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Abstract. – OBJECTIVE: The aim of this study 
was to determine whether prophylactic darbe-
poetin alpha and/or topiramate administration 
could prevent bilirubin neurotoxicity (BNTx) in 
experimental model of kernicterus.

MATERIALS AND METHODS: A total of 60 
Wistar albino rat puppies with experimental ker-
nicterus model were included in the study. The 
Kernicterus was established administering a bil-
irubin injection via a cisterna magna puncture 
30 minutes after ip drug injection. The pup-
pies were divided into five groups with 12 in 
each group as shown below: a control group, 
bilirubin group, darbepoetin alpha group, topi-
ramate group and darbepoetin alpha+ topira-
mate group. Darbepoetin alpha and/or topira-
mate were administered on day 5 intraperitone-
ally (ip). At the 6th and 24th hours, bilirubin in-
duced neurological dysfunction (BIND) score 
was used to assess behavioral changes. Hear-
ing functions were evaluated on days 10 and 28. 
On day 30, the Water Maze water tank test was 
implemented to evaluate spatial memory. The 
rats were sacrificed on days 6 and 34 and apop-
tosis in the globus pallidus and hippocampus 
was examined.

RESULTS: The BIND score was improved fol-
lowing darbepoetin alpha treatment. Neither 
darbepoetin alpha nor topiramate therapy ame-
liorate spatial memory. There were no signifi-
cant differences between groups in terms of the 
auditory brainstem response (ABR). The com-
bined use of darbepoetin alpha and topiramate 
lead to slight decrease in apoptosis.

CONCLUSIONS: Darbepoetin alpha or topi-
ramate administration ameliorates bilirubin in-
duced neurological dysfunction in experimental 
model of kernicterus.
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Introduction

Unconjugated bilirubin (UCB) is a heme prod-
uct pigment, and the accumulation of this pig-
ment into the central nervous system during 
severe neonatal hyperbilirubinemia is the main 
factor causing bilirubin encephalopathy. The neu-
rological manifestations of UCB toxicity range 
from transient or definitive auditory and visual 
impairment to death1. 

The major targets of UCB toxicity are neural 
and glial cells. The brain regions typically affected 
in kernicterus include: the globuspallidus, subtha-
lamic nuclei, metabolic sector of the hippocampus, 
oculomotor nuclei, ventral cochlear nuclei, pur-
kinje cells of the cerebellar cortex and cerebellar 
dentate nuclei2. However, the exact mechanisms of 
bilirubin encephalopathy remain unclear. The po-
tential molecular mechanisms of bilirubin toxicity 
are neuro-inflammation, oxidative stress, mito-
chondrial energy failure and excitotoxicity3-6. 
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Erythropoietin (Epo), which was first described 
as a humoral mediator that functioned in the mat-
uration and proliferation of erythroid progenitor 
cells, is one of the most promising neuroprotec-
tive agents. Epo may inhibit apoptosis. The other 
mechanisms of neuroprotection of Epo include 
the anti-inflammatory, anti-oxidant, angiogenic, 
anti-epileptic and neurotrophic effects7. In addi-
tion to the properties of Epo, darbepoetin alpha 
includes oligosaccharides containing sialic acid 
and has a longer half-life than darbepoetin alpha, 
and is more effective in vivo activity8.

Topiramate (TPM), an anti-epileptic agent, 
may induce neuroprotection by GABAergic hy-
perpolarization. TPM has been shown to attenu-
ate AMPA-kainate receptor mediated cell death 
and calcium influx9. 

Even though there is not any drug treatment to 
prevent bilirubin encephalopathy available today, 
the effects of darbepoetin alpha and topiramate 
have been chosen to investigate in preventing 
bilirubin encephalopathy due to its affecting the 
same pathways.

Materials and Methods

Animals and Drugs
This study was performed in accordance with 

the guidelines provided by the Experimental Ani-
mal Laboratory and approved by the Animal Care 
and Use Committee of the DokuzEylül Univer-
sity, School of Medicine. Wistar rats with dated 
pregnancies were maintained at the same center 
and housed in individual cages with free access 
to water and laboratory chow.

Female rats, whose vaginal smear tests indicat-
ed they were in oestrus, were left to coitus. The 
day of coitus was considered the 0’th day of preg-
nancy. The animals inhabited an environment 
with a 12-hours dark, 12-hours daylight cycle, 
regulated at 20-25°C and 50% humidity, and were 
fed standard food. 

The pups were kept with their mothers fol-
lowing birth. Five groups were established as 
the control group, bilirubin group, darbepoetin 
alpha group, topiramate group and darbepoetin 
alpha+topiramate group. Each group consisted of 
12 Wistar rat pups. 

Darbepoetin alpha (Aranesp) was stored as an 
injectable solution at a concentration of 25 μg/ml. 
Topiramate (Sigma-Aldrich, St. Louis, MO, USA) 
was stored as a solution at a concentration of 
40 mg/mL. Bilirubin (Sigma-Aldrich, St. Louis, 

MO, USA) was dissolved in 0.5 M NaOH solution 
(100 mg/ml) and diluted in ddH2O to a concentra-
tion of 10 mg/ml, and the pH was adjusted to 8.5 
with HCl (0.5 M); the solution was stored at 22°C, 
in the dark. Darbepoetin alpha was administered 
at10 μg/kg10 and topiramate 50 mg/kg11 on day 5 
intraperitoneally (ip). The Kernicterus model was 
established by administering a 10 μg/g bilirubin 
injection via a cisterna magna puncture 30 min-
utes after ip drug injection12. An equal volume 
of CSF specimen was drained before bilirubin 
was applied. No attempt was made to the control 
group. The BIND score was used at the 6th and 
24th hours after drug injection to assess behav-
ioral changes. On days 10 and 24, hearing func-
tions were evaluated by auditory evoked brain 
stem potency tests (ABR). When the rats were 30 
days old, they were subjected to the Water Maze 
water tank test to evaluate spatial memory. Rats 
were sacrificed on days 6 and 34; apoptosis in the 
globuspallidus and hippocampus was examined 
by caspase-3 and TUNEL methods.

Bilirubin Induced Neurological 
Dysfunction (BIND) Score

Pubs (m) were evaluated at the 6th and 24th 
hours after drug injection at 5th days to assess be-
havioral changes and were assigned BIND score 
using a previously described numeric rating scale 
that quantifies gait abnormalities and dystonia on 
a scale of 0-5 based on the following findings: 0 = 
normal; 1 = mildly abnormal with slight hindlimb 
ataxia, dystonia, and gait abnormality; 2 = mild 
hindlimb ataxia, dystonia, and gait abnormality 
with impaired righting reflex; 3 = abnormal as 
in 2, but with a more severe movement disorder 
and prolonged righting reflex; 4 = severe failure 
of locomotion, general lack of spontaneous move-
ment with occasional bursts of hyperactivity and 
no righting reflex; and 5 = moribund including 
seizures and/or agonal respirations13.

Audiological Tests
Wistar rats were assessed by auditory evoked 

brain stem potency tests on days 10 and 24. Prior 
to the test, intraperitoneal ketamine hydrochlo-
ride (40 mg/kg) and xylazine hydrochloride (5 
mg/kg) were anesthetized. The two-channel ICS 
Medical Charter Compact Diagnostic Systems 
device (MCU 80), (ICS Medical Corporation, 
M-USA) was used for recordings via insert ear-
phones and headphones in silent room14. The in-
sert earphones were placed directly into the rat’s 
external auditory canals. A neonatal probe tip 
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was used to seal the external auditory canal. Sub-
dermal needle electrodes were placed over the 
vertex (active), the right and left retro auricular 
regions (reference) and on the dorsum (ground). 
The stimuli used were alternating clicks (pulse 
duration 0.1 ms) at a rate of 31.1/s. EEGactivi-
ty was preamplified (100,000×) and band-pass 
analog-filtered from 100 to 3000 Hz for click 
stimuli. The number of averaged responses was 
1024 and each averaged response was replicated. 
Each series of stimuli began from supra-thresh-
old level with subsequent measures using lower 
intensity levels. Stimulus level was decreased 
progressively and intensities that appeared to be 
near threshold were replicated. Threshold was 
defined as the lowest intensity to elicit repeatable 
components of ABR in at least two trials. Elec-
trode resistances were kept below 3 k-ohm. The 
stimulus was initially delivered at 85 dB HL, and 
the intensity level was reduced by 20 dB steps 
up to the threshold. Closer to threshold levels, 
the threshold was detected with 10 dB intensity 
changes. At least two traces were created for each 
measurement to ensure the reliability of the wave. 
The ABR thresholds were evaluated separately 
by two investigators. The ABR threshold was de-
fined as the lowest intensity level in which Wave 
II was observable. Since the outer ear channels 
of the rats were not opened in the ABR test on 
the 10th day of life of the rats, the ear specimens 
were applied to the rats’ ears by adaptation to the 
TDH-49 head and applying the serum hoses to 
the rats’ ears15. On the 24th day of the birth of rats 
ABR tests were applied with insert earphone16. 
ABR tests were obtained bilaterally.

Morris Water Maze Experiment
When the rats were 30 days old, they were 

subjected to the Water Maze water tank test to 
evaluate spatial memory. The test was applied 
according to the previous method17. Day 0 of the 
test was planned as practice, 1, 2 and 3 were for 
learning and the fourth day was allocated as the 
test day. The test was aimed to measure the learn-
ing and memory ability of the rats based on the 
differences in the way, and the delay in finding 
the platform.

Light Microscopic Evaluation
Tissue samples were taken in 10% formalde-

hyde and flicked for 48 hours. Then, the tissue 
was buried in paraffin blocks after a routine tis-
sue follow-up procedure. 5 μm coronal sections 
were obtained from the blocks. According to 

rat brain atlas, sections were taken from 16, 17 
planes for the globuspallidus, and 21, 23, 25 for 
the hippocampus (CA1 region)18. 

Determination and 
Evaluation of Apoptosis

TUNEL (The DeadEnd Colorimetric TUNEL 
system kit, Roche, Mannheim, Germany) was 
used to detect DNA fragmentation in cell nuclei. 
Sections were deparaffinized, rehydrated and 
pretreated in proteinase K for 15 minutes. After 
washing, tissues were incubated TdT at 37°C for 
60 minutes. Converter POD (Detection of Peroxi-
dase) solution was then applied to the slides. Sec-
tions were stained with diaminobenzidine (DAB) 
and counter-stained with Mayer hematoxylin and 
analyzed19.

Immunohistochemical Scoring
For immunohistochemical scoring, non-over-

lapping areas were selected randomly. The grade 
of positive staining was assessed by semi-quan-
titative scoring using an indicator scale ranging 
from 0 to 3 in terms of intensity and distribution. 
If there was no immune-reactivity, a point of 0 
was allocated; very little positive staining was 
labeled as 1, moderate positive staining as 2, and 
strong positive staining was labeled as 3. The 
average of the scores was calculated20.

Image Analysis
After the staining process, sections were ex-

amined with a light microscope (Olympus BX-
51, Tokyo, Japan) and images were transferred 
to the computer using a high-resolution camera 
(Olympus DP-71, Japan). All sections were dig-
itally photographed. Measurements were made 
using the UTHSCA Image Tool (software version 
3.0, University of Texas Health Science Center, 
USA)21.

Statistical Analysis
Data were analyzed using SPSS version 22.0 

(IBM, Armonk, NY, USA). Values were present-
ed as mean ± SD. Since the data obtained from the 
study were inconsistent with normal distribution 
and which had a small sample size, we used the 
non-parametrical statistical methods. When the 
sample size is convenient, the assumption of 
normality of the distribution was evaluated with 
the Shapiro-Wilk test. One Way ANOVA was 
used for parametric group comparison with Post-
Hoc Games Hovel test for pairwise comparisons. 
Differences between all groups were examined 
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with Kruskal Wallis test for non-parametric data 
and the pairwise comparisons were examined 
with the Mann-Whitney U-test, with findings of 
p < 0.05 were considered significant.

Results

There was no difference in gender distribution 
between the groups. Mean body weights were 
10.2 ± 1.5 g and there was no significant differ-
ence between the groups. There were no signif-
icant differences in brain/body weight ratios of 
animals sacrificed during acute and chronic peri-
ods. There was no significant difference between 
groups in daily body weight gain. 

In early neurological evaluation, the BIND 
score was higher in the bilirubin group (p < 0.05; 
Table I). The score was significantly lower in the 
darbepoetin alpha treatment group (p < 0.05; Ta-
ble I). No significant improvement was observed 
in the topiramate group. When the darbepoetin 
alpha and darbepoetin  alpha+topiramate groups 
were compared, no synergistic effect was de-
tected. Auditory brainstem potentials obtained 
from the right and left ear showed normal wave 
morphology and reverse wave morphology ob-
tained by rarefaction and condensation polarities 
at 85 dB nHL. There were no reverse waves and 
significant differences in auditory brainstem po-
tentials between control and bilirubin groups on 
the 10th and 24th days (Figure 1). On day 4 of the 
Water Maze experiment, based on the analysis of 
variance (p = 0.035), the time to find the platform 
in the bilirubin group was significantly higher 
when compared with the control group. However, 
neither darbepoetin alpha nor topiramate, nor the 
combination of the two drugs improved spatial 
memory (Figure 2). The examination of the glo-

buspallidus and hippocampus by the caspase-3 
and TUNEL methods in acute and long-term 
groups, revealed an increase in apoptosis in the 
bilirubin group. When examined individually, 
darbepoetin alpha and darbepoetin alpha did not 
yield histological improvement, whereas when 
the two drugs were used in combination, both 
the hippocampus and the globus pallidus showed 
a decrease in apoptosis. However, this was not 
statistically significant (Figures 3, 4, 5, 6).

Discussion

Kernicterus is a devastating, chronic dis-
abling neurological disorder that reflects both a 
predilection of bilirubin toxicity for neurons and 
a regional topography of bilirubin-induced neu-
ronal injury that is characterized by prominent 
basal ganglia, cochlear, and oculomotor nuclei 
involvement22. UCB inhibits synaptic connec-
tions in the long term, leading to learning and 
memory disorders23. Considering the potential 
molecular mechanisms of bilirubin toxicity, this 
study evaluated the neuroprotective effects of 
darbepoetin alpha, topiramate and a combination 
of the two, on bilirubin induced neurotoxicity at 
both histological and functional level and demon-
strated a partial benefit. 

UCB inhibits protein kinase C activity in cul-
tured neurons. This activity is essential for elicit-
ing calcium influx through the high conductance 
cation channels in the plasma membrane of the 
postsynaptic neuron and maintaining synaptic 
activity. Membrane depolarization and binding 
of glutamate to N-methyl-D-aspartate (NMDA, 
class 1) receptors allow this channel to open24. 
In addition, the exposure of astrocytes to UCB 
decreases the uptake of glutamate, and conse-

Table I. BIND scores according to groups*.

 Groups aBIND 0 hour aBIND 6 hours aBIND 24 hours

1: Control 0 (0.00) 0 (0.00) 0 (0.00)
2: Bilirubin 0 (0.00) 2.4 (0.55)  3.6 (0.55) 
3: Darbepoetin alpha 0 (0.00) 0.6 (0.55)  1.4 (0.55) 
4: Topiramate 0 (0.00) 1.4 (0.55)  2.2 (0.45) 
5: Darbepoetin alpha + Topiramate p-value < 0.05 0 (0.00) 0.6 (0.55)  1 (0.00) 
1 vs. 2  1  0.004** 0.004** 
2 vs. 3  1  0.008** 0.008** 
2 vs. 4  1  0.056  0.016** 
2 vs. 5 1 0.008** 0.008**
3 vs. 5 1 1 0.31

*Values are expressed as mean (± SD), **p < 0.05.
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quently, the duration of glutamate in the synaptic 
cleft increases. These engender overstimulation 
of NMDA receptors and excitotoxicity25. Exci-
totoxicity induces neuronal cell swelling due to 

excessive influx of Na+, Ca+2, Cl- and water, trig-
gering cell death by both apoptosis and necrosis26. 
UCB may directly damage the nerve cell mem-
brane by increasing both oxidative stress and 

Figure 1. F ABR tests obtained from the 
right and left ear normal wave morphology 
and reverse wave morphology obtained by 
Rarefaction and Condensation polarities at 
85 dB nHL.

Figure 2. Comparison of Morris Water Maze Test.
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membrane permeability27. In developing rat brain 
neurons, UCB passes through the mitochondrial 
membranes causing mitochondrial swelling and 
the release of cytochrome-c into the cytosol28. 
This triggers activation of caspase-3 and translo-
cation of Bax resulting in cell death by apoptosis 
via the mitochondrial pathway29. 

In this study, the BIND score was higher in the 
bilirubin group in early neurological evaluation 
demonstrated that an experimental model had 
been generated.

Darbepoetin alpha was found to improve the 
BIND score in the acute phase, and this early 
benefit was attributed to being possibly due to 
the anti-inflammatory and antioxidant effects of 
darbepoetin alpha. Memişoğluet al30 demonstrat-

ed the anti-inflammatory effect of recombinant 
darbepoetin alpha for the rat brain and they found 
that serum TNF alpha, IL-10 and glutathione lev-
els were decreased with darbepoetin alpha.

Bilirubin neurotoxicity in Gunn rat pups, as 
well as human newborns, produces specific, pro-
gressive, potentially reversible increases in the 
inter-wave intervals and decreases in wave am-
plitudes of the auditory brainstem response31. 
Brainstem cochlear nuclei are the first structures 
affected by elevated unconjugated bilirubin lev-
els, followed by the auditory nerve32. However, 

Figure 3. Representative light-microscopic images of 
TUNEL (A1,B1,C1,D1,E1) and anti-active caspase-3 
(A2,B2,C2,D2,E2) immunoreactivity of early stage group in 
globus pallidum of brain tissue; in the control group (A1-2), 
bilirubin group (B1-2), A+B group (C1-2), T+B group (D1-2) 
and TA+B group (E1-2). Arrows (→) indicate TUNEL-pos-
itive cells and anti-active caspase-3 immune positive cells.

Figure 4. Representative light-microscopic images of 
TUNEL (A1,B1,C1,D1,E1) and anti-active caspase-3 
(A2,B2,C2,D2,E2) immunoreactivity of early stage groups 
in CA1 region of hippocampus; in the control group (A1-2), 
bilirubin group (B1-2), A+B group (C1-2), T+B group (D1-2) 
and TA+B group (E1-2). TUNEL and anti-active caspase-3 
immunoreactivity were increased in bilirubin group com-
pared to control group whereas the immunoreactivity was 
decreased in TA+B group compared to bilirubin group. 
Arrows (→ indicate TUNEL-positive cells and anti-active 
caspase-3 immune positive cells.
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we could not find any difference in the ABR 
test between the bilirubin group and the control 
group, possibly due to the inability of bilirubin to 
penetrate the cochlear nucleus. 

In this study, the time spent in the bilirubin 
group to find the platform in the Morris Water 
Maze test was significantly higher compared to 
the control group. This suggests that the neu-
rotoxic effects of bilirubin administered exoge-
nously to the brain spinal fluid negatively affect 
learning and especially spatial memory. Similar 
results of a previous study demonstrated that 

the bilirubin-treated rats had significantly worse 
Water Maze test results than the controls. These 
results indicate that the bilirubin-treated rats ex-
perienced learning and memory deficits at the 
age of 28 days; this is comparable to the clinical 
features in preschool children with kernicterus12. 
In our study, neither darbepoetin alpha nor topi-
ramate nor the combined use of both was found 
to improve spatial memory. Our dosage may have 
been too low or repeated doses may have been 
necessary in order to yield the protective effects 

Figure 5. Representative light-microscopic images of 
TUNEL (A1,B1,C1,D1,E1) and anti-active caspase-3 
(A2,B2,C2,D2,E2) immunoreactivity of long term groups in 
globus pallidum of brain tissue; in the control group (A1-2), 
bilirubin group (B1-2), A+B group (C1-2), T+B group (D1-2) 
and TA+B group (E1-2). TUNEL and anti-active caspase-3 
immunoreactivity were increased in bilirubin group 
compared to control group whereas the immunoreactivity 
was decreased in TA+B group compared to bilirubin group. 
Arrows (→) indicate TUNEL-positive cells and anti-active 
caspase-3 immune positive cells.

Figure 6. Representative light-microscopic images of 
TUNEL (A1,B1,C1,D1,E1) and anti-active caspase-3 
(A2,B2,C2,D2,E2) immunoreactivity of long term groups 
in CA1 region of hippocampus; in the control group (A1-2), 
bilirubin group (B1-2), A+B group (C1-2), T+B group (D1-2) 
and TA+B group (E1-2). TUNEL and anti-active caspase-3 
immunoreactivity were increased in bilirubin group 
compared to control group whereas the immunoreactivity 
was decreased in TA+B group compared to bilirubin group. 
Arrows (→) indicate TUNEL-positive cells and anti-active 
caspase-3 immune positive cells.
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of EPO and/or topiramate. Possibly due to the re-
peated doses, a study30 determined EPO treatment 
demonstrated a neuro-protective effect against 
phenylhydrazine induced hemolytic hyperbiliru-
binemia in neonatal rats when treatments were 
administered on three consecutive days. 

In acute and long-term groups, the evaluation 
of the globuspallidus and hippocampus using the 
caspase-3 and TUNEL methods revealed an in-
crease in apoptosis in the bilirubin group. When 
darbepoetin alpha and topiramate were used to-
gether in both acute and long-term applications, 
compared to the bilirubin group, there was a 
slight decrease in apoptosis. The anti-apoptotic 
effect of topiramate has previously been shown 
in hypoxia-ischemia (HI) studies. The neuro-pro-
tective effect of TPM is linked to influencing the 
amount of excessive glutamate release, because 
TPM is able to suppress pre-synaptic voltage 
sensitive sodium channel of excitatory synapses9. 
The protective effect of EPO against neurotox-
icity is associated with the inhibition of NF-κB 
activation and the suppression of apoptosis that 
involves the down-regulation of apoptotic mole-
cules by preventing caspase-3 activation30. It is 
possible that darbepoetin alpha and topiramate 
may have a synergistic effect against bilirubin 
induced apoptosis33-36. 

There are a few limitations of this study. This 
was a preliminary study and molecular meth-
ods explaining the bilirubin toxicity and potential 
neuro-protective effects of darbepoetin alpha and 
topiramate are not sufficient. The model used in 
this study is a newly established bilirubin enceph-
alopathy model, and it does not reflect a human 
since the given bilirubin bypasses the blood brain 
barrier directly which is an exception to normal 
physiology. A positive aspect of the model is that 
bilirubin is administered directly and equally to 
the central nervous system of each animal, regard-
less of bilirubin metabolism, and thus standard-
ization between groups is ensured. Furthermore, 
considering the indicated doses were neuro-pro-
tective in previous studies, standard darbepoetin 
alpha and topiramate doses were used and results 
might have varied if the drugs were administered 
at different doses and repeatedly.

Conclusions

Finally, in the presented study we demon-
strated that darbepoetin alpha and/or topiramate 
ameliorates bilirubin induced neurotoxicity in rat 

model of kernicterus. Further studies with differ-
ent treatment regimens are needed to clarify the 
exact role of these two drugs on biluribin induced 
neurotoxicity are required.
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