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NEONATAL JAUNDICE

Bilirubin enhances the activity of ASIC channels
to exacerbate neurotoxicity in neonatal

hyperbilirubinemia in mice
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Neonatal hyperbilirubinemia is a common clinical condition that can lead to brain encephalopathy, particularly
when concurrent with acidosis due to infection, ischemia, and hypoxia. The prevailing view is that acidosis increases
the permeability of the blood-brain barrier to bilirubin and exacerbates its neurotoxicity. In this study, we found
that the concentration of the cell death marker, lactate dehydrogenase (LDH) in cerebrospinal fluid (CSF), is elevated
ininfants with both hyperbilirubinemia and acidosis and showed stronger correlation with the severity of acidosis
rather than increased bilirubin concentration. In mouse neonatal neurons, bilirubin exhibits limited toxicity but
robustly potentiates the activity of acid-sensing ion channels (ASICs), resulting in increases in intracellular Ca®
concentration, spike firings, and cell death. Furthermore, neonatal conditioning with concurrent hyperbilirubinemia
and hypoxia-induced acidosis promoted long-term impairments in learning and memory and complex sensorimotor
functions in vivo, which are largely attenuated in ASIC1a null mice. These findings suggest that targeting acidosis
and ASICs may attenuate neonatal hyperbilirubinemia complications.

INTRODUCTION

Neonatal hyperbilirubinemia, the elevated concentration of serum
bilirubin, has been known to damage neural function and morphology
(1-3). Accumulation of bilirubin in the central nervous system (CNS)
results in neurotoxicity in areas such as the ventral cochlear nucleus,
vestibular nuclei, cerebellum, and hippocampus (4). Bilirubin
cytotoxicity can be exacerbated during neonatal life by genetic
mutations of key enzymes that are required for its metabolism and
clearance (5, 6) and/or by comorbidities with other complications,
for example, concurrent hyperbilirubinemia and acidosis (7). The
current prevailing hypothesis is that acidosis alters the permeability
of the blood-brain barrier (BBB), resulting in the accumulation of
bilirubin in the brain (8-11). However, there is lack of solid clinical
evidence and mechanistic insight linking concurrent hyperbilirubinemia
and acidosis to increased cell death. Understanding their interactions
holds the potential for identifying molecular substrates as alternative
targets to protect the developing brain from injury during hyper-
bilirubinemia and acidosis.

Acidification due to ischemia and hypoxia can directly activate
acid-sensing ion channels (ASICs), members of the degenerin/epithelial
sodium channel superfamily (12, 13). These channels form homo-
or heterotrimers of the ASIC subunits: 1a, 1b, 2a, 2b, 3, and 4, among
which ASICla, 2a, and 2b are the major subunits found in the CNS
(14-16). Depending on the assembly, functional channels vary their
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half-maximal activation pH values (pHso) and ionic permeability
(17). ASICs are thought to be involved in acidosis-mediated cell
death in ischemic brain injury (18-20). Despite the current conceptual
paradigm that acidosis can enhance the overload of bilirubin to the
neonatal brain (11, 21), the reciprocal relationship between bilirubin-
and ASIC-dependent neurotoxicity remains unknown.

In this study, we examined the relationships between blood pH,
bilirubin concentration, and concentration of lactate dehydrogenase
(LDH) in the cerebrospinal fluid (CSF) (a marker for cell death)
from infants in the intensive care unit. We found that neonates
experiencing hyperbilirubinemia concurrent with acidosis have an
increased concentration of LDH compared with patients with either
condition alone, suggesting a synergistic neurotoxicity. By applying
patch-clamp electrophysiology, Ca** imaging, and cell death assays
to the medial vestibular nucleus (MVN) neurons of neonatal mice,
we demonstrated that bilirubin exhibited marginal neurotoxicity
on its own, but potentiated the currents mediated by ASIC1a channels
in an acidic environment via Ca®*-dependent intracellular signaling,
and jointly boosted neuronal excitability, Ca** overload, and cell
death. Consistent with these results in vitro, neonatal conditioning
with concurrent hyperbilirubinemia and acidosis primed long-term
impairment of sensory and cognitive deficits in vivo in mice. Our
findings offer translational insights into the molecular mechanisms
underlying aggravated neurotoxicity in neonatal brains with hyper-
bilirubinemia and acidosis, suggesting possible therapeutic targets
for clinical intervention of neonatal hyperbilirubinemia.

RESULTS

Cross-correlation analyses of blood bilirubin and pH with
LDH in infant CSF with hyperbilirubinemia and/or acidosis
To quantitatively investigate the relationship between the concentration
of blood bilirubin, pH, and cell damage/death, we collected data
from a total of 162 infants with hyperbilirubinemia and/or acidosis
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who had undergone examination of CSF-LDH, an established marker
of brain tissue damage. The patients were divided into three cohort
groups based on diagnostic criteria for acidosis (group 1), hyper-
bilirubinemia (group 2), and confounding acidosis and hyper-
bilirubinemia (group 3) (fig. S1 and table S1). Statistical analyses with
the Dunnett T3 test indicated that the mean CSF-LDH concentration
in the group 3 cohort was much higher than those of groups 1 and 2
(P < 0.001) (Fig. 1, A to C), implicating severer cytotoxicity with
confounding condition. These differences were independent of age,
gender, and total bilirubin of neonates (fig. S2, A to D).

To explore the relationship among CSF-LDH, blood pH, and direct
bilirubin (DB), we performed the Spearman correlation analyses of
all data from the three groups and found no correlation between
blood pH and DB (fig. S2E). CSF-LDH did not show a strong association
with variations in DB concentration or pH (group 1: p =0.152, P =0.480;
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Fig. 1. CSF-LDH is correlated with blood pH and DB in neonates with hyper-
bilirubinemia and acidosis. (A to C) Data plots comparing blood pH, DB, and CSF-LDH
ingroups 1 (n=24),2 (n=91),and 3 (n = 47) infants on the basis of reference range.
Dunnett T3 test. (D) Scatter plots showing a correlation of CSF-LDH and DB in
groups 1 to 3, Spearman correlation. RR, reference range. (E) Data plots comparing
CSF-LDH in neonates with normal and abnormal DB. (F) Scatter plots by Spearman
correlation analysis showing relationships of the CSF-LDH and blood pH in groups
1 to 3. (G) Data plots comparing CSF-LDH in neonates with normal and abnormal
blood pH. Horizontal black lines represent median with interquartile range.
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group 2: p = 0.096, P = 0.364) but became highly correlated with DB
concentration over a broad concentration range (>10-fold differences)
when concurrent acidosis occurred (group 3) (p = 0.542, P < 0.001)
(Fig. 1D). CSF-LDH was strongly correlated with subtle decline in
blood pH values in group 3 neonates confounded with hyperbiliru-
binemia (p = —0.474, P < 0.001). CSF-LDH was also correlated with
acidosis (group 1: p = 0.458, P = 0.024) but not with hyperbilirubinemia
alone (group 2: p = 0.012, P=0.913) (Fig. 1F). Furthermore, the mean
CSF-LDH concentration was higher in neonates with abnormal
blood pH (133.2 + 18.4 U/liter, n = 71) than in patients with normal
blood pH (45.04 + 1.44 U/liter, n = 91, P < 0.001) (Fig. 1, E and G).
These results led us to postulate that bilirubin itself has limited
toxicity but may exacerbate acidosis-dependent neuronal damage.

Bilirubin enhances ASIC currents in pH-dependent

and voltage-independent manner

To interrogate the potential mechanisms underlying exacerbated
neurotoxicity with confounding hyperbilirubinemia and acidosis,
we examined whether there was an interaction between acid and
bilirubin in the mouse MVN, one of the brainstem nuclei known to
be particularly vulnerable to hyperbilirubinemia-associated toxicity.
By making whole-cell recordings from acutely dissociated neonatal
mouse MVN neurons, we found that protons (by switching solutions
from pH 7.4 to 5.5) can evoke inward currents (Iasics) with pharma-
cological and biophysical characteristics typical of ASICs, as validated
by their sensitivity and voltage-dependent block by tetraethylammonium
(TEA)-Cl and BaCl, (fig. S3), which are known to block heterotrimeric
ASICs (22). To test whether and how Ixgics is modulated by bilirubin,
we exposed MVN neurons to bilirubin at concentrations below the
mean free bilirubin in CSF (14.51 + 5.04 uM/liter, n = 14; table S2)
directly measured with the unagi fluorescent protein (UnaG)-based
detection method (23). We found that I5gcs was potentiated within
3 min of bilirubin application (9 uM) during repeated presentation
of acid (P = 0.002, n = 7) (Fig. 2, A and B). The enlarged currents
were attenuated by amiloride (100 uM), a classical blocker for Ixgics,
and this effect was reversible after a complete washout of bilirubin
(P=0.003, n=7) (Fig. 2, A and B).

To establish the dose dependence of bilirubin on Igics, we
presented a series of concentrations of bilirubin for 3 min to MVN
neurons and found that a maximal potentiation was achieved at
12 uM (Fig. 2C). Construction of the pH dose-response curves
before and after the application of 9 uM bilirubin in the same MVN
neurons revealed that bilirubin produced a relative larger potentiation
of Ixsics at lower pH than at higher pH, resulting in an apparent
shift of the pH dose-response curve (pHsp: 5.56 + 0.02 in control
versus pHso: 6.11 + 0.02 after bilirubin; n = 5, P < 0.001) (Fig. 2D).
This potentiation of Ixsics appeared to be independent of the
membrane potential or permeability of ASICs because bilirubin
potentiated Igics to a relatively similar extent at all potentials ranging
from —60 to +60 mV, whereas the reversal potential remained the
same (Fig. 2E). Collectively, these findings indicated that bilirubin
makes ASICs more sensitive to protons and enhances their chord
conductance, accounting for the increased amplitude of Ixgics in
MVN neurons. The maximal current density remained the same
(Ctrl, control: 0.21 + 0.09 nA/pF; Bil, bilirubin: 0.22 + 0.1 nA/pF,
P =0.447), suggesting bilirubin mainly modulated the gating of ASICs
without affecting the total number of channels on the membrane.
Additional experiments demonstrated that bilirubin slowed the
desensitization of ASICs (the decay time of Isics activated at pH 5.5
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Fig. 2. Bilirubin directly potentiates /Iasics. (A and B) Representative traces and summary data (n = 7) showing /asics is potentiated by treatment of 9 uM bilirubin and
blocked by amiloride. Inset: Scaled and superimposed traces showing increase in the decay time course of /asics before (blue) and after bilirubin treatment (red). (C) Summary
data (n = 5 to 7) showing concentration-dependent potentiation of the /asics in MVN neurons by bath application of bilirubin. (D) Fitted curves showing the pH dose-
response curve for the ASICs with and without bilirubin. (E) Current-Voltage (/-V) curves were fitted by a straight line in the absence and presence of bilirubin with both
reversal potentials at about +60 mV (n = 5). (F) Summary data showing the changes of decay time from the peak to baseline in different concentrations of bilirubin (n =5 to 8).
(G) Line chart showing the changes of normalized decay time in different concentrations of bilirubin. (H and I) Representative current traces and pooled data comparing recovery
time courses from desensitization of /asics before and after bilirubin (9 uM) treatment, which was measured with double-pulse exposures to low-pH solution at different intervals
(210 60 s). Iasics were activated by pH drop from 7.4 to 5.5. For each cell, the amplitude ratios of the second and the first /xsics were plotted as a function of time intervals,
and the data are fitted with a single exponential function to yield time constants for recovery, n = 5 to 13. (J) Representative traces (left) showing activation of the /asics in
the absence and presence of bilirubin in Asicla™~ mice. A weak ASIC-like current was recorded at pH 4.5 in a small number of AsicTa™ cells (4 of 22 cells), as plotted in
the right panel. Error bars represent means + SEM; Student’s t test.

increased from 3.05+ 0.24st05.02+ 0.24sat 9 uM, n=7,P=0.001)  ethylenediamine] (10 uM), a high-affinity chelator of zinc. Although
and accelerated their recovery from desensitization (Ctrl: t=9.121+  zinc potentiated the ASIC currents, it did not occlude bilirubin-
1.332 s, Bil: 1 = 2.563 + 0.578 s, P = 0.005; single exponential fits), induced enhancement (fig. S4, F and G). In addition, given that
again indicating its action on the gating of ASICs in MVN neurons  bilirubin is thought to be easily oxidized, we tested the effect of
(Fig. 2, F to I). Recordings of pH-activated currents with bilirubin  biliverdin, its oxidative product, on Ixgics and found no effect (P =0.929)
in ASICla null neurons independently corroborated that ASICsare  (fig. S4H). These results implicate a cross-talk between bilirubin

the sources of pH-dependent inward currents (Fig. 2]). and ASICs.

Given that bilirubin can readily permeate the membrane and
Ca2+-dependent signaling is involved in the potentiation modulate neuronal activities through intracellular Ca?* ([Ca*']y)-
of ASICs by bilirubin dependent pathways (26), we examined whether [Ca®']; is required

Direct application of bilirubin did not evoke any current from MVN  for bilirubin to potentiate the Ixsics. We tested the effects of two
neurons, and its brief coapplication with acid did not enlarge Ixsics,  Ca®* chelators, ethylene glycol-bis(B-aminoethyl ether)-N,N,N",N'-
indicating bilirubin is neither an agonist (fig. S4, A and B) nor an  tetraacetic acid (EGTA) and 1,2-bis-(2-aminophenoxyethane)-N,
allosteric modulator of ASICs (fig. S4, Cand D). Instead, its potentiating N, N’, N'-tetraacetic acid (BAPTA). Each buffer was added respec-
effects on Igics required several minutes to emerge (fig. S4E), implying  tively in the pipette solution to chelate [Ca?"]; before testing the effect
that bilirubin must act through indirect intracellular signaling pathways.  of bilirubin (Fig. 3A). Intracellular chelation of [Ca?"]; with 20 mM
Considering that bilirubin is known to chelate zinc (24), whichisknown =~ BAPTA attenuated the bilirubin-induced enhancement of Ixgics
to have marked effects on the amplitude and properties of ASICs (25), (P <0.001); in contrast, 11 mM EGTA did not have an effect (P = 0.879)
we examined the effect of TPEN [N,N,N’,N’-tetrakis(2-pyridylmethyl) ~ (Fig. 3, B and C). Knowing that the forward binding rate of BAPTA
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is approximately 100-fold faster compared with EGTA despite similar
equilibrium dissociation constant (27), we interpreted different
effects of these two buffers as such that bilirubin-induced enhancement
of Ixgics requires a rise in [Ca®"];, which is spatiotemporally tight-
coupled to the downstream signaling pathways to up-regulate Ixgics.

The blocking effect of BAPTA on the enhancement of Ixgics by
bilirubin suggested an involvement of Ca**-dependent intracellular
signaling pathways such as protein kinases. To this end, we tested
inhibitors for calmodulin-dependent protein kinase II (CaMKII)
(Fig. 3D), which is known to be involved in mediating the intracellular
effects of bilirubin (28). Addition of 5 uM KN-93, an inhibitor of
CaMKI], attenuated the enhancement of Ingics (P < 0.001) (Fig. 3E).
Because CaMKII is associated with ASICla and enhances its activity
by phosphorylation in other central neurons (28), we next examined
whether bilirubin affects their physical interaction. Using immuno-
precipitation and immunoblot analyses with antibodies against CaMKII
and ASICla (Fig. 3F), we found that bilirubin increased the intensity
of the CaMKII-specific band in ASICla pulldown after 1 hour of
incubation, indicating that bilirubin promotes the association between
ASICla and CaMKII (Fig. 3G). Together, these results suggested
that CaMKII-dependent phosphorylation of ASICs (or their accessory
proteins) is likely responsible for the Ca**-dependent up-regulation
of Ixsics by bilirubin in MVN neurons.

Bilirubin and acid produces synergistic effects on

neuronal excitability

Activation of ASICs has been reported to cause membrane depolarization
in hippocampal and retinal ganglion neurons (29, 30) and spike firings

A

11 mM [EGTA],

0.5 mM [EGTA],
pH 5.5

20 mM [BAPTA],

w

N

11 mM [EGTA],
P =0.002

(31), resulting in excessive Ca®* inflow via themselves or other ion
channels such as voltage-gated calcium channels (VGCCs). To directly
test the functional impact of bilirubin-dependent potentiation of Ixgics
on neuronal excitability, we performed current-clamp recordings to
examine the effects induced by ASICs activation with or without
bilirubin exposure in MVN neurons (fig. S5, A to C). When we tested
solutions with pH values ranging from pH 7.4 to 6.5-7.0, bilirubin
was found to increase firing frequency, but a moderate decrease to
pH 7.0 appears to generate the most enhancement (1.11 + 0.23 to
2.26 + 0.44 Hz, n = 8, P = 0.002) (Fig. 4, A and B), whereas more
acidified solutions would lead to depolarization arrest of spiking.
Because both hyperbilirubinemia and acidosis were chronic
pathological conditions, we next examined whether prolonged
exposure to either acidic solution or bilirubin would affect the
membrane excitability and spike firings. In the same MVN neuron,
a brief 4-s drop in pH (from 7.4 to 7.0) triggered spike discharge,
which immediately stopped upon switching back to normal saline.
In contrast, a 2-min perfusion of extracellular pH 7.0 solution
induced increased spike firing with a sustained membrane depolarization
and continual spike firing even after switching back to the pH 7.4
solution, suggesting the increase in the excitability of MVN neurons
can be long-lasting (Fig. 4C, left top). Although bilirubin alone did
not produce a membrane depolarization, it markedly augmented
the firing rate during and after 2 min of exposure to pH 7.0 solution
(Fig. 4C, left bottom). In contrast, such changes were not observed
in Asicla™"” neurons (Fig. 4, C, right and D). We noted a slight but
persistent depolarization followed by bilirubin in both wild-type
(WT) and Asicl a”'" neurons after switching back to pH 7.4 (Fig. 4E),
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Fig. 3. Intracellular Ca**rise is engaged in bilirubin-induced potentiation of /Ixgics. (A) Representative traces showing bilirubin potentiation of /asics in the presence
of different Ca**-chelating agents, 11 mM EGTA (n = 7), 0.5 mM EGTA (n = 9), and 20 mM BAPTA (n = 12), which was respectively loaded into pipette solution. (B and
C) Summary data showing the effect of 11 mM EGTA (n =7), 0.5 mM EGTA (n = 9), and 20 mM BAPTA (n = 12) loaded in pipette solution on /asics. (D) Representative traces
showing the effect of KN-93, a blocker of CaMKIl, on bilirubin-induced potentiation of /asics. (E) Summary data showing the effects of bilirubin on /agics in the presence and
absence of KN-93. (F) Representative immunoblot (IB) analysis of CaMKIl after immunoprecipitation (IP) of ASIC1a from brain tissues under different conditions. IgG,
immunoglobulin G. (G) Analysis of coimmunoprecipitation (Co-IP) for CaMKIl under the treatment of acidosis and/or bilirubin (n = 3 for each group). Error bars represent
means + SEM; unpaired Student’s t test and one-way ANOVA with post hoc Tukey's test.
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Fig. 4. Sustained membrane depolarization and firings by prolonged exposure to low pH and bilirubin. (A) Spike firings were recorded in current-clamp mode after
pH drops from pH 7.4 to 7.0 in the absence and presence of 9 uM bilirubin for 3 min. (B) Summary data showing the alternation of the firing frequency of evoked action
potentials (AP) and the integral area of depolarization (dt-dV) induced by various pH drops with application of bilirubin (n = 6 to 8). (C) Representative traces showing the
membrane potential and spike firings by a 4-s and 2-min pH drop from pH 7.4 to 7.0, followed by a 2-min washout before and after 9 uM bilirubin in MVN neurons from
WT (n=7) and Asicla™™ mice (n =10). (D) Summary data showing the firing frequency of action potentials in the absence and presence of 9 uM bilirubin treatment for
3 min in neurons from WT and Asic7a™~ mice (n = 7 to 10). (E) Summary data showing the changes of membrane potential in the absence and presence of 9 uM bilirubin
treatment for 3 min in neurons from WT and Asic1a™~ mice (n = 7 to 10). (F) Representative traces and summary data showing the effect of a sustained (2 min) exposure
of pH 7.2 on firing spikes in the absence and presence of 9 uM bilirubin treatment for 3 min (n = 9). Error bars represent means + SEM; Student’s t test, one- and two-way
ANOVA with post hoc Tukey’s test.

implying that some other unidentified cation channels that existin =~ Chinese hamster ovary (CHO) cells (P < 0.001) (fig. S6, A to C),
both genotypes can be activated by bilirubin to elevate the resting indicating native ASICs are unlikely composed of homotrimeric ASICla
membrane potential by a few millivolts. To corroborate the effect of ~ or heterotrimeric ASIC1a/2b. Compound 5b, a new specific blocker
bilirubin on neuronal excitability at an even milder pH value more  of ASICs (39), inhibited Ixsics (fig. S6, A and B). These implicated
consistent with clinical data, we examined the actions of pH 7.2  ASICla/2a as the molecular substrate. We further tested the sensitivity
solution and found that Ix5;cs did not desensitize as seen with more  of native Ixgics to two other blockers, BaCl, and TEA-CI, with the
acidic solutions and that bilirubin robustly potentiated the total former being more effective in blocking heterotrimeric ASIC1la/2b
integral area of Ixgics (P < 0.001) and the firing frequency (P < 0.001)  than heteromeric ASICla/2a or homotrimeric ASICla, whereas the
after perfusion of bilirubin for 3 min (fig. S5D and Fig. 4F). These latter being less selective (22). We found that BaCl, had very little
results demonstrated that bilirubin can amplify acid-dependent effect on Ixsics in MVN neurons, but TEA-CI produced a robust in-
neuronal excitability and firings, synergistically contributing to neuronal  hibition (10 mM TEA-CI: 34.56 + 0.97%; 10 mM BaCl,: 9.12 + 0.38%;
overexcitation during pathological acidosis and hyperbilirubinemia. 7 =5 to 7, P < 0.01) (fig. S6, A and B). These results suggest that
bilirubin potentiation of Ixsics in MVN neurons is caused to a large
Bilirubin potentiates acid-evoked intracellular extent by heterotrimeric ASIC1a/2a channels, as validated by our
Ca”* transients characterization of biophysical and pharmacological properties of
Previous studies have reported that in the CNS, ASICs are expressed  Iasics in MVN neurons from WT mice (fig. S6, A to G). Last, we
abundantly and mainly in the form of either homotrimeric ASICla, recapitulated bilirubin’s effect on ASIC1a/2a expressed in CHO cells,
heterotrimeric ASIC1a/2a, or ASIC1a/2b (22, 32-34), whereas ASIC3-  consistent with that in WT neurons (fig. S6, H to J).
containing channels play an important role in the peripheral nervous Knowing intracellular Ca** rise is involved in the potentiation of
system (35-38). To investigate which isoform is the main correlate  Igics by bilirubin but native ASICla/2a channels are Ca** impermeable,
of native ASICs in MVN neurons, we studied the sensitivity of Ixsics  we further explored the sources of Ca** rise and discerned the effects
to different pharmacological blockers. We found that Psalmotoxin-1  of bilirubin on acid-induced [Ca®"]; elevation by using fluorescent
(PcTx-1), a blocker for homotrimeric ASICla and heterotrimeric ~ Ca®* imaging with fluo-3 AM. The reduction in extracellular pH
ASIC1a/2b but not for heterotrimeric ASICla/2a channels (22),had  from 7.4 to 7.0 induced a slight elevation of [Ca®*];; an elevation of
little effect on Ixgics in MVN neurons at a concentration (50 nM) that ~ [Ca®*]; was caused by a pH drop to 5.5, which was nearly abolished by
significantly attenuated currents mediated by ASICla expressed in  the ASIC antagonist amiloride (fig. S5E). Consistent with previous
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studies, bilirubin itself could cause small [Ca®*]; elevation by a brief
perfusion. The same exposure of bilirubin augmented the acid-
induced [Ca®*]; elevation in WT MVN neurons, and this effect was
blocked in the Asicla™~ cells (Fig. 5A). After prolonged washout
with pH 7.4 solution, the fluorescence intensity of [Ca®"]; remained
at a higher concentration in WT neurons compared with that in
Asicla”"” neurons (Fig. 5, B and C). Comparison of the integral areas
of Ca”* responses indicates that the effects of bilirubin on acid-
induced [Ca*]; elevation are ASIC dependent, long-lasting, and
supralinear (Fig. 5, D and E). This result is consistent with the ob-
servation that bilirubin prolonged the opening of ASICs to increase
neuronal excitability, resulting in an overload of [Ca®"]; and, conse-
quently, neurotoxicity.

To examine the source of supralinear rise in Ca®* integrals during
low pH and bilirubin, we tested the possible contribution of other
Ca**-permeable channels. The action potentials evoked by low pH
are known to facilitate the activity of VGCCs, which may result in
the excessive influx of Ca**. Addition of CdCl, (200 uM), a nonspecific
blocker of VGCCs, into the bath solutions attenuated the [Ca®'];

A B
pH7.0+
Bil Recovery

31

24

lpH74

A

—ASIC1a**(5)
AsIC1a~~(5)

rise, suggesting that the acid-induced [Ca®']; elevation is largely
caused by the compounded effects from intracellular Ca®* release and
influx via VGCCs during repetitive spike firings (Fig. 5F).

Bilirubin aggravates neurotoxic effects by potentiating

the activity of ASICs

To directly test whether bilirubin works via ASICs to exacerbate cell
death, we performed cell injury assays in MVN slices from WT and
Asicla™"” mice by fluorescence staining of alive and dead cells (with
basal cell death about ~40% likely due to acute brain slice prepara-
tions; fig. S7A). The mortality of MVN neurons from WT showed
an increase at pH 7.0 compared to that at pH 7.4 (P = 0.018), whereas
Asicla™"" mice at pH 7.0 showed no significant change (P = 0.319).
In the presence of bilirubin, acidification enhanced neural death in
WT (P <0.001) but not in Asicl a" slices (P =10.058) (Fig. 6A). The
mortality of MVN neurons was also reduced by 1 hour before incuba-
tion of BAPTA-AM (P < 0.001) (Fig. 6A) and compound 5b (P < 0.001)
but not PcTX-1 (P = 0.364) compared with that in bilirubin at pH 7.0
(Fig. 6B). Given the previously reported cross-talk between ASICla
and N-methyl-p-aspartate receptors
(NMDARSs)-NR2B under ischemic con-
ditions, we also performed cell death as-
says in the presence of MK801, a specific
pore blocker of NMDARs. We found that
MKB801 attenuated mortality under bil-
irubin and acid conditions in WT (P <
0.001) but not in Asicla™ neurons (P=
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presence of bilirubin in neurons from WT and Asicla™~

means + SEM; Student’s t test, one- and two-way ANOVA with post hoc Tukey’s test.
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in neurons of MVN. (A and B) Example images and
time courses of changes in fluorescence intensity of [Ca?*]; evoked by a pH drop from 7.4 to 7.0in the absence and
mice. (C to E) Summary data showing differences in the
amplitude or integral area of fluorescence intensity of [Ca®*];in WT and AsicTa™~ mice (fu, fluorescence intensity unit).
The time window is 200 s for the integral area after the solution switch. (F) Representative images and pooled data
showing the effect of 200 uM CdCl, on supralinear increases in [Ca2+]i by acid and bilirubin (n = 5). Error bars represent

not in Asicla™"~ neurons. Similarly, bil-
irubin did not induce any cell death at
pH 7.0 in nontransfected CHO cells
(fig. S7C) but increased the mortality
of ASICla/2a-green fluorescent protein
(GFP)-transfected CHO cells (P < 0.001)
(Fig. 6E). Together, these data strongly
2 8 argue that ASICla-containing channels
7 are the molecular substrate underpin-
ning bilirubin-induced cell death after
intracellular Ca** overload.

To consolidate the role of bilirubin
in ASICla-induced neuronal injury, we
measured the release of LDH from slices.
Compared to slices treated at pH 7.4,
exposure of slices for 1-hour to acidic
solution at pH 7.0 or bilirubin containing
solution at pH 7.4 increased LDH release.
However, a stronger increase was induced
by bilirubin at pH 7.0. Bilirubin was
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Fig. 6. Bilirubin enhanced acid-dependent cell death. (A) Summary data showing the mortality ratio of MVN neurons in WT and AsicTa
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st
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'~ mice respectively under dif-

ferent bath conditions for 1 hour (Bil: 9 uM; BAPTA-am: 50 uM) (n = 6 to 13). (B) Summary data showing the effect of two specific blockers of ASIC1a, PcTX-1 (50 nM) and
compound 5b (10 uM), on mortality with both bilirubin (9 uM) and acidosis (pH 7.0) (n = 8 to 12). (C) Summary data showing the effect of MK801 (1 uM), an inhibitor of
NMDARSs, on the mortality of MVN neurons in WT mice but not in Asicla™~ mice (n = 6 to 10). (D) Summary data showing the effect of CdCl, (200 uM), a nonspecific inhibitor
of VGCCs, on the mortality of MVN neurons (n = 9 to 20). (E) Summary data showing the percentage of dead cells in ASIC1a/2a-GFP-transfected CHO cells at pH 7.0in
the treatment of bilirubin (n = 6). (F) Summary data showing the LDH release assay in slices from WT and Asic7a™~ mice incubated in different conditions (n = 10 to 20).
(G) Dose-dependent LDH release assay by incubation of bilirubin in pH 7.4 and 7.0 solution (n = 9 to 10). (H) Top: Representative image of nontransfected and
ASIC1a/2a-GFP-transfected CHO after 1-hour incubation in bilirubin (9 uM) and pH 7.0 extracellular solution showing line scan position (white arrow). Bottom: Quantified
fluorescence from GFP and resorufin (fu, fluorescence units). First and second peaks represent the maximal fluorescence of resorufin in two types of CHO cells. (I) Summary
data showing the viability of ASIC1a/2a-GFP-transfected CHO cells in different conditions by normalizing their blue fluorescence intensity to those of nontransfected
neighbor cells (percentage of second peak to first peak). (n = 5). Error bars represent means + SEM; Student’s t test, one- and two-way ANOVA with post hoc Tukey’s test.

ineffective in potentiating cell injury in Asicla™'~ neurons (Fig. 6F).
The effect of bilirubin on LDH release was concentration dependent
(Fig. 6G). The viability of CHO cells was further assessed by the cell
titer blue assay, using resorufin as a fluorescent marker of live cells
(Fig. 6H, color-coded dark blue). In ASICla/2a-GFP-transfected
cells, bilirubin and acidosis alone failed to induce reduction in blue
fluorescence intensity (fig. S7, D to F). Coapplication of bilirubin
and pH 7.0 caused a reduction in blue fluorescence intensity (Fig. 6,
H and I), demonstrating that bilirubin itself has subtle effects on cell
viability but aggravates cell damage through ASICla-containing
channels. Together, these results support a new functional link
between hyperbilirubinemia and acidosis-mediated cell injury and
death that might help to explain the clinical evidence showing a
markedly higher CSF-LDH concentration in infants with concurrent
hyperbilirubinemia and acidosis.

Concurrent hyperbilirubinemia and acidosis in mouse

neonates cause long-term damage to brain functions

To model the effects of hyperbilirubinemia with or without concurrent
acidosis in vivo, we subjected neonatal mice (P3) to three separate
experimental conditions on a daily basis for 1 week: condition 1
[hyperbilirubinemia (HB)]: Mice were injected (intraperitoneally)
with bilirubin (50 ug/g); condition 2 [acidosis (AS)]: Mice were placed

Lai et al., Sci. Transl. Med. 12, eaax1337 (2020) 12 February 2020

in a low-oxygen chamber (10% O) for 1 hour per day; and condi-
tion 3 (HB + AS): Mice underwent both bilirubin injections and
low-O, exposure; these groups were compared with the vehicle
(injected with phosphate-buffered saline buffer) group. At P10, we
assessed the permeability of the BBB in vivo by injecting Evans Blue,
an intravital blue dye that binds to albumin and penetrates into the
brain only when BBB is compromised. As shown in Fig. 7A, we
found that all the brain slices from the AS and AS + HB groups were
stained blue (optical density, P < 0.001; Fig. 7B, left), especially in
the hippocampus, brainstem, and cerebellum with minimal stain-
ing of the cortex (Fig. 7B, right). These results demonstrated that
acidosis, but not hyperbilirubinemia, increased the permeability of
BBB and that this effect is not dependent on ASICs because brain
slices from Asicla™’~ mice showed similar degrees of Evans Blue
staining under the condition of concurrent AS + HB. To validate
acidification of CSF after hypoxia, we tested the blood and CSF pH
of AS mice immediately after hypoxia conditioning (fig. S8A). As
shown in fig. S8B, we found that the CSF pH (7.188 + 0.129) is higher
than the blood pH (6.688 + 0.067, P = 0.009), justifying our choices
of solutions with different degrees of acidification for experiments
in vitro. In addition, the exacerbated brain injury by HB + AS over
either condition alone was independently validated by elevated CSF-
LDH at P10 in a subset of neonatal mice (fig. S8, C to E). Age-dependent

7 of 12

0202 ‘8T Areniga- uo Ausianiun Buoloeir reybueys e /Hio Bewadsuslos uis//:diy woiy papeojumod


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A ASIC1a** AsICla~- B c
m P10OP10@ HB M Veh. MHB WAS
__veh. BAS OHB+AS DHB+AS CIHB +AS [Veh.[IHB +AS
P1 P10 HB AS HB+AS HB+AS — -
6 < £ 250
‘ . G ATy e £=0001, ¥
L T ™R w,’;@ TR {w = 2 200
- g & %
Cortex Hippocampus Brainstem Cerebellum _g 8150
- kel
e 100
Q o
o g 50
)
X
D E F G
MWM test Fear conditioning  ___;,
o 150 ECtl @HBEAS Conditioning (day 1) '
£ -~ AS
= 0 csus B
g < -
E ?1 F] F] X - HB+AS
< 3 min 10 min E
o £ Retrieval (day 2) £
= 2 cs 3
‘T [}
© —
] g mm
g 3 min 10 min
Training day
H | J K
M Veh.@HB @AS Gait analysis Rotarod test
Veh HB +AS ABR test OHB +AS W Veh EHB EAS HVeh. MHBEAS
gggg w\/\/\M BKHZ P [OHB +AS OVeh.OHB + AS OHB+AS OVeh.OHB +AS
sods — NN —o— Veh. 50 —F£z0066
fsd8 e O P<0001 e 15 3 -
T T~ -o- HB+AS _ — PR
SETWxT— o @ ® @ 40 I A
55 4B — AN~ e O, kel =10 g ° a5 >
pH - B VAR A - T 30 «f ¥ E S 4 <
0d8 — N~~~ o 2 40 <} 3 @ O o g
35dB N < L4 N o S
3048 =" 9 @ 20 B T 2
= jd o ¥ < 5 ©
BE £ £ | S
15d8 > = 20 = 10

100 ms

0
0 5 10 15 20 25

Frequency (kHz)

++ -/- +H+ ==

Fig. 7. Behavioral deficits in mouse models with early postnatal exposure to hyperbilirubinemia, acidosis, and both. (A) Representative images of dissected brain
slices from mice from six different experimental conditions revealing permeability of BBB in global brain labeled by Evans Blue (top). Veh., vehicle at P1/10; HB, hyperbil-
irubinemia; AS, acidosis; it should be noted that HB, AS, HB + AS in WT, and HB + AS in Asicla™’~ mice were all conditioned for 7 days before Evans Blue were injected at
the age of P10. Zoom-in images of cortex, hippocampus, brainstem, and cerebellum dyed by Evans Blue (bottom). (B) Summary data showing the global optical density
(OD) of Evans Blue for slices from different groups (left, n = 12) and regional OD of cortex, hippocampus, brainstem, and cerebellum between Veh. and AS mice at P10
(right, n = 5). (C) Summary data showing the percentage of age-dependent increase in body weight between P10 and P3 under different conditions (n = 5 to 6). (D) Repre-
sentative real-time track records of mice in MWM test. The smaller blue circle represents the platform, the blue and red points represent the starting and stopping position,
respectively. (E) Summary data showing the escape latency for mice to find the platform in the MWM test (n = 4 to 6). (F) Experimental scheme for the fear conditioning
test: The mice were placed in the chamber for 3 min to test the initial fear time (baseline freezing in percentage) before pairing pure tone (CS, 4 kHz, 76 dB, 30 s) and foot
shock (US, 0.5 mA, 2 s). (G) Summary of freezing time during fear conditioning (Con., left) and retrieval (Retr., right). One-way ANOVA with post hoc Tukey'’s test was used
to compare the differences among animal groups in each trial (Veh., n = 6; AS, n = 6; HB, n = 4; HB + AS, n = 6). (H) Representative traces showing the typical ABR waveforms
from the Veh. and HB + AS groups mice at the testing frequency of 8 kHz. (I) Line chart (left) showing the thresholds of Veh. mice and HB + AS models at frequencies of 4,
8, 16, and 24 kHz in ABR recordings, and bar graph (right) showing that the threshold of the HB + AS group mice was higher than that of the other groups at the frequency
of 8 kHz (n = 3 to 6). (J) Representative image showing the footprints from the Veh. group, d1 and d2, respectively, represent the left and right stride length measured
along a line connecting two consecutive prints from the same paw. (K) Summary data showing the difference between the right and left stride length among the different
groups (n =3 to 6). (L) Summary plot showing the time for mice to fall off the rod (n = 4 to 6). It should be noted that Asicla™~ mice are well known for their major behavioral
deficits, for example, in learning and memory (73), and were, thus, not subjected to all tests in parallel. Error bars represent means + SEM; unpaired Student’s t test and
one-way ANOVA with post hoc Tukey’s test.

increase in body weight in HB + AS mice was markedly lower than
that in the other two groups models and even in HB + AS Asicla™~
mice (P < 0.001) (Fig. 7C), implicating a globally negative impact of
concurrent hyperbilirubinemia and acidosis on development.
Previous clinical studies have reported that neurodevelopment
impairments by kernicterus may occur during the first year of life,
such as low weight at birth, learning disability, movement disorders,
and sensorineural hearing loss (11). To examine the long-term impact
of early neonatal conditioning on brain functions, we designed a
series of behavior experiments for three groups of WT mice when

Lai et al., Sci. Transl. Med. 12, eaax1337 (2020) 12 February 2020

they reach the age of 4 to 5 weeks after 7 days of conditioning from
P3 to P10. To test hippocampus-based functions, we performed the
Morris water maze (MWM) test (Fig. 7D) and found that all mice
with HB, AS, or HB + AS conditioning showed longer delays to find
the hidden platform than those without conditioning. Although all
mice were able to learn and remember the task over 4 days of training
by requiring less time to reach the platform, HB + AS mice showed
consistent deficits in completing the task (Fig. 7E). Considering that
HB + AS mice may have motor deficits that affect their performance
in MWM, we conducted the fear conditioning test, which represents
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a contextual learning and memory paradigm that is dependent on
the hippocampus but not brain regions for motor coordination
(Fig. 7F). We found that HB + AS mice exhibited much lower freezing
response to tone as conditional stimuli (CS) during fear conditioning
(F5,18 = 14.46, P < 0.001 in the fourth CS) and retrieval compared
with the other two groups of mice (F3 ;3 = 8.81, P < 0.001 in the
fourth CS; Fig. 7G). These results implicated that HB + AS condi-
tioning during the early neonatal stage can lead to prominent spatial
learning and memory abnormalities later on. Given the prominent
extravasation of Evans Blue into the hindbrain after HB, AS, and
HB + AS conditioning, we further examined the sensorimotor functions
of the three groups of conditioned mice. By measuring and compar-
ing the auditory brainstem responses (ABRs), we found that HB +
AS WT mice showed an upward shift in threshold at all frequencies,
with 8 kHz being the most affected (P < 0.001) (Fig. 7, H and I). Gait
analysis using stride length measurements showed that all mice were
able to control their basic balance and motor functions (Fig. 7, ] and K).
However, when we challenge these mice with accelerating the rotarod,
we found that HB + AS WT mice, but not HB or AS mice, displayed a
deficit in staying on the rod as evidenced by 50% decrease in the latency
to fall (Fig. 7L). This deficit was completely absent in Asicla™~ mice.
These results suggested that early conditioning of neonatal brains with
HB + AS can work through ASICs to negatively affect the long-term trajec-
tory of both sensory and cognitive functions of the developing brain.

DISCUSSION

Bilirubin-induced neurotoxicity is widely accepted as a leading cause
of hearing loss, balance, motor control, and cognition deficits in children
with severe clinical hyperbilirubinemia, and is often aggravated by
confounding factors such as prematurity, infection, sepsis, hypoxia,
ischemia, and acidosis (11, 21), all of which may increase the perme-
ability of BBB to bilirubin. It is classically believed that acidosis
promotes precipitation of bilirubin in the developing brain where
differentiating neurons are vulnerable to bilirubin toxicity (40-43).
Our analyses of clinical data from three populations of neonates
demonstrated that coexistence of hyperbilirubinemia and acidosis
leads to more severe brain injury, as indicated by CSF-LDH, than
either condition alone. However, the steep dependence of CSF-
LDH on pH but not DB (over a wide range of concentration: 10 to
100 pM/liter) prompted us to investigate the possibility that bilirubin
enhances ASIC-dependent neurotoxicity. DB is one of the major
forms of bilirubin in blood detectable in clinical (direct, indirect,
conjugated, and unconjugated) and is thought to be positively cor-
related to the free bilirubin concentration and neurotoxicity (44).
Notably, the pathologically relevant concentrations of free bilirubin
remain elusive and debated, in part due to the challenge that clinical
biochemical measurements of peak bilirubin often mismatch the
appearance of symptoms in human neonates. However, previous
studies from a widely accepted model, the Gunn rat model, showed
that free bilirubin was 2743 to 10080 nM (45, 46). Our pilot study
indicated that free bilirubin concentrations in the CSF of neonates
with hyperbilirubinemia also fall into a similar micromolar range,
supporting the idea that the bilirubin concentrations used in the
experiments are clinically relevant. Our experiments in vitro with
relevant bilirubin concentrations showed it has marginal effects on
neurotoxicity but enhances ASIC activity in MVN neurons and
their overexcitation, [Ca>']; overload, and cell death (LDH release).
Bilirubin’s effects appear to be the most robust for moderate decreases
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in pH, 7.0 to 7.3, which are consistent with previously reported CSF
pH values in neonates with acidosis (47). Our findings implicate the
necessity of carefully monitoring the pH for the clinical management
of hyperbilirubinemia.

Clinical indicators such as brainstem auditory evoked potentials
or ABRs help establish the predictive validity in determining the spe-
cific sites of bilirubin-induced brain damage (I, 42, 48); however,
absence of gross degenerative changes in the auditory brainstem
suggests that subcellular or biochemical factors should be sought to
reflect the early neuropathological changes in neonatal hyperbiliru-
binemia. Our clinical datasets indicate that CSF-LDH is increased
in neonates undergoing hyperbilirubinemia, acidosis, or both. This
suggests that CSF-LDH is a reliable and objective index of tissue
breakdown, particularly for brain damage, and that comparison of
the measured LDH values and pH changes for children experiencing
clinical hyperbilirubinemia may help guide not only diagnosis but
also treatment (49, 50). This is in line with assays for which the LDH
concentration is widely used in basic studies for cell injury assay
(20, 51, 52). It should be noted that these assays focus on chronic
effects of hyperbilirubinemia and acidosis with incubation time being
1 hour, which differ from our electrophysiology experiments that use
acute treatment for 3 min. The relative LDH release was markedly
increased in neonatal mouse brain slices incubated in bilirubin at
pH 7.0 or CSF of neonatal mice conditioned with HB and AS, con-
sistent with the clinical observations mentioned above.

Our extensive biophysical and pharmacological analyses of bilirubin’s
effects on the neonatal mouse MVN neurons indicate that native
ASICs are likely heterotrimeric, composed of ASICla and ASIC2a
subunits. Homotrimeric ASICla and heterotrimeric ASICla/2a and
ASICla/2b are the most abundant ASIC configurations in CNS neu-
rons (53, 54), and their pharmacological properties depend on the
subunit composition. Heteromeric ASIC2a and 2b have been shown to
be relatively insensitive to protons (17). Unlike homotrimeric ASICla,
which is permeable to Ca** and sensitive to PcTX-1, ASIC1a/2a and
ASICla/2b are sensitive to TEA-Cl and barium, with ASICla/2a being
less sensitive to barium than ASICla/2b. Moreover, the inhibition of
ASICla/2a and ASICla/2b by TEA-Cl and barium exhibits different
voltage-dependent relationships (22). Our findings that BaCl, has a
weak inhibitory effect on the bilirubin-induced potentiation of Ixsics
and that small pH drop does not appear to increase [Ca**];, implicate
ASICla/2a as the main molecular correlate of Ixgics without Ca**
permeability in native MVN neurons. Our observations that com-
pound 5b, a new blocker for ASIC1a homomeric and ASICla/2a het-
eromeric channels, effectively blocks native ASIC currents, which are
insensitive to PcTX-1, a specific blocker for homomeric ASICla and
heteromeric ASICl1a/2b (22), lending further support to the postulate
that ASIC1a/2a channels are the most likely correlate of native ASICs
in MVN neurons. Pharmacological titration of ASIC currents with
compound 5b by 50% was sufficient to attenuate cell death, whereas
genetic knockout of ASIC1a ablates the native Ixgics from MVN and
cell death reinforces our view that bilirubin-dependent enhancement
of ASICs accounts for aggravated cell death under hyperbilirubinemia
and acidosis. Moreover, ASICla/2a has alow H" sensitivity with the
half-maximal activation at pH 5.4 to 6.1 (55), in line with what we
have observed for bilirubin-induced potentiation of Isics being pH
dependent. These collectively support the argument that heterotri-
meric ASICla/2a is the primary form of ASICs in MVN neurons.

Bilirubin can increase neuronal excitability and spontaneous firings
in developing neurons, possibly allowing Ca** influx via VGCCs as
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well as intracellular Ca®* release from internal stores (56-59). The
elevated [Ca”"]; in turn increases CaMKII-dependent phosphorylation
of ASICs and potentiates the amplitude of Ixgics (60, 61). In line with
findings by Gao et al. (19) that ASICs are physically associated with
CaMKII to promote protein phosphorylation including ASICs them-
selves, we demonstrated that bilirubin can increase the association be-
tween ASICla and CaMKIIL CaMKII can be activated by Ca** binding
to CaM and involved in bilirubin-induced neuronal toxicity (62); thus,
the findings that the enhanced ASIC activation was abolished by BAPTA
loaded into neurons to chelate [Ca**]; and that neuronal mortality was
decreased by BAPTA or CdCl, suggest that Ca** plays a critical role
in activating intracellular signaling cascades to potentiate Iasics. In
addition, membrane depolarization induced by ASICla-containing
channels and glutamate or GABA 4 receptors also contributes to the
activation of VGCCs, leading to [Ca®*]; overload and, thus, cell death
(59, 63, 64). We conceptualize our findings from these in vitro ex-
periments that bilirubin potentiates ASIC activity via Ca**-dependent
signaling and overload, ultimately resulting in cell injury and death
in neonatal brains.

Our findings in vitro led us to test the hypothesis that neonatal
hyperbilirubinemia concurrent with acidosis may cause long-term
brain damage in vivo. Neonatal mice with acidosis through hypoxia
exhibit an increase in BBB permeability, confirming that acids en-
hance the accessibility of bilirubin to the brain, where it precipitates
to exert its neurotoxicity. However, the concentration of bilirubin
alone does not predict the risk of encephalopathy, as bilirubin-
induced neurotoxicity depends on complex interactions between its
concentration and the cellular characteristics of the developing brain
as demonstrated in this study and inferred by others (21). Behavioral
experiments in this study showed that neonatal mice with early HB +
AS conditioning exhibited more profound deficits in spatial memory,
sensorimotor function, and hearing than either HB or AS alone when
they reach adulthood. Because these tasks depend on the hippocampus,
cerebellum, and brainstem, including vestibular and auditory nuclei
where ASICla is expressed abundantly and bilirubin seems to prefer-
entially precipitate (65), our observations, thus, corroborate the idea
that bilirubin and ASICla play a synergistic role in causing early
brain damage that can be manifested as profound long-term neuro-
logical phenotypes later in life.

The study presents some limitations: The ethical issues for us to
timely access infant CSF samples in the intensive care unit (ICU)
have precluded us from testing the pH of brain fluid from clinical
subjects with hyperbilirubinemia and/or acidosis. As a result, we only
have blood pH values of these subjects as a proxy for correlation
analyses of clinical datasets. It is still unclear whether the CSF pH
values in those patients are consistent with those in our mouse models
in vitro and in vivo. Furthermore, long-term neurological and cogni-
tive outcomes in subjects with hyperbilirubinemia and/or acidosis
are rather heterogeneous. Neonates with hyperbilirubinemia and
acidosis will usually receive immediate treatments including photo-
therapy (66) and correction of respiratory acidosis to raise the brain
pH (42). Despite these effective interventions, some neonates still
develop lifetime impairments in sensorimotor and cognitive functions.
Future studies are clearly needed to address why and how neonatal
hyperbilirubinemia can lead to irreversible neurotoxicity in a subset
of subjects. This study exemplifies acidosis as one of the risk factors
of other medical conditions along with hyperbilirubinemia.

In conclusion, our findings from clinical subjects with hyper-
bilirubinemia and/or acidosis and experiments on mouse neonatal

Lai et al., Sci. Transl. Med. 12, eaax1337 (2020) 12 February 2020

neurons in vitro converge onto the idea that their synergistic actions
are largely mediated by effects of bilirubin on ASICla-containing
channels. These channels can boost the neuronal excitability and
[Ca®*]; overload via VGCCs and Ca®* release beyond the capacity of
neonatal neurons to cope, ultimately leading to neuronal injury and
long-term sensory and cognitive impairments in vivo. We advocate
that protecting neurons from excitotoxic insults requires serious
attention to CSF-LDH and pH in clinical hyperbilirubinemia includ-
ing those with genetic risks (5, 6) and that ASICla be considered as
a potential target for the treatment of confounding hyperbilirubinemia
and acidosis, hypoxia, and ischemia in infants.

MATERIALS AND METHODS

Study design

We designed this study to investigate the quantitative relationships
between acidosis, hyperbilirubinemia, or both conditions with the
extent of brain injury in newborns experiencing severe hyperbiliru-
binemia in the ICU using objective markers, namely, CSF-LDH,
blood pH, and bilirubin concentration. These measurements were
routinely performed in a clinical laboratory at Shanghai Children’s
Hospital for the purpose of clinical diagnosis and treatments. Investi-
gators for the clinical data analysis and sample collection were double
blinded. The clinical data were enrolled by criteria and shown in fig.
S1. The results from the clinical data rationalized further investigations
of cellular and molecular mechanisms underlying exacerbated neuro-
toxicity using isolated mouse neurons and brain slices in vitro and
long-term behavioral impact in vivo in mouse models. Mice 4 and
5 weeks old were randomized by gender during behavioral tests fol-
lowed by 7 days of modeling from P3 to P10. The number of animals
per group in all the experiments was determined on the basis of
prior literature, power calculation, and experience from our previous
studies to ensure enough sample sizes to allow the detection of statis-
tically significant differences.

For the MWM, ABR, fear conditioning, rotarod test, coimmuno-
precipitation and Western blotting, and CSF pH measurement in animal
models, experimenters were blinded during data acquisition. We also
used CHO cells expressing ASICla/2aand Asicla™~ mice for mechanistic
analyses. All the DNA sequences of plasmid were confirmed. Either
male or female mice were used for all experiments. All animals were
anesthetized or euthanized by pentobarbital or isoflurane. The number
of replicates for each experiment is labeled in all figures or legends.

Statistical analysis

All data were reported as means + SEM. Two-tailed paired and un-
paired Student’s ¢ test were used where appropriate to examine the
statistical significance of the difference between groups of data.
Comparisons among multiple groups were analyzed by one-way
and two-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison tests for post hoc analysis. For clinical data
analysis, Spearman correlation test, Wilcoxon rank sum test, and
Dunnett T3 test were used to analyze data in the indicated groups.
Statistical software SPSS 24.0 was used to analyze all data.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/530/eaax1337/DC1

Materials and Methods

Fig. S1. Enrollment flow chart for the study population.

Fig. S2. CSF-LDH is not associated with age, gender, and total bilirubin.
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Fig. S3. Biophysical and pharmacological properties of /asics in MVN neurons.

Fig. S4. Direct cross-talk between bilirubin and ASICs.

Fig. S5. Enhanced membrane depolarization, spike firings by bilirubin-dependent increase in
currents mediated by ASICs.

Fig. S6. Potentiated /asics by bilirubin had different sensitivities to various inhibitors of ASIC
channels in MVN neurons.

Fig. S7. Bilirubin and acid induce cell death in brain slices and CHO cells.

Fig. S8. Exacerbated brain injury in neonatal mice in vivo conditioned by hyperbilirubinemia
and intermittent hypoxia-induced acidosis.

Table S1. Detail information for infants with acidosis or hyperbilirubinemia.

Table S2. Free bilirubin concentration in CSF of neonates with hyperbilirubinemia

(14 subjects) by using a fluorescent protein (UnaG)-based detection method.
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Targeting acidity in jaundice

Neonatal hyperbilirubinemia, also called jaundice, is a pediatric condition caused by high bilirubin levels.
When associated with acidosis, jaundice can trigger neurotoxicity and lead to neurological impairments. Now, Lai
et al. investigated the link between acidosis and jaundice in human samples and animal models. In samples from
children with concomitant acidosis and jaundice, neuronal injury was increased compared with children with
jaundice and no acidosis. In mice, bilirubin potentiated the activity of acid-sensing ion channels (ASICs) in
neurons, increased firing, and caused cell death. Hyperbilirubinemia and acidosis promoted cognitive impairments
in mice that were prevented by ASIC deletion. Targeting ASICs might reduce neurological impairments associated

with jaundice.
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