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Abstract

Background: Bilirubin is produced by the breakdown of hemoglobin, and is normally 

catabolized and excreted. Neurotoxic accumulation of serum bilirubin often occurs in premature 

infants. The homozygous Gunn rat lacks uridine diphosphate-glucuronosyltransferase-1A1 

(UGT1A1), the enzyme needed to biotransform bilirubin. This rodent model of hyperbilirubinemia 

emulates many aspects of bilirubin toxicity observed in the human infant. We demonstrate that 

choline supplementation in early postnatal development is neuroprotective in the choline restricted 

Gunn rat, when hyperbilirubinemia is induced on postnatal day 5.

Methods: We first compared behaviors and cerebellar weight of pups born to dams consuming 

regular rat chow to those of dams consuming choline-restricted diets. Secondly, we measured 

behaviors and cerebellar weights of pups born to choline-restricted dams, reared on a choline-

restricted diet, supplemented with or without choline and treated with or without sulfadimethoxine 

(SDMX).
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Results: A choline-restricted diet did not change the behavioral outcomes, but cerebellar weight 

was reduced in the choline-restricted group regardless of genotype or SDMX administration. 

SDMX induced behavioral deficits in jj pups, and choline supplementation improved most 

behavioral effects and cerebellar weight in SDMX-treated jj rats.

Conclusion: These results suggest that choline may be used as a safe and effective 

neuroprotective intervention against hyperbilirubinemia in the choline deficient premature infant.

INTRODUCTION

Bilirubin is produced by the breakdown of hemoglobin, which is normally catabolized 

further and excreted. Accumulation of bilirubin in blood to concentrations associated with 

neurotoxicity occurs in the vast majority of preterm infants <35 week gestation (1,2). 

Premature infants are sensitive to bilirubin neurotoxicity in the first week of life even when 

levels of bilirubin are much lower than is known to be toxic for term infants (3,4). 

Unconjugated bilirubin, that is dissociated from albumin (free bilirubin (Bf)), can readily 

cross the barrier into the brain and accumulate there. The effects of bilirubin in the 

developing brain include disruption of lipid membranes, glutamate excitotoxicity, cell cycle 

arrest and inflammation (5–8). The breadth of these mechanisms provides insight into the 

observed vulnerability of specific regions in the developing brain. Neurons of the globus 

pallidus exhibit high tonic rates of activity, rendering this region particularly vulnerable to 

glutamatergic excitotoxicity (9), while brain regions like the cerebellum may be at 

heightened risk because many of the principle cells, such as granule cells, migrate and 

proliferate in late gestation and early postnatal development (10). Granule cells in the 

cerebellum of premature infants can likely experience cell cycle arrest. Bf exhibits high 

affinity for lipid membranes and disrupts both cell membrane dynamics and the integrity of 

organelle membranes, compromising energy production, calcium buffering, and signal 

transduction (6).

Drastic increases in cerebellar volume occur during the third trimester of gestation (11). 

Gestational weeks 20-40 in the human parallel the first postnatal week of cerebellar 

development in the rat, each undergoing robust granule cell proliferation and migration 

inward from the external granule cell layer at this time (10,12–14). Purkinje cells begin to 

form dendritic trees around postnatal day (P) 6 in the rat, and stabilization and refinement of 

contacts between Purkinje and granule cells continues into the third postnatal week (15,16). 

The prolonged development of the cerebellum renders it extremely vulnerable to perinatal 

insults (12). The sensitivity of the developing cerebellum to the neurotoxic effects of 

bilirubin has been demonstrated in the Gunn rat (18, 19, 22). Homozygous Gunn rats (jj) 

possess a genetic mutation that leads to the loss of the activity of uridine diphosphate-

glucuronosyltransferase 1A1 (UGT1A1) and as a consequence, concentrations of total serum 

bilirubin are elevated (17). This elevation peaks between P15-19, (17,18). The Gunn rat 

cerebellum exhibits ectopic Purkinje cells, loss of volume in the granule and molecular 

layer, and loss of normal synapse development and refinement (5,19,20). UGT1A1 is only 

reduced in heterozygous littermates (Nj) (~50% of wild type), which does not lead to 

hyperbilirubinemia (21).
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Our laboratory recently began utilizing the Gunn rat, treating them on P5 with 

sulfadimethoxine (SDMX) to model preterm hyperbilirubinemia (22). SDMX displaces 

bilirubin from albumin, acutely increasing levels of Bf (18). The administration of SDMX 

on postnatal day 5 (P5) did not elicit overt signs of bilirubin-induced toxicity but disrupted 

expression of ultrasonic vocalizations and motor behavior at later ages (22).

Bilirubin, like ethanol, is a lipophilic molecule with exposed hydrophilic regions; both have 

adverse effects on cell membrane dynamics (23–25). Choline has been shown to ameliorate 

the effects of ethanol exposure on cerebellar-mediated behavior in mice (26). Dietary 

choline can modulate the three known pathways of choline action in the brain: 1. 

Phosphorylation to phosphocholine produces the precursor for phosphatidylcholine and 

sphingomyelin, key components of the plasma membrane (27,28); 2. Choline can be 

oxidized by choline dehydrogenase to betaine, a precursor to methionine and a 1-carbon 

donor for methylation (29–31); and 3. Finally, choline can be acetylated by choline 

acetyltransferase to acetylcholine, a major neurotransmitter in the forebrain and 

hippocampus (32).

Here we report our findings on the impact of choline supplementation on the bilirubin-

induced behavioral alterations exhibited by Gunn rats treated with SDMX on postnatal day 5 

(P5) (22). To mimic the common human condition of choline deficiency (29–31), and to 

control for the amount of choline in the diets of the dams, we tested Nj and jj pups from 

dams placed on choline-restricted diets on gestational day 5 (G5). We first determined if 

there are behavioral differences in behavior between the pups of dams who were on regular 

rat chow, and those whose dams were on choline-restricted diets. Next, we determined the 

effect of choline supplementation for pups whose dams were on choline-restricted diets 

treated with SDMX compared to those treated with saline.

METHODS

Gunn rats were obtained from the Rat Resource & Research Center and a breeding colony 

was established at the University of Maryland. All breeding and experimental procedures 

were approved by the University of Maryland Institutional Animal Care and Use Committee. 

Litters were generated by pairing jj males mated with Nj females. Females were checked 

daily for the presence of a mucus plug. The day a plug was observed was designated as 

gestational day 0 (G0). Dams were placed on a choline-restricted diet (518753, Dyets, 

Bethlehem, PA) on G5. On P1, pups were genotyped to determine heterozygous (Nj) and 

homozygous (jj) status. Each pup was assigned to receive either saline or choline by block 

randomization. Pups were injected subcutaneously with either choline [100 mg/kg body 

weight, based on our previous work with ethanol (26)] or an equivalent volume of saline 

daily from P1-20. On P5, pups were further randomly assigned to be injected 

intraperitoneally with either SDMX (200 mg/kg) or an equivalent volume of saline. This 

resulted in four treatment groups for both Nj and jj pups: Saline from P1-20 and Saline on 

P5 (Saline/Saline), Saline from P1-20 and SDMX on P5 (Saline/SDMX), Choline from 

P1-20 and Saline on P5 (Choline/Saline), and Choline from P1-20 and SDMX on P5 

(Choline/SDMX). Following weaning, pups were maintained on the choline-restricted diet 

until euthanized on P30.
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Ultrasonic Vocalization:

On P6, each pup was briefly removed from the dam and put in the right corner of a test cage 

for a 5 min test session. A microphone capable of capturing ultrasonic frequencies was 

mounted 20 cm above the test cage, and output was recorded using Avisoft (Avisoft 

Bioacoustics, Berlin, Germany). Both the latency to emit the first vocalization and the total 

number of 40 kHz vocalizations were measured. Each pup was tested in three 5 min 

sessions, with a 20 min interval between tests. Pups were returned to the dam between tests. 

The average of the sessions was generated for analysis.

Negative geotaxis:

On P10, pups were placed on a 45 degree inclined surface covered with mesh to permit 

traction. Pups were placed with their heads toward the lowest part of the incline. The time 

required to turn their head to face the higher part of the incline was recorded. Pups were 

tested three times with 20 min intervals between tests. Pups remained with the dam between 

tests. The average of the three tests was calculated for analysis.

Rotarod:

Performance on an accelerating rotarod was assessed on P28-30. Pups were placed on a 

horizontal cylinder (Roto-Rod series 8, IITC Life Science Inc, CA) rotating at 5 rpm. The 

rotor steadily accelerated to 45 rpm over 100 seconds. The latency to fall was recorded for 

each daily testing session. The average time was calculated and used for analysis.

Cerebellar weights:

On P30, pups were euthanized. The cerebellum was carefully dissected free from the brain 

stem and cerebrum and weighed.

Statistical analysis:

We first sought to determine the effects of a defined, choline-restricted diet and a standard 

diet. To do this, we compared pups Nj and jj pups from our previous publication (22) which 

were given a standard laboratory chow (22), with pups whose dams were on a choline-

restricted diet and not treated with choline from the current data set. Mixed factor ANOVA 

with Diet (2) and Genotype (2) and SDMX treatment (2) as between group factors were 

conducted for each dependent variable. Analyses were then conducted to determine the 

effects of choline supplementation in our model of preterm hyperbilirubinemia. ANOVA 

with Genotype (2) and SDMX treatment (2) and choline/saline treatment (2) was conducted 

for each dependent variable: 1) Number of USVs, 2) Negative geotaxis performance; 3) 

Rotarod performance; and 4) Cerebellar weight.

RESULTS

Preliminary analysis of each dependent variable confirmed the absence of sex differences, 

largest F (1,112) = 2.166. Therefore, we analyzed males and females together to simplify the 

experimental design. See Table 1 for the number of pups for each group.
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Effect of choline-restricted diet: A main effect of diet was not detected on any behavioral 

measures, (Figure 1A–1C), largest Fs<1. However, a main effect of diet was evident on 

cerebellar weight, F(1,84)=24.58, p<0.0001 (Figure 1D). The main effect of genotype was 

significant for all measures, smallest F(1,84)=52.25, p<0.001, and the main effect of SDMX 

treatment was also significant for all measures, smallest F(1,84)=20.26, p<0.001. The diet 

by genotype interaction was significant for negative geotaxis, driven by a slightly different 

pattern across the two genotypes and treatment groups F(1,84)=5.03, p<0.02. A significant 

interaction of diet and genotype was also significant for cerebellar weight, F(1,84)=11.18, 

p<0.001, driven by the lack of an effect of diet in jj pups treated with SDMX, while the 

effect of the choline-restricted diet was evident in all other conditions. As expected, the 

interaction of genotype and SDMX treatment was significant for all measures, smallest 

F(1,84),15.46, p<0.001. No other interactions were significant.

Effect of choline supplementation:

USVs: A main effect of genotype was detected [F(1,120)=154.52, p<0.0001], as well as a 

main effect of SDMX [F(1,120)=115.06, p<0.0001], but not a main effect of choline [F<1]. 

Treatment of jj pups with SDMX drastically reduced the number of ultrasonic vocalizations, 

and choline did not increase the number in jj Gunn rats (Figure 2A). The genotype x SDMX 

interaction was significant [F(1,120)=113.45, p<0.0001], indicating that USVs were reduced 

only in jj GR rats treated with SDMX. Choline did not reverse the drastic reduction in 

vocalizations observed in jj rats induced by SDMX administration.

Negative Geotaxis: A significant main effect of genotype was detected [F(1,120)=43.40, 

p<0.0001], as well as a main effect of SDMX [F(1,120)=32.68, p<0.0001], and a main effect 

of choline [F(1,120)=16.02, p<0.0001]. The interaction of genotype x SDMX x choline was 

significant as well [F(1,120)=14.92, p<0.0001]. Significance is driven by the robust increase 

in time required to point the snout forward only in one genotype (i.e., jj pups) and only jj 

pups treated with SDMX. Choline reduced the observed increased latency to turn in jj pups 

treated with SDMX, and did not change behavior in Nj pups (See Figure 2B).

Rotarod: A main effect of genotype was confirmed by ANOVA [F(1,120)=75.65, 

p<0.0001], as well as a main effect of treatment with SDMX [F(1,120)=_36.56, p<0.0001], 

and choline [F(1,120)=7.15, p<0.009]. The interaction of genotype x SDMX x choline was 

significant [F(1,120)=13.284, p<0.0001], indicating that SDMX and choline had effects 

unique to the jj rat. This is due to the different pattern of responses between Nj and jj rats to 

SDMX and choline. A lower latency to fall was observed only in the jj rat treated with 

SDMX and only this group exhibited a change in latency when treated with choline (See 

Figure 2C). Neither the SDMX nor choline treatments affected performance of the Nj pups.

Cerebellar Weight: The main effect of genotype was again detected [F(1,120)=10.85, 

p<0.001] as well as a main effect of treatment with SDMX [F(1,120)=9.84, p<0.002], and 

choline [F(1,120)=5.24, p<0.024]. The genotype x SDMX interaction was significant 

[F(1,120)=8.80, p<0.004], indicating that SDMX affected cerebellar weight in only one 

genotype (i.e., jj pups, see Figure 2D). Bonferroni post-hoc analysis was used to determine 

the effect of choline in jj pups treated with SDMX. jj pups treated with saline and SDMX 
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were different from all other groups, p<0.001. Choline significantly increased cerebellar 

weight in jj pups treated with SDMX, and were no different than any Nj group, p>0.1.

DISCUSSION

The major findings from this study are: 1. A choline-restricted alone diet did not exacerbate 

poor behavioral outcomes measured here in response to hyperbilirubinemia. Cerebellar 

weight was reduced in choline-restricted animals compared to pups of dams fed regular rat 

chow, demonstrating that choline restriction impedes cerebellar growth. Though behavior 

was largely unaffected, more sensitive tests might detect effects of a choline-restricted diet, 

as the entire developing brain is likely affected; 2. Choline supplementation had no effect on 

the Nj Gunn rat, further indicating that choline restriction did not impair behavior in the Nj; 

and 3. Choline supplementation improved most behavioral effects and increased cerebellar 

weight in jj rats treated with SDMX.

We consistently observe a reduction in the number of USVs within 24 hr of SDMX in jj 

pups (22). Expression of 40 kHz vocalizations in pups separated from the dam peaks 

between P5 and P9, presumably to encourage maternal return to the nest. The number of 

USVs is sensitive to the pup’s physiological status (33). Cholinergic systems support normal 

expression of USVs in neonatal rat pups, and expression of USVs indicates distress in adult 

rats (34,35). Inflammation reduces USVs when induced at P5 despite no other observable 

signs of illness (36). Similarly, we do not observe other indices of illness or neurotoxicity in 

the pups at this timepoint. Choline supplementation did not restore the number of vocal 

emissions, however. Whether expression of USVs returns to normal is not known. It is 

possible that choline facilitates recovery at later timepoints, as with other behaviors.

Cholinergic systems play a trophic role in brain development and are directly modulated by 

choline administration (37,38). The mechanisms of choline-mediated neuroprotection are 

likely diverse, supporting structure and circuit function. In both typically developing rats and 

those exposed to perinatal insults, choline supplementation during sensitive developmental 

periods can improve cognitive function throughout the lifespan (38). We found that choline 

increased the latency to fall in SDMX-treated jj rats. Rotarod performance is particularly 

sensitive to perturbations of cerebellar development and injury (39,40). The cerebellum must 

interact with cortico-basal ganglia circuits for normal motor coordination and successful 

rotarod performance (41). Choline might protect brain function through different 

mechanisms in the cerebellum than in the basal ganglia. The basal ganglia are extremely 

sensitive to bilirubin toxicity (25). The primary input structure of the basal ganglia are 

cholinergic interneurons of the striatum, which synthesize and co-release acetylcholine and 

glutamate (42). As a precursor to acetylcholine, choline might improve the rapid feedback 

mechanisms under cholinergic direction and regulate striatal function and behavior (43). 

Further study of this potential mechanism is needed.

The developing brain requires unique cell membrane dynamics to support cell genesis and 

growth. Choline supports cell membrane integrity as a precursor for critical components of 

the plasma membrane (27,28). Lipid membrane microdomains, known as lipid rafts, directly 

mediate cerebellar granule cell neurite extension (24,44). Choline has been shown to protect 
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lipid rafts from the adverse effects of ethanol exposure (23,45). Bilirubin can disrupt 

membrane dynamics and signal-transduction as well (9). We have previously shown that 

ethanol, another neurotoxic lipophilic agent, alters the protein composition of lipid rafts, 

which are vital for cell signaling and many more processes. Obstructing a key internal 

messaging vehicle such as lipid rafts, in developing neurons, can be detrimental to the 

overall maturation of the brain. Ethanol has been shown to alter protein composition in lipid 

rafts, and choline was shown to ameliorate this effect (23,45). In addition, choline reduces 

the harmful effects of ethanol on behavior, which corroborates a relationship between 

choline and lipid rafts in the cerebellum (26). In this paper, we have demonstrated that 

bilirubin has similar effects as ethanol on cerebellar-mediated behavior, and that choline 

ameliorates those effects on behavior. Two other mechanisms may underlie the effect of 

choline. One is that choline is a precursor to the methyl donor S-adenosyl methionine, and 

may exert its effects through methylation of proteins, DNA, RNA or lipids (30, 31). The 

second mechanism may be that choline alters the biotransformation rate of bilirubin, 

essentially reducing the Bf in serum. Both of these mechanisms will be investigated in future 

studies.

One limitation to this study is that we did not measure the effect of choline supplementation 

on the behavior of pups whose dams were on normal diets, as opposed to choline-restricted 

diets. Our methodology is meant to mimic the common human condition of choline 

deficiency (29), however we cannot conclude that the effect of choline supplementation 

would be the same in subjects with normal choline intake. It has been shown that the 

adequate intake of choline for very low birthweight (VLBW) infants is actually higher than 

for normal infants, and furthermore, less than 2% of VLBW infants receive the adequate 

amount of choline in their diet. (46)

Another limitation to this study is that we did not measure the total bilirubin or Bf in the 

blood, or the brain. We also did not measure the time-course of bilirubin concentrations, 

though it is known that, in the absence of SDMX, total serum bilirubin naturally peaks at 

approximately P16 in the jj Gunn rat, before the pup can biotransform the compound 

effectively (21). Regardless of the bilirubin concentration in either the brain or the blood, we 

observed significant motor dysfunction at much later timepoints following SDMX 

administration, without overt signs of distress at earlier timepoints. If the concentration of 

bilirubin in the brain or blood was higher than would be found in the NICU, we still observe 

that choline provides significant amelioration of bilirubin’s detrimental effects, and does so 

safely. The dosage of choline used was based on our previous studies with ethanol, however 

it is higher than is currently used for humans. The required dose in preterm infants is not 

clear. In one study, choline was supplemented to baseline choline intake at 30 mg/kg/d, and 

it was found to improve lipid homeostasis in human preterm infants. (47) The dose of 

choline varies as a function of growth rate. As the growth rate in rats is higher than humans, 

higher choline doses may be required in rat pups than humans.

We used the Gunn rat model to investigate the effects of preterm neonatal jaundice, though 

future studies might investigate the effects of choline supplementation on Gunn rats who are 

given SDMX on P16, the natural peak of bilirubin in the blood in the Gunn rat pup. Future 

studies are needed to measure the concentrations of both bilirubin and choline in the serum, 
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and correlate these with concentrations in the brain of experimental animals. This data 

should be verified clinically in the blood of newborns. Complicating the diagnosis and 

implementation of therapeutic intervention in premature infants is the fact that measuring 

levels of total bilirubin in the blood does not reliably predict the likelihood of bilirubin-

induced neurotoxicity (3). Acute bilirubin neurotoxicity may occur without obvious clinical 

symptoms (2). Over time, the condition can progress to severe symptoms such as motor 

incoordination, learning disabilities and balance disorders (48). Developing safe and 

effective treatments, and interventions that do not require excessively invasive procedures, is 

ideal, particularly in the context of the fragile neonate. Future studies should investigate the 

impact of bilirubin and choline on other vulnerable areas of the developing brain, such as the 

globus pallidus, brainstem auditory nuclei, and hippocampus, using physiological and 

biochemical experiments, with behavioral tests to corroborate. Developmental 

supplementation of choline may protect the nervous system from injury, and promote long-

term cognitive benefit in typically developing rodents (49). Our results strengthen the 

rationale for choline supplementation as a fundamental part of neonatal care.
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Impact Statement:

• This article investigates the effect of neonatal jaundice/bilirubin neurotoxicity 

on cerebellar mediated behaviors.

• This article explores the potential use of choline as an intervention capable of 

ameliorating the effect of bilirubin on the choline-restricted developing brain.

• This article opens the door for future studies on the action of choline in the 

presence of hyperbilirubinemia, especially in preterm neonates.
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Figure 1: Comparison of standard laboratory chow and defined choline-restricted diet.
(A) Number of ultrasonic vocalizations measured on P6. (B) Negative geotaxis measured on 

P10. (C) Rotarod measured on P28-30. D) Cerebellar weights measured on P30. Bars 

represent group means ± SEM. Choline-restricted diet was given from G5-P20. Nj, 

heterozygous Gunn rat pups; jj, homozygous Gunn rat pups; SDMX, sulfadimethoxine. * 

indicates significant interaction between genotype and SDMX administration; γ indicates 

significant interaction between genotype and diet; # indicates a main effect of diet.
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Figure 2. Effect of choline supplementation in Nj and jj Gunn rat pups treated with SDMX
(A) Ultrasonic vocalization measured on P6. (B) Negative geotaxis measured on P10. (C) 
Rotarod measured on P28-30. D) Cerebellar weights measured on P30. Choline-restricted 

diet was given from G5-P20, and choline was administered from P1-20. Bars represent 

group means ± SEM. Nj, heterozygous Gunn rat pup; jj, homozygous Gunn rat pups; 

SDMX, sulfadimethoxine. * indicates significant interaction between genotype and SDMX 

administration; ^ indicates significant three-way interaction between genotype, SDMX and 

choline; # indicates significant difference between jj saline-SDMX and jj saline choline
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Table 1.
Number of trials for each group.

RC/DC = Regular or Choline-deficient chow-fed animals. Nj/jj = Heterozygous or homozygous for the 

UGT1A1 mutation. Sal/SDMX = Saline or SDMX treatment on P5. Sal/Chol = Saline or Choline treatment on 

P1-20 (listed before /treatment on P5).

NUMBER RC+Nj+Sal RC+Nj+SDMX RC+jj+Sal RC+jj+SDMX

USV’s 14 9 15 14

Neg Geot 13 7 14 13

Rotarod 16 12 16 17

Cer Wt 16 11 16 16

DC+Nj+Sal/Sal DC+Nj+Chol/Sal DC+Nj+Sal/SDMX DC+Nj+Chol/SDMX

USV’s 16 16 16 16

Neg Geot 16 16 16 16

Rotarod 16 16 16 16

Cer Wt 16 16 16 16

DC+jj+Sal/Sal DC+jj+Chol/Sal DC+jj+Sal/SDMX DC+jj+Chol/SDMX

USV’s 16 16 16 16

Neg Geot 16 16 16 16

Rotarod 16 16 16 16

Cer Wt 16 16 16 16
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