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Abstract: Severe hyperbilirubinemia leads to bilirubin encephalopathy in neonates, causing
irreversible neurological sequelae. We investigated the nature of neuronal selective
vulnerability to unconjugated bilirubin (UCB) toxicity.  The maintenance of intracellular
calcium homeostasis is crucial for neuron survival. Calcium release from endoplasmic
reticulum (ER) during ER-stress can lead to apoptosis trough the activation of
Caspase-12. By live calcium imaging we monitored the generation of calcium signals in
dissociated hippocampal neurons and glial cells exposed to increasing UCB
concentrations. We showed the ability of UCB to alter intracellular calcium
homeostasis, inducing the appearance of repetitive intracellular calcium oscillations.
The contribution of intracellular calcium stores and the induction and activation of
proteins involved in the apoptotic calcium-dependent signaling were also  assessed
.Thapsigargin, a specific inhibitor of Sarco/endoplasmic reticulum ATPase (SERCA)
pumps, significantly reduced the duration of Ca  2+  oscillation associated with UCB
exposure indicating that UCB strongly interfered with the reticulum calcium stores. On
the contrary, in pure astrocyte cultures, spontaneous Ca  2+  transient duration was not
altered by UCB. The protein content of GRP78, AT6, CHOP, Calpain and Caspase-12
of neuronal cells treated with UCB for 24h was at least 2-fold higher compared to
controls. Calcium-dependent Calpain and Caspase-12 induction by UCB were
significantly reduced by 50% and 98% respectively when cells were pretreated with the
ER-stress inhibitor 4-PBA.
These results show the strong and direct interference of UCB with neuronal
intracellular Ca  2+   dynamics, suggesting ER Ca  2+  stores as a primary target of
UCB toxicity with the activation of the apoptotic ER-stress-dependent pathway.

Response to Reviewers: Dear Editor,

First, we would like to thank you and the reviewers for the time spent looking over the
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paper. Based on the evaluation of our manuscript “Bilirubin disrupts calcium
homeostasis in neonatal hippocampal neurons: A new pathway of neurotoxicity”
(ATOX-D-19-00857), we submit a revised version of the Ms. together with a rebuttal
letter dealing with the points raised by the reviewer

Reviewer comments (R) are in blue italic while our answers (A) are in black and
include the modifications on the revised version of the manuscript. Modifications in the
manuscript are highlighted in yellow.

R1. The investigators note that similar effects on calcium dynamics were observed
across the original three bilirubin concentrations studied (40 NM, 90 NM, and 140 NM)
- whereas the 90 and 140 nM are in the putative toxic range; 40 nM is characterized as
"non-toxic" yet had effects similar to those of higher levels -- can the authors please
address this observation and how it may impact the assertion that these effect on Ca
dynamics are pathologic?

A1:  The point raised by the reviewer is well taken. We were also surprised to observe
alterations of calcium dynamics at Bf 40 nM, a concentration assumed to be not toxic.
The assumption that the threshold of bilirubin toxicity is 70 nM is based on in vitro
experiments (Ostrow JD, 2003, Pediatr Res 54:98–104). The validity of what observed
in vitro to the ex vivo models (in this case) needs to be proven. In addition, Bf
determination is influenced by the presence of  many factors (FBS, HSA, BSA,
chloride, pH) that changes among cell medium used to growth  different primary or
immortalized cell line. Bf should be measured every time in the same media used
experimentally for each different cell type used (Roca L, 2006, Pediatr Res.
Dec;60(6):724-8.) but this is not common practice. The Bf effect reflects differences in
cell type, maturity, function, species of origin.  Even if we do not have a clear
explanation regarding the Bf 40 nM ability to disrupt calcium homeostasis, we believe
that is important to consider that this work was conducted on dissociated primary
hippocampal cells from P2-P3 Wistar rats that may be a very sensitive model.

R2. Were these changes in bilirubin-induced Ca dynamics reversible with removal -
clearance of bilirubin?
A2:  To answer this relevant observation from the reviewer, we have now included in
the Supplementary Figure 1S results from a series of experiments where the Ca++
dynamics during bilirubin application and, upon bilirubin removal, washout was
monitored for the three different bilirubin concentrations tested. As depicted by the
fluorescent traces and summarized in the histograms, 5 min washout did not affected
the Ca++ dynamics brought about by 10 min bilirubin application, for all concentrations
tested (Bf 40 nM: from 42 ± 6 s to 37 ± 10 s, after 5 min removal, n = 5 cells;  Bf 90
nM: from 54 ± 8 s to 51 ± 8 s, after 5 min removal, n= 5 cells; Bf 140 nM: from 50 ± 6 s
to 42 ± 8 s, after 5 min removal, n= 4 cells). Conversely, upon 10 min bilirubin washout,
a decrease in the Ca++ events’ duration was detected (Bf 40 nM: 11 ± 10 s, n = 5 cells;
Bf 90 nM: 22 ± 8 s, n = 5 cells; Bf 140 nM: 27 ± 8 s, n= 5 cells), suggestive of a
progressive clearance of bilirubin, with the Ca++ event duration resembling that of
controls (i.e. prior bilirubin application; see for example Fig 1A or Fig 2A ).

R3. Where other concentrations (lower than 40; and higher than 140 nM) studied; how
about longer duration of exposures? The in vitro UCB exposures on Ca transients were
40 minutes whereas UCB effects on Ca dependent apoptotic signaling was 24 hours --
why the different time frames of exposure? How does this impact interpretation of
findings?
A3:  We did not test concentration lower than 40 or higher that 140 nM. As a pilot study
we explored the “canonical Bf concentration” but we agree this will be informative and
plan to do it in the future. The reason of the different time frames of exposure deals
with the timing of events. Calcium release is a very early and rapid event, while its
effect in terms of RNA and protein expression needs a longer time. 24hours is usually
considered a good frame time to study RNA and protein expression.

R4. Do the authors have an explanation for the cell specific responses of UCB on Ca
transients?
A4: The different impact of UCB on Ca transients between neuronal and glial cells fits
with the different toxic effect of UCB in neurons and glial cells. The observation that in
astrocytes, the spontaneous glial Ca2+ transients duration was not altered by UCB  is
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in line with our previous demonstration that ER-stress does not occur in U87
astrocytoma cell line despite a intracellular UCB accumulation similar  to neuronal cells
(15).

R5. Could the authors add a figure detailing the proposed pathophysiology of UCB on
neuronal cell Ca dynamics and downstream effects? Would be helpful to the readers
A5: Figure 6 was added to the Ms to explain the proposed mechanism

R6. The authors have previously studied the protective effects of minocycline against
UCB neurotoxicity -- minocycline is a known Ca chelator (whereas non Ca chelator
minocycline derivatives do not show this neuroprotective property) -- would be of
interest in the discussion to visit these effects.
A6) We agree with the comment and we plan to test the direct effect of minocycline on
UCB induced calcium oscillations in a near future. A paragraph dealing with the effects
of minocycline on UCB neurotoxicity was added to the discussion.

We hope to have comprehensively addressed the critiques raised by the reviewer and
we look forward to the acceptance of the revised version.

Cristina Bellarosa, PhD
Corresponding author
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Abstract 30 

Severe hyperbilirubinemia leads to bilirubin encephalopathy in neonates, causing irreversible 31 

neurological sequelae. We investigated the nature of neuronal selective vulnerability to 32 

unconjugated bilirubin (UCB) toxicity.  The maintenance of intracellular calcium homeostasis is 33 

crucial for neuron survival. Calcium release from endoplasmic reticulum (ER) during ER-stress 34 

can lead to apoptosis trough the activation of Caspase-12. By live calcium imaging we monitored 35 

the generation of calcium signals in dissociated hippocampal neurons and glial cells exposed to 36 

increasing UCB concentrations. We showed the ability of UCB to alter intracellular calcium 37 

homeostasis, inducing the appearance of repetitive intracellular calcium oscillations. The 38 

contribution of intracellular calcium stores and the induction and activation of proteins involved in 39 

the apoptotic calcium-dependent signaling were also  assessed .Thapsigargin, a specific inhibitor 40 

of Sarco/endoplasmic reticulum ATPase (SERCA) pumps, significantly reduced the duration of 41 

Ca2+ oscillation associated with UCB exposure indicating that UCB strongly interfered with the 42 

reticulum calcium stores. On the contrary, in pure astrocyte cultures, spontaneous Ca2+ transient 43 

duration was not altered by UCB. The protein content of GRP78, AT6, CHOP, Calpain and 44 

Caspase-12 of neuronal cells treated with UCB for 24h was at least 2-fold higher compared to 45 

controls. Calcium-dependent Calpain and Caspase-12 induction by UCB were significantly 46 

reduced by 50% and 98% respectively when cells were pretreated with the ER-stress inhibitor 4-47 

PBA. 48 

These results show the strong and direct interference of UCB with neuronal intracellular Ca2+  49 

dynamics, suggesting ER Ca2+ stores as a primary target of UCB toxicity with the activation of the 50 

apoptotic ER-stress-dependent pathway. 51 

 52 

Keywords 53 

Neuroscience; Kernicterus; Bilirubin neurotoxicity; Calcium imaging; ER Ca2+ stores; Apoptotic 54 

pathways 55 
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Introduction 57 

 58 

Elevated level of unconjugated bilirubin (UCB) is responsible for the clinical manifestation of 59 

neonatal jaundice. When transient, this phenomenon has no clinical consequences, however  60 

prolonged and severe hyperbilirubinemia may lead to accumulation of bilirubin and 61 

encephalopathy or to a more severe condition named kernicterus (chronic bilirubin encephalopathy) 62 

characterized by irreversible neurological sequelae (1). This pigment circulates in blood bound to 63 

albumin (UCB) with only a minimal free fraction known as free bilirubin (Bf). When the plasma 64 

concentration bilirubin is markedly elevated, the Bf can passively cross cell membrane (2) with the 65 

central nervous system as the most vulnerable organ (3). Neurons, and in particular immature ones, 66 

are mostly sensitive to UCB toxicity (4,5).  67 

Several studies showed the effects of UCB toward plasma membrane, mitochondria, endoplasmic 68 

reticulum (ER), calcium homeostasis,  redox state and increased  cell death by apoptosis (6). The 69 

ability of UCB to alter directly, at the molecular level, neuronal intracellular calcium homeostasis 70 

potentially triggering apoptosis in a cell autonomous manner has not been experimentally 71 

challenged. Besides calcium storage and signaling, a key function of the ER is the folding and 72 

processing of newly synthesized membrane and secretory proteins. Impairments of these functions 73 

are responsible of  a pathological state termed ER stress that will induce apoptosis if ER functioning 74 

cannot be restored.  75 

Among the different intracellular pathways involved in UCB neurotoxicity, in the last decade ER-76 

stress was demonstrated to be a key mechanism both in vitro and in vivo (7–13). Whole genome 77 

gene expression analysis of SH-SY5Y cells exposed to UCB appears similar to the one obtained 78 

exposing cells to Thapsigargin which causes ER-stress by inhibiting the SERCA ATPase proteins 79 

that maintain the high calcium concentration in the ER(14).  Although UCB accumulates in both 80 

neuronal and astrocyte cells, we have previously demonstrated, that UCB induces ER stress only 81 

in neuronal cells and not in astrocytes (15).  Cytosolic increase of calcium was already described 82 

in different models of UCB neurotoxicity (16–18), however the underlying mechanisms remains 83 

partially unknown. In particular, the direct ability of UCB to selectively target neurons and neuronal 84 

spatial and temporal control of intracellular free calcium involving the ER storage machinery.  85 

In this study we expose neonatal hippocampal neurons to UCB and monitor single cell and network 86 

activity by live calcium imaging. We documented the timing and appearance of intracellular 87 

calcium oscillations upon UCB exposure, such episodes are generated by each UCB treated neuron 88 

independently from the ongoing synaptic activity.  We further show, by pharmacological 89 
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treatments, western blot and confocal microscopy that UCB induced ER-stress and calcium release 90 

from ER with subsequent Calpain accumulation and Caspase-12 activation. Of notice, these effects 91 

were not present in  glial cells  further confirming the different susceptibility to UCB of the two 92 

cell types. 93 

 94 

Materials and Methods 95 

 96 

Cell Culture Preparation 97 

Isolation of primary hippocampal tissue was operated in agreement with the guidance of the 98 

National Institutes of Health and with the proper international and institutional standards for the 99 

care and use of animals in research (Italian Ministry of Health, in agreement with the EU 100 

Recommendation 2007/526/CE). All procedures were approved by the local veterinary authorities 101 

and performed in accordance with the Italian law (Decree 26/14) and the UE guidelines 102 

(2007/526/CE and 2010/63/UE). The animal use was approved by the Italian Ministry of Health. 103 

All efforts were made to reduce the number of animals used and to minimize animal suffering. All 104 

the reagents were purchased from Sigma-Aldrich if not otherwise indicated.  105 

Dissociated hippocampal cultures were prepared from postnatal 2-3 days old (P2-P3) Wistar rats 106 

as previously reported (19,20).  107 

Cells were plated on control poly-L-ornithine coated-glass coverslips and were incubated at 37 °C, 108 

5 % CO2 in a culture medium consisting of Neurobasal Medium (Gibco), supplemented with B27 109 

(2%; Gibco), Glutamax (10 mM; Gibco), and Gentamycin (500 × 10−9 M; Gibco). Half of the 110 

culture medium was renewed four days after seeding. Cultures were grown until 8-10 days in vitro 111 

(DIV) and then used for experiments (21). 112 

Primary glial cultures were isolated from neonatal rat (Wistar) cortices at postnatal day 2-3 113 

(P2−P3), as previously described (22,23). Cells were dissociated and grown into plastic 150 cm2 114 

flasks and incubated at 37 °C; 5 % CO2 in culture medium composed of DMEM (Invitrogen), 115 

supplemented with 10 % fetal bovine serum (FBS; Thermo Fisher), 100 IU/ mL penicillin, and 10 116 

mg/mL streptomycin. After 3 weeks, glial cells were incubated for 5 minutes with a 10% 117 

trypsin/EDTA solution, detached from the flask and then plated on poly-L-ornithine (Sigma) coated 118 

coverslips (Kindler, EU) at a concentration of 50000 cells in a volume of 200 μL. 119 

Treatments 120 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

5 
 

UCB toxicity is related to the amount of the free bilirubin (Bf) (24) and the threshold value of 121 

toxicity in vitro occurs at Bf of 70 nM (25).  Three different Bf concentration were tested: 40 nM, 122 

90 nM and 140 nM. Bilirubin (Sigma Aldrich) was purified as previously described (26), dissolved 123 

in DMSO (3 µg/µL) and added to cell medium or to recording solution in the presence of BSA 124 

30M. The concentration of total bilirubin necessary to reach the desired Bf concentration (40 nM, 125 

90 nM and 140 nM) in the presence of BSA 30 M was calculated according to Roca et al.(27). 126 

Accordingly, control experiments were performed exposing the cells to an equal amount of DMSO. 127 

Phenylbutyric acid (4-PBA, Sigma Aldrich) was prepared by titrating equimolecular amount of 4-128 

PBA with sodium hydroxide to pH 7.4. Cells were pre-treated with 2 mM of 4-PBA for 2 h and 129 

then treated with DMSO or UCB at the indicated Bf for additional 24 h in the presence of 4-PBA. 130 

Thapsigargin (Santa Cruz) and Carbonyl cyanide 3-chlorophenylhydrazone (Sigma Aldrich) were 131 

dissolved in DMSO. TTX (Latoxan) was dissolved in water (1 mM).  132 

Live cell imaging 133 

Neuronal and glial cells were incubated in 4 µM Oregon Green 488 BAPTA-1 AM (Invitrogen) for 134 

40 min (37 °C; 5 % CO2) (19,23). The samples were then placed in a recording chamber mounted 135 

on an inverted microscope (Nikon Eclipse Ti-U) where they were continuously perfused at RT by 136 

a recording solution of the following composition (mM): 150 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 10 137 

HEPES, 10 glucose (pH adjusted to 7.4 with NaOH). Ca2+-free solution was identical to the 138 

recording solution except for (in mM): 0 CaCl2, 3 MgCl2, 5 EGTA. 139 

Cultures were visualized with a 20 × objective (0.45 NA) and recordings were performed from 140 

visual fields (680 × 680 µm2, binning 4). Neuronal and glial cells positively stained by Ca2+dye 141 

Oregon green 488 BAPTA-1 were simultaneously visualized within the sampled area and on 142 

average 30 ± 10 fluorescent cells were measured in each field. 143 

Ca2+-dye was excited at 488 nm with a mercury lamp; excitation light was separated from the light 144 

emitted from the sample using a 395 nm dichroic mirror and ND filter (1/8). Images were 145 

continuously acquired (exposure time 150 ms) using an ORCA-Flash4.0 V2 sCMOS camera 146 

(Hamamatsu). The imaging system was controlled by an integrating imaging software (HCImage 147 

Live). All the drugs were diluted with recording solution at the following concentrations (in µM): 148 

1 TTX, 2 carbonyl cyanide 3-chlorophenylhydrazone (CCCP), 5 thapsigargin.  149 

Recorded images were analyzed off-line with Fiji (selecting ROIs around cell bodies), Clampfit 150 

software (pClamp suite, 10.2 version; Molecular Devices LLC, US) and Igor Pro Software (6.32 A 151 

version; WaveMetrics, Lake Oswego, Oregon, USA).  152 
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Intracellular Ca2+transients were expressed as fractional amplitude increase (ΔF/F0, where F0 is 153 

the baseline fluorescence level and ΔF is the rise over baseline); we determine the onset time of 154 

neuronal activation by detecting those events in the fluorescence signal that exceed at least five 155 

times the standard deviation of the noise. Oscillation duration was defined as the time from the 156 

beginning of the calcium rise over the baseline to the time when the amplitude declined to the 157 

baseline. Hence, after obtaining the average values from each cell in a visual field, data were pooled 158 

for all the samples recorded under the same experimental conditions and averaged for further 159 

comparison. 160 

Western blot 161 

Total proteins were extracted by lysing the cells in ice-cold cell lysis buffer (Cell Signaling 162 

Technology, USA). Protein concentration was determined by the bicinchoninic acid protein assay 163 

(BCA) according to manufacturer’s instructions.  Equal  amounts  of  protein  were  separated  by  164 

12% SDS–polyacrylamide  gel  electrophoresis  (SDS-PAGE) and  transferred  to  PVDF  165 

membranes  (Bio-Rad  Laboratories). Membranes were blocked in 5 % milk or 4 % BSA in T-TBS 166 

(0.2 % Tween 20, 20 mM Tris–HCl (pH 7.5) and 500 mM NaCl) and incubated overnight at 4 °C 167 

with primary antibodies:  anti GRP78  (Santa Cruz Biotechnology, sc-13968), anti ATF-6α  (Santa  168 

Cruz  Biotechnology, sc-166659), anti GADD153 (CHOP) (Gene Tex, GTX112827), anti Calpain 169 

(Santa  Cruz  Biotechnology, sc-30064), anti CASP12 (Elab Science, E-AB-64000), anti β-Tubulin 170 

(Santa  Cruz  Biotechnology, sc-32293)) and  anti Actin  (Sigma Aldrich, A 2066). Membranes 171 

were then incubated with anti-rabbit (Dacko Laboratories, Dako-p0448) or anti-mouse HRP-172 

conjugated secondary antibody (Dacko Laboratories, Dako-p0260). Protein  bands  were  detected  173 

by  peroxide  reaction  using ECL  Plus  Western  Blot  detection  system  solutions  (ECL Plus 174 

Western Blot detection reagents, GE-Healthcare Bio-Sciences).  The  relative  intensities  of  protein  175 

bands were scanned and analyzed using the C-DiGit ® Blot Scanner - LI-COR (Biosciences),. The 176 

optical density of the the bands of interest were  normalized to  Actin or β-Tubulin and  represented  177 

as relative to DMSO treated cells. Data are the mean ± SD of  four  independent experiments . 178 

Immunocytochemistry 179 

Cultured hippocampal neurons (2 cultures; 9-10 DIV) were incubated with Bf 90 nM for 24h. 180 

Cultures were then fixed by 4% formaldehyde in PBS for 20 min at RT and blocked and 181 

permeabilized in 5% fetal bovine serum (FBS), 0.3% Triton-X 100 in PBS for 30 min at RT. 182 

Samples were incubated with primary antibodies anti Calpain (Santa  Cruz  Biotechnology, sc-183 

30064), 1:500 dilution; anti CASP12 (Elab Science, E-AB-64000),, 1: 250 dilution; anti-β-tubulin 184 
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III (Sigma,T2200), 1:500 dilution) diluted in PBS with 5% FBS for 45 min. Cultures were then 185 

incubated with secondary antibodies (Alexa 488 goat antimouse (Invitrogen, A32723), 1:500 186 

dilution; Alexa 594 goat antirabbit (Invitrogen, A32740), 1:500 dilution) and DAPI to stain the 187 

nuclei for 45 min at RT and finally mounted on 1 mm thick glass coverslips using the Fluoromont 188 

mounting medium (Sigma). Images were acquired using a Nikon C2 Confocal, equipped with 189 

Ar/Kr, He/Ne, and UV lasers. Images were acquired with a 20 (.. NA) and 40 (..NA) objective. 190 

Confocal sections were acquired every 0.5 µm and identical binning, gains, and exposure times 191 

were used for all images of the same marker. Image analysis was performed using Volocity 192 

software (Volocity 3D image analysis software, PerkinElmer, USA). Each Z-stack was collapsed 193 

into a maximum intensity projection image, prior to intensity analysis. For fluorescence intensity 194 

analysis of caspase 12 and Calpain, a mask was created enclosing the entire neuron. The threshold 195 

for creating the mask was determined based on average and SD values for every image (28). 196 

Statistical Analysis 197 

All data are presented as mean ± standard deviation (S.D.) of the mean. A statistically significant 198 

difference between two data sets was assessed by Student’s t-test for parametric data. Differences 199 

between different groups were assessed using two-way ANOVA and multiple comparisons, 200 

adjusted by Bonferroni or Holm-Sidak correction. Statistical significance was determined at P < 201 

0.05, unless otherwise indicated. Significance was graphically indicated as follows: *P < 0.05, **P 202 

< 0.01, ***P < 0.001. 203 

 204 

 Results 205 

 206 

1. UCB affects Ca2+ transients 207 

To investigate the ability of UCB to impact neuronal calcium dynamics in functional networks, 208 

dissociated hippocampal neurons were treated with different concentrations of free bilirubin (see 209 

methods) and the emerging effect was explored by live calcium imaging.  210 

Neurons, stained with the membrane permeable Ca2+ dye Oregon Green 488 BAPTA-1 AM, were 211 

simultaneously visualized within the sampled area (visual field 680 × 680 μm2, Figure 1A, left 212 

panel); an of average 30 ± 4 fluorescent cells were isolated and imaged in each visual field. Calcium 213 
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activity was assessed before and after bilirubin exposure. Calcium dynamics did not differ in saline 214 

solution among the different samples, that were pooled together and collectively named Control.  215 

In Figure 1A (right panel) sample tracings of spontaneous fluorescent recordings (left traces) or 216 

bilirubin-induced (right traces) at the three different concentrations (40 nM, 90 nM, and 140 nM 217 

Bf) respectively. UCB significantly (** p < 0.01) increased the duration of Ca2+ waves (42 ± 6 s, n 218 

= 150 cells, Bf 40 nM; 54 ± 8 s, n = 140 cells, Bf 90 nM; 50 ± 8 s, n = 155 cells, Bf 140 nM; n = 5 219 

samples for each condition from 3 different series of cultures) when compared to controls (7 ± 3 s, 220 

n = 450 cells, n = 15 samples, from 3 different series of cultures; see the histogram plot in Figure 221 

1A, bottom panel). Bilirubin-induced Ca dynamics are reversible. 5 min washout did not affected 222 

the Ca++ dynamics brought about by 10 min bilirubin application, for all concentrations 223 

tested (Bf 40 nM: from 42 ± 6 s to 37 ± 10 s, after 5 min removal, n = 5 cells;  Bf 90 nM: 224 

from 54 ± 8 s to 51 ± 8 s, after 5 min removal, n= 5 cells; Bf 140 nM: from 50 ± 6 s to 42 225 

± 8 s, after 5 min removal, n= 4 cells). Conversely, upon 10 min bilirubin washout, a 226 

decrease in the Ca++ events’ duration was detected (Bf 40 nM: 11 ± 10 s, n = 5 cells; Bf 227 

90 nM: 22 ± 8 s, n = 5 cells; Bf 140 nM: 27 ± 8 s, n= 5 cells), suggestive of a progressive 228 

clearance of bilirubin, with the Ca++ event duration resembling that of controls (See 229 

supplementary Fig 1S). 230 

Since we detected similar effects of the three different UCB concentrations, in the next set of 231 

experiments we selected 90 nM Bf as the concentration for subsequent experiments.  Hippocampal 232 

cultured neurons once reorganized ex vivo develop functional synaptic circuits characterized by 233 

the generation of electrical activity. We next investigated whether the effect of UCB in changing 234 

calcium oscillations depended on the generation and propagation of action potentials. Fig 1B shows 235 

that application (≥ 5 min) of Tetrodotoxin (TTX, 1 μM; a blocker of fast voltage-dependent Na+ 236 

channels) fully blocked the spontaneous bursts of activity (middle trace) but did not block the 237 

calcium oscillations induced by UCB application, as this treatment had only a slight effect on the 238 

duration of the Ca2+ oscillations, significantly (** p < 0.01) higher when compared before (8 ± 3 s, 239 

n = 120 cells, n = 4 samples, from 2 different series of cultures) and after (44 ± 10 s, n = 120 cells, 240 

n = 4 samples, from 2 different series of cultures) UCB perfusion.  241 

These results point to the ability of UCB to impact calcium pathways although do not allow to 242 

distinguish whether the effect is at the extracellular or intracellular level.  243 

2. Intracellular calcium dependence of UCB calcium signals. 244 
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In order to explore the nature of the observed oscillatory pattern induced by UCB, we investigated 245 

its dependence on extracellular and intracellular calcium. As shown in Figure 2A, when cultures 246 

were superfused with a calcium-free solution, these events showed only a slight, not significant, 247 

reduction in their duration when compared to UCB application (40 ± 8 vs. 50 ± 10 s, n = 120 cells, 248 

n = 4 samples from 2 series of cultures) but a significant (** p < 0.01) increase when compared to 249 

the control (8 ± 3 s, n = 120 cells, n = 4 samples from 2 series of cultures). Remarkably, the impact 250 

of UCB on calcium oscillations is not dependent on the absence of external calcium.  251 

We then explored the possible contribution of intracellular Ca2+ sources, starting from  the role of 252 

mitochondrial Ca2+ uptake by the  use of mitochondrial protonophore carbonyl cyanide 3-253 

chlorophenylhydrazone (CCCP) which dissipates the proton gradient across the inner 254 

mitochondrial membrane and disrupts Ca2+ uptake (29). 255 

Figure 2B shows that CCCP treatment (2 µM; 3-7 min) caused a slight, not significant reduction 256 

(in the Ca2+ oscillations induced by UCB application (38 ± 6 vs. 44 ± 6 s, n = 120 cells, n = 4 257 

samples from 2 series of cultures). Conversely, their duration was significantly (** p < 0.01) higher 258 

compared to the control condition (10 ± 2 s, n = 120 cells, n = 4 samples from 2 series of cultures).       259 

Another source of calcium store and release derives from the endoplasmic reticulum (ER). 260 

Thapsigargin (5 µM; 10 min), a specific inhibitor of sarco/endoplasmic reticulum ATPase 261 

(SERCA) pumps, greatly affected the ability of UCB to impact neuronal Ca2+ activity (Figure 2C) 262 

by reducing the duration of Ca2+ oscillation induced by UCB (16 ± 4 vs 51 ± 8 s, respectively, p < 263 

0.01, n = 110 cells, n = 4 samples from 2 series of cultures).  264 

3. UCB does not impact on Ca2+ transients in glial cells.  265 

To investigate if UCB has exclusively the ability to impair neuronal network, pure glial cells 266 

cultures were grown for 3 weeks and calcium imaging recordings were performed with or without 267 

UCB, at the three different concentrations. Figure 3A, left-panel, shows a representative visual field 268 

of glial cells loaded with the Ca2+ permeable dye and on the left panel, representative fluorescent 269 

tracings of glial cells before and after UCB perfusion, at the three different concentrations. Contrary 270 

to what observed in neurons, UCB at the 3 concentrations tested has no effect on Ca2+ oscillation 271 

durations comparing control cultures (Figure 3B). Surprisingly, UCB has no impact on Ca2+ 272 

oscillation durations comparing control cultures (18 ± 4s, n = 60 cells, n = 2 samples from 2 series 273 

of cultures), with Bf 40 nM (24 ± 5s, n = 58 cells, n = 2 samples from 2 series of cultures), Bf 274 

90nM(18 ± 6s, n = 60 cells, n = 2 samples from 2 series of cultures), andBf 140nM(22 ± 6s, n = 58 275 

cells, n = 2 samples from 2 series of cultures; see plot in Figure 3B). 276 
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4. UCB induces the expression of proteins involved in calcium-dependent apoptotic 277 
signaling  278 

ER function as a dynamic Ca+2 store and has a very high Ca+2 level compared to cytosol. When ER 279 

calcium stores are depleted, the unfolded protein response (UPR) is activated and when prolonged, 280 

it leads to apoptosis. We analyzed the protein expression of ER stress-related genes and of the 281 

proteins involved in calcium-dependent apoptotic signaling in the neuronal cells exposed to Bf 90 282 

nM for 24 h.  Compared to DMSO-treated cells, neuronal cells treated with UCB showed an 283 

induction of GRP78 (1.9 ± 0.8 folds, p < 0.05), cleaved p50 ATF6 (2.1 ± 0.9 folds, p <0.05) and 284 

CHOP (2.7 ± 1.4 folds, p <0.01). Neuronal cells treated with UCB showed also an up-regulation of 285 

Calpain (1.95 ± 0.9 folds, p < 0.05) and the activation of the cleaved Caspase-12 (5.4 ± 1.5 folds, 286 

p < 0.01) (Figure 4 A-B). 287 

Caspase-12 and Calpain activation were also investigated in neuronal cultures treated with UCB 288 

Bf 90 nM for 24h, by immunofluorescence staining, co-immunolabeling the cytoskeletal neuronal 289 

component β-tubulin III (Figure 5). UCB induced a significant (** p < 0.01 increase in Caspase 12 290 

intensity ((176 ± 20%, n = 7 visual fields, from 2 series of cultures),) compared to control sister 291 

cultures (n = 7 visual fields, from 2 series of cultures; see bar plot in Figure 5A).  Similarly, Bf 90 292 

nM promoted a significant (** p < 0.01; ; n = 7 visual fields, from 2 series of cultures, Figure 5B) 293 

increase in Calpain intensity (216 ± 25%;  n = 7 visual fields, from 2 series of cultures) compared 294 

to control sister cultures (see bar plot in Figure 5B).   295 

5. ER stress inhibition reduces Calpain and Cleaved Caspase-12 induction by UCB 296 

A severe and prolonged ER-stress causes cell death. To study the effect of ER-stress on the 297 

activation of calcium-dependent Calpain/Caspase-12 signaling, cells were treated with UCB in the 298 

presence of 4-PBA, a pharmacological chaperone promoting ER folding/trafficking, commonly 299 

considered as an ER-stress inhibitor. Compared to cells treated with Bf 90 nM in the absence of 4-300 

PBA,  the presence of 4-PBA showed a 55% (*p <0.05) and 97% (**p <0.001) down-regulation in 301 

the induction of Calpain and cleaved Caspase-12, respectively (Figure 4 C-D). 302 

 303 
Discussion  304 
 305 
The exposure of neurons to UCB in vitro is associated with the perturbation of intracellular calcium 306 

homeostasis (16–18) and increased death by apoptosis (1). UCB damage seems to affect several 307 

vital functions rather than a single cell death pathway (30) and UCB induced cell death is not linked 308 

to a single pathway. In addition to the role of mitochondria in mediating apoptotic cell death 309 

initiated by UCB (31), the activation of caspase 8, an initiator of apoptosis, was described (32) as 310 
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the participation of NMDA receptors, along with the bilirubin-induced inhibition of protein kinase 311 

C activity (33).  312 

Here we investigated the ability of UCB to activate the cell signaling that leads to apoptosis starting 313 

from ER-stress, involving ER calcium release, Calpain increase and Caspase-12 activation (7). For 314 

the first time, the impact of bilirubin in neuronal cultures was assessed by taking advantage of the 315 

live-cell calcium technique, an important tool able to provide highly qualitative and quantitative 316 

information regarding intracellular mechanisms involving calcium signaling (34).   317 

The main finding is the novel demonstration that bilirubin has the ability to strongly impact the 318 

complex pattern of Ca2+ signaling in neuronal cultures. Dissociated hippocampal cultures allow 319 

direct experimental access to nervous microcircuits. This preparation has been used in neuroscience 320 

research for a long time(23,35) and represents a useful model for studying the dynamics of brain 321 

neurotoxicity(36,37). Our study shows that the application of bilirubin results into larger repetitive 322 

Ca2+ oscillations, whose generation and spreading do not depend on action potential and thus 323 

synaptic activity (29) (Fig.1). Calcium is a key player of cell fate and regulates the activity of 324 

several proteins. Cells regulate the intracellular calcium through integrated channels located on 325 

plasma membrane, mitochondria and ER.  We observed that blocking Ca2+ reuptake at the level of 326 

ER consistently suppressed oscillations led by UCB and suggested that UCB operate on the 327 

endoplasmic reticulum calcium sources (Fig.2).  The ER plays a central role in cellular calcium 328 

storage, signaling and in the folding and processing of newly synthesized membrane and secretory 329 

protein. These calcium-dependent processes require high calcium activity for correct functioning 330 

(38). When ER calcium stores are depleted, the unfolded protein response (UPR) is activated 331 

initially to reestablish normal ER function. When the stress is severe and prolonged, ER-stress 332 

induces cell death (39). Under ER stress the genetic program activated involves both genes like 333 

grp78 that make cells resistant to the stressful conditions (40) and genes like gadd153 (CHOP) a 334 

major player in ER stress-induced apoptosis (41). ER-resident Caspase-12 is also involved in the 335 

execution of ER stress-induced apoptosis (42). Calpains, a family of Ca2+-dependent cysteine 336 

proteases, have been shown to play a role in Caspase-12 activation (43) and elevation of 337 

cytoplasmic Ca2+ level leads to the accumulation and activation of Calpain at the ER membrane, 338 

where it can activate Caspase-12 (7). 339 

The evidence that UCB operates on the endoplasmic reticulum calcium sources (Fig. 2) explains 340 

well the early ER-stress induction by UCB we have previously observed on SH-SY5Y (8,15). In 341 

the present work, we confirmed further the UPR activation by UCB, since we detected protein 342 

induction of the ER- resident chaperone GRP78/Bip and of the pro-apoptotic mediator CHOP (44) 343 
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after exposure of  hippocampal neurons to UCB (Fig. 4 A-B).  The increase in Ca+2 concentration 344 

in the cytosol activates Calpain, which cleaves and activates pro Caspase-12. Activated CASPASE 345 

12 cleaves and activates downstream CASPASES 9 and 3 leading to apoptosis (7). UCB exposure 346 

on hippocampal neurons activates Calpain and Caspase-12  (Fig. 4A-B and 5) and this effect is 347 

blunted by 4-PBA (Fig. 4 C-D) indicating that  this the activation of the apoptotic pathway is 348 

mediated by ER-stress induced by UCB.  349 

Of notice is the observation that in astrocytes, the spontaneous glial Ca2+ transients duration was 350 

not altered by UCB (Fig. 3). This is in line with our previous demonstration that ER-stress does not 351 

occur in U87 astrocytoma cell line despite a intracellular UCB accumulation similar  to neuronal 352 

cells (15). This finding may be at the basis of the higher sensitivity of neuronal than glial cells to 353 

UCB toxicity (4,5). 354 

Increase intracellular Ca+2 events can be both an inducer of ER stress or/and a result of ER-stress. 355 

Further studied are needed to understand if UCB acts first directly on ER- membrane Ca2+ receptors 356 

causing Ca2+ release or if induces ER-stress. If ER-stress would be the primary event, the CHOP 357 

activation by UCB could be responsible for the Ca+2 depletion from ER. CHOP is a pro-apoptotic 358 

mediator of ER-stress induced ER oxidase 1α (ERO1α) activates the inositol-1,4,5-trisphosphate 359 

receptor (IP₃ R), leading to calcium release from ER (44). The release of Ca+2 form ER lumen can 360 

contribute significantly to cell death via Calpain/Caspase-12 (45,46). This hypothesis is sustained 361 

also from data collected on glial cells, where CHOP induction and intracellular calcium increase 362 

are both absent upon UCB treatment.    363 

The strong and direct interference of UCB with neuronal intracellular Ca2+ dynamics can also 364 

explain the mechanisms involved in minocycline protection against bilirubin neurotoxicity. 365 

Minocycline is a broad-spectrum tetracycline antibiotic and in rat liver minocycline was 366 

demonstrated to be a Calcium ions chelator (47). In the hyperbilirubinemic Gunn Rat model, 367 

minocycline administration was demonstrated to prevent cerebellar hypoplasia (48), 368 

bilirubin-induced neurologic dysfunction (BIND) (49) and  brainstem auditory evoked 369 

potentials (BAEPs) abnormalities (50) (51). Further investigation are needed to clarify 370 

minocycline mechanisms of action. 371 

  372 

 373 
Conclusions 374 
 375 
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We have shown a strong and direct interference of UCB with neuronal intracellular Ca2+ dynamics, 376 

while the calcium homeostasis in glial cells remained undisturbed. Our data suggest the neuronal 377 

endoplasmic reticulum but not mitochondrial Ca2+ stores as a primary target of UCB. This induces 378 

the expression of ER-stress related proteins and the activation of the cytosolic calcium-dependent 379 

apoptosis pathway (Figure 6). These results may be relevant to understand the early events and a 380 

better treatment of bilirubin-induced neurological damage and to prevent the permanent 381 

neurological damages caused by kernicterus. 382 
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Figure Legends 538 
 539 
Figure 1. UCB impact on Ca2+ signaling in hippocampal neuronal cultures. 540 

(A) Snapshot of representative filed of neuronal cultures stained with the Oregon Green 488-Bapta-541 
1 AM calcium indicator; repetitive Ca2+ events spontaneously (left) or UCB- induced (right) at the 542 
three different concentrations, recorded in hippocampal cultures; histogram of the average of Ca2+ 543 
oscillation duration in normal saline solution and id UCB Bf 40 nM, 90 nM and 140 nM, 544 
respectively (** p < 0.01; multiple comparisons two-way ANOVA test). (B) Repetitive Ca2+ 545 
fluorescence recordings in saline solution, TTX (1 μM) and in the presence of UCB Bf 90 nM; 546 
histogram reporting the duration of Ca2+ in the three different conditions (** p < 0.01; multiple 547 
comparisons two-way ANOVA test).  548 

Figure 2. UCB effect on intracellular Ca2+ sources 549 

(A) Repetitive Ca2+ fluorescence recordings in saline solution, 90 nM Bf, and in the absence of 550 
extracellular calcium; histogram reporting the duration of Ca2+ in the three different conditions (** 551 
p < 0.01; multiple comparisons two-way ANOVA test). (B) Repetitive Ca2+ fluorescence recordings 552 
in saline solution, 90 nM Bf, and in the presence of CCCP (2 μM); histogram reporting the duration 553 
of Ca2+ in the three different conditions (** p < 0.01; multiple comparisons two-way ANOVA test). 554 
(C) Repetitive Ca2+ fluorescence recordings in saline solution, 90 nM Bf, and in the presence of 555 
Thapsigargin (5 μM); histogram reporting the duration of Ca2+ in the three different conditions (** 556 
p < 0.01; multiple comparisons two-way ANOVA test). 557 

Figure 3. UCB doesn’t impact on Ca2+ signaling in glial hippocampal cultures. 558 

(A) Snapshot of representative filed of glial cultures stained with the Oregon Green 488-Bapta-1 559 
AM calcium indicator; repetitive Ca2+ events spontaneously (left) or UCB- induced (right) at the 560 
three different concentrations, recorded in hippocampal glial cultures; histogram of the average of 561 
Ca2+ oscillation duration in normal saline solution and id UCB Bf 40 nM, 90 nM and 140 nM, 562 
respectively. 563 

Figure 4.. Effect of UCB treatment on proteins involved in calcium dependent apoptotic 564 
signaling in the presence or absence of ER  stress  inhibitor  (4-PBA)   565 

 (A) Representative Western Blot for of GRP78, ATF6, CHOP, Calpain and cleaved Caspase-12   566 
in neuronal cells treated with 0.3 % DMSO and Bf 90 nM for 24h. (B) The optical density of each 567 
band was normalized to Actin or -Tubulin and represented as relative to cells treated with DMSO. 568 
(C) Representative Western Blot for Calpain and Cleaved Caspase-12 in neuronal cells exposed to 569 
0.3 % DMSO or 90 nM Bf for 24 h in the presence ( + ) or absence ( − ) of 4-PBA. (D) The optical 570 
density of the the bands of Calpain and cleaved Caspase-12 were  normalized  to  Actin or -571 
Tubulin  and  represented  as relative to DMSO treated cells. Data are the mean ± SD of  at least 572 
three independent experiments (*P < 0.05, **P < 0.01; Student t test) 573 

Figure 5. Caspase-12 and Calpain expression induced by UCB 574 

(A) Confocal microscopic images of two representative fields of hippocampal neuronal cultures 575 
grown on control (top) or incubated with UCB 90 nM Bf (bottom). Cells were immune-stained for 576 
β-tubulin III to point out neurons (in green, left columns), DAPI for nuclei (in blue, left columns), 577 
and Caspase-12 (in red, central columns), and Overlapping of all the three stains (right columns). 578 
The percentage of Caspase-12 intensity in the two conditions was evaluated and represented as 579 
histogram (** p < 0.01; Student t test). (B) Confocal microscopic images of two representative 580 
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fields of hippocampal neuronal cultures grown on control (top) or incubated with UCB 90 nM Bf 581 
(bottom). Cells were immune-stained for β-tubulin III (in green, left columns), DAPI for nuclei (in 582 
blue, left columns), and Calpain (in red, central columns), and Overlapping of all the three stains 583 
(right columns). The percentage of Calpain intensity in the two conditions was evaluated and 584 
represented as histogram (** p < 0.01; Student t test). 585 

Figure 6. Proposed pathophysiology of UCB on neuronal cell calcium dynamics and 586 
downstream effects 587 

Our data suggest the neuronal endoplasmic reticulum Ca2+ stores as a primary target of UCB. 588 
This induces the expression of ER-stress related proteins and the activation of the cytosolic 589 
calcium-dependent apoptosis pathway involving Calpain induction and Caspase 12 activation.  590 
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Dear Editor, 

 

First, we would like to thank you and the reviewers for the time spent looking over the paper. Based 

on the evaluation of our manuscript “Bilirubin disrupts calcium homeostasis in neonatal hippocampal 

neurons: A new pathway of neurotoxicity” (ATOX-D-19-00857), we submit a revised version of the 

Ms. together with a rebuttal letter dealing with the points raised by the reviewer 

 

Reviewer comments (R) are in blue italic while our answers (A) are in black and include the 

modifications on the revised version of the manuscript. Modifications in the manuscript are 

highlighted in yellow. 

 

R1. The investigators note that similar effects on calcium dynamics were observed across the original 

three bilirubin concentrations studied (40 NM, 90 NM, and 140 NM) - whereas the 90 and 140 nM 

are in the putative toxic range; 40 nM is characterized as "non-toxic" yet had effects similar to those 

of higher levels -- can the authors please address this observation and how it may impact the 

assertion that these effect on Ca dynamics are pathologic? 

 

A1:  The point raised by the reviewer is well taken. We were also surprised to observe alterations of 

calcium dynamics at Bf 40 nM, a concentration assumed to be not toxic. The assumption that the 

threshold of bilirubin toxicity is 70 nM is based on in vitro experiments (Ostrow JD, 2003, Pediatr 

Res 54:98–104). The validity of what observed in vitro to the ex vivo models (in this case) needs to be 

proven. In addition, Bf determination is influenced by the presence of  many factors (FBS, HSA, 

BSA, chloride, pH) that changes among cell medium used to growth  different primary or 

immortalized cell line. Bf should be measured every time in the same media used experimentally for 

each different cell type used (Roca L, 2006, Pediatr Res. Dec;60(6):724-8.) but this is not common 

practice. The Bf effect reflects differences in cell type, maturity, function, species of origin.  Even if 

we do not have a clear explanation regarding the Bf 40 nM ability to disrupt calcium homeostasis, we 

believe that is important to consider that this work was conducted on dissociated primary 

hippocampal cells from P2-P3 Wistar rats that may be a very sensitive model.  

 

R2. Were these changes in bilirubin-induced Ca dynamics reversible with removal - clearance of 

bilirubin?  

A2:  To answer this relevant observation from the reviewer, we have now included in the 

Supplementary Figure 1S results from a series of experiments where the Ca++ dynamics during 

bilirubin application and, upon bilirubin removal, washout was monitored for the three different 

bilirubin concentrations tested. As depicted by the fluorescent traces and summarized in the 

histograms, 5 min washout did not affected the Ca++ dynamics brought about by 10 min bilirubin 

application, for all concentrations tested (Bf 40 nM: from 42 ± 6 s to 37 ± 10 s, after 5 min removal, n 

= 5 cells;  Bf 90 nM: from 54 ± 8 s to 51 ± 8 s, after 5 min removal, n= 5 cells; Bf 140 nM: from 50 ± 

6 s to 42 ± 8 s, after 5 min removal, n= 4 cells). Conversely, upon 10 min bilirubin washout, a 

decrease in the Ca++ events’ duration was detected (Bf 40 nM: 11 ± 10 s, n = 5 cells; Bf 90 nM: 22 ± 

8 s, n = 5 cells; Bf 140 nM: 27 ± 8 s, n= 5 cells), suggestive of a progressive clearance of bilirubin, 

with the Ca++ event duration resembling that of controls (i.e. prior bilirubin application; see for 

example Fig 1A or Fig 2A ).   

 

R3. Where other concentrations (lower than 40; and higher than 140 nM) studied; how about longer 

duration of exposures? The in vitro UCB exposures on Ca transients were 40 minutes whereas UCB 

Rebuttal letter Click here to access/download;Authors' Response to
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effects on Ca dependent apoptotic signaling was 24 hours -- why the different time frames of 

exposure? How does this impact interpretation of findings?  

A3:  We did not test concentration lower than 40 or higher that 140 nM. As a pilot study we explored 

the “canonical Bf concentration” but we agree this will be informative and plan to do it in the future. 

The reason of the different time frames of exposure deals with the timing of events. Calcium release is 

a very early and rapid event, while its effect in terms of RNA and protein expression needs a longer 

time. 24hours is usually considered a good frame time to study RNA and protein expression. 

 

R4. Do the authors have an explanation for the cell specific responses of UCB on Ca transients? 

A4: The different impact of UCB on Ca transients between neuronal and glial cells fits with the different 

toxic effect of UCB in neurons and glial cells. The observation that in astrocytes, the spontaneous glial 

Ca2+ transients duration was not altered by UCB  is in line with our previous demonstration that ER-

stress does not occur in U87 astrocytoma cell line despite a intracellular UCB accumulation similar  to 

neuronal cells (15).  

 

R5. Could the authors add a figure detailing the proposed pathophysiology of UCB on neuronal cell 

Ca dynamics and downstream effects? Would be helpful to the readers 

A5: Figure 6 was added to the Ms to explain the proposed mechanism 

 

R6. The authors have previously studied the protective effects of minocycline against UCB 

neurotoxicity -- minocycline is a known Ca chelator (whereas non Ca chelator minocycline 

derivatives do not show this neuroprotective property) -- would be of interest in the discussion to visit 

these effects. 

A6) We agree with the comment and we plan to test the direct effect of minocycline on UCB induced 

calcium oscillations in a near future. A paragraph dealing with the effects of minocycline on UCB 

neurotoxicity was added to the discussion. 

 

We hope to have comprehensively addressed the critiques raised by the reviewer and we look forward 

to the acceptance of the revised version.  

 

 

 

 
Cristina Bellarosa, PhD 

Corresponding author 
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