite AW, Speidel D (2010) A rapid and
optimization-free procedure allows the in vivo detection of subtle cell
cycle and ploidy alterations in tissues by flow cytometry. Cell Cycle 9:
3584-3590. doi:10.4161/cc.9.17.12831. PubMed: 20928939.

12

November 2013 | Volume 8 | Issue 11 | e79073

Bilirubin and Cell Cycle in Rat Brain

48. Heinlein C, Speidel D (2011) High-resolution cell cycle and DNA ploidy
analysis in tissue samples. Curr Protoc Cytom Chapter 7: Unit 7.39:
Unit doi:10.1002/0471142956.cy0739s56. PubMed: 21455969.
49. Booher J, Sensenbrenner M (1972) Growth and cultivation of
dissociated neurons and glial cells from embryonic chick, rat and
human brain in flask cultures. Neurobiology 2: 97-105. PubMed:
4572654.
50. Mitchell PJ, Hanson JC, Quets-Nguyen AT, Bergeron M, Smith RC
(2007) A quantitative method for analysis of in vitro neurite outgrowth. J
Neurosci Methods 164: 350-362. S0165- doi:10.1016/j.jneumeth.
2007.04.021. PubMed: 17570533. 0270(07)00208-7 . PII;Retrieved
onpublished at whilst December year 1111 from . doi:10.1016/
j.jneumeth.2007.04.021
51. Calligaris S, Cekic D, Roca-Burgos L, Gerin F, Mazzone G et al. (2006)
Multidrug resistance associated protein 1 protects against bilirubininduced cytotoxicity. FEBS Lett 580: 1355-1359. doi:10.1016/j.febslet.
2006.01.056. PubMed: 16458308.
52. Calligaris R, Bellarosa C, Foti R, Roncaglia P, Giraudi P et al.; (2009) A
transcriptome analysis identifies molecular effectors of unconjugated
bilirubin in human neuroblastoma SH-SY5Y cells. BMC Genomics 10:
543: 1471-2164-10-543. PII];10.1186/1471-2164-10-543 [doi].
53. Calligaris SD, Bellarosa C, Giraudi P, Wennberg RP, Ostrow JD et al.
(2007) Cytotoxicity is predicted by unbound and not total bilirubin
concentration. Pediatr Res 62: 576-580. doi:10.1203/PDR.
0b013e3181568c94. PubMed: 18049372.
54. Giraudi PJ, Bellarosa C, Coda-Zabetta CD, Peruzzo P, Tiribelli C
(2011) Functional induction of the cystine-glutamate exchanger system
Xc(-) activity in SH-SY5Y cells by unconjugated bilirubin. PLOS ONE 6:
e29078. doi:10.1371/journal.pone.0029078. PubMed: 22216172.
PONE-D-11-05403 . PII.
55. Ostrow JD, Pascolo L, Tiribelli C (2003) Reassessment of the unbound
concentrations of unconjugated bilirubin in relation to neurotoxicity in
vitro. Pediatr Res 54: 926. doi:10.1203/01.PDR.0000103388.01854.91.
PubMed: 14661625.
56. Daood MJ, Watchko JF (2006) Calculated in vivo free bilirubin levels in
the central nervous system of Gunn rat pups. Pediatr Res 60: 44-49.
doi:10.1203/01.pdr.0000219561.07550.04. PubMed: 16690957.
57. Ahlfors CE, Shapiro SM (2001) Auditory brainstem response and
unbound bilirubin in jaundiced (jj) Gunn rat pups. Biol Neonate 80:
158-162. doi:10.1159/000047136. PubMed: 11509817.
58. Ostrow JD, Mukerjee P (2007) Solvent partition of 14C-unconjugated
bilirubin to remove labeled polar contaminants. Transl Res 149: 37-45.
S1931doi:10.1016/j.trsl.2006.07.006.
PubMed:
17196521.
5244(06)00294-5 . PII;Retrieved onpublished at whilst December year
1111 from . doi:10.1016/j.trsl.2006.07.006
59. Roca L, Calligaris S, Wennberg RP, Ahlfors CE, Malik SG et al. (2006)
Factors affecting the binding of bilirubin to serum albumins: validation
and application of the peroxidase method. Pediatr Res 60: 724-728.
doi:10.1203/01.pdr.0000245992.89965.94. PubMed: 17065581.
60. Ahlfors CE (2000) Measurement of plasma unbound unconjugated
bilirubin. Anal Biochem 279: 130-135. doi:10.1006/abio.2000.4485.
PubMed: 10706781.
61. Porter DC, Zhang N, Danes C, McGahren MJ, Harwell RM et al. (2001)
Tumor-specific proteolytic processing of cyclin E generates hyperactive
lower-molecular-weight forms. Mol Cell Biol 21: 6254-6269. doi:
10.1128/MCB.21.18.6254-6269.2001. PubMed: 11509668.
62. Wingate H, Bedrosian I, Akli S, Keyomarsi K (2003) The low molecular
weight (LMW) isoforms of cyclin E deregulate the cell cycle of
mammary epithelial cells. Cell Cycle 2: 461-466. 464 [pii] PubMed:
12963845.
63. Mazumder S, Plesca D, Almasan A (2007) A jekyll and hyde role of
cyclin E in the genotoxic stress response: switching from cell cycle

PLOS ONE | www.plosone.org

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

13

control to apoptosis regulation. Cell Cycle 6: 1437-1442. 4432 [pii]
PubMed: 17581275.
Mazumder S, Plesca D, Kinter M, Almasan A (2007) Interaction of a
cyclin E fragment with Ku70 regulates Bax-mediated apoptosis. Mol
Cell Biol 27: 3511-3520. doi:10.1128/MCB.01448-06. PubMed:
17325036. MCB.01448-06 . PII;Retrieved onpublished at whilst
December year 1111 from . doi:10.1128/MCB.01448-06
Plesca D, Mazumder S, Gama V, Matsuyama S, Almasan A (2008) A
C-terminal fragment of Cyclin E, generated by caspase-mediated
cleavage, is degraded in the absence of a recognizable
phosphodegron. J Biol Chem 283: 30796-30803. doi:10.1074/
jbc.M804642200. PubMed: 18784078. M804642200 . PII;Retrieved
onpublished at whilst December year 1111 from . doi:10.1074/
jbc.M804642200
Soldani C, Lazze MC, Bottone MG, Tognon G, Biggiogera M et al.;
(2001) Poly(ADP-ribose) polymerase cleavage during apoptosis: when
and where? Exp Cell Res 269: 193-201. doi:10.1006/excr.2001.5293.
PubMed: 11570811;S0014-4827(01)95293-0 [pii]. doi:10.1006/excr.
2001.5293. PubMed: 11570811.
Soldani C, Scovassi AI (2002) Poly(ADP-ribose) polymerase-1
cleavage during apoptosis: an update. Apoptosis 7: 321-328. doi:
10.1023/A:1016119328968. PubMed: 12101391.
Gazzin S, Zelenka J, Zdrahalova L, Konickova R, Zabetta CC et al.
(2012) Bilirubin accumulation and Cyp mRNA expression in selected
brain regions of jaundiced Gunn rat pups. Pediatr Res 71: 653-660. doi:
10.1038/pr.2012.23. PubMed: 22337225. pr201223 . PII;Retrieved
onpublished at whilst December year 1111 from . doi:10.1038/pr.
2012.23
Geng Y, Whoriskey W, Park MY, Bronson RT, Medema RH et al.
(1999) Rescue of cyclin D1 deficiency by knockin cyclin E. Cell 97:
767-777. S0092- doi:10.1016/S0092-8674(00)80788-6. PubMed:
10380928. 8674(00)80788-6 . PII.
Rodrigues CM, Solá S, Silva RF, Brites D (2002) Aging confers
different sensitivity to the neurotoxic properties of unconjugated
bilirubin.
Pediatr
Res
51:
112-118.
doi:
10.1203/00006450-200201000-00020. PubMed: 11756649.
Silva RF, Rodrigues CM, Brites D (2002) Rat cultured neuronal and
glial cells respond differently to toxicity of unconjugated bilirubin.
Pediatr Res 51: 535-541. doi:10.1203/00006450-200204000-00022.
PubMed: 11919342.
Falcão AS, Fernandes A, Brito MA, Silva RF, Brites D (2006) Bilirubininduced immunostimulant effects and toxicity vary with neural cell type
and maturation state. Acta Neuropathol (Berl) 112: 95-105. doi:
10.1007/s00401-006-0078-4. PubMed: 16733655.
Falcão AS, Silva RF, Vaz AR, Silva SL, Fernandes A et al. (2013)
Cross-talk between neurons and astrocytes in response to bilirubin:
early beneficial effects. Neurochem Res 38: 644-659. doi:10.1007/
s11064-012-0963-2. PubMed: 23283699.
Mazumder S, Gong B, Chen Q, Drazba JA, Buchsbaum JC et al.
(2002) Proteolytic cleavage of cyclin E leads to inactivation of
associated kinase activity and amplification of apoptosis in
hematopoietic cells. Mol Cell Biol 22: 2398-2409. doi:10.1128/MCB.
22.7.2398-2409.2002. PubMed: 11884622.
Fischer U, Jänicke RU, Schulze-Osthoff K (2003) Many cuts to ruin: a
comprehensive update of caspase substrates. Cell Death Differ 10:
76-100. doi:10.1038/sj.cdd.4401160. PubMed: 12655297. 4401160 .
PII.
Kaufmann SH, Desnoyers S, Ottaviano Y, Davidson NE, Poirier GG
(1993) Specific proteolytic cleavage of poly(ADP-ribose) polymerase:
an early marker of chemotherapy-induced apoptosis. Cancer Res 53:
3976-3985. PubMed: 8358726.

November 2013 | Volume 8 | Issue 11 | e79073

