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Reversible Brainstem Auditory Evoked Potential 
Abnormalities in Jaundiced Gunn Rats Given 

STEVEN M. SIIAPIRO 

ABSTRACT. Neurologic and audiologic sequelae produced 
by bilirubin toxicity are preventable by appropriately timed 
therapeutic intervention. To  understand the timing and 
reversibility of the neural dysfunction that follows exposure 
to bilirubin, we recorded brainstem auditory evoked poten- 
tials (BAEI') in the Gunn rat model of bilirubin encepha- 
lopathy. Abnormal HAEP occur in jaundiced Gunn rats 
after injection of sulfadimethosine (sulfa) 100 mg/kg intra- 
peritoneally, which displaces bilirubin from blood albumin 
binding sites and promotes the net transfer of bilirubin into 
brain tissue. Reversal of BAEI' abnormalities with injec- 
tion of human serum albumin (IISII) 2 g/kg intraperito- 
neally was studied in 17- to 20-d-old jaundiced Gunn rats. 
One animal from each of 14 litters was randomly assigned 
to one of the follorving treatment groups: 1 )  sulfa alone, 2)  
sulfa + I lSA at  2 h, 3) sulfa + 11SA at  8 h, or 4) saline 
alone. BAEP were recorded in each rat before and 0.1, 4, 
8, 24, and 48 h after injection of sulfa or saline. BIIEP I- 
I1 interwave intervals increased in all sulfa groups ( p  < 
lo-') to 0.27 ms (21%) above baseline a t  8 h for the two 
sulfa groups not receiving treatment before that time (p  = 
0.0002), but increased less for the sulfa group given IISA 
at  2 h compared with untreated animals ( p  = 0.02). Partial 
recovery of function occurred a t  23 and 48 h for both I ISA- 
treated groups compared wit11 their 8-11 values ( p  = 
0.0001), and there was increased mortality at  23 h for the 
sulfa group not treated with IISA ( p  < 0.001). ilmplitudes 
of BAEI' waves I, 11, and 111 decreased to 59 2 17%, 25 
+ 9%, and 9 + 9%, after sulfa; there was a protective effect 
of early treatment on waves 1 and I1 but not 111. Amplitude 
of wave I1 but not waves I and 111 recovered with IISA. 
Thus, therapeutic intervention with 1ISA a s  late a s  8 h 
after acute bilirubin encephalopathy in this animal model 
promotes the recovery of neuropllysiologic function a s  
effectively a s  intervention at  2 h. This indicates that a 
hypothesized "critical period" for recovery of auditory 
brainstem function after acute bilirubin encephalopathy 
may extend beyond 8 h. (Pediatr Res 33: 629-633, 1993) 
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Despite advances in their care, human newborns continue to 
be at risk of incurring brain damage and hearing loss. Bilirubin 
toxicity is one potentially preventable cause of these disorders. 
The auditory nervous system is especially vulnerable to acute 
bilirubin toxicity ( I ) .  BAEP provide an extremely sensitive meas- 
ure of auditory nervous system function and are abnormal in 
hypcrbilirubinemic infants (2-6). 

The significant neurologic and audiologic scquelae produced 
by bilirubin toxicity may be preventable by appropriately timed 
therapeutic intervention, and treatment for hyperbilirubinemia 
corrects ncurophysiologic abnormalities. For example, abnormal 
BAEP in hyperbilirubinemic infants normalize with photother- 
apy or exchange transfusion (4. 6). However, the degree and 
extent of reversibility of bilirubin neurotoxicity has not been 
systematically explored thus far. 

The Gunn rat is the classic animal model for bilirubin enccph- 
alopathy (7) and lacks the enzyme glucuronyl transferase (8). 
which is immature in human neonates and contributes to phys- 
iologic jaundice of the ncwborn. In the Gunn rat animal model. 
the pathologic lesions associated with bilirubin encephalopathy 
include damage to central auditory structures. especially the 
cochlear nuclei and inferior colliculi, and arc similar to those 
found in humans (9). Changes in learning behavior (10). neuro- 
logic function (1 I), and BAEP (12) also parallel the human 
condition. Ncurophysiologic abnormalities include changes in 
BAEP waves arising from the cochlear nuclei and more central 
pathways (12-1 5). 

Bilirubin in blood normally is bound to albumin. but it can 
be displaced by drugs such as sulfonamides. which compete for 
binding sitcs on albumin (16). When the long-acting sulfonam- 
ide. sulfadimethoxine, is administered ip to  young jj Gunn  rats. 
neuropathologic lesions that resemble human kernicterus (17) 
and BAEP abnormalities (18) arc produced. BAEP changes 
include increased latencies for waves I1  and Ill, increased 1-11 
and 1-111 1W1, and reduced amplitudes of waves I1 and Ill. 

Observations of occasional spontaneous reversal of BAEP 
abnormalities induced by injecting sulfa prompted systematic 
studies of the reversibility of these ncurophysiologic abnormali- 
ties. T o  create a reproducible model of reversibility. HSA was 
administered. HSA binds bilirubin and promotes the net transfer 
of bilirubin out of brain tissue (19). The partial reversal of the 
increased BAEP latencies after the administration of HSA 2 h 
after treatment with sulfa was previously reported (18). 



In the present study, it was hypothesized that a critical time 
exists beyond which neurophysiologic abnormalities bccome ir- 
reversible in acute bilirubin enccphalopathy. In this experiment, 
animals rcccivcd HSA 2 or 8 h after sulfa. The carly treatment 
was chosen to be 2 h because a preliminary study showed no 
difference in BAEP at  8 h with HSA given 0, 1 ,  2, and 4 h after 
sulfa, and the late treatment was chosen to be 8 h because it was 
hypothesized that delay of treatment past 8 h would produce 
unacceptably high mortality. BAEP were recorded bcfore, im- 
mediately after (0.1 h), and 4, 8. 24, and 48 h after injection of 
sulfa. The BAEP test times of 0.1. 4, and 8 h wcrc chosen to 
correspond with the times of a previous study (IS), and 24- and 
48-h times were added to examine more delayed effects. A 
difference between treatment carly (2 h) and later (8 h) after 
acute, sulfa-induced bilirubin toxicity was hypothesized. 

MATERIALS AND IvlETIIODS 

B.4EP ~tir)~rrllt.s und rccor~litlg. The methods havc been previ- 
ously described (18). Briefly, after intramuscular administration 
of ketamine (60 mg/kg) and acepromazine (6 mg/kg) anesthesia. 
platinum needle electrodes (Grass Instruments. Quincy, MA) 
were inserted S.C. at the vertex and over the right and left mastoid 
bones. Supplemental anesthesia. one quarter to one half the 
original dose, was given during the experiments as needed to 
prevent muscle activity, which was monitored continuously from 
the scalp electrodes. Rectal temperature was maintained bctween 
37.0 and 372°C for 10 min beforc and during BAEP recordings. 
Scalp electrical activity was amplified x lo5, filtered from 30 to 
3000 Hz, and averaged on a Nicolet 1170 Evoked Potential 
Averaging System (Nicolet Instruments, Madison. WI) for 10.24 
ms  poststimulus. The stimuli wcrc 100-ps clicks at 75 dB sound 
pressure level delivered at a ratc of 33.5 clicks/s by a Sony 
Walkman 4LIS spcaker centered over the right external car canal 
just touching the pinna. The left ear was plugged with Audalin 
earmold impression material (Esschem Company, Essington. 
PA) to minimize stimulation of the contralateral ear. All record- 
ings were done in a sound-attenuatcd booth (model AC-3, In- 
dustrial Acoustic Company, New York. NY). Each BAEP was 
derived from the response to  2048 clicks. replicated, and plotted 
separately. The two replications were then digitally added and 
used to obtain the latencies and amplitudes of BAEP pcaks. The 
largest replicable peak was chosen: if there were bifid pcaks, the 
later peak was chosen. 

E.~~~cri t ) ic~t~t .s .  T o  create a rcproducible model of rcversibility, 
HSA (Sigma Chemical Company, St. Louis. MO) was adminis- 
tered, because other therapies ( c . ~ .  exchange transfusions and 
phototherapy) are technically difficult in infant rats. Preliminary 
trials indicated that a dose of 2 g/kg HSA diluted in 5 %  dextrose 
to  a conccntration of 100 mg/mL was the largest single dose that 

Table 1 . Ba.scllit~cl \~ilrres c?f'H..l I:'/' Iritc~i~cie~.s, 11 1'1 ~ n ( l  
atnplit~rrlc~.v in 17- to 20-(1-olr/,jj Glrtlt~ r(1t.s 0or.11 1o. j~ t)~otl~c~,:v 

.. 

Mean + SD* ti I.'t 

Latency (nis) Wave I I. I44 ? 0.05 1 56 0.150 
Wave 11 2.242 f 0.106 56 0.108 
Wavc 111 3.065 + 0.142 56 0. l 88 

IWI (ms)  1-11 1.107+0.070 56 0.101 
11-111 0.8 15 + 0.083 56 0.384 
1-111 1.9 1 1 -C 0.1 10 56 0.139 

Amplitude (pV)  Wave I 0.691 k 0.178 56 1.006 
Wavc I 1  2 3  + 0 3 3 2  56 0.044 
Wave 111 1.329 + 0.350 56 0.990 

-- 

* Pretreatnient mean + 1 S D  for rJts in a11 lbur groups cornbined. 
t One-way ANOVA 1.. value for dilTerenccs between the four groups: 

(I/'= 3.52: 0.35 < 11 < 0.96. 

Time I 

0.1 hr 

Albumin 
2 grnlkg - 

Fig. 1. BAEP in a 20-d-old jj Gunn rat before and alier injection of 
sulfa 100 mg/hg ip to produce bilirubin toxicity and aftcr injection of 
HSA 2 g/kg ip at 2 h to reverse the abnormality. Note the increase in 
latencies of I 1  and 111 (due to the incrcascd 1-11. 11-111 IWI) and the 
decrease in amplitudes of waves I 1  and Ill in the BAEI' recorded at 4 
and 8 ti. which return to nearly normal values by 24 and 48 h. 

could be safely given ip without undue risk of respiratory em- 
barrassmcnt and death from fluid overload. 

BAEP were recordcd in 14 litters of jj rats before (0  h). 
immcdiatcly aftcr (0. I h). and 4, 8, 24. and 48 h aftcr injcction 
of cither sulfa 100 mg/kg ip or an cqual volume of saline. 
Animals \verc 17- to 20-d-old jj Gunn  rats ( I  8.4 f 1.34 d, mcan 
+ SD) from jj x jj matings obtained froni a brceding colony 
maintained at the Waisman Center of thc University of Wiscon- 
sin-Madison. In cach litter to  be uscd. animals were Lvcighed and 
the four rats most closely matched for weight wcrc selected and 
randomly assigned to one of four groups: I )  sulfa only, 2 )  sulfa 
+ HSA at 2 h, 3) sulfa + HSA at 8 h. or 4 )  salinc only ( 1 1  = 14 
per group). HSA dose was 2 mg/kg ip. In the sulfa and saline 
only groups. an cqual volume of  5% dcxtrose (the dilucnt for 
HSA) was given 2 11 aftcr injection. 

Dntu N I I ~ I ~ : S ~ . Y .  The latencies of wavcs I, 11. and 111 werc 
scorcd. and the values were used to dcrivc IWI of 1-11 (1-11 IWI 
= latency 11 - latency I) and 11-111. For analysis, thc contralateral 
mastoid to ipsilatcral mastoid electrode montage was chosen, 
inasniuch as it was previously found that this montage yieldcd 
the clearest distinction between wavcs ( I  5 ) .  The two rcplications. 
cach the response to  2048 stimuli. wcrc digitally addcd and 
scorcd with a digital cursor. The largest replicable pcak was 
chosen: if there were bifid pcaks, the later pcak was chosen. 
Changes in BAEP latencies and IWI were calculated by subtract- 
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Table 2. Betlt'een group. repeated measures ANO VA .for a/l.fimr groups analy::ed at .four 1 imcs (0. 0.1. 4. and 8 h) ancl!ilr 1 hree 
grouJ!S (su((a + liSA at 2 h. sul(a + liSA at 8 h. and saline) analy::cd at six times (werious plus 24 and 48 h!_* _ __ _ 

Four groups: four times Three groups: six times 

Fvaluc d( p value Fvaluc d( p value 
.. 

Latency 
I Group 0.035 3.51 0.99 1.5660 2.32 0.224 

Time I.X09 3,153 0.15 7.0271 5.160 6 X IW" 
Group x time 0.37X 9.153 0.94 1.790 10.160 0.066 

1-11 Group 10.051 3.51 3 x IW" I R.296 1.31 5 X lo-" 
Time 192.74 3. 153 <10-" 36.039 5.160 <lo-· 
Group x time 129.073 9,153 <10-" 12.396 10.160 <lo-• 

11-111 Group 11.793 3.49 6 X 10-7 14.R51 2.26 5 X 10-" 
Time 155.95 3,147 <10-" 29.3X7 5.130 <10-" 
Group x time 623.978 9.147 <lo-• 10.364 10.130 <lo-• 

Amplitude 
I Group 5.256 3.51 0.003 13.093 2.33 6 X 10-5 

Time 14.929 3.153 I X 10- • 4.835 5. 165 4 X 10-4 

Group x time 6.9R5 9,153 1 x IW' 6.644 10.165 I X 10-K 

II Group 15 .937 3.51 2 X 10-7 26.243 2.31 1 X 10- • 
Time 127.830 3.153 <lo-• 13.070 5,160 <lo-• 
Group x time 26.464 9,153 <10-" 12.067 10,160 <lo-" 

Ill Group 15.054 3.43 8 X 10-7 14.928 2.24 6 X 10- 5 

Time 292 .26 3.129 <lo-" 6 7.730 5,120 <10-" 
Group x time 34.820 9,129 <lo-• IX.757 10.120 <lo-" 

• The analysis was divided because of the deaths of eight of 14 and 10 of 14 animals in the sulfa-only group at 24 and 48 h. respectively. 

ing baseline from subsequent values: the results were expressed 
as ms. Amplitudes were measured on hard copy printouts 
from the highest peak to the subsequent trough for waves I, II. 
and Ill and converted to 11 V by comparison with a 0.5-p. V 
calibration standard (Nicolet model Cal-200). Amplitude 
changes were calculated by dividing subsequent waves by their 
baseline values: the results were expressed as a percent ofbaseline. 

Statistical analyses were done by repeated measures ANOV/1. 
and Tukey HSD for specific group comparisons (Systat. Inc., 
Evanston, IL). We measured the latency of wave I. the 1-11 and 
II-III IWI, and the amplitudes of waves I, II. and III , a total of 
six dependent variables. Assuming independence, an overall 
experiment-wise fJ value ofO.O I would require individual p values 
of $0.00167 (0.01 -+- 6) (20). If these BAEP measures are not 
truly independent. then these criteria may be unnecessarily strict. 
Because of significant missing data due to the deaths of over half 
the animals in the sulfa-only group at 24 and 48 h, the repeated 
measure ANOV A analysis of group (four levels) by time (six 
repeated levels) was divided into two analyses: I) all four groups 
at the first four times (0 to 8 h) before the deaths occurred. and 
2) three of the groups at all six times (0 to 48 h), excluding the 
group with missing data. 

RESULTS 

In baseline recordings, waves I. II, and III were identified in 
virtually all jj rats, and there were no statistically significant 
differences between the groups in baseline latencies, IWI, or 
amplitudes (Table I). Recordings in one representative 20-d-old 
jj Gunn rat illustrate the BAEP waves obtained (Fig. I). BAEP 
showed no change immediately after injection of 100 mg/kg of 
sulfa; at 4 and 8 h after sulfonamide injection, there was a 
prolongation of waves II and Ill and the 1-11 and 11-111 I WI, and 
a decrease of II and Ill amplitudes. Abnormal BAEP showed 
considerable recovery by 24 and 48 h. Mortality was increased 
for the sulfa-only group, with eight of 14 dead \'Crsus one of 28 
in sulfa + HSA groups at 24 h ( p < 0.00 I by x" analysis). 

Repeated measures ANOVA showed significant differences 
between groups for the I-II IWI and wave II and Ill amplitudes 

for all four groups analyzed over the first 8 h and for the three 
groups without significant missing data analyzed over 48 h (Table 
2). Significant effects of time and the interaction of group with 
time were also found at a p < 10-" for these and other variables 
including 11-111 IWI and wave I and III amplitudes (Table 2). 

BAEP latency and JilT Wave I latency (Fig. 2A) showed no 
statistically significant changes between treatment groups or with 
time in the first 8 h but increased significantly (Table 2) with 
time at 24 and 48 h in the sulfa + HSA-treated groups. 

The I-II IWI (Fig. 2B) differed significantly between the four 
groups after 4 and 8 h (/1 < to-• each, one-way ANOVA). 
increasing to 0.27 ms (21 %) above baseline at 8 h for the two 
sulfa groups not receiving treatment before that time ( fl = 
0.00016, Tukey HSD multiple comparison test). The I-II IWI 
was less abnormal for the sulfa + HSA at 2 h group compared 
with the other sulfa groups at 4 and 8 h (each f1 = 0.02. Tukey 
HSD) and recovered at 24 and 48 h for both HSA-treated groups 
compared with their 8-h peak (each f1 = 0.0001). However, at 48 
h. I-II IWI did not return to baseline and was still 0.09 and 0. 105 
ms greater in the HSA at 2 hand HSA at 8 h groups, respectively, 
than in the saline controls ( fl = 0.002 and 0.0016, respectively, 
Tukey HSD). Similar changes were found in the II-III IWI (Fig. 
2C) except that no differences between the three sulfa-treated 
groups could be discerned in the first 8 h. There were no 
statistically significant differences between the two sulfonamide­
treated groups given HSA. 

BAEP mii{Jiitudcs. There were significant differences in wave 
I amplitudes between groups, with time. and for the interaction 
of group and time (Fig. 3A, Table 2). Significant group by time 
interactions between the two sulfa + HSA groups (Table 3) 
demonstrate a beneficial effect of earlier HSA treatment on wave 
I amplitude. 

There were highly significant differences in wave II amplitude 
due to reduction in amplitude for all the sulfa-injected groups 
(Fig. 3B). The wave II amplitude of the two groups given sulfa 
not receiving treatment was 25 ± 9% of baseline, compared with 
43 ± 18 % for the sulfa group given HSA for 2 h ( J1 = 0.0 I, 
Tukey HSD) and 115 ± 28 % for the saline group. Wave II 
amplitude improved in the two HSA groups and was not sig­
nificantly different than baseline values or saline controls at 
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Fig. 2. Change of wave I latency and 1-11 and 11-Ill IWI (mean 
SEM) in jj Gunn rats given 100 mg/kg sulfa alone ( a ) .  sulfa followed by 
2 g/kg HSA 2 h (0) or  8 h ( 0 )  after sulfa. and saline alonc (H). :I. Change 
of wave I latency. There was no  significant difference between groups at 
4 and 8 h, but wavc I latcncy increased at both 24 and 48 h. The majority 
of animals given sulfa alone and not treated with 11SA were dead at 24 
h. B, Change of 1-11 IWI. Notc the 1-11 increase in all groups givcn sulfa 
comparcd with thc saline controls. However. at 8 I1 after sulfa, the group 
given HSA at 2 h showed lcss severe abnormality than the two groups 
not givcn HSA before 8 h. Differences at 8 h between the two groups 
given HSA are no  longer apparent at 24 and 48 h. C. Change of 11-111 
IWI. Note the 11-111 increase in all groups givcn sulfa compared with the 
saline controls and partial rccovcry at 24 and 48 h in both sulfa groups 
receiving HSA. There were no  significant differences between groups 
givcn HSA at 2 v s  8 h aftcr sulfa. 

48 h. 
Wave 111 (Fig. 3C) similarly declined to 9.3 2 8.7% of baseline 

in the groups treated with only sulfa for 5 8  h. There was no 
evidence of protection of wave 111 amplitude by early HSA 
treatment and little recovery at 24 and 48 h. 

DISCUSSION 

The baseline values for these jj rats are similar to  those reported 
previously (12). Prolongation of the 1-11 and 1-111 IWI and dete- 

0% 1 
B. 

1 2 5 % ~  , , A Amplitude Wave I1 

-C- Sulfa+HSA@?h 

-0- Sulfa+HSA@Bh 

-o- Sulfa 

125sh r 
A Amplitude Wave Ill 

0 8 16 24 32 40 48 
Tlme .Her Sulfa In]astlon (hours) 

Fig. 3. Change of amplitude of waves I ,  11, and 111 (mean + SEhl)  in 
jj Gunn rats given 100 mg/kg sulfa alonc ( a ) ,  sulfa follo\ved by 2 g/kg 
HSA 3 h (0) or  8 h (0) aftcr sulfa, and saline alone (H). ..I. BAEP wave 
1 amplitude compared with baseline. Notc the dccrcasc in anlplitude of 
wave I in animals givcn sulfa and the partial protection with carly (2-11) 
HSA treatment. U .  Change in amplitude of wave 11. Wave I1 amplitude 
decreased in all sulfa-treated groups. and the group treated with HSA at 
2 h had lcss of a decrease in amplitude than either those trcatcd at 8 h 
or  thosc not treated with sulfa. Notc the recovery of wave I 1  amplitude 
in both HSA-treated groups. C: Change in amplitude of wavc 111 in 
salinc- and sulfa-treated jj Gunn rats compared with baselinc. Note the 
decrease in wavc 111 amplitude for a11 sulpa-treated groups with no 
recovery aftcr HSA administration at either 7 or  8 h aftcr sulfa. 

rioration of amplitudes of BAEP waves I1 and 111 wcrc seen 4 
and 8 h after sulfonamide injection as previously shown ( 1  8). In 
addition, there wcrc changes in wave I and the 11-111 IWI in jj 
rats given sulfonamide. These additional abnormalities may have 
resulted from a greater power to  detect differences with the larger 
sample size of this study or  from a difference in our Gunn rat 
colony over time, resulting in rats with greater serum bilirubin 
levels at the start  of the study and thcrcfore more bilirubin 
available to  be displaced into brain tissue. 

These studies show that some of the neurophysiologic abnor- 
malities occurring after sulfa-induced bilirubin toxicity are re- 
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Table 3. Bcritvccti grolil~, rcy~e~crtcrl tnca.slrres ilh'Ol'/l ji,r r11c titlo 
,qroiip.s ,yivcJti .s~il/it (itid 11ic~t1 /rcvilc~(i \ t i r I l  IISA U I  2 u t ~ l  8 11 

~tl(iI1~zc~cl (it .si.v tri)lc.v />Ot?l 0 1 0  48 I1 

1:valuc (11' n value 

Latency 
I 

1-11 

11-111 

Amplitude 
I 

I 1  

111 

G r o u p  
Time 
G r o u p  x time 
G r o u p  
Time 
G r o u p  x timc 
G r o u p  
Timc 
G r o u p  x time 

G r o u p  
Timc 
G r o u p  x time 
G r o u p  
Timc 
G r o u p  x time 
G r o u p  
Time 
G r o u p  x time 

versible with treatment given up  to 8 h later. Most BAEP 
variables reached maximum abnormality at  8 h. and some, c . ~ .  
wave I1 amplitude, recovered completely: some, cl.g. 1-11 and II -  
111 IWI, recovered partially; and some, c . ~ .  amplitude of waves I 
and 111. did not recover at all. 

time bilirubin toxicity may produce permanent damage either 
by poisoning the metabolic machinery of neurons long enough 
for metabolic damage to become irreversible or by becoming 
irreversibly bound to brain tissue. 

Although we demonstrated reversibility of BAEP, these re- 
sponses d o  not fully recover and thus some irreversible damage 
may have occurred. However, the period of follow-up was only 
48 h in these studies. A longer follow-up pcriod may have allowed 
more time for recovery. 

These studies indicate that bilirubin-induced neurophysiologic 
dysfunction is at least partially reversible. The phenomenon 
occurs spontaneously in a minority o f j j  animals given sulfa and 
occurs more consistently when HSA is given to promote the net 
transfer of bilirubin out of brain tissue. These experiments indi- 
cate that BAEP o f j j  Gunn  rats given sulfa may be used to study 
functional recovery of the CNS after bilirubin toxicity. 

~lcX-iioit~/c~~I,y~~~c~ti~.~~ The author thanks Drs. Kurt Hccon and 
Gregory Heard for their helpful comments on the manuscript 
and Kathy T. Potter for her expert technical assistance in the 
planning and data collection for this project. 
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