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Summary

Introduction: The relationship between blood metabolites and hemoglobin degradation
products (BMHDPs) formed in the cerebrospinal fluid and the development of vasos-
pasm and delayed cerebral ischemia (DCI) after aneurysmal subarachnoid hemorrhage
(aSAH) has been the focus of several previous studies, but their molecular and cellular
targets remain to be elucidated.

Methods: Because BMHDP-induced changes in Ca 2.3 channel function are thought
to contribute to DCI after aSAH, we studied their modulation by unconjugated biliru-
bin (UCB) in an organotypical neuronal network from wild-type (WT) and Ca, 2.3-
deficient animals (KO). Murine retinae were isolated from WT and KO and superfused
with nutrient solution. Electroretinograms were recorded before, during, and after
superfusion with UCB. Transretinal signaling was analyzed as b-wave, implicit time,
and area under the curve (AUC).

Results: Superfusion of UCB significantly attenuated the b-wave amplitude in the iso-
lated retina from wild-type mice by 14.9% (P < 0.05), followed by gradual partial re-
covery (P =0.09). Correspondingly, AUC decreased significantly with superfusion of
UCB (P <0.05). During washout, the b-wave amplitude returned to baseline
(P =0.2839). The effects of UCB were absent in Ca 2.3-deficient mice, lacking the
expression of Ca, 2.3 as proofed on the biochemical level.

Conclusions: Ex vivo neuronal recording in the murine retina is able to detect transient
impairment of transretinal signaling by UCB in WT, but not in KO. This new model may
be useful to further clarify the role of calcium channels in neuronal signal alteration in
the presence of BHMDPs.
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1 | INTRODUCTION

In the central nervous system, voltage-gated calcium channels (VGCCs)
regulate a variety of processes, including hormonal communication,
modulation of cell migration, triggering of muscle contraction, and many
other processes.! They contribute to synaptic transmission and calcium
homeostasis in different neuronal networks including the additional
processes like disruption of neuronal networks.>® Moreover, there is
convincing evidence that subarachnoid hemorrhage (SAH) can alter the
expression profile of calcium channels in cerebral arteries. Experimental
SAH has been shown to trigger expression of Ca 2.3 (R-type) calcium
channels in rat and rabbit cerebral smooth muscle cells, thereby reducing
their sensitivity to L-type VGCC antagonists.4 Anti-inflammatory agents
of VGCC also reduced constriction of isolated cerebral arteries but not
in control animals and improved cerebral blood flow after experimental
SAH in rats. Interestingly, prolonged exposure of rabbit cerebral arteries
to oxyhemoglobin mimicked the ability of SAH to induce Ca 2.3 channel
expression, suggesting that the emergence of these channels is linked to
lysis of red blood cells within the subarachnoid space.® Products formed
during degradation of hemoglobin—mainly unconjugated bilirubin (UCB)
and its oxidation products—have been investigated for their role in the
development of cerebral vasospasm (CVS).”® The participation of UCB in
the processes underlying delayed cerebral ischemia (DCI) by, for exam-
ple, altering Ca* influx into neuronal cells, would be conceivable.

The aim of the present work was to assess the potential role of
Ca,2.3 channels for effects propagated by UCB—as present in the
context of aneurysmal SAH—in an organotypical neuronal network. To
this end, we studied the action of UCB on scotopic electroretinograms
(ERGs) recorded in the isolated and superfused retina from Ca 2.3-
deficient and wild-type mice. We hypothesized that b-wave amplitude
of the Ca 2.3-competent retina is transiently reduced during continu-
ous bilirubin superfusion, while the ERGs of Ca,2.3-deficient mice are

not influenced by such a superfusion.

2 | METHODS

2.1 | Material and reagents

Unless noted otherwise, reagents and albumin fraction V = 98%
were used without further purification (Sigma-Aldrich Chemie
GmbH, Schnelldorf, Germany; Carl Roth GmbH, Karlsruhe, Germany).
Solutions were prepared in autoclaved glass bottles with deion-
ized, double-distilled water or type | ultrapure water dispensed from
an ELGA LabWater system (Purelab Flex 2, ELGA LabWater, High
Wycombe, UK), respectively.

2.2 | Animals

Male mice (12-15 weeks old, 25-31 g) were housed at a constant tem-
perature (20-22°C) in Makrolon type Il cages, with light on from 7 am to
7 pM (light intensity at the surface of the animal cages was between 5
and 10 lux) and ad libitum access to food and water. The cacnale gene

encoding Ca 2.3 was disrupted in vivo by agouti-colored Ca 2.3(fl|+)
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and deleter mice expressing Cre recombinase constitutively.” Thus,
exon 2 was ablated by Cre-mediated recombination. Ca 2.3-deficient
mice were fertile, exhibited no obvious behavioral abnormalities, and
had the same lifespan as control mice. Parallel breeding of parental
inbred mouse lines of Ca,2.3-deficient and control mice ensured their
identical background. The institutional committee on animal care ap-
proved the animal experimentation described in the text (4.17.007)

and conducted following accepted standards of humane animal care.

2.3 | Preparation of unconjugated bilirubin (UCB)

Fresh stock solutions of bilirubin (1 mmol/L UCB in 10 mmol/L NaOH)
were prepared immediately prior and diluted into the test solution to
yield the required concentration. All solutions containing UCB were
stored in the dark and protected from illumination during the experi-
ments. All experiments were performed in the presence of albumin.
UCB was added to test solutions containing 10 pmol/L bovine serum
albumin (BSA) to give U/A ratios of 0.5. Solutions for control record-
ings and washout always contained the same volume of NaOH with-
out bilirubin and (for recordings with albumin) the same concentration
of BSA as in the corresponding test solution. For the isolated and su-

perfused murine retina, 5 pmol/L UCB was added to the test solution.

2.4 | Retinaisolation and ERG recordings

Mice were dark-adapted overnight and killed by cervical dislocation
under dim red light, and the eyes were extirpated immediately. A 27-
gauge needle (Sterican, size 20, 0.4 x 20 mm BI/LB) was employed to
puncture the cornea of the extirpated eye bulb. Enucleated eyes were
protected from light and transferred into carbogen-saturated (95%
0,/5% COZ) modified Ames medium.® The whole retina was isolated
immediately under dim red light using superfine scissors and ultrafine
suturing forceps (WPI, Berlin, Germany) and transferred to the re-
cording chamber as described previously.11 The electroretinogram
was recorded via two silver/silver-chloride electrodes on either side
of the isolated retina, with the recording chamber containing a retina
placed in an electrically and optically isolated air thermostat. From the
dark-adapted retina, electroretinograms in response to a single white
light flash were recorded at intervals of 3 minutes at 27.5°C and with
a constant superfusion of modified Ames medium at 2 mL/min. The
duration of light stimulation was 500 ms. The prestimulus delay was
380 ms. The flash intensity was set to 63 mlux at the retinal surface
using calibrated neutral density filters.

The ERG was amplified and bandpass-limited between 0.3 and
300 Hz (PowerLab 8/35, Animal Bio Amp FE136, ADInstruments,
Oxford, UK). Light flash, heating unit, fan, and roller pump were
automatically controlled (BNC-2120, DASY-Lab V8.0; National-
Instruments, Austin, TX, USA). For each experiment, a new retina from
independent mouse was transferred to the recording chamber. The
retina was superfused with 10 pmol/L albumin and stimulated repeti-
tively until the responses had reached a stable level (after 90 minutes
of superfusion), followed by UCB/albumin (U/A) molar ratio of 0.5 and
again with 10 pmol/L albumin (bilirubin washout), each for 45 minutes.
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Switching from one solution to another was performed with a three-

way valve to prevent disturbance of the experimental conditions.

2.5 | Isolation of microsomal membranes and
immunoblotting

Retinal and neocortical microsomes were isolated according to
standard procedures using a method, which is suitable to deal with
minute amounts of tissue samples.12 In short, in the retinal tissue
homogenate, microsomes containing integral membrane proteins
were separated from nonintegral only adherent membrane proteins
by washing stepwise first with a high-salt buffer (containing 2 mol/L
NaCl, 10 mmol/L HEPES-NaOH, pH 7.4, 1 mmol/L EDTA) and next
with a carbonate buffer (0.1 mol/L Na,CO, and 1 mmol/L EDTA)
at a pH of 11.3. Six retinas from 3 mice of each genotype were
isolated under dim light and immediately placed in high-salt buffer
and homogenized, followed by ultracentrifugation at 110.000 g for
30 minutes. The supernatant was discarded and the pellet reho-
mogenized in the alkaline carbonate buffer followed by a second ul-
tracentrifugation at 110.000 g for 30 minutes. The supernatant was
again discarded and the pellet rehomogenized in small volumes of
a sucrose-containing buffer (0.25 mol/L sucrose, 100 mmol/L NaCl,
10 mmol/L HEPES-NaOH, pH 7.4, and 1 mmol/L EDTA). All buffers
for microsome isolation contained freshly added protease inhibitors
(protease inhibitor cocktail set Ill, EDTA-free with final concen-
tration of 0.5% (v/v), Calbiochem®), and all buffers were used at
low temperature of 4°C. Aliquots of microsomal membranes were
stored at -20°C. After polyacrylamide gel electrophoresis (PAGE)
and immunoblotting, the peptide-directed antibody anti-alE-
com was used, which was directed against the peptide Nast-195
(SGILEGFDPPHPCGVQGIC]. The peptide-specific antibody was de-
signed to recognize an epitope between the extracellular loop IS5
and the pore region common to all cloned splice variants of Cav2.313

(Figure 1).

2.6 | Data analysis of ERGs

Analysis of ERGs was carried out according to the parameters depicted
in Figure 2. For quantification of transretinal signaling, we calculated
the b-wave amplitudes and their implicit time. The b-wave amplitude
was measured from the trough of the a-wave to the peak of the b-
wave; tsoe, time from flashlight to the point of the signal regression of
50% of the amplitude of b-wave; full width at half maximum (FWHM)
of the b-wave. In addition, the response of b-wave was quantified by
determination of the area under the curve until maximum and from
maximum until return to baseline (AUC, and AUC,).

Quantitative, normally distributed data are presented as
mean * standard deviation (SD) or median and interquartiles. In case
of categorical variables, data are performed as numbers and percent-
age. Nonparametric tests are demonstrated as median [1.quartile-3.
quartile]. Two-sided, paired Student’s t test was used for comparison
of quantitative parameters in case of normal distribution. If not appli-
cable, Wilcoxon test was used instead.
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FIGURE 1 Expression analysis of Ca 2.3 after SDS-
polyacrylamide gel electrophoresis and Western blot. Microsomal
membranes were isolated from the retina and the neocortex of

Ca, 2.3 null mutants and wild-type littermates.*? Lane 1: 49 ug
protein from Ca 2.3-deficient retina (-|-). Lane 3: 34 pg protein from
Ca,2.3-competent retinae (+|+). Microsomal membranes from murine
neocortices of Ca,2.3-deficient mice were used as negative (-|-) and
from Ca,2.3-competent mice as positive controls (+|+), respectively.
Lane 5: 32 pg protein from Cav2.3-competent neocortical
membranes. Lane 6 and 8, 72 ug of neocortical microsomal protein
from Ca,2.3-competent or Ca 2.3-deficient mice, respectively. In
lanes 2, 4, and 7, no protein was loaded. Peptide-directed antibodies
directed against a common epitope in all Ca, 2.3 splice variants
(anti-a1E-com) were used as the primary antibody during Western
blot analysis.” Note that the predicted size of the full length Cav2.3
protein (262 kDa) is marked by the arrowheads
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FIGURE 2 Schematic representation of an electroretinogram
(ERG) recorded from the isolated and superfused murine retina and
the parameters quantified for analysis. Latency, implicit times of the
b-wave; FWHM, full width at half maximum of the b-wave; t(so%)’
time (ms) after the flash required for the b-wave amplitude to decay
to 50% of its maximal value; AUC, and AUC,, area under the curve
(AUC) of the b-wave

According to the purpose of the study, we controlled in the primary
analysis the main parameter “b-wave amplitude” for multiple compar-
isons using Holm-Bonferroni method. We considered 6 comparisons
for the mentioned parameter: 3 for WT and 3 for KO group (Table 1).

Comparisons of other ERG parameters were carried out the explorative
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TABLE 1 Systematical comparisons of ERG traces before and after UCB exposure in wild-type and Ca,2.3-deficient mice (explorative

testing without correction for multiple comparisons)

Parameters

b-wave amplitude,
nY

Implicit time of
b-wave, ms

AUC,, pV*ms

AUC,, pV*ms

AUC, uV*ms

t,, ms

17

t,, ms

27

Nutrient
Equilibrium
ucB,
ucB,
UucB,
Equilibrium
Washout
Equilibrium
UCB,
UCB,
UCB,
Equilibrium
Washout
Equilibrium
ucB,
ucB,
UcB,
Equilibrium
Washout
Equilibrium
UCB,
UCB,
UCB,
Equilibrium
Washout
Equilibrium
ucB,
ucB,
UcB,
Equilibrium
Washout
Equilibrium
UCB,
UCB,
UCB,
Equilibrium
Washout
Equilibrium
UCB,
ucB,
UCB,
Equilibrium

Washout

Wild type (WT)

Knockout (KO)

16
16
16
16
15
15
16
16
16
16
15
15
16
16
16
16
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Median [1.quartile-3.
quartile]

34 [22-38]
31 [16-36]
31 [16-36]
31[21-38]
34 [21-39]
36 [21-39]
300 [273-320]
300 [280-345]
300 [280-345]
305 [280-330]
300 [270-320]
310 [280-350]
4032 [2806-5162]
3453 [1619-5306]
3453 [1619-5306]
3340 [2027-5205]
4214 [2732-5245]
3971 [2567-6136]
7485 [4259-9861]
6717 [3218-9276]
6717 [3218-9276]
7547 [4068-9614]
7485 [3334-9861]
7338 [3428-10 209]
10 800 [7289-16 526]
11 011 [5509-14 717]
11011 [5509-14 717]
11 108 [6682-15 825]
10 800 [5464-16 526]
11 839 [5995-14 725]
230 [210-260]
220 [180-260]
220 [180-260]
240 [190-260]
210 [210-260]
220 [210-290]
450 [380-530]
470 [360-580]
470 [360-580]
460 [360-550]
460 [380-530]
440 [310-520]

P-value*

0.0060°

0.0300°

0.3630°

0.8489

0.5254

0.2519

0.0110

0.0792

0.6760

0.0323

0.0818

0.4346

0.0074

0.0300

0.4622

0.1437

0.0180

0.1263

0.4132

0.8454

0.7901

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
13
13
13
13
13
13
13
13
13
13
13
13
14
14
13
13
13
13
13
13
13
13
13
13

Median [1.quartile-3.
quartile]

27 [16-46]
28 [14-45]
28 [14-45]
27 [16-45]
27 [16-46]
26 [14-43]
275 [258-320]
275 [260-318]
275 [260-318]
280 [268-333]
275 [258-320]
275 [268-328]
3342 [1944-4936]
2814 [1700-6223]
2814 [1700-6223]
3134 [2018-5954]
3342 [1944-4936]
3323 [1880-5056]
5844 [3169-9496]
5052 [3151-9210]
5052 [3151-9210]
5133 [3533-9413]
5844 [3169-9496]
5576 [3044-9468]
8992 [5406-15 068]
7866 [4817-15 433]
7866 [4817-15 433]
8181 [5746-15 882]
8992 [5406-15 068]
8473 [4898-14 087]
210 [195-240]
215 [198-230]
215 [198-230]
230 [200-260]
210 [195-240]
210 [198-248]
390 [310-440]
410 [320-490]
410 [320-490]
390 [295-490]
390 [310-440]
440 [325-500]

P-value*

0.7780°

0.1770°

0.0353°

0.9971°

0.3916°

0.2329°

0.7609°

0.8077°

0.2676°

0.3396°

0.1909°

0.3054°

0.4973°

0.4143°

0.2734°

0.5469°

0.0469°

0.8750

0.0207

0.0301

0.0108

(Continues)
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TABLE 1 (Continued)
Wild type (WT) Knockout (KO)
Median [1.quartile-3. Median [1.quartile-3.

Parameters Nutrient n quartile] P-value* n quartile] P-value*

ty,0 MS Equilibrium 16 680 [560-780] 0.8318 13 590 [520-685] 0.0902
UCB, 16 730 [540-810] 13 620 [520-740]
UCB, 15 730 [540-810] 0.6824 13 620 [520-740] 0.6578
UCB, 15 700 [570-820] 13 620 [515-720]
Equilibrium 15 680 [560-780] 0.7000 13 590 [520-685] 0.0153
Washout 15 680 [540-790] 13 650 [510-735]

FWHM, ms Equilibrium 16 310 [268-355] 0.0591 14 270 [245-290] 0.2581
UCB, 16 285 [263-348] 14 285 [258-333]
UCB, 16 285 [263-348] 0.1370 14 285 [258-333] 0.7801
UCB, 16 290 [260-358] 14 280 [248-313]
Equilibrium 15 310 [260-360] 0.0891 14 270 [245-290] 0.1201
Washout 15 320 [280-380] 14 285 [250-348]

ti50%y MS Equilibrium 16 510 [445-565] 0.1350 14 445 [410-470] 0.8652°
UCB, 16 490 [435-550] 14 455 [418-510]
UCB, 16 490 [435-550] 0.1995 14 455 [418-510] 0.0225°
UCB, 16 490 [465-558] 14 425 [390-453]
Equilibrium 15 520 [440-570] 0.1649 14 445 [410-470] 0.0723°
Washout 15 530 [480-580] 14 455 [435-525]

In one wild-type experiment, air bubbles were observed after washout. Due to the signal interference, these data were not included (b-wave amplitude,
implicit time, and AUC,). Furthermore, in one wild-type experiment and one experiment in Ca, 2.3-deficient retina, b-wave responses did not achieve the
0 pV level after light flash. The parameters AUC,, t, and t,,, could not be calculated.

FWHM, full width at half maximum; tsosy time after the flash required for the b-wave amplitude to decay to 50% of its maximal value. AUC, area under the

curve.
SWilcoxon test.
*Paired t test unless otherwise noted.

Bold values indicate the main parameter “b-wave amplitude” for multiple comparisons using Holm-Bonferroni method.

way without correction for multiple comparisons to show tendencies
of the ERG course in the groups and to evaluate additional characteris-
tics of ERG, describing UCB exposure in wild-type and Cav2.3-deficient
mice. Statistical significance was set at P < 0.05, and statistical results
with P < 0.1 were accepted as a trend. All analyses were performed with
IBM® SPSS® Statistics v 22.0 (IBM, Chicago, IL, USA) and (GraphPad
Prism®, GraphPad Software, Inc, La Jolla, CA, USA).

3 | RESULTS

To assess the potential role of Ca 2.3 channels for effects propagated
by UCB, its retinal expression was confirmed by SDS-gel electropho-
resis and Western blot analysis (Figure 1). No protein was detected in
the retina and neocortex of Ca,2.3-deficient mice.

ERGs recorded under scotopic conditions in response to repeti-
tive stimulation of the isolated and superfused retina are shown in
Figure 3. In sixteen independent experiments in wild-type mice, ap-
plication of 5 pmol/L UCB after equilibration with 10 pmol/L albumin
significantly reduced b-wave amplitudes by 14.9% (P < 0.05, corrected

for multiple comparisons, Figures 3A and 4A,B), area under the curve
(AUC,: 4032 pV*'ms [2806-5162] vs 3453 pV*ms [1619-5306],
P =0.0110; AUC,: 7485 uV*ms [4259-9861] vs 6717 pV*ms [3218-
9276], P < 0.05; AUC: 10 800 pV*ms [7289-16 526] vs 11 011 pV*ms
[5509-14 717], P <0.01), and the FWHM (310 ms [268-355] vs
285 ms [263-348]; P < 0.1) within approximately 18-24 minutes.

B-wave implicit time (ms), t, (ms), t, (ms), t,,, (ms), and tis0%) (ms)
were comparable before and during application of UCB (P = 0.8489;
P =0.1437; P=0.4132; P = 0.8318; P = 0.1350) (Table 1). The effect
of UCB on the b-wave amplitude was attenuated after 39-45 min-
utes of continuous superfusion (UCBZ, P =0.09, after correction,
Figures 3A and 4A,B; n = 14, wild type). After washout, the effect of
UCB was eliminated completely (P = 0.2839).

The effect of UCB was not observed in Ca,2.3-deficient mice
(UcB,, P=0.7780; UCB,, P=0.1770; AUC,, P=0.7609; AUC,,
P =0.3396; AUC, P = 0.4973; FWHM, P = 0.2581), but after washout,
the b-wave amplitude tended to decrease in this genotype by 11.6%
(P = 0.09, after correction, Figures 3B and 4C,D; n = 14, knockout).

Exploratory usage of albumin superfusion in knockout animals

showed comparable effects to superfusion with UCB (Figure 3B),
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FIGURE 3 ERG recordings from superfused murine retinae. (A) B-
wave amplitude in response to repetitive light stimulation every 3 min
in wild-type mice (n = 16). UCB was only added after reaching an
equilibrium of b-wave amplitude with albumin (pre-UCB, black circles).
Superfusion with UCB 5 pmol/L lasted 45 min and was followed by

a washout of the retina by albumin only. UCB significantly decreased
the b-wave amplitude after approximately 18-24 min (P < 0.05,
corrected with Holm-Bonferroni, dark gray circles), with partial
recovery toward the end of UCB superfusion (P = 0.09, corrected, gray
circles). After washout, the b-wave amplitude recovered completely

(n = 16; wild type, light gray circles). (B) UCB effects were not
observed in Ca,2.3-deficient mice (n = 14). After washout, the b-wave
amplitude tended to decrease (P = 0.09, corrected)

and the b-wave amplitude spontaneously decreased by 11.7 + 4.8%
(n = 3). Control experiments in WT using albumin alone showed com-
parable effects on the b-wave, 12.4 + 3.2% (n = 3), (Figure S1).

4 | DISCUSSION

The relationship between blood metabolites and hemoglobin degra-
dation products (BMHDPs) formed in the cerebrospinal fluid and the
development of vasospasm and delayed cerebral ischemia (DCI) has
been the focus of several previous studies,'* but the molecular and
cellular targets of BMHDPs remain to be identified.> However, in-
hibition of arterial smooth muscle contraction alone did not translate
into superior outcome, putting previous concepts of aneurysmal SAH
treatment partially into question. DCI can occur even in the absence
of angiographic vasospasm,16 supporting the hypothesis of a multifac-

torial cascade of adverse events after aneurysmal SAH. In the present

study, we investigated the role of Ca 2.3 channels as a direct target
of BMHDPs.

4.1 | BMHDPs after aneurysmal SAH and the
relevance of VGCCs in neuronal tissue

Lysis of erythrocytes begins almost immediately after aneurysmal
SAH, resulting in an increase in oxyhemoglobin (Oxy-Hb) concentra-
tion in the CSF that peak after 24-48 hours with gradual decrease
thereafter, reflecting degradation and metabolism of hemoglobin into
heme, ferrous and ferric iron, carbon monoxide, biliverdin, and bili-
rubin.** Previous investigations have found bilirubin levels in CSF to
be 5-fold increase in aneurysmal SAH patients with vasospasm com-
pared to healthy controls.)” BMHDPs can affect various pathologi-
cal processes, among others, the expression of voltage-gated calcium
channels (VGCCs) such as P-/Q-type and R-type calcium channels
(Ca,2.3 channels),%'® the latter previously assumed to be associated
with delayed cerebral vasospasm.* Furthermore, mediation of vaso-
constriction in smaller arteries (100-200 pm) by Ca, 2.3 channels is
also assumed after SAH.Y? VGCCs play a protective role after ischemic
neuronal injury,20 and most of these channels, including R-type ca?
channels,?* are also present in the neuronal network of the vertebrate
retina (embryological part of the brain), where they play a major role
in signal transduction and its regulation, but the final proof comparing
UCB-induced signaling changes was missing.

In the present study, we investigated the role of a single VGCC,
the Ca"2.3/R-type Ca?*-channel, for bilirubin evoked changes of sig-
nal-transduction in a well-defined neuronal network.?? The vertebrate
retina is emerging as a suitable model system for elucidating mecha-
nisms of neural signal processing and propagation.

Within the retinal network, VGCC can be modulated by drugs, tox-
ins, or metabolites and can be inactivated on the gene level to deduce
its function. The interneuronal network contains more than 30 differ-
ent types of amacrine cells, the major inhibitory interneurons in the
retina. They influence bipolar cells, ganglion cells, and other amacrine
cells by releasing inhibitory neurotransmitters that activate ionotropic
and metabotropic postsynaptic receptors. Roughly, half of the amac-
rine cells release GABA and the other half glycine.?®° These recipro-
cal synapses are thought to play an important role in tuning bipolar cell
output to the dynamic range of ganglion cells.?”?® Gene inactivation
of Ca 2.3 (R-type) or of Ca 3.2 (T-type calcium channel) has partially
elucidated its role during reciprocal inhibition in the murine retina.?’
Concerning signal processing in the inner retina, the b-wave amplitude
and implicit time were taken as a measure of the response of bipolar
cells. Comparing light-evoked responses from retinas of wild-type and
Ca*? channel-deficient mice enables us to define the effect of drugs,
toxins, and metabolites on Ca, 2.3-mediated signal transduction.

4.2 | UCB-induced modulation of ex vivo retinal
signaling in wild-type and Ca 2.3-deficient mice

In ex vivo experiments, most studies favor the application of biliru-
bin in the presence of albumin to reduce its toxicity.>° Based on this
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FIGURE 4 ERG responses of the isolated and superfused murine retina. Data analysis of the selected ERGs shown in Figure 3 before and
after superfusion with unconjugated bilirubin (UCB) in the presence of albumin 5 pmol/L/10 umol/L. (A) Effect of UCB on the transretinal
signaling in wild-type mice (n = 16). The b-wave amplitude decreased significantly after 18-24 min superfusion with UCB by 14.9% (UCB,,

P < 0.05, corrected with Holm-Bonferroni) and spontaneously increased again after 39-45 min (UCB,, P = 0.09, corrected). After washout with
albumin 10 pmol/L only, the b-wave amplitude returned to baseline. (B) Corresponding ERG traces from the normalized data presented in panel
A. Superfusion with UCB (dark gray curve) decreased the (b)-wave after 18-24 min, followed by partial recovery (light gray curve) after 39-45 min.
(C) Effect of UCB on the transretinal signaling in Ca 2.3-deficient mice (n = 14). The b-wave amplitude was not affected by UCB (P = 0.8077).
After washout, the b-wave tended to decrease by 11.6% (P = 0.09, corrected), independent from UCB (Figure 2C). (D) Corresponding ERG traces
for normalized data are presented in panel C. After superfusion with UCB, the b-wave amplitude was unaffected (UCB,, dark gray curve vs UCB,,
light gray curve). The duration of light stimulus was always 500 ms, and it is indicated by a white bar beyond the traces

recommendation, UCB/albumin ratio in our setup has been chosen as
a molar ratio of smaller than one to achieve physiological conditions.
Acute administrations of high UCB concentration without albumin
cause Ca®* overload and subsequent neuronal vulnerability primarily
by targeting P/Q-type Ca?* channels on auditory brain regions, via
Ca?* and calmodulin-dependent processes.*® Such high concentration
of UCB was prevented in the present study.

To test the relevance of Ca 2.3 channels in a complex system con-
taining native Ca 2.3 channels as well as other potential targets, we
employed ERG recordings in the isolated and superfused murine ret-
ina. Using both wild-type and Ca, 2.3-deficient mice allowed us to dif-
ferentiate effects mediated by Ca, 2.3 from effects mediated by other
variables.

While the ERGs of Ca 2.3-deficient mice before and after super-
fusion with UCB were comparable, the b-wave amplitudes from the
Ca 2.3-competent retinas were transiently reduced during contin-
uous bilirubin superfusion. Such a transient effect could reflect the
initial slow increase during wash-in of bilirubin concentration in the
recording chamber, but may also result from activation of signaling
cascades downstream of Ca 2.3 channels. Thus, a high-affinity target

mediates inhibition of the b-wave amplitude. The subsequent partial

recovery of b-wave amplitudes might conversely be attributable to
astrocytes, which are capable of protecting neuronal cells against the
cytotoxic effects for short-term exposure to low concentration of
UCB.®! Within 15 seconds, the initial interaction of bilirubin with a
neuronal membrane seems to create other effects compared to reach-
ing an equilibrium after 15 minutes.®? As signaling must include the R-
type channel, this inhibition must be caused by a transient activation
of R-type currents concomitant with increase in GABA and/or Glycine
release on bipolar cells. In Ca 2.3-deficient mice, a decrease in the b-
wave amplitude was observed after washout of UCB, which was likely
related to differences in the spontaneous decline of the b-wave am-
plitude even under optimized recording conditions.*® This observation
was replicated during an exploratory control experiment with albumin
alone. The slow spontaneous decline of the b-wave amplitude could
reflect time-dependent changes in retinal hemostasis due to lack of
the pigment epithelium or other metabolic changes. This phenome-
non was evident in both genotypes but less evident in wild-type reti-
nae due to residual UCB-induced stimulation of Ca 2.3 channels.
Regardless of the exact mechanisms shaping the time course of
UCB effects, our findings show that—despite the presence of nu-

merous potential targets for UCB in the retina—genetic inactivation
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of Ca, 2.3 channels is sufficient to prevent UCB effects on the b-
wave amplitude completely. The explanation of the transient effect
must be related to a single target, the Ca 2.3/R-type channel com-
plex. In addition, our results illustrate that UCB-induced changes in
Ca 2.3 channel function can lead to rapid changes in normal neuro-
transmission. Therefore, the involvement of Ca 2.3/R-type VGCCs
could represent a potential target for early interventions, aimed at
ameliorating the response to blood degradation products mediated
by these channels.®® The ratio of U/A in our study [5/10 pmol/L]
seems to be physiological, but we cannot exclude the breaking and
disturbance of the membrane architecture and cytolysis in the phos-
pholipid bilayer.3* Maybe, the fast and transient inhibition of the
b-wave amplitude was caused by a direct high-affinity binding of
UCB to the R-type channel protein, and phosphobilayer disturbance

initiated the later relief, but specific to the R-type calcium channel.

4.3 | Bilirubin and the toxicity of its oxidation
products

Catalytically, hemoglobin is converted by heme oxygenases into fer-
rous iron, carbon monoxide, and biliverdin, which is subsequently re-
duced by biliverdin reductases to bilirubin. Nonenzymatically, heme,
biliverdin, and bilirubin are degraded in the presence of reactive oxygen
species to a series of products, including the monopyrroles Z-BOX A
and Z-BOX B as well as other bilirubin oxidation end products (BOX).%®
BOXes have been shown to inhibit a voltage- and Ca®*-dependent K*
channel (Slo1 BK channel), which was proposed to contribute to the
development of delayed cerebral vasospasm after aneurysmal SAH.3¢
Investigation of bilirubin is hampered by its low water solubility and
possible oxidation. We have controlled UCB stability by recording ab-
sorption spectra before and after applying on the retina, and we did
not observe any changes in the spectrum from 200 to 800 nm.

SNX-482-sensitive voltage-gated Ca, 2.3/R-type Ca?* channel in
rats is upregulated after experimental SAH, as shown at the transcript
level by semiquantitative RT-PCR.* Consequently, Ca,2.3/R-type Ca®*
channels were proposed as a novel therapeutic target for the treat-
ment of aSAH-induced cerebral vasospasm.!? Studies have shown that
bilirubin is produced in a time course parallel to the development of
vasospasm. However, contraction of smooth muscle due to bilirubin
could be shown neither in vitro nor in vivo,”” possibly reflecting the
lack of Ca 2.3 channel expression in healthy arteries.

We have found that UCB at a physiological U/A molar ratio of
0.5 significantly alters neurotransmission in the isolated and super-
fused retina from wild-type but not Ca 2.3-deficient mice, indicating
an acute and early action mediated by selective modulation of Ca 2.3

channels.

5 | CONCLUSIONS

The ex vivo neuronal setup of the isolated and superfused murine
retina demonstrates a transient effect of bilirubin on neuronal sign-
aling only when Ca, 2.3/R-type channels are present. Modulation of
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Ca,2.3/R-type Ca?* channels may contribute to the pathophysiologi-
cal cascades of vasospasm or DCI. The described model may facilitate
further investigation of BMHDPs on calcium channels to determine

their exact role in aSAH.
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