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ABSTRACI'. The binding of bilirubin to tissue was studied 
using adult human erythrocytes and rat liver mitochondria. 
Tissues were incubated with varying bilirubin-albumin mo- 
lar ratios, varying albumin concentrations of a given bili- 
rubin-albumin molar ratio, and varying pH. Bilirubin bind- 
ing by tissue was reversible and stoichiometric with the 
concentration of the free (nonalbumin bound) bilirubin acid 
salt (bilirubin monovalent anion). Minimal binding of the 
bilirubin dianion, the predominant state of bilirubin in 
plasma, was also suggested. The observations support the 
"free bilirubin theory" where tissue and albumin compete 
for binding the body's bilirubin pool. Binding to tissue, 
however, is not determined by the free bilirubin concentra- 
tion, but by the concentration of the pH dependent subfrac- 
tion, the free bilirubin acid salt. Tissue binding and toxicity 
of bilirubin may result from the surfactant properties of 
the monovalent anion. (Pediatr Res 23: 443-447, 1988) 

Abbreviations 

BH2, bilirubin acid 
BH-, bilirubin acid salt (monovalent bilirubin acid) 
B=, bilirubin dianion 
HSA, human serum albumin 
HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesul- 

fonic acid 

The "free bilirubin theory" of kernicterus assumes that, tissue 
and albumin are competing with each other for binding the 
body's bilirubin pool (1, 2), where 

though only a very small fraction of the total bilirubin remains 
unbound (2, 3). Direct evidence to support reaction 2) is not 
conclusive. Phospholipids and cell membranes bind bilirubin (4- 
8), but less is known about the stoichiometry or reversibility of 
tissue binding. Some (9, 10) have suggested that tissue uptake of 
bilirubin is mediated by its albumin camer and not dependent 
on free bilirubin at all. The recognition that pH affects each of 
these reactions differently further complicates this model. Within 
the physiologic pH range, bilirubin binding to albumin is essen- 
tially independent of hydrogen ion concentration (1 1, 12), but 
bilirubin binding to tissue increases at lower pH (8, 12-14). 
Inasmuch as pH influences binding to a variety of cell mem- 
branes, mitochondria, phospholipid liposomes, and even sepha- 
dex (1 5), the explanation for the effect is more likely to be found 
in the chemistry of bilirubin than in pH-induced alterations of 
the membranes. 

Bilirubin is a dicarboxylic acid, with three species in equilib- 
rium: 

H+ H+ 

B = + BH- + BH2 + (BH2), (precipitate) 4) 

At physiologic pH, most bilirubin is thought to exist as B= with 
a small fraction forming the acid salt (monovalent anion, BH-) 
and a minute fraction as BH2 (3). Because the BH2 is nearly 
insoluble in water, Brodersen and coworkers (6, 7, 16) suggested 
that free bilirubin exists in a supersaturated metastable state 
under conditions of hyperbilirubinemia, and that the increased 
tissue uptake of bilirubin at low pH results from the aggregation 
of the insoluble bilirubin acid in membranes. Such precipitates 
would be irreversibly bound to tissue until the surrounding free 
bilirubin concentration drops below the level of bilirubin solu- 
bility. This hypothesis limits the "free bilirubin theory" inasmuch 

"free" bilirubin + albumin -. bilirubin-albumin 1) as the theory assumes that tissue binding is reversible and stoi- 
chiometrically related to the free bilirubin concentration. In view 

and of these uncertainties, this study was undertaken to examine the 
"free" bilirubin + cell t bilirubin-cell 2) validity of the bilirubin-cell reaction, namely; 1) the role of free 

(nonalbumin bound) bilirubin in tissue uptake in vitro, 2) the 
When equilibrium is achieved the free (unbound) bilirubin con- stoichiometry and reversibility of bilirubin binding to tissue, and 
centration in reactions 1) and 2) will be identical so that, 3) the influence of pH on cell uptake of bilirubin and its impli- 

bilirubin-albumin t albumin + free bilirubin cations. 

+ cell t bilirubin-cell 3) MATERIALS AND METHODS 

The concentration of bilirubin in tissue can then be estimated ~ i l i ~ ~ b i ~ ,  defatted HSA, fraction V, and horseradish peroxi- 
by measuring the free bilirubin concentration in serum. The dase (EC 1.1 1.1.7) were obtained from sigma chemical co. 
validity of reaction 1) is well supported; there is substantial ~ t h y l  hydrogen peroxide was obtained from Accurate Chemical 
evidence that albumin binds bilirubin reversibly in plasma even company. ~ i l i ~ b i ~  was dissolved in 0.1 N N ~ O H  and added to 

an unbuffered solution of HSA. The bilirubin-albumin solution 
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Erythrocyte suspensions were prepared from heparinized 
blood obtained from healthy adult volunteers. A~vroximatelv 50 
ml whole blood was centrifuged for 10 min at i0,000 rpm at 4" 
C. Plasma was removed and cells were resuspended in phosphate 
buffer, pH 7.4, containing 100 mg/dl glucose. Washing and 
centrifugation was performed three times, and packed cells were 
then resuspended in an equal volume of buffer. In most uptake 
experiments, 1.0 ml erythrocyte suspension was incubated with 
9.0 ml bilirubin-albumin buffer solutions in a shaking water 
bath, 37" C, for 15 min. Preliminary studies indicated that 95- 
98% recoverable bilirubin was bound to erythrocytes by 5 min 
incubation. Prolonged incubation for 1 h increased uptake only 
slightly. After incubation, cells were centrifuged and the super- 
natant removed for total and free bilirubin determinations. After 
three more washes with phosphate buffer, pH 7.4, cells were 
resuspended in 5 ml of a 2 g/dl albumin solution (phosphate 
buffer pH 7.4) and reincubated for 15 min. The cells were again 
centrifuged and the supernatant saved for bilirubin determina- 
tion. A total of 89-96% of the initial bilirubin could be accounted 
for by combining the residual serum bilirubin concentration and 
cell extraction. A second incubation of erythrocytes with albumin 
increased extraction only 1-3%. 

Bilirubin concentrations in supernatants were determined 
spectrophotometrically, assuming a molar extinction of 47,500 
at 460 nm. Hemolysis in incubation and extraction solutions 
was negligible. Unbound bilirubin concentrations were deter- 
mined using the peroxidase method (17). Resuspended erythro- 
cytes were counted in triplicate using a counting chamber. Bili- 
rubin uptake is expressed as nm01/10'~ erythrocytes. 

Mode of bilirubin uptake by erythrocytes. Because of the high 
binding constant of the bilirubin-albumin com~lex (K = 4.5 x 
lo7 MI' at 37" C), a 10-fold dilution of concentrated bilirubin- 
albumin solution has a negligible effect on the free bilirubin 
concentration, whereas albumin and total bilirubin levels are 
reduced to one-tenth the initial concentration. Thus serum di- 
lution can be used to discriminate the action of free bilirubin 
from total bilirubin or albumin. Bilirubin-albumin solutions 
containing 2 g/dl albumin and 9 or 14 mg/dl bilirubin (molar 
ratios 0.5, 0.8) were prepared in phosphate buffer, pH 7.4. The 
bilirubin-albumin solutions were then diluted 1: 10 with buffer. 
Two-ml aliquots of packed washed erythrocytes were incubated 
with 30 ml of diluted and undiluted bilirubin solutions for 20 
min at 37" C after which red cells were washed and bilirubin 
extracted. Results are reported as the mean value of triplicate 
incubations performed under each set of conditions. 

Stoichiometry and reversibility of bilirubin-tissue complexes. 
Erythrocytes (1.0 ml) were incubated with bilirubin/albumin 
ratios ranging 0.2- 1.3 (9.0 ml). The initial albumin concentration 
was 1 g/dl with variable bilirubin concentrations. Unbound 
bilirubin levels and red cell bilirubin content were determined 
after a 15-min incubation. In a second set of experiments to 
study reversibility of binding, erythrocytes were preloaded with 
bilirubin by incubation with a 1.3 molar ratio bilirubin/albumin. 
The postincubation molar ratio and free bilirubin concentration 
were about 1.05 and 76 nmol/liter, respectively. Preloaded cells 
were then washed and incubated with varying molar ratios (0.2- 
0.9) as described above. 

Effects of pH on bilirubin binding. These studies were con- 
ducted using 1.0 ml erythrocytes, 9.0 ml bilirubin/albumin (mo- 
lar ratio ca. 0.7). The pH of the 0.055 M phosphate buffer varied 
from 6.9 to 7.7. To be certain that hydrogen ion effects on tissue 
binding were not unique to erythrocytes, similar experiments 
were performed with rat liver mitochondria. Mitochondria were 
isolated using standard differential centrifugation techniques (1 8) 
and suspended in HEPES buffer adjusted to pH 7.0-7.7. One ml 
mitochondria suspension was added to 9.0 ml HEPES buffered 
bilirubin/albumin, incubated, and washed as in the red blood 
cell studies. After three washes to remove serum, mitochondria 
were lysed with deoxycholate and bilirubin extracted with 0.1 N 
NaOH. Studies were done in triplicate. Results are presented as 
pg bilirubin per mg mitochondria1 protein. 

RESULTS 

Mode of bilirubin uptake by erythrocytes. Erythrocytes incu- 
bated in dilute and undilute albumin-bilirubin solutions were 
exposed to essentially identical unbound bilirubin concentra- 
tions, but different albumin and total bilirubin levels (Table 1). 
The red cell bilirubin concentration was not affected by dilution 
of bilirubin-albumin, indicating that erythrocyte binding of bili- 
rubin is mediated by the free bilirubin concentration and not 
determined by the albumin or total bilirubin level. 

Stoichiometry and reversibility of bzlirubin-erythrocyte binding. 
Erythrocytes were incubated with bilirubin-albumin solutions, 
pH 7.4, containing initial molar ratios in the range of 0.2-1.3. 
In an infant with 3 g/dl albumin, these conditions would be 
equivalent to serum bilirubin levels ranging about 5-34 mg/dl 
(4.6-29 mg/dl after equilibrium). Red blood cell uptake of 
bilirubin throughout this range increased in proportion to the 
equilibrium free bilirubin concentration (Fig. I). Saturation of 
erythrocyte binding was not observed. The slight deviation from 
linearity between uptake and unbound bilirubin concentration 
was a consistent observation, suggesting facilitated binding, e.g. 
formation of bilirubin dimers in membranes. Alternatively, it 
could simply reflect errors in the estimation of free bilirubin or 
inefficiency of bilirubin extraction at lower free bilirubin levels. 

In these experiments, bilirubin was extracted from cells with 
nonictenc albumin. Thus, the free bilirubin concentration in the 
extract solution was usually very low and less than the proposed 
solubility limit of bilirubin at pH 7.4 (6). The experiments 
therefore could not differentiate whether bilirubin-membrane 
binding represented a reversible complex or an aggregated bili- 

Table 1. Effect ofserum dilution of erythrocyte binding of 
bilirubin 

Apparent unbound Red blood 
Total bilirubin bilirubin cell bilirubin 

Albumin (g/dl) (mg/dl) (nmol/liter) ( n m ~ l / l O ' ~  cells) 

2 14 48 14.3 
0.2 1.4 48 14.3 
2 9 18 4.8 
0.2 0.9 17 4.6 

UNBOUND BILIRUBIN AT EQUILIBRIUM 
(nmol/ l i ter,  37OC) 

Fig. 1. 0, erythrocytes incubated with varying molar ratios of biliru- 
bin/albumin (0.4-1.3) pH 7.4. X, erythrocytes preloaded with bilirubin 
before incubation (reverse titration). --x--, expected bilirubin content 
of preloaded erythrocytes if tissue bilirubin represents precipitated bili- 
rubin acid assuming solubility 7 nmol/liter (Ref. 6). 
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rubin acid-phospholipid complex as previously proposed (6, 7). 
If tissue binding involves aggregation of the bilirubin acid in 
membranes, those aggregates would be extracted only when the 
environmental free bilirubin concentration permitted resolubili- 
zation. To examine whether bilirubin aggregation is contributory 
to membrane binding of bilirubin under clinically observed free 
bilirubin levels, erythrocytes were preloaded with bilirubin by 
incubation with bilirubinlalbumin molar ratio 1.3 and then 
reequilibrated with varying bilirubin/albumin solutions. This 
"reverse" titration was identical to the initial loading titration 
(Fig. 1). No hysteresis was apparent even at very high free 
bilirubin levels. These results indicated that erythrocyte binding 
of bilirubin is reversible, that insoluble bilirubin acid-phospho- 
lipid complexes do not play a significant role in bilirubin uptake 
by tissue under the conditions studies, and that a true equilibrium 
exists wherein albumin and tissue compete for binding the bili- 
rubin pool. 

Effect of pH on bilirubin binding erythrocytes and mitochon- 
dria. Bilirubin has two propionic acid groups. Accepting pub- 
lished pK estimates of 4.3-5.3 (19, 20) approximately 99% of 
bilirubin in solution at pH 7.4 would exist as the dianon. Relative 
changes in concentration of BH- and BH2 within the 
physiologic pH range would vary in proportion to the hydrogen 
ion concentration and square of the hydrogen ion concentration, 
respectively. Assuming that the pK of bilirubin in the bilirubin- 
membrane complex is not significantly altered, the binding of 
bilirubin to membranes at a given free bilirubin exposure would 
be expected to vary in proportion to the hydrogen ion concen- 
tration or square of the hydrogen ion concentration depending 
on whether the acid salt or bilirubin acid is the dominant driving 
force for tissue binding. When equilibrated with a constant free 
bilirubin level, red cell uptake of bilirubin was linear with hydro- 
gen concentration (Fig. 2). Studies using mitochondria produced 
similar results (Fig. 3), indicating that the phenomenon is not 
unique to erythrocytes and probably represents a fundamental 
behavior of bilirubin-membrane interaction. These results would 
be expected if the unbound monovalent bilirubin acid salt was 
responsible for tissue binding. With both tissues, the ordinate 
intercept was slightly more than zero, indicating that a small 
amount of non-pH-dependent binding also occurs. This probably 
represents membrane complexes with the dominant bilirubin 
dianion. 

DISCUSSION 

These studies support the basic assumptions of the "free bili- 
rubin theory"; namely, that I )  unbound bilirubin is the mediator 
of tissue as well as albumin binding of bilirubin, and 2) both 
tissue binding and albumin binding are reversible and stoichio- 
metrically related to the concentration of unbound bilirubin. 
However, the uptake of bilirubin by erythrocytes and mitochon- 
dria also depends on pH. 

This study identified a linear relationship between hydrogen 
ion concentration and tissue binding of bilirubin, interpreted as 
membrane binding of the bilirubin acid salt. This conclusion is 
based on the premise that both pK, and pK2 are acidic, so that 
within the physiologic pH range proton exchanges primarily 
involve the second carboxylic acid group. But is this assumption 
correct? Recent preliminary studies (21, 22) indicate that oc- 
tanollwater and chloroform/water partitioning of bilirubin are 
also controlled by a single proton exchange. Reactions satisfying 
this requirement include: 

Both models create chemical dilemmas. Hahm et al. (22) ascribed 
the observation to dissociation of the bilirubin acid (reaction a), 
which is incompatible with the premise of the current experi- 
ment. They found no evidence for the existence of the bilirubin 
dianion below pH 8.5, and calculated a pK, 7.2 for the dissocia- 

Fig. 2. Effect of hydrogen ion concentration on erythrocyte uptake 
of bilirubin. Cells were incubated with a constant bilirubin/albumin 
molar ratio at varying pH. Each point represents a single determination. 

UBC 34 nmol / l i te l  

Fig. 3. Effect of hydrogen ion concentration on rat liver mitochondria 
uptake of bilirubin. Mitochondria were incubated with a constant bili- 
rubinlalbumin molar ratio at varying pH. Each point represents the 
mean of three determinations; pH is indicated in parentheses. 

tion of BH2 in water. Our data would fit this model only if the 
value pK2 were about 6.5 or lower because a higher pK would 
result in a nonlinear relationship between hydrogen ion and BH2 
concentrations. The model would also require the pK for the 
remaining propionic acid to be >>8.5 whereas the intrinsic pK 
of priopionic acid is about 4.9. Such a large shift in carboxylic 
acid pK would be very unusual, requiring special environmental 
conditions. The folded configuration of bilirubin might facilitate 
a basic shift in pK, but hydrogen bonding of a carbonyl oxygen 
(doubly bonded in the case of bilirubin) normally decreases the 
pK of a carboxylic acid (23). Finally, the model must be recon- 
ciled with published potentiometric titrations of aqueous biliru- 
bin solutions that demonstrate the addition of two, not one, 
protons per molecule between pH 7.8 (24, 25). The nearly 
simultaneous consumption of two protons, yielding an apparent 
pK of about 7.55 (25), together with a very steep titration curve 
were explained by Overbeek et al. (24) as precipitation of the 
nearly insoluble bilirubin acid and a rapid depletion of the 
bilirubin dianion that must maintain equilibrium with the solu- 
ble acid fraction. Thus, the true pKl of the carboxyl groups 
appears to be much lower than 7.2. Although the pK of bilirubin 
acids have been estimated to be between 4.3-5.3, exact values of 
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the two carboxylic acid dissociation constants remain uncertain 
because published studies required formamide or DMSO to 
solubilize bilirubin at low pH (19, 20). 

The alternative model (reaction b) creates the obvious problem 
of how to partition a charged molecule into an organic solvent. 
This chemical slight-of-hand can be explained by a closer look 
at the surface chemistry of the water-chloroform interface, where 

BHZ(CHCI~) + BH2(,",fa,,) 
BH~(surface) +BH- (surface) + BH-(H~O) c) 

The conformation of the bilirubin acid salt is probably folded 
about the central methylene bridge, forming a hydrophobic 
exterior with internal hydrogen bonding of the propionic acid 
side chains (26, 27). In the fo ed, largely hydrophobic confor- 
mation, the acid salt would h s" ve a single ionized carboxyl group 
at one pole, resembling a deteb-Thus, it might readily interact 
with chloroform at the interface, with the hydrophobic portion 
buried in the chloroform and the ionized carboxylic acid group 
in the aqueous medium. Because of the relatively higher affinity 
of the nonpolar bilirubin for chloroform, the effective concentra- 
tion of BH- in the chloroform (or cell membrane) interface is 
much higher than in aqueous solution, driving the reaction to 
further protonization and, in the case of chloroform, internali- 
zation of the bilirubin acid. The net reaction, however, is con- 
trolled by transformation of the water soluble bilirubin dianion 
into the detergent-like acid salt, described by pK2. Data obtained 
in chloroform/water partition studies (22) are consistent with 
this model by assigning values pKI 4.0-5.2, pK2 6.5-6.9, and 
pK, 5.1-5.4 (pK1 at the interface). Using an interface pKI of 5.2 
and aqueous pH 7.0, more than 98% of bilirubin at the chloro- 
form-water interface would be in the form of the monovalent 
anion. 

This model solves the paradox of partitioning a dicarboxylic 
acid between buffered aqueous and organic solvents with the 
apparent exchange of only one proton. It eliminates the need of 
rationalizing pK2 in reaction a), and it supports the initial premise 
of acidic values of pKI and pK2. In biologic systems, the distri- 
bution of bilirubin between albumin and tissue would thus be 
governed principally by the following reactions: 

where A = albumin, B= = bilirubin dianion, and C = cellular 
membranes. Assuming accessibility of bilirubin to competing 
binding receptors within the body, the distribution of bilirubin 
would depend principally on the relative concentrations of al- 
bumin and tissue receptors, their respective binding affinities, 
and hydrogen ion concentration at the cell surface. 

Can this model be reconciled with other interpretations of 
membrane-bilirubin and phospholipid-bilirubin complexes? The 
effects of pH on the binding and/or toxicity of bilirubin to tissue 
have previously been studied using cerebellar tissue culture (28), 
mitochondria (l4), L-929 cells (l2), erythrocytes (1 3), and eryth- 
rocyte ghosts (7, 8). All studies demonstrated increased tissue 
binding of bilirubin at low pH, with or without the presence of 
albumin. Proposed mechanisms for increased uptake vary from 
altered albumin binding (13, 14) to precipitation of bilirubin 
acid in membranes (6, 7). The importance of the bilirubin acid 
salt in tissue uptake has not been previously recognized. 

Brodersen and coworkers (3, 16, 29) proposed that tissue 
uptake involves aggregation of BH2 in membranes, and that the 
risk for kernicterus could be determined as the potential for 
bilirubin acid aggregation, i.e. by measuring serum binding (or 
unbound bilirubin) and pH. This proposal was based on obser- 
vations (6) that the solubility of bilirubin in aqueous buffers 
(ability to dissolve crystalline bilirubin in buffer) was only about 
7 nM at pH 7.4, 37" C. Solubility increased at higher pH 

approximately in inverse proportion with the squared hydrogen 
ion concentration. In saturated solutions, bilirubin aggregation 
was greatly enhanced by addition on a phosphatidyl choline 
suspension, forming aggregated bilirubin-lipid complexes. Brod- 
ersen and coworkers proposed that when the unbound bilirubin 
level exceeds 7 nM, as it frequently does in icteric serum, it 
would tend to form aggregates in tissue. Bilirubin could move 
out of tissue only when the environment permitted dissolution 
of the aggregates. The deposition of bilirubin in liposomes or red 
cell membranes appeared to first involve phospholipid complexes 
with the dianion followed by protonization of the bilirubin and 
aggregation of bilirubin acid within the liposome or membrane 
(7). This sequence of events occurs within minutes at physiologic 
pH. 

Our data, using bilirubin/albumin ratios that reflect conditions 
in severely jaundiced infants, do not support these observations 
or conclusions. Uptake was not proportional to the squared 
hydrogen ion concentration, and membrane binding was revers- 
ible even at high unbound bilirubin levels. Our differences may 
be explained by the observation that bilirubin freshly precipitated 
by acidification of an aqueous solution may be 60 times more 
soluble (easier to redissolve at higher pH) than stored crystalline 
bilirubin (7). Unbound bilirubin concentrations achieved herein, 
even at very high bilirubin/albumin ratios, probably remained 
within this range of solubility, whereas bilirubin solutions used 
in the liposome studies were 10-100 times more concentrated. 
While not precluding slower reactions resulting in the formation 
of aggregated bilirubin acid-phospholipid complexes, our 
data suggest that bilirubin uptake is, in the short term reversible 
and driven by the concentration of unbound bilirubin acid salt 
(BH-). 

Tipping et al. (30) studied the binding of bilirubin by phos- 
phatidylcholine liposomes through the pH range of approxi- 
mately 6.8-9.5 using albumin-free bilirubin solutions. Binding 
increased markedly from pH 9.5 to about pH 7.7 and then 
increased less rapidly as the pH decreased further, probably due 
to instability of the bilirubin solution (10 pmol/liter) at lower 
pH. Although the authors interpreted their results to represent 
the formation of colloid in the liposomes, the increase in bilirubin 
binding from pH 8.5 to 7.7 was essentially linear with hvdrogen 
concentration; with a small residual nonLp~-dependent bocnd 
fraction. Thus, in the pH range where bilirubin remained in 
solution, the observations of Tipping et al. (30), using liposomes, 
are almost identical to our findings using erythrocytes and mi- 
tochondria. Herein, however, albumin was used as a "reservoir" 
for bilirubin. This permitted evaluation of uptake within the 
physiologic pH range where, at equilibrium, considerable cell 
binding occurs even at very low free bilirubin levels. 

Sato and Kashiwamata (8) examined the interaction of bili- 
rubin with isolated human erythrocyte membranes. Their data 
suggested both nonsaturable binding and saturable binding to a 
nonprotein receptor. In their experiments, red cell ghosts were 
exposed to concentrations of free bilirubin ranging 0.1 to 100 
pmol/liter, levels far higher than those used in our experiments 
or found in clinical situations. Erythrocyte membrane binding 
of bilirubin increased as the pH decreased, but again, experiments 
were complicated by bilirubin aggregation in the incubation vial 
at low pH. They determined a Kd for saturable membrane 
binding of bilirubin of 2.3 pmol/liter at pH 74. Extrapolating 
their observations to our experimental conditions (much lower 
free bilirubin levels with molar ratios bi1irubin:albumin of 1.3: 1 
or less), nonsaturable binding would be negligible and only 2% 
or less of available membrane sites would be saturated. This 
indicates that, under our experimental conditions mimicking 
clinically observed free bilirubin levels, most of the bilirubin 
uptake by intact red cells is internalized, forming reversible 
complexes within the cell. 

This study would imply that hyperbilirubinemia is accom- 
panied by a large pool of reversible tissue-bilirubin complexes, 
i.e. that tissue bilirubin is not in the form of insoluble bilirubin 
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acid-phospholipid complexes. The presence of a large miscible 
pool is supported by the kinetics of exchange transfusion where 
large amounts of bilirubin are mobilized from tissue even while 
the total serum bilirubin concentration remains high and free 
bilirubin levels exceed the proposed limits of solubility of the 
acid. The reversibility of bilirubin-induced changes in brainstem 
auditory evoked response during exchange transfusion (3 1) fur- 
ther suggests that bilirubin is not precipitated in membranes even 
when neurotoxic events are developing. 

The effect of pH on bilirubin toxicity in vitro was studied 
quantitatively by Nelson et al. (12) using L-929 cell cultures. 
They observed no effect of pH on albumin-bilirubin binding, 
but found a marked effect of pH on killing as defined by the 
ability of plated cells to divide and form colonies. At pH 7.4, the 
free concentration for 50% cell killing was about 0.7 pmol/liter 
compared with 0.3 pmol/liter at pH 7.0. Assuming a pK of 4.8 
for the carboxyl groups on bilirubin, the calculated LDS0 concen- 
trations of BH- at pH 7.4 and 7.0 would be essentially identical, 
i.e. 3.5 and 3.7 nmollliter, respectively. Collectively, these ex- 
periments provide strong evidence that the bilirubin monovalent 
anion concentration is the determining factor for both bilirubin 
uptake and bilirubin toxicity. Cowger (32) has pointed out sim- 
ilarities between the toxic effects of bilirubin, deoxycholate, and 
detergents on L-929 cells. The indictment of BH- as the principle 
form of bilirubin in lipid complexes supports the hypothesis that 
bilirubin toxicity results from its surfactant properties. 

Some clinical studies suggest that evaluation of free bilirubin 
levels or serum binding improves the identification of infants at 
risk for kernicterus (33, 34), but others reported that neither total 
nor free bilirubin levels discriminated kernicteric from nonker- 
nicteric premature infants (35). Failure of free bilirubin deter- 
minations to significantly improve the predictability of kernic- 
terus may be explained in part by inattention to the modifying 
effects of pH on plasma/tissue partitioning of the bilirubin pool 
where: 

unbound bilirubin concentration 
BH- a 

antilog pH 

Technical problems in measuring the true free bilirubin in infant 
sera (36) may also contribute to inaccurate assignment of risk. 
Of perhaps greatest importance is the fact that infants are not in 
vitro systems, so that equilibrium conditions achieved in these 
experiments are probably never seen in vivo. Thus, application 
of any serum test to clinical management of jaundice is compli- 
cated by many other factors operative in infants including mech- 
anisms of bilirubin transport into brain (37, 38) and variable 
tissue response to a given bilirubin load. 
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