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Autonomic dysfunction as a partial contributing factor to cardiovascular instability in jaundiced patients is
often associated with increased serum bilirubin levels. Whether increased serum bilirubin levels could
directly inhibit sympathetic ganglion transmission by blocking neuronal nicotinic acetylcholine receptors
(nAChRs) remains to be elucidated. Conventional patch-clamp recordings were used to study the effect of
bilirubin on nAChRs currents from enzymatically dissociated rat superior cervical ganglia (SCG) neurons.
The results showed that low concnetrations (0.5 and 2 mM) of bilirubin enhanced the peak ACh-evoked
currents, while high concentrations (3 to 5.5 mM) of bilirubin suppressed the currents with an IC50 of 4 6
0.5 mM. In addition, bilirubin decreased the extent of desensitization of nAChRs in a
concentration-dependent manner. This inhibitory effect of bilirubin on nAChRs channel currents was
non-competitive and voltage independent. Bilirubin partly improved the inhibitory effect of forskolin on
ACh-induced currents without affecting the action of H-89. These data suggest that the dual effects of
enhancement and suppression of bilirubin on nAChR function may be ascribed to the action mechanism of
positive allosteric modulation and direct blockade. Thus, suppression of sympathetic ganglionic
transmission through postganglionic nAChRs inhibition may partially contribute to the adverse
cardiovascular effects in jaundiced patients.

H
yperbilirubinemic patients are more likely to develop hypotension, bradycardia and blunted vascular
response to blood loss and vasoactive agents during surgery and intensive care settings1–3.
Hyperbilirubinemia is also associated with increased occurrences of postoperative renal failure and

hemorrhagic shock3,4. Other than extracellular water depletion, defective vascular reactivity, subclinical myocar-
dial dysfunction and systemic endotoxemia, cardiovascular autonomic dysfunction is also involved in cardio-
vascular instability5–9. Our recent study10 further demonstrated that both sympathetic and vagal components of
arterial baroreflex were depressed in jaundiced patients, which may partially explain the increased susceptibility
of cardiovascular instability to the above-mentioned perioperative complications.

Arterial baroreceptor reflex is a very important neural mechanism for moment-to-moment negative feedback
control of arterial blood pressure fluctuations11,12. This complex and refined reflex process consists of barore-
ceptors located mainly in the carotid arteries and aortic arch to sense arterial pressure changes, afferent inputs to
the brain stem center, the central integration of the afferent inputs from baroreceptors, and efferent outputs to
cardiac and vascular targets through vagal and sympathetic nerves. Theoretically, any component change in this
reflex loop will affect the regulatory function of the cardiovascular system13,14. Superior cervical ganglion (SCG) is
an important sympathetic ganglion for regulating the cardiovascular function by acetylcholine released from
preganglionic neurons, the center of the sympathetic nerve system15. SCG not only transfers but integrates the
information from the center of the sympathetic nerve system through fast synaptic transmission mediated by
nAChRs in SCG16,17, in which the cholinergic mechanism plays an important role in modulating the vasodilation
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and cardiac sympathetic activation in humans18,19. Finally, the
nAChRs in SCG can regulate the function of the cardiovascular
system.

Bilirubin is a neurotoxin that can cause multiple neurologic dys-
functions such as bilirubin encephalopathy and cardiovascular
instability. However, the mechanism underlying this effect has not
been clearly elucidated10,20. Previous studies21–23 have suggested that
bilirubin encephalopathy might relate to the modification of synaptic
transmission induced by bilirubin. Whether bilirubin can also affect
the synaptic transmission in the sympathetic nervous system and
finally cause cardiovascular instability is unknown. We therefore
speculated that bilirubin could also affect sympathetic ganglion
transmission. The aim of the present study was to confirm this hypo-
thesis by exploring the effect of bilirubim on nAChRs in rat SCG
neurons using the whole cell patch-clamp technique, knowing that
SCG neurons are more sensitive to be affected than pre- and post-
ganglionic fibers.

Results
Bidirectional modulation of rat SCG nAChRs by bilirubin.
According to our previous study, ACh with 1.0 mM atropine
puffed onto rat SCG neurons could elicit a transient peak inward
current followed by a gradual decrease at a holding potential of
-60 mV (as shown in Fig. 1). The peak amplitudes and
desensitization rates of nAChRs currents both increased in a
concentration-dependent manner. The peak amplitude induced by
100 mM ACh was close to the maximum value, and the
desensitization rate at 5 s remained relatively slow. Therefore,
100 mM ACh was chosen as the standard concentration to study
the effect of bilirubin on nAChRs currents. In addition, the result
of the nAChRs antagonist experiment showed that 100 mM
hexamethonium bromide, a nAChRs antagonist, completely blocked
the currents induced by 200 mM acetylcholine, which supports the
nAChRs-mediated current specificity in our study (as shown in Fig. 2).

Bilirubin puffed onto rat SCG neurons did not elicit any current at
holding potential of 260 mV, but bilirubin modulated the nAChRs
currents bidirectionally (Fig. 3) (n55, each). At low concentrations
(0.5 and 2 mM), bilirubin increased the peak nAChRs currents
induced by 100 mM acetylcholine by 113 6 30% and 69 6 22%
respectively, and decreased the extent of desensitization 5 s after
ACh puff by 37 6 3% and 35 6 10%, respectively. At high concen-
trations (3, 4 and 5 mM), bilirubin suppressed the peak current by 9
6 5%, 36 6 9% and 73 6 5% respectively, and decreased the desens-
itization rate by 42 6 13%, 49 6 11% and 94 6 4% respectively
(Fig. 3) (n55). To calculate the IC50 value of bilirubin-induced
nAChRs current inhibition, the peak nAChRs current in the pres-
ence of bilirubin was normalized to the base current induced by
100 mM ACh only. The IC50 and Hill slope for bilirubin was 4 6

0.5 mM and 1.0 respectively (n55) (Fig. 4). However, our data

demonstrated that both potentiation and suppression of nAChRs
currents by bilirubin were accompanied with a decrease in
nAChRs desensitization.

Bilirubin voltage independently inhibits nAChR currents in rat
SCG neurons. To determine the possible mechanism of bilirubin-
induced inhibition of nAChR, we further studied the effect of
membrane potentials on bilirubin-induced inhibition of nAChR
currents. Membrane potentials between 270 mV and 220 mV
did not affect bilirubin-induced inhibition of the nAChR currents
(p.0.05), and 4.5 mM bilirubin did not alter the reversal potential of
nAChRs channel (0 mV) either (Fig. 5A). Both findings indicate that
bilirubin suppressed the nAChR currents in rat SCG in a voltage-
independent manner (n 5 5) (Fig. 5B), which means that the binding
sites of bilirubin to nAChRs may be distinct from acetylcholine-
binding sites, knowing that orthosteric modulations are often
affected by membrane potentials.

Bilirubin non-competitively inhibits nAChRs currents in rat SCG
neurons. To further confirm our speculation, we explored the effect
of bilirubin on the ACh concentration-response curve. As shown in
Fig. 4, 4.0 mM bilirubin significantly shifted the ACh-response curve
to the right, and the EC50 and Hill slope for ACh with 4.0 mM
bilirubin were 356 mM and 1.0 respectively. 4 mM bilirubin
suppressed nAChR currents induced by 100 mM ACh. However,
4 mM bilirubin greatly increased nAChR currents induced by
400 mM and 800 mM (Fig. 6). 200 mM ACh just reversed the
inhibition of the nAChR currents induced by 4.0 mM bilirubin.
However, 400 mM and 800 mM ACh not only reversed the
inhibition of nAChR currents induced by 4.0 mM bilirubin but the
amplitude of the reversed peak of nAChR currents was much larger
than that induced by 400 mM and 800 mM ACh puff alone,
suggesting that the bilirubin-induced inhibition on nAChRs might
be due to the non-competitive displacement of ACh at the

Figure 1 | Dose–response curve of rat SCG nAChR currents. (A), representative nAChR current traces evoked by 10, 20, 50, 100, 200 and 400 mM ACh.

(B), dose–response curve of nAChR currents fitted by nonlinear regression with logistic equation using Origin 8.0 software. Each data point

represents mean 6 SEMs (n 5 9).

Figure 2 | Specificity of nAChRs-mediated currents in SCG neurons.
Representative nAChR current traces evoked by ACh alone (control),

coapplied with 100 mM hexamethonium bromide, and ACh alone

(recovery), respectively. 100 mM hexamethonium bromide, a special

nAChR antagonist, completely blocked the currents induced by 200 mM

acetylcholine.
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acetylcholine-binding site, even though the possibility of inhibition
by direct channel blockade, allosteric modulation or protein
phosphorylation could not be ruled out.

State-dependent blockade of nAChR channels by bilirubin. To
further clarify whether direct blockade of nAChR channels by
bilirubin depended on different states of nAChRs, we first pre-
applied 4.5 mM bilirubin and then co-applied 4.5 mM bilirubin
with ACh, finding that pre-application of high concentrations of
bilirubin further increased the inhibition of the peak nAChRs
currents induced by co-application of bilirubin with ACh (53 6
5% vs 66 6 4%, n 5 6; P , 0.05), indicating that bilirubin
preferred to bind to the closed stated nAChRs (Fig. 7).

Inhibitory effect of cAMP on bilirubin-induced nAChR currents.
The inhibitory effect of protein phosphorylation on bilirubin-induced
nAChR currents was then investigated. As shown in Fig. 5, 10 mM
forskolin (a PKA activator that increases intracellular levels of cAMP)
increased not only the nAChR currents but the inhibitory effect of

bilirubin on nAChR currents (Fig. 8). Although 1.0 mM H-89 (a PKA
inhibitor that decreases intracellular levels of cAMP) alone also
inhibited nAChR currents, 4 mM bilirubin reversed the inhibitory
effect of H-89 on nAChRs currents (Fig. 9).

Discussion
In the present study, we explored the effect of bilirubin on acetylchol-
ine channels in rat SCG neurons and found that bilirubin modulated
nAChRs in rat SCG neurons bidirectionally. Low concentrations (0.5
and 2 mM) of bilirubin increased the peak nAChR currents and
decreased the extent of nAChR desensitization. However, high con-
centrations (3, 4 and 5 mM) of bilirubin decreased both the peak
nAChR channel currents and the extent of nAChR desensitization.
This inhibitory effect of bilirubin on nAChR channel currents was
non-competitive and voltage independent, indicating that the sup-
pression of AChR channel currents by bilirubin might be due to the
allosteric modulation of nAChRs24,25. In addition, PKA signaling
pathways were also involved in this inhibitory modulation of bilir-
ubin on nAChRs channel currents.

Nicotinic acetylcholine receptors are so far the best characterized
ion channels from the Cys-loop receptor superfamily with penta-
meric structures26. They are composed of the extracellular domain,
transmembrane domain, the interface between them, and the cyto-
plasmic domain25. In addition to the classical orthosteric modulation
of nAChRs by binding the N terminus of the extracellular domain of
nAChRs at the interface between the extracellular and transmem-
brane domains, mounting studies have shown that nAChRs can also
be modulated by allosteric modulation through binding site locations
that are topographically distinct from the well-known orthosteric
binding site25,26. Allosteric modulation includes negative allosteric
modulation (NAM) and positive allosteric modulation (PAM)25.
Negative allosteric modulators work like noncompetitive antagonists
except that negative allosteric modulators bind to nonluminal sites
instead of sites located in the ion channel like noncompetitive
antagonists25. Positive allosteric modulators do not bind to the

Figure 3 | Bilirubin enhances and inhibits nAChR currents in rat SCG neurons in a dose-dependent manner. (A) Representative traces of nAChR

currents enhanced and inhibited by different concentrations of bilirubin (0.5, 2, 3, 4 and 5 mM). nAChR currents were activated by 100 mM ACh, and the

duration of fast perfusion ACh by gravity was about 8 s. (B) The dose-response relationship for bilirubin on ACh-induced peak currents. The response

rates of ACh-induced currents by bilirubin were normalized to the control response induced by 100 mM ACh. (C) The dose-response relationship for

bilirubin on desensitization of nAChRs. Desensitization of nAChRs by bilirubin was normalized to the control response induced by 100 mM ACh. Each

data point is expressed as means 6 SEMs (n 5 5).

Figure 4 | The dose-response curve for bilirubin. The inhibitory rate of

nAChR currents by bilirubin in SCG neurons was normalized to the

control response induced by 100 mM ACh. Each data point is expressed as

means 6 SEMs (n 5 5).
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orthosteric binding site either, but they can enhance the activity of
agonists without changing the AChR desensitization properties (type
I PAM) or decreasing the desensitization properties (type II
PAM)25,27. However, long-time agonist activation by binding to
orthosteric sites usually increases the desensitization rate of
nAChRs25.

It was found in our study that low concentrations of bilirubin
increased the peak amplitude of nAChR channel currents and
decreased the nAChR desensitization rate, indicating that the poten-
tiation of nAChR channel currents by low concentrations of bilirubin
might be related to typeII PAM. Unlike long-time agonist activation
or competitive antagonists or noncompetitive antagonists, high con-
centrations of bilirubin decreased both the peak amplitude of nAChR
channel currents and the nAChR desensitization rate. In addition,
this inhibitory effect was voltage independent, indicating that the
inhibition of nAChRs by bilirubin might be due to allosteric modu-
lation instead of orthosteric modulation because the sites of orthos-
teric modulation mainly locate in the cell membrane and are subject
to membrane potentials25,28. In addition, the decreased nAChR

desensitization rate during orthosteric modulation was usually fol-
lowed by an increase in the peak amplitude of nAChR channel cur-
rents, while the increased nAChR desensitization rate was usually
followed by a decrease in the peak amplitude of nAChR channel
currents25. More complicatedly, we found that 4.0 mM bilirubin sig-
nificantly reduced 100 mM ACh initiated nAChR currents. However,
the nAChRs currents induced by high concentrations of ACh con-
centrations with 4.0 mM bilirubin were much larger than those
induced by high concentrations of ACh concentrations alone, and
the desensitization rate also changed from decrease to increase, sug-
gesting that positive allosteric modulation or reactivation desensi-
tized with nAChRs. Considering the variety of allosteric binding sites
and multiple mechanisms, we speculated that type II PAM and/or
reactivation of desensitized nAChRs together with steric blockade of
the ion pore might contribute to the inhibition of nACR currents
induced by high-concentration bilirubin since steric blockade of the
ion pore did not affect the desensitization of nACRs11,24. More studies
are still needed to further define the mechanism of nAChR modu-
lation by bilirubin.

Figure 5 | Voltage-independent suppression of nAChRs in rat SCG neurons. (A) Current-voltage relationships of nAChRs induced by 100 mM ACh were

derived from the ramp stimulation protocol (membrane potentials increased from 270 mV to 130 mV at a rate of 333 mV/s) in the presence (#) or

absence (N) of 4.5 mM bilirubin. (B) There was no voltage dependency regarding the effect of 4.5 mM bilirubin on peak nAChRs currents. Each response was

normalized to that without bilirubin at each membrane potential from 270 mV to 220 mV. All data points are expressed as means 6 SEMs (n 5 5).

Figure 6 | Curves represent the dose-responses of nAChR currents activated by ACh in the presence (m) or absence (&) of 4 mM bilirubin. All nAChR

currents evoked by ACh in SCG neurons were normalized to that induced by 100 mM ACh alone (referred to as Relative IACh). Administration of 4 mM

bilirubin shifted the dose-responses of nAChR currents to the right, and markedly increased the potency and maximum efficacy of ACh (400 and

800 mM)-induced response. All data points are expressed as means 6 SEMs (n 5 3).
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Our findings at ion channel level of SCG neurons might shed some
lights on the alteration of autonomic nerve activities in jaundiced
patients. Our previous study10 reported the evidence of BRS impair-
ment in patients with obstructive jaundice. In addition, HRV as a
very useful clinical tool to reflect the change of autonomic nerve
activities was increased in newborn infants with mild/moderate jaun-
dice and decreased in newborn infants with severe jaundice29. Other
mechanisms underlying alteration of autonomic nerve activities in
jaundiced patients need to be further explored.

Previous studies30,31 suggest that bilirubin can modulate neuro-
transmitter release via presynaptic PKA activation and inhibit phos-
phorylation of the synapsic vesicle-associated protein synapsin I,
eventually causing dysfunction of relative organs. Protein phosphor-
ylation of the cytoplasmic domain of nAChRs can modulate the
kinetics of receptor gating32,33. In our study, forskolin (PKA activ-
ator) not only inhibited nAChR currents but increased the inhibitory
effect of bilirubin on nAChR currents. H-89 (a PKA inhibitor) alone
inhibited nAChR currents. However, 4 mM bilirubin reversed the
inhibitory effect of H-89 on nAChR currents, suggesting that the
PKA pathway might play a role in hyperbilirubinemia-mediated

dysfunction of the cardiovascular system. Previous studies30 showed
that PKA regulated the synaptic transmission through phosphoryla-
tion of presynaptic proteins, various ion channels, and certain neu-
rotransmitter receptors. Therefore, the exact action mechanism of
bilirubin on nAChRs via the PKA pathway is extremely interesting
and warrants further investigation.

The neurotoxicity of bilirubin is determined by the free fraction of
unconjugated bilirubin that is not bound to plasma proteins34,35.
Unbound bilirubin concentrations can reach a level as high as 3 3

1026 M during severe human hyperbilirubinemia20 and free bilirubin
levels of 7 3 1028 M can induce apoptosis in cultured cortical neu-
rons36. In the present study, we applied unconjugated bilirubin to
isolated SCG neurons without any plasma proteins, and therefore the
concentrations of bilirubin that we used in this study are clinically
relevant.

Our study may partially explain the important mechanism of
reduction in sympathetic baroreflex sensitivity in patients with
obstructive jaundice. However, there are some limitations in our
study. Bilirubin modulates several processes related to synaptic
transmission, including neurotransmitter synthesis, release and

Figure 7 | Enhanced inhibition of nAChRs by bilirubin pre-application. (A), representative nAChR current traces evoked by ACh alone (control),

coapplied with bilirubin, bilirubin pre-application, and ACh alone (recovery), respectively. (B), graph showing the percentage of current inhibition when

100 mM ACh was coapplied with 4.5 mM bilirubin with or without 4.5 mM bilirubin preapplication. All data points are expressed as mean 6 SEMs

(n 5 6).

Figure 8 | Bilirubin is involved in the cAMP and PKA pathway in suppressing nAChR currents. The inhibitory effect of bilirubin on nAChR currents

persisted in the presence of 10 mM forskolin. (A) Representative traces of nAChR currents inhibited by 4 mM bilirubin persisted in the presence of

10 mM forskolin. (B) The dose-response relationship for bilirubin on ACh-induced peak currents persisted in the presence of 10 mM forskolin. The

response rates of ACh-induced currents by bilirubin were normalized to the control response induced by 100 mM ACh. (C) The dose-response

relationship for bilirubin on desensitization of nAChR persisted in the presence of 10 mM forskolin. Desensitization of nAChRs by bilirubin was

normalized to the control response induced by 100 mM ACh. Each data point is expressed as means 6 SEMs (n 5 5).
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uptake21, and directly inhibits both exocytotic release and vesicular
storage of catecholamines37. However, our study only focused on the
effect of bilirubin on nAChRs in isolated SCG neurons without
simultaneously studying the effect of ACh release from preganglionic
sympathetic fibers and catecholamine release from postganglionic
sympathetic fibers. We did not study the effect of bilirubin on
nAChR subtypes or other ion channels. In addition, the positive
allosteric modulation and direct blockade of SCG nAChR channels
by high concentrations of bilirubin were mainly based on electro-
physiological studies. The specific allosteric binding sites remain
unclear. Molecular docking combined with point mutation tech-
niques are needed to further clarify the allosteric binding sites and
radioligand binding in future studies. Finally, the species difference
might also affect our results. Therefore, further work is necessary to
elaborate the precise mechanism of nAChR allosteric modulation by
bilirubin, knowing that compounds binding to several sites with
different affinities may produce positive and negative AChR mod-
ulations, such as Zn21 modulation of AChRs with the manner of
positive and negative allosteric modulations by binding to two dif-
ferent domains38.

In conclusion, low concentrations of bilirubin enhanced the func-
tion of nAChRs at SCG neurons, while high concentrations of bilir-
ubin inhibited the function of nAChRs at SCG neurons. This
bidirectional modulation of nAChRs at SCG neurons by bilirubin
might be due to positive allosteric modulation or reactivated desen-
sitized AChRs together with direct channel blockade. Suppression of
sympathetic ganglionic transmission through postganglionic nAChR
inhibition might partially contribute to the adverse cardiovascular
effect in jaundiced patients.

Methods
Isolation of single rat SCG neurons. All experiments were performed in accordance
with the National Institutes of Health guidelines and regulations. The animal protocol
was approved by Shanghai First People’s Hospital Animal Care and Use Committee in
accordance with the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (National Institutes of Health Publication No. 85-23,
revised 1996). Neonatal Sprague–Dawley (SD) rats were obtained from the Experimental
Animal Department of Shanghai First People’s Hospital (Shanghai, China).

Neonatal SD rats were terminally anesthetized with CO2 and immediately decapi-
tated. Neurons from rat SCG were freshly dissociated as described previously39,40. Briefly,
both sides of SCG were acutely dissociated from SD rats aged 4–6 days, and each SCG
was sliced into 2–4 sections in ice-cold well-oxygenated bathing solution using a razor
blade. The sections were then transferred into well-oxygenated bath solution containing
pronase E (1.5 mg/ml, Sigma Chemical Co., Saint louis, USA), collagenaseI (1.0 mg/ml,
Worthington Biochemical Co, Lakewood, NJ) and DNaseI (0.1 mg/ml, Sigma Chemical
Co., Saint louis, USA) for 40 min at 31.5uC. After digestion, the tissue sections were
washed 3 times with oxygenated bath solution, and SCG neurons were mechanically
dispersed by triturating the SCG fragments using a series of fire polished Pasteur pipettes
with decreasing tip diameter. The cell suspension was then maintained in oxygenated
bath solution at room temperature for electrophysiological recording. All experiments
were performed within 6 h after isolation.

Electrophysiological recording. Conventional whole-cell voltage-clamp recording
was performed at room temperature (22–25uC using HEKA EPC-10 amplifiers and
Patch-Master software (HEKA Elektronik, Germany)41. Patch pipettes were pulled
from 1.5-mm diameter thin-walled borosilicate glass capillaries (Sutter Instruments
Co., Novato, CA, USA) using the Flaming/Brown micropipette puller P97 (Sutter
Instruments Co., Novato, CA, USA), and had a resistance of 2–4 MV when filled with
pipette solution. After forming a ‘‘gigaseal,’’ the membrane was ruptured with a gentle
suction to form the whole cell voltage clamp. Once the whole cell configuration was
established, the membrane potential was held at 260 mV, and the series resistance
compensation was adjusted to 50–75%. If the series resistance exceeded 10 MV, the
recording was discarded. All currents were low-pass Bessel filtered at 1 kHz, digitized
at 5 kHz, and were stored on a computer for subsequent analysis.

Solutions and drugs. The pipette internal solution contained (in mM): KCl 150,
MgCl2 2.0, EGTA 5.0, HEPES 10, Na2ATP 2.0, pH 7.2. The standard external solution
contained (in mM): NaCl 130, KCl 5.0, MgCl2 1.0, CaCl2 2.0, Glucose 10, Sucrose 10,
HEPES 10, pH 7.4. The bath solution contained (in mM): NaCl 130, KCl 5.0, MgCl2
1.0, CaCl2 2.0, Glucose 20, Sucrose 10, HEPES 10, pH 7.4.

Drugs used in these experiments were unconjugated bilirubin, acetylcholine,
atropine, forskolin, and N-mo-5-isoquinolinesulfonamide dihydrochloride (H-89)
(Sigma, Saint louis, USA). The bilirubin stock solution consisted of 1023 M bilirubin
dissolved in 0.1 M NaOH and was stored in single-use aliquots in the dark at 220uC.
Aliquots were diluted in the final solution prior to application and protected from
light to avoid photosensitivity. All drugs were diluted in the standard external solu-
tion to their respective experimental concentrations. One micromolar atropine sul-
fate was added to the standard external solution to block mAChR currents, while the
other drugs were applied using the Y-tube method39.

Data analysis. All data were analyzed using Patch-Master and Origin 8 (Origin-Lab,
Northampton, MA, USA), and are presented as mean 6 SEMs. Statistical significance

Figure 9 | The inhibitory effect of bilirubin on nAChR currents persisted in the presence of 1 mM H-89. (A) Representative traces of nAChR currents

inhibited by 4 mM bilirubin persisted in the presence of 1 mM H-89. (B) The dose-response relationship for bilirubin on ACh-induced peak currents

persisted in the presence of 1 mM H-89. The response rates of ACh-induced currents by bilirubin were normalized to the control response induced by

100 mM ACh. (C) The dose-response relationship for bilirubin on desensitization of nAChR persisted in the presence of 1 mM H-89. Desensitization of

nAChRs by bilirubin was normalized to the control response induced by 100 mM ACh. Each data point is expressed as means 6 SEMs (n 5 5).
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was assessed using one-way analysis of variance (ANOVA) and paired two-tailed
Student’s t-test. P , 0.05 was considered significant.

The concentration-response relationship of nAChRs currents was fitted by non-
linear regression with the following logistic equation: Y 5 Bottom 1 (Top - Bottom)/
(1 1 10ˆ ((Log EC50 - X)*Hill Slope)), where Y is the normalized response, X is the
logarithm of concentration, and EC50 is referred to as the half maximal effective
concentration. This equation was also used for the effect of bilirubin on ACh-induced
currents, where EC50 was replaced by the half maximal inhibitory concentration
(IC50)42. The extent of desensitization of nAChRs currents was quantified as the
percent decay of the ACh-induced current from the peak at t 5 5 s, Id5, according to
the equation Id55 (Ipeak - I5)/Ipeak 3 100%, where Ipeak is the peak ACh induced
current, and I5 denotes the current measured 5 s after ACh or ACh and bilirubin co-
application43.

The inhibitory effect of bilirubin on nAChRs was assessed by acquiring the rela-
tionship between current and voltage as described by Haghighi et al44. Briefly, a ramp
stimulation protocol was used to increase the membrane potential from 270 mV to
130 mV at a rate of 333 mV/s. Current-voltage (I-V) curves were then obtained by
subtracting the control current from the current during the ACh alone or ACh and
bilirubin co-application. Relative nAChRs currents (IACh) were then normalized to
that without bilirubin at each membrane potential.
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