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Bilirubin-binding Cerebral Lipid
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In the pathomechanism of kern-
icterus several factors may play a
role.

(i) Prolonged bilimbinaemia due
to increased haemolysis [22]; or an
immaturity [8], inhibition [1, 2, 23,
31] or deficiency [10, 13, 51] of the
glucuronyl-transferase enzyme sys-
tem.

(if) An immature blood-brain or
blood-CSF barrier. Several clinical
and experimental [3, 9, 14, 20, 32, 37]
observations have been explained in
accordance with this fact. Alterna-
tively, on the basis of experimental
data Diamond and Schmid [16] em-
phasized the importance of damage
suffered at delivery and deny the role
of the blood-brain barrier’s immatur-
ity.

(in) Blood and tissues accumulate
bilirubin [7, 38, 41, 55]. The bulk of
serum bilirubin is bound to albumin
[33, 39, 42, 52], but binding to eryth-
rocytes has also been reported [53].
In the treatment of neonatal jaundice
albumin alone or in conjunction with
exchange transfusion has been re-
commended [40, 45] on the basis of
the affinity of bilirubin to albumin.
Care must be taken when prescribing

drugs, since several compounds com-
pete for albumin linkage [20, 26, 39].

(iv) Bilirubin inhibits respiration
and uncouples oxidative phosphoryla-
tion [18, 54]. According to recent
investigations, bilirubin inhibits the
function of several enzyme systems
[4]. B1anc and Johnson [6] assume
that bilirubin itself is the toxic agent
and is capable of entering into, and
interfering with the metabolism of
ganglion cells. This view was chal-
lenged by Haymaker et al. [20] who
state that only necrotic cells can take
up bilirubin and intracellular bili-
rubin is not the cause, but a mere
indication of cell necrosis. It is not
known why some parts of the brain
(e.g. the corpora striata, the thala-
mus and hippocampus) tend to,
while other parts of the brain do not,
become stained in the presence of
high levels of plasma bilirubin [5].
Cowger et al. [12] demonstrated
that the chemical structure and lipid
solubility of bilirubin are responsible
for its toxic effect, while other bile
pigments having a more polar char-
acter are less toxic.

Claireaux et al.
the pigment

identified
from the

[11]
recovered
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stained brain tissue as bilirubin of
the so-called indirect type and de-
scribed a bilirubin-retaining property
of a brain lipid fraction, but failed
to determine the chemical nature of
the latter.

This problem has now been in-
vestigated by us by means of thin-
layer chromatography. The method
has the advantage of identifying the
bilirubin-containing lipid spots by
means of specific reagents, and of
making it possible to analyse small

guantities, allow;ng to study rat
brains and brains of kernicteric new-
born infants.

Methods

(i) Experiments in vitro. Newborn and
adult Wistar strain rats were decapitated
and slices of their brains incubated with
bilirubin solution.

(a) At the beginning of our experiments
incubation of brain slices was performed
during 24 hours at 4°C in rat serum con-
taining 500 mg/100 ml of bilirubin, then
the sliceswere washed twice with physiolog-
ical saline and homogenized (see iv).

(b) In part of the experiments the
incubation time was shortened. 5 g brain
was homogenized with Gm1 bilirubin Solu-
tion consisting of a) solvent: 25 ml
Krebs-Ringer solution (15) containing 25
mg bovine albuminand b) solvent 500 mg
per cent bilirubin dissolved in N Na2H P04
(for complete dissolution adding a few
drops of 2N KOH is necessary), just prior
uniting and using the solutions 10 mg
ATP dissolved in 1mlIH 2 was added to
solution b). Incubation time was 10 min-
utes at 37°C, then 20 minutes at 4°C. As a
control, a brain sample incubated without
bilirubin was used.

(ii) Experiments in vivo were performed
on 5 Wistar rats under ether anaesthesia;
bilirubin dissolved in heparinized blood
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was introduced intracarotically. The bili-
rubin solution was prepared by dissolving
bilirubin in a small volume of0.1 N Na2C02
and added to heparinized rat blood plasma
to a final concentration of 150 mg per
100 ml. Thereafter the pH was adjusted to
7.8 and the plasma was united with the
erythrocytes just prior to infusion. 12
ml/kg of bilirubin-containing blood was
infused during Id minutes and the same
amount of blood was withdrawn. After 45
minutes the rats were decapitated, the
brains isolated, sliced, and 1g of brain was
homogenized in a cooled Potter homog-
enizer.

(Hi) The brains from two kernicteric
infants and of one with oesophageal mal-
formation and in the first case the bone
marrow too, were examined.

Case 1 was a 1050 g premature born
from a mother with pregnancy toxaemia.
On the first day there were episodes of
apnoea and spasms mainly localized to the
face and arms. There was no Rh incompati-
bility. Jaundice on the second day was
slight, on the third day, distinct. On the
fourth day plasma bilirubin was 24 mg
per 100 ml and an exchange transfusion
was carried out. Next day the plasma
bilirubin level was 17.5 mg per 100 ml,
subsequently it decreased to near normal.
Neurological symptoms and respiratory
disturbances also ceased only to reappear a
day later. Then the muscles were rigid,
the apnoeic attacks and spasms occurred
more and more frequently until respiratory
paralysis had ensued. Artificial respira-
tion was instituted but the baby died on
the fourteenth day.

Case 2 was a premature born with
1550 g. Soon after delivery severe respira-
tory disturbance and pulmonary haemor-
rhage were apparent. The haemorrhage
improved after the administration of
protamine sulphate and calcium but inter-
mittent positive pressure breathing had to
be instituted. Then pneumonia and grave
jaundice appeared and at a plasma bili-
rubin level of 153 mg per 100 ml an
exchange transfusion was performed. On
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the sixth day of life the condition deterio-
rated, spasms appeared, and on the eighth
day the baby died with respiratory paraly-
sis and cardiac failure.

Case 3. A premature newborn weighing
1800 g with oesophageal atresia was sub-
jected to surgery on the first day of life.
Respiration was maintained artificially but
obstruction of the tracheal tube by thick
mucus was difficult to overcome. Jaundice
was clinically insignificant. Owing to in-
creasing scleroedema and cardiac failure
death ensued on the eigth day.

In all the three cases necropsy was
done 4 hours after death. The brain and
bone marrow were examined immediately.
The coloured nuclear parts of the brain
(thalamus, pons) and, as a control, non-
coloured parts of the grey matter were
subjected to extraction.

(iv) Extraction procedures

a) Sliced rat brains and samples of the
newborn infants’ brains or bone marrow
(g each) were homogenized and ex-
tracted in a cooled Potter homogenizer

with 17 parts of Folch reagent during
5 minutes, centrifuged and the lower
part was again homogenized with 10

ml inversed Folch reagent (chloroform
methanol, 1:2) completed with 0.5 ml
distilled water. After centrifugation the
supernatants were united, evaporated in
vacuo, and the concentrated extracts were
put directly on thin-layer plates.

b) The incubated brain samples were
washed with saline to remove the incuba-
tion mixture and then homogenized and
centrifuged 3 times with 17 ml of Folch
ereagent for 5 minutes. An Erlenmeyer flask
was filled with the wunited upper layers
and put into a ten times larger glass beaker
filled with distilled water just to cover
the Erlenmeyer flask (double beaker-
method of Folch et al. [19]). On the
next day the 2—3 cm thick yellow layer
on top of the watery phase was pipetted
off, 2% butanol was added, and the
solution was saturated with ammonium

sulphate. The yellow colour entored the
butanol phase and the watery phase became
colourless. The butanol phase was evapo-
rated to dryness in vacuo and dissolved in
Folch reagent prior to chromatography.

c) 19 brain was homogenized with 17 ml

of Folch reagent, centrifuged, and after
adding 5% (referred to the organic phase,
0.5 ml) water, homogenized for 5 minutes.
After centrifugation the two upper layers
were united. In part of the experiments
the extracts so obtained were used without
purification. For more accurate work we
united the two upper layers and completed
the solvent with chloroform to obtain a
chloroform : methanol ratio of 2 : 1. The
extract so obtained was evaporated to one
half volume and shaken with 1/5 volume
0f 0.88% KC1 solution in a glass-stoppered
tube. After centrifugation the upper layer
was drawn off and the lower layer shaken
with 1/5 volume of 0.88% KC1 solution
saturated with Folch reagent. After repeat-
ed centrifugation the upper layer was
united with the original upper layer, while
the lower layer was shaken with 1/5 volume
of water saturated with Folch reagent.
All the wupper layers were united and
concentrated to 1/5 volume in vacuo and
dialyzed at 4°C overnight, then evaporated
to dryness. The residue of both the upper
and the lower layer was dissolved in Folch
reagent and subjected to thin-layer chro-
matography [47].

Serum and erythrocyte lipids were
obtained by the modified [28] method of
Reed et al. [43].

(V) Thin-layer chromatography

Lipid fractions of the extracts were
separated by ascending chromatography
on 250 p activated Kieselgel G-(Merck)
layers in the following systems.

1) For the separation of lipids of differ-
ent polarity: a) chloroform-methanol-wa-
ter (65 : 25 :4); or b) chloroform-methan-
ol-water-ammonium hydroxide (65 :27 :
4 :0.1) (lower phase);

2) forthe separation ofdifferent ganglios-
ides. n-butanol-pyridine-water (3:2:1);
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3) for the separation of apolar lipidconsisting mostly of the

fractions from polar ones, the modified [28]
double solvent system of Sachs and Woll -
man [44] were used.

For visualization and identification of
the fractions, the following sprays were
applied. As general lipid-dyes, bromo-
thymolblue [24, 46] or Oxytetracycline [29];
for visualizing gangliosideS, Bial’s orcinol
reaction [21]; for the demonstration of
phospholipids, the molybdenum blue rea-
gent of Zinzadze [17;] for the indentifica-
tion of bilirubin, the diazo reagent of
Jendrassik and Grof [25]. Reference sub-
stances: lecithin and cephalinsprepared from
brain [34, 35]; cerebral ganglioside [49]

Esterified
cholesterol

Triglycerides -

Cephalin
Lecithin
Sphingomyelin

Lysolecithin —

Fig. 1. Thin-layer chromatogram of brain lipid extracts (c), compared to

monosialogan-

glioside GMi [50]; crystalline bilirubin

(Reanal, Budapest).

All bilirubin-containing materials were
protected from light. The chemicals were
of analytical grade, the solvents were re-
distilled.

R esults

(i) For the comparison of their
lipid fractions, serum and erythro-
cyte [27, 28] extracts were chro-
matographed simultaneously with
brain extracts. In Fig. 1 the following

lipid frac-

tions of serum (a) and erythrocytes (6). Extraction with chloroform-methanol (2:1)

Sachs and Wolfman’s [44] modified [28] solvent system; Oxytetracycline spray

[29]
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brain lipids are to be seen: next to
the start line is lysolecithin, then
follow gangliosides, free fatty acids,
sphingomyelin, lecithin, cephalin,
monoglycerides, cholesterol, triglycer-
ides and esterified cholesterol fractions.

Chromatography of the lipid ex-
tracts prepared according to Foich
[19] or Ssuzuki [47] in an n-butanol :
pyridine :water  (3:2:1) solvent
system revealed at least two spots
characteristic of gangliosides and giv-
ing a positive reaction with Bial’s
reagent. In the extracts of brains in-
cubated with bilirubin there were
1 to 3 chromatographic spots of bili-
rubin (yellow and diazo positive) the
site of which coincided with that of
the violet, Bia1 positive, ganglioside
spots. — If extracted with the double
beaker method of Fo1ch, the chroma-
togram of the watery phase revealed
several yellow and diazo positive
spots coinciding with the gangliosides
termed by Svennerholm [SO]GTX(trI-
sialoganglioside), GDla (disialogangli-
oside), GDIb (disialoganglioside), GM,
(monosialoganglioside), which could
be made visible by Bial’s reagent.
The bilirubin-containing spots were
ninhydrin-positive. Since cephalin is
also ninhydrin positive, for differ-
entiation between phospholipids the
solvent system chloroform : metha-
nol :water (65 :25 :4) and Zinzad-
ze’s molybdenum blue phospholipid
reagent were used. The sites of the
bilirubin-containing lipid spots and
those of the Zinzadze positive spots
differed considerably. Phospholipids
giving a Zinzadze reaction were found
on the upper part of the chroma-

togram, while the strongest bilirubin
containing spot was near to the start
line (Fig. 2).

(ii) Examination of bilirubin in
the rat’s brain after introduction by
intracarotic infusion. These brains
differed from those of the control
rats by their intensive yellow colour.
Lipids obtained by extraction pro-
cedure a) gave 3 diazo positive spots
on the chromatogram in the chloro-
form : methanol : water system.
These spots coincided with the gan-
gliosides GTj, GDJa, GDIb, GMt which
could be made visible by Bial’s rea-
gent, while sites of the phospholipid
spots differed from them. The yel-
low colour of crystalline bilirubin re-
mained in these systems on the start
line (Fig. 3).

(in) Brain extracts of Case 1 and
2, and that of the spinal cord of Case 1
yielded only one diazo-positive spot;
its site was close to the start line in
the chloroform : methanol : water
system. In the n-butanol : pyridine :
water system the diazo positive spot
was near the front. In both solvents
this spot was Bial positive (crystal-
line bilirubin, as mentioned above,
remained at the start line). Sites of
the phospholipids differed from those
of the bilirubin containing spots; this
was particularly obvious on chromat-
ography in the chloroform : metha-
nol : water system (Figs 4, 5).

In contrast to the two kernicteric
cases, on the chromatogram of brain
lipids of Case 3 the site of the in-
tensive yellow-coloured spot coin-
cided with that of crystalline bili-
rubin in both solvent systems.
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Fig. 2. Scheme showing the lipid frac-
tions of rat brain incubated with 250 mg
per 100 ml of bilirubin solution. Extraction
with chloroform : methanol (2 : 1). Solvents:
: Chloroformmethanol :water (65 :25 :4).
: n-butanol :pyridine : water (3 :2:1).
molybdenum-blue reaction of Zinzadze;
. Bial reaction; ¢ and Bi: diazo reaction.
: cephalin; L: lecithin; S: sphingomyelin;
LI: lysolecithin; GM,, GD]J]a, GDIb, GT,
gangliosides according to Svennebho Im[50].
Bi: crystalline bilirubin in chloroform

0% o w>

Discussion

In both the in vitro and the in vivo
experiments, we used adult Wistar
rats. Since our aim was to throw
light on the bilirubin-lipid linkage,
we introduced bilirubin intracaro-
tically into the organism. So most of
the bilirubin bypassed the liver and
entered directly the brain. K aster
[30] produced kernicterus in adult
rabbits similarly, by intracarotic in-
fusion.

Fig. 3. Thin-layer chromatogram of brain-
lipid extracts of rats treated with 1.5 mg
bilirubin by intracarotic infusion. (3 ml
heparinized blood with 150 mg per 100 ml
plasma bilirubin level.) Extraction proce-
dure according to Suzuki [47]. Solvents
A, B, C: chloroform : methanol : water
(65 : 25 :4). A: molybdenum-blue reaction
of Zinzadze, B: Bial reaction, C: diazo
reaction. Bi: crystalline bilirubin in chlo-

roform

We found that the purity and exact
ratio of the solvents were essential for
the stability of the minimal amount
of lipid-linked bilirubin and for the
stability of tri- and disialogangliosides
which are easily transformed into
monosialogangliosides. The yellow col-
our is characteristic of bilirubin only
immediately after chromatography;
after some time the sialic acid-con-
taining ganglioside spots became yel-
low and even brown. The diazo re-
action carried out on the still wet
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Fig. 4. Thin-layer chromatogram of brain
lipids of Case 1 and Case 2 (ab, c) and
mcontrol brain (d). Bi: Bilirubin standard.
Extraction according to Suzuki [47].
Solvents, A: chloroform :methanol : water

(65 : 25 :4); B: (B, Case 1; B2 Case 2)
n-butanol : pyridine: water (3 :2:1). a:
molybdenum-blue reaction of Zinzadze;

b: BIAL reaction; ¢, d and Bi: diazo reac-
tion

thin-layer slides yielded the most
satisfactory information. It has to be
remembered that lipid-bound bili-
rubin gives an immediate diazo reac-
tion whilst unbound bilirubin reacts
only after some delay.

In respect of the origin and effects
of the bilirubin-lipid linkages, the
role of three factors must be empha-
sized.

127

Fig. 5. Thin-layer chromatogram of lipids
of the bone marrow (Case 3). Extraction
according to Suzuki [47]. Solvents: A:
chloroform : methanol : water (65 : 25 : 4);
B: n-butanol :pyridine :water (3 :2 :1).
a, b, c: extract of bono marrow, Bi: bili-
rubin reference, a: molybdenum-blue reac-
tion of Zinzadze, b: Bial reaction, ¢ and

Bi: diazo reaction. GM, GDIla, GDIb
GTj gangliosides according to Svenner-
HOiIM [50].

both in vitro and in vivo, and also
in the case of kernicteric newborns,
bilirubin entered the brain from an
albumin-containing medium. In the
experiments in vitro the albumin con-
tent was only 0.45 per 100 ml. Bilirubin
was present at a concentration high-
er than the binding capacity of albu-
min. In the experiments in vivo the
employed heparinized blood contained

1. Albumin concentration of theas much as 150 mg per 100 ml of

bilirubin solution. In exjieriments

bilirubin and even when it had be-
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come diluted in the rat’s circulation,
the level was 30 mg per 100 ml, still
exceeding the bilirubin-binding ca-
pacity of albumin. In the kernicteric
newborn infants (Cases 1 and 2) the
plasma bilirubin level was at the
limit of the human albumin’s bili-
rubin-binding capacity; this is why
an exchange transfusion was done.
In Case 3 the plasma bilirubin level
was not determined.

Thus, in all the experiments as well
as the kernicteric infants bilirubin
was carried to the brain by albumin-
containing media. In the experiments
the amount of albumin was much less,
in the Kkernicteric infants just suf-
ficient for the binding of bilirubin.

L. Kakan et al.: Bilirubin-binding Cerebral Lipid

pointed out, some lipid having a great
affinity to bilirubin must have a role
in the origin of kernicterus. Accord-
ing to him “may be the brain cells
concentrate bilirubin transferring it
from albumin to cellular proteins,
possibly to the very lipoprotein struc-
tures on which bilirubin then exerts
its damaging effect”. In this regard
we have to mention the two possi-
bilities raised by Menken et al. [36],
by which bilirubin exerts its toxic
effect on the brain: either the con-
centration of bilirubin is higher in the
nervous system than in the liver or
the spleen, or the neurons are more
susceptible to its toxic effect.
According to our experiments,

2. In all the brains, whatever thethere is no controversy between the

origin of their bilirubin content, and
in spite of the different extraction
procedures and different chromato-
graphic systems, the result unequi-
vocally pointed to the role of gan-
gliosides in binding the bilirubin. To
this referred the sites of the bilirubin-
containing spots giving a violet col-
our with Bial’s reagent on the thin-
layer chromatogram. When parti-
tioned, the larger part of gangliosides
was found in the aqueous phase, for
example with the method of suzuki
andin Folch’s “double beaker” system.
The yellow colour appearing in the
watery phase speaks in favour of
the gangliosides which are known to
be soluble in water and organic sol-
vents. From the above-mentioned
data the conclusion might be drawn
that the gangliosides have a definite
role in binding the bilirubin entering
the brain. As Ernster [18] has

two assumptions. Owing to the con-
centrating effect of gangliosides the
bilirubin concentration may be ex-
tremely high (higher than in the liver
or the spleen) at certain sites of the
neurons, and as a consequence the
neurons have a peculiar sensitivity
to bilirubin.

3. The gangliosides are taking up

the bilirubin and presumably con-
centrate it. This, however, does not
yet answer the question where and
how bilirubin exerts its toxic effect.
Since in the organism, too, there is
a partition between watery and lipid
phase, i.e. between the cytoplasm
and the lipoprotein organelles, it may
be assumed that those bilirubin mo-
lecules are bound by the gangliosides
which molecules have contacted the
ganglion cells, and these transfer
them to the lipoprotein structures
where the bilirubin exerts its toxic
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effect. The insufficient amount of
albumin for binding bilirubin and
the undeveloped or damaged blood-
brain barrier makes the contact of
bilirubin with the ganglion cells
possible. The insufficiency of the
blood-brain barrier did not play a
role in our experiments in vitro since
in the experiments in vivo bilirubin
was introduced into normal adult
rats having a healthy blood-brain
barrier, but the toxic action of part
of the unbound bilirubin was not in-
hibited. In the immature infants, the
underdeveloped blood-brain barrier,
an injury at birth, furthermore an
incomplete bilirubin-albumin binding
may have played a role in the de-
velopment of kernicterus.

Thin-layer chromatography proved
useful not only for studying the bili-
rubin-lipid linkage, but it was found
to represent a more sensitive indi-
cator than any histochemical method.
By its means it was possible to ex-
tract the amount of lipid-bound bili-
rubin necessary for chromatography
and for identifying in the previously
elaborated solvent systems. In this
connection the experiment of Dia-
mond and Schmia [16] has to be
mentioned, who could demonstrate
deposition of isotope material inthe
brain of animals which received UC
labelled bilirubin bound to albumin
without any sign of damage to the
central nervous system. Since our
kernicteric infants showed significant
nervous symptoms and since their
plasma bilirubin concentration just
reached the critical level, thin-laver
chromatography seems to allow to

demonstrate the critical cerebral bili-
rubin level causing damage in the
nervous system.

Since regional and developmental
differences in brain gangliosides have
recently been described [48] we must
raise the question whether this fact
was one of the causes why certain
brain areas become icteric while
others remain unaffected.

In the brain of our Case 3 no lipid-
linked bilirubin could be demon-
strated; in thisinfant both the clinical
findings and the fact that it died on
the third day of life, have rendered
the presence of a kernicterus improb-
able.
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Summary

Rat brains incubated with bili-
rubin, rat brains made kernicteric in
vivo, and brain lipid extracts from
two kernicteric newborn infants have
been studied for lipid bound bili-
rubin. According to its partitional
distribution, Rr value and thin-layer
chromatography, bilirubin is bound
to the cerebral gangliosides.

It is assumed that cerebral gan-
gliosides have the property of binding,
retaining and concentrating bilirubin,
thus giving the possibility for bilirubin
to exert its toxic effect.
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