
ture birds (15).The discovery of hair cell 
regeneration, with replacements originating 
from unidentified stem cells or cells that are 
ordinarily posunitotic, suggests that the 
possibility of self-repair after trauma should 
not be ruled out in mammalian ears and 
other neuroepithelial derivatives simply be- 
cause their cells are mitotically quiescent in 
normal postembryonic life. 
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Hair Cell Regeneration After Acoustic Trauma in 
Adult Cotamk Quail 

Recovery of hair cells was studied at various times after acoustic trauma in adult quail. 
An initial loss of hair cells recovered to within 5 percent of the original number of cells. 
Tritium-labeled thymidine was injected after this acoustic trauma to determine if 
mitosis played a role in recovery of hair cells. Within 10 days of acoustic trauma, 
incorporation of [3H]thymidine was seen over the nuclei of hair cells and supporting 
cells in the region of initial hair cell loss. Thus, hair cell regeneration can occur after 
embryonic terminal mitosis. 

PROLIFERATION, MIGRATION, AND 

differentiation of sensory hair cells 
occur embryonically or during early- 

postnatal development in mammals and 
blrds. Once cell division ends, the capacity 
to produce new cells is thought to be lost for 
the duration of life, and hair cells that are 
lost as a result of toxic or traumatic events 
cannot be replaced. Certain bony fishes and 
amphibians, however, can produce hair cells 
throughout life and presumably replace any 
that are lost as a result of trauma or aging 
(I).In young b~rds, hair cell loss is reduced 
over time after ototoxicity and acoustic trau- 
ma (Z), and stereocilia are replaced after 
acoustic trauma (3) .This evidence suggests 
that the potential for hair cell regeneration 
after trauma may exist in young birds. In 
older birds (4)recovery of hair cell stereocil- 
ia does not occur, suggesting that the recov- 
ery process is age related and signifying that 
there may be a critical period during which 
recovery from acoustic trauma is possible. 
Another consideration, however, is that 
more extensive destruction of hair cells in 
the older birds renders the system ~ncapable 
of significant repair (5). 

In our study the following questions were 
addressed: (i) Is recovery from ototoxic 
agents or acoustic trauma related to the age 
at which acoustic overstimulation occurs or 
is it related to the extent of the trauma? (ii) 
How is the recovery taking place? Are new 
cells regenerated to replace lost hair cells? In 
the first experiment, we determined if recov- 
ery of lost hair cells can occur in adult birds. 
Sexually mature, adult quail (Coturnk co-

turnwc) were continuously exposed for 12 
hours to a 115-dB pure tone (6).Adult quail 
were used to determine if recovery stemmed 
from some process unique to early develop- 
ment, and 115-dB stimulation was used to 
optimize the probability of recovery. Surviv- 
al time afier acousuc trauma was varied from 
0 to 60 days after exposure (7).At the 
appropriate time the birds were killed and 
their cochleae fixed, dissected free, osmicat- 
ed, embedded in plastic, secuoned in the 
transverse plane, and stained. The number 
of hair cells extending across the basilar 
membrane was counted at each 100-pm 
interval from the basal to the apical end (8). 

Ten days after the acoustic trauma the 
number of hair cells had decreased markedly 
(9)through the basal and middle portion of 
the cochlea (Fig. 1). In the middle of the 
cochlea as many as 70% of the hair cells 
were lost. In birds exposed to the same 
acoustic trauma but allowed to survive 30 
days, hair cell loss was much less dramatic. 
Thirty days after acoustic trauma, the posi- 
tion of the maximum hair cell loss, at about 
the middle of the cochlea, was similar to that 
of the 10-day survival group, but the extent 
had decreased from 70% to only about 
31%. For birds allowed to survive a longer 
time (60 days), there was evidence of a 
continued progression toward a return to 
the normal complement of hair cells. No 
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Percentage of distance from base to apex 

Fig. 1. The mean percentage diffmnce in hair cell 
number, as compared to notmal controls (n = 6), 
aftcr acoustic trauma for (A) 10-day, (B) 30-day, 
and (C) 60-day survival times. Normal hair cell 
number in controls is shown by a straight line at 0 
along the cochlea from base to apex. Average 
percentage difference in hair cek from normal 
(21 SEM) is shown in 10% intervals along the 
cochlea from base to apex at each survival time 
(n = 6, 5, and 3 for 10-day, 30-day, and 60-day 
survival, respectively). 

reduction in cell number was seen in the 
undamaged area when the cell number in 
the damaged area increased. Further, mea- 
sures of cell size showed no obvious change 
in the size of hair cells counted (9). 

Finally, if cellular migration had o c m e d  
and if it accounted for the replacement of 
hair cells in the damaged area, the total 
number of cells throughout the papilla 
should not have changed. A comparison of 
all three survival groups showed signi6cant 
recovery of total hair cell number between 
10 and 60 days after acoustic trauma (9). 
Thus recovery of hair cell number does 
occur in mature, adult birds after acoustic 
trauma and does not appear to be resmcted 
to some critical time during early develop- 
ment. 

In the second experiment, we tested 
whether recovery of the number of hair cells 
represents a d  regeneration of new cells 
from a dormant or dedifferentiated stem cell 
population. Sexually mature adult quail 
were exposed to the same acoustic trauma as 
in the first experiment. Immediately after 
acoustic trauma the birds received a series of 
injections of [3~]thymidine (10). Control 

. " ..*. *. . - . - 
Fig. 2. (A) Photomicro- A 
graph of hair cells locat- 
ed within the damaged 
area of the basilar mem- 
brane of a sound-cx- 
posed animal. [3H]thy- 
midine labeling is clearly 
seen above the nudeus 
of short hair cells (large 
arrowheads) and above *- 
supporting cells (small 
arrows). (8) Photomi- ' 
crograph of a similar re- 
gion of the basilar mem- 
brane from a control ani- 1 

ma1 that was not sound 
expoxd but was given 
the same ['Hlthymidine 
injections. No labeled 
hair cells or supporting B 
cells are seen. Uptake of 
thymidine was similar in 
the two animals as indi- 
cated by the number of 
labeled red blood cells 
(not shown). Bar, 20 
w. _1P 

0' 

b i ,  not exposed to acoustic trauma, were 
given the same injections and housed in the 
same room. On the 10th day after acoustic 
trauma the birds were killed and their basilar 
papillae removed and prepared for serial 
sectioning and autoradiography (1 1 ) . 

The autoradiographic procedures pro- 
duced low levels of background. In the 
control birds, collections of 10 to 20 grains 
could be seen over red blood cells, but no 
labeled hair cells or support cells were ever 
observed (more than 200 sections were ex- 
amined throughout the cochleae) in any of 
the five control birds. In the sound-exposed 
birds, hair cell loss and damage were ob- 
served in the basal to middie section of the 
papilla comparable in position and amount 
to that described for the first experiment. 
Incorporation of [3~]thymidine was clearly 
seen over hair cells and support cells begin- 
ning at about 30% of length and continuing 
throughout the damaged area (Fig. 2A). 
This pattern of labeling was seen in all five 

is generally considered a transition zone 
from tall to short hair cells (12). Both tall 
and short hair cells as well as support cells 
were labeled; generally, short hair cells were 
labeled more often than tall hair cells. Exten- 
sive damage and hajr cell loss were still 
observed adjacent to labeled cells. 

Corwin and Cotanche (13) in a study 
with thymidine labeling in young chicks, 
also observed labeled hair cells after noise 
exposure, suggesting mitotic activity in 
postmitotic cells. Our study and their study 
demonstrate hair cell regeneration after ter- 
minal mitosis in the inner ear of birds. In 
addition, our study shows that the regenera- 
tive potential is retained in adult animals, 
sugg&ting that a dormant stem cell popula- 
tion is retained throughout life. Although 
the location and mechanism of activation of 
these precursor cells are yet to be identified, 
the potential may exis: to restore inner ear 
sensory elements after Injury or disease. 
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5. In our previous studies of hair cell loss after acoustic 
trauma in young chicks, we reported a gradual 
increase in the amount of hair cell loss over a period 
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125-dB pure tone [5 dB stronger than that used in 
(4)l was used [E. W. Rubel and B. M. Ryals, Acta 
Oto-layngol. 93, 31 (1982)l. 

6. B. M. Ryals and E. W. Rubel, Acta Oto-la?ynzol. 93, 
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sound booth. Decibel levels near the ear canals were 
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performed with a 2.5-cm electret microphone with a 
preamplifier to a B&K 2033 signal analyzer. The 
acoustic environment of the wire mesh cages varied 
by no more than 5 3  dB throughout; harmonics 
were at least 40 dB below the experimental tone. 

7. Fourteen 3- to 6-month-old quail were exposed to a 
1500-Hz pure tone at 115 dB for 12 hours. After 
noise exposure they were returned to their cages and 
allowed to survive for 10, 30, or 60 days. One ear 
from each animal was analyzed for hair cell number: 
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SEM) in each group was as follows: control, 
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domizd design showed a significant difference be- 
tween control and experimental groups: 
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Burd and F. Nottebohm, J. Cmzp. Neurol. 240,143 
(1985)l. 

11. Cochleae were embedded and sectioned serially as in 
(8). Sections (3 km thick) were mounted on acid- 
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for autoradiography by using Kodak MTB-2 emul- 
sion and routine methods. After exposure for 4 to 7 
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A Point Mutation in the c-myc Locus of a Burkitt 
Lymphoma Abolishes Binding of a Nuclear Protein 

A 20-base pair region in the first intron of the human c-myc gene was identified as the 
binding site of a nuclear protein. This binding site is mutated in five out of seven 
Burkitt lymphomas sequenced to  date. To investigate the protein-recognition region in 
greater detail, the abnormal c-myc allele from a Burkitt lymphoma line (PA682) that 
&ies a t(8;22) chromosomal translocation was used. A mutation in the binding 
region of the PA682 c-myc DNA abolished binding of this nuclear protein. This 
protein may be an important factor for control of c-myc expression, and mutations in 
its recognition sequence may be associated with c-myc activation in many cases of 
Burkitt lymphoma. 

I N BURKITI LYMPHOMA (BL), THE C- guished by an approximately 40-nucleotide 
myc allele present on the normal chro- deletion at the 5' end of the first intron as 
mosome 8 is transcriptionally silent, determined by restriction enzyme mapping 

while the c-myc locus located on the translo- (7 ) .  Clone A-PA22, representing the abnor- 
cated chromosome is activated (I) .  The c- mal allele, was subcloned, and the nucleo- 
myc transcriptional activation has been sug- tide sequence for the first exon, part of the 
&sted to result from juxtaposition of the c- first iniron, as well as 80 bp of the 5' 
myc with an immunoglobulin gene regula- flanking region, was determined (Fig. 1). 
tory sequence (2),  from truncation within Comparison of the sequences from the ab- . A 

the gene (3) ,  or from mutation in the exon I normal c-myc allele of the A-PA22 clone with 
and/or its 5' flanking sequence (4,5). How- the normal c-myc gene (9)  revealed muta- 
ever, the relative contributions of the above tions (base substitutions as well as single 
mechanisms to c-myc expression in BL re- base deletions) scattered throughout the 3' 
main controversial. Cell line PA682 is an region of the first exon and the 5' region of 
Epstein-Barr virus (EBV)-positive BL cell the first intron (Fig. 1). In addition, intron I 
line derived from a patient with acquired contained a 38-bp deletion of a thymidine- 
immunodeficiency syndrome (AIDS) (4, rich sequence 9 bp downstream of the exon 
which contains a t(8;22) chromosomal I splice-donor site. 
translocation. In this cell line the c-myc gene Since the elongation of the c-myc mRNA, 
has not been rearranged and the transloca- initiated at the P1 and P2 promoters located 
tion occurred at least16 kb downstream of at the 5' end of exon I, has been shown to be 
the c-myc gene (7) .  The c-myc gene in PA682 blocked in the vicinity of the exon I-intron I 
is activated, as demonstrated by ribonucle- boundary (10, l l ) ,  we examined the read- 
ase (RNase) protection experiments in through efficiency of c-myc transcripts in 
which transcription of the c-myc gene was PA682 cells. If the elongation of the c-myc 
shown to occur predominantly from the mRNA transcription is attenuated or termi- 
abnormal allele i8). We isolated from nated because of the thymidine runs (T4 T3 
PA682 cells two different c-myc gene loci T7) present in the first intron, then deletion 
corresponding to the normal and abnormal of the poly T segments should abrogate the 
alleles. The two alleles could be distin- block to c-myc RNA elongation. We per- 

formed nuclear run-off experiments on 
PA682 cells and used humk cord blood 
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