
gen is involved in human ear diseases is Meeting of the Otorhinolaryngology Society of 
Japan, Tokyo, March 1959. 

not known. ~reliminarv studies per- 5, Y.  Sadamitsu. Shikoku Acta Med. 19, 378 
(19631, formed in Our laboratory suggest that 50 6. T .  Ish~da,  J. Hozawa, S .  Kamato, N.  Kimura, 

percent of patients with Meniere's dis- Ear Res. Jpn. 12, 55 (1981). 

ease have collagen autoimmunity 7. H. Kumagami, H. Nishida, K. Dohi, Oto-Rhino- 
Laryngol. 38, 334 (1976). 

On this basis, we propose that the hy- 8. R. S. Kimura and H. F. Schuknecht Pract. Ofo-  
Rhino-La~ngol .  27, 343 (1965). 

drops may be initiated by autoimmunity 9, T,  K o n ~ s h ~  and E. Kelsey, in Electrocochleo- 
to iollagen. Our animal model may thus graphy, R. J .  Ruben et hl., Eds. (university 

Park Press, Baltimore, Md., 1976), pp. 295-313. 
be useful in defining the pathogenesis of 10, M,  D, ROSS, in Menilre's Disease, K.-H. VOS- 

human Meniere's disease. teen et al., Eds. (Thieme, New York, 19811, pp. 
7L QL 
,"--LI". 

T. J. Y o 0  11. D. J. Lim, E.  E.  Dunn, D. L.  Johnson, T. J. 

Y .  YAZAWA 
K.  TOMODA 

R. FLOYD 
Department of Medicine, 
University of Tennessee Center 
for the Health Sciences, and 
V A  Medical Center, 
Memphis 38163 

References and Notes 

1. P. Meniere, Gaz. Med. Fr. 16, 597 (1861). 
2. K. Wittamaac, in Handbuch der speziellen 

Patholo~ischen Anafomie und Histoloeie. vol. - ~ 

12, ~ehuorror~an,  F. Henke and 0 .  fubarch, 
Eds. (Springer, Berlin, 1926), pp. 290-397. 

3. W. L. Meverhoff. D. A. Shea, G. S. Giebink. 
~ t o l a r y n ~ o l .  Head Neck Surg. 88, 606 (1980). 

4. T. Naito, paper presented at the 60th Annual 

Moore, Acta Oto-Laryngol., in press. 
12. T. J .  Yoo et al., Ann. Otol. Rhinol. Laryngol. 

92, 267 (1983). 
13. T. J .  Yoo, K. Tomoda, J .  M. Stuart, A. H. 

Kang, A. S. Townes, ibid., p. 103. 
14. T. J .  Yoo, K. Tomoda, A. Hernandez, Assoc. 

Res. Otolaryngol. (Abstract 50) (fall 1982). 
15. T. J .  Yoo et al., Science 217, 1153 (1982). 
16. R. L.  Trelstad, A. H. Kang, B. P. Toole, J .  

Gross, J. Biol. Chem. 247, 6469 (1973). 
17. J .  M. Stuart, M. A. Cremer, S. N.  Dixit, A. H. 

Kang, A. S. Townes, Arthritis Rheum. 22, 347 
(1979). 

18. T. J .  Yoo, Y. Yazawa, M. Cremer, K. Tomoda, 
R. Floyd, Assoc. Res. Otolaryngol. (Abstract 
50) (fall 1982). 

19. G. Sainte-Marie, J. Histochem. Cytochem. 10, 
250 (1962). 

20. Supported by grants from the Veterans Admin- 
istration, NIH, the Deafness Research Founda- 
tion, and the American Otologic Society. We 
thank J. J .  Shea for his interest and support. 

16 May 1983; revised 23 June 1983 

Rapid Degradation of "New" Acetylcholine Receptors at 
Neuromuscular Junctions 

Abstract. Acetylcholine receptors at innervated neuromuscular junctions are very 
stable, with half-lives reported to be 6 to 13 days. Their turnover is described as a 
first-order process, implying a single population of receptors. In this study, two 
subpopulations of acetylcholine receptors at normally innervated junctions have 
been identzxed. One has a rapid turnover rate with a half-life of 18.7 hours, similar to 
that of extrajunctional receptors, and the other has a slow turnover rate with a half- 
life of 12.4 days. The rapidly turned over subpopulation represents approximately 20 
percent of the total junctional receptors. This finding may account for the discrepan- 
cies in previous reports of turnover rates and may explain the rapid reversibility in 
vivo of agents that "irreversibly" block acetylcholine receptors. This jinding also 
implies that the synthesis rate of junctional acetylcholine receptors may be higher 
than previous estimates. The rapidly turned-over subpopulation may represent 
receptors that were newly inserted into the neuromuscularjunction and that were not 
yet stabilized by an infiuence of the motor nerve. 

Acetylcholine (ACh) receptors at nor- 
mally innervated neuromuscular junc- 
tions are very stable, in contrast to the 
ACh receptors at extrajunctional regions 
of denervated muscle (1, 2). The turn- 
over of extrajunctional ACh receptors 
has been described as a single-order 
process (3); the receptors are rapidly 
degraded, with a half-life of 15 to 30 
hours (4). Junctional ACh receptors have 
a far slower rate of degradation, also 
described as a single-order process, with 
a half-life of 6 to 13 days (2, 3, 5-7). 
However, scrutinv of the data in several 
earlier studies suggested that a subpop- 
ulation of the junctional receptors may 
be degraded more rapidly (3, 5, 8). We 
examined the turnover of ACh receptors 

at intact neuromuscular junctions and 
now report that a sizable fraction of 
junctional receptors have a fast turnover 
rate. This population of ACh receptors 
may represent newly inserted ACh re- 
ceptors that have not yet been stabilized 
at the postjunctional membrane. 

We determined the rate of ACh recep- 
tor degradation by monitoring the loss of 
125~-labeled a-bungarotoxin (12'1-a- 
BuTx) that was specifically bound to 
junctional ACh receptors (3, 9). The loss 
of bound 12'1-a-BuTx was found to cor- 
respond to the loss of ACh receptor sites 
(9). The 12'1-a-BuTx is degraded along 
with the ACh receptor and is released 
from the muscle in the form of 1 2 5 ~ -  

tyrosine (3, 6, 9). 

Binding of 12'1-labeled or unlabeled a- 
BuTx to ACh receptors of the mouse 
diaphragm was carried out as described 
(6, 10). Adult female (C57BLl6 x DBAI 
2)F1 hybrid mice (18 to 20 g) were anes- 
thetized with chloral hydrate (0.4 mg per 
gram of body weight) for all surgical 
procedures. Mice were given unlabeled 
a-BuTx (1 pg per 20 g of body weight) or 
12'1-a-BuTx (1.4 pg per 20 g of body 
weight; specific activity, 3.91 x lo4 to 
7.96 x lo4 Cilmole) in 140 p1 of Ringer 
solution; half the dose was injected into 
each thoracic cavity. The mice were then 
maintained in an upright position for 1 to 
2 hours to allow the solution to gravitate 
to the diaphragm and block or label the 
ACh receptors. 

At various times after the blocking and 
labeling procedures, diaphragms were 
removed from groups of three or four 
mice. Care was taken to account for any 
background radioactivity (due to radio- 
active material diffusely bound along the 
muscle membrane). First, the dia- 
phragms, in groups of three or four, Here 
washed repeatedly for 48 hours with 
large volumes of buffered Ringer solu- 
tion until no further radioactivity was 
detected in the final wash. Second, cor- 
rection was made for background radio- 
activity in the junction-containing strip. 
For this purpose, the diaphragm was cut 
into junction-containing and extrajunc- 
tional strips. The radioactivity measured 
in the extrajunctional strip was subtract- 
ed (on a per-weight basis) from the radio- 
activity in the junction-containing strip. 
At all time points, this background radio- 
activity was a small fraction of the total 
radioactivity in the junctional portion of 
the muscle; at its highest, 1 day after the 
labeling procedure, background radioac- 
tivity was less than 10 percent of the 
total counts. To evaluate the contribu- 
tion of the perijunctional regions to the 
turnover of receptors, we also used 
quantitative light autoradiography to ex- 
amine the distribution of ' 2 '~ -a -BuT~ 
binding (11). 

The radioactive material remaining 
bound to the neuromuscular junctions 
was determined for groups of mice at 
each time point. Because it takes several 
hours for binding of 1 2 5 ~ - a - ~ u ~ x  and 
washout of unbound 12'1-a-BuTx to oc- 
cur in vivo, measurements were begun 1 
day after the labeling procedure. All sub- 
sequent counts were expressed as a per- 
centage of the total counts present at day 
1 after labeling, and the means were 
plotted on a logarithmic scale against 
time. Straight lines were fitted to the 
points by the method of least squares, 
and half-lives of ACh receptors were 
calculated from the slopes of the lines. 

7 OCTOBER 1983 



20 1 
0 10 20 0 10 

, I . 20- 
20 0 

D a y s  

Fig. 1.  (A) Loss of radioactivity from mouse diaphragms after labeling of newly inserted ACh 
receptors with 1Z51-a-Bu~x. Six days before the labeling procedure, existing ACh receptors 
were blocked with unlabeled a-BuTx. On day 0, receptors that had been newly inserted into the 
muscle membrane were labeled with 'Z51-a-B~T~. At intervals of 1 to 17 days thereafter, 
diaphragms were removed and the radioactivity associated with binding to the junctional region 
was determined. Each point is the mean + standard error for 3 to 11 diaphragms and represents 
the percentage of the radioactive material bound at day 1 plotted on a logarithmic scale against 
days after labeling. The dashed line is extrapolated back from the regression line fitted to the 
data from day 10 to 17. (B) Loss of radioactivity from diaphragms after labeling of ACh 
receptors with 'Z51-a-Bu~x on day 0, without previous treatment. Each point is the mean + the 
standard error for 3 to 15 diaphragms. The dashed line is extrapolated back from the regression 
line fitted to the data from day 10 to 18. (C) Loss of radioactivity associated with the 
subpopulation of junctional ACh receptors with a rapid rate of degradation (see text). 

We initially examined the turnover of were removed, and the specific binding 
ACh receptors that had been newly in- to the junctional strip was determined as 
serted into the neuromuscular junction 
of the mouse diaphragm. The preexisting 
ACh receptors were first blocked in vivo 
with unlabeled a-BuTx by injecting the 
toxin into the thoracic cavity. After an 
interval of 6 days to permit the synthesis 
and insertion of a pool with a relatively 
high proportion of newly inserted ACh 
receptors, the receptors were labeled in 
vivo with 1 2 5 ~ - a - ~ u ~ x .  Groups of mice 
were killed at intervals of 1 to 17 days 
thereafter. The diaphragms were re- 
moved and washed, and the radioactivity 
associated with specific binding to junc- 
tional regions was determined as de- 
scribed above. Three separate experi- 
ments on a total of 49 mice were pooled 
and showed that the loglo plots of loss of 
radioactivity could be roughly approxi- 
mated by two straight lines (Fig. 1A). 
From day 1 to day 4, radioactivity was 
lost with an apparent half-life of 3.2 
days. By contrast, from day 10 to day 17. 
radioactivity was lost at a rate that was 
significantly slower (P < 0.01), with a 
half-life of 11.0 days. 

To determine whether the initial rapid 
loss of radioactivity reflected a subpop- 
ulation of receptors that occur naturally 
at neuromuscular junctions (that is, with- 
out prior a-BuTx treatment), we deter- 
mined the rate of receptor turnover in 
previously untreated diaphragms and 
searched for a small proportion of rapid- 
ly degraded receptors. Acetylcholine re- 
ceptors were labeled with ' 2 5 ~ - ~ - ~ ~ ~ x ;  
at 1 to 18 days thereafter, diaphragms 

above. The pattern of loss of radioactiv- 
ity was examined in four separate experi- 
ments and pooled (Fig. 1B). From day 1 
to day 2 after labeling, radioactivity was 
lost with an apparent half-life of 4.3 
days. This rate was significantly faster 
than the rate of loss during the interval 
from 10 to 18 days, which corresponded 
to a half-life of 12.4 days (P < 0.01). 
These findings confirmed at least two 
rates of loss of radioactivity in the junc- 
tional regions of previously untreated 
diaphragms. 

Since this study was principally con- 
cerned with the identification of a popu- 
lation of rapidly degraded ACh receptors 
at neuromuscular junctions, it was im- 
portant to eliminate artifacts due to (i) 
washout of 1 2 5 ~ - a - ~ u T ~  nonspecifically 
trapped in the muscle and (ii) rapid turn- 
over of nonjunctional ACh receptors. In 
the first instance, we washed the dia- 
phragms for more than 48 hours after 
removal from the animals, by which time 
virtually no radioactivity appeared in the 
wash medium. In the second instance, 
we corrected for the small amount of 
background 1 2 5 ~ - a - ~ ~ ~ ~  at the junction- 
al region by subtracting the amount of 
radioactivity associated with an extra- 
junctional strip of the muscle of equal 
size. Thus, loss of radioactivity from the 
junctional regions most probably repre- 
sents only receptor degradation. Finally, 
we used quantitative autoradiography to 
examine the possibility that the rapidly 

perijunctional rather than junctional. 
Grain counts of autoradiograms showed 
that the perijunctional regions bound 
only a small amount of 1 2 5 ~ - a - ~ u ~ x  (af- 
ter subtraction of background) and that 
the grains in the perijunctional region did 
not decline disproportionately rapidly af- 
ter labeling (12). These findings are con- 
sistent with earlier reports that the ACh 
receptors are highly localized at the neu- 
romuscular junctions (13) and indicate 
that the radioactivity that is lost rapidly 
in the above two experiments is associat- 
ed with ' 2 5 ~ - a - ~ u ~ x  binding to the junc- 
tional region. 

Our experiments indicate that two 
subpopulations of receptors, differing in 
their rates of turnover, exist at intact 
neuromuscular junctions. An estimate of 
the fraction of receptors that turn over 
slowly at the normal neuromuscular 
junction can be obtained by extrapolat- 
ing the slower degradation rate-the rate 
from day 10 to day 17-back to day 1. 
The data in Fig. 1B indicate that 81 
percent of the total population of recep- 
tors is degraded slowly. Thus the rapidly 
turned-over subpopulation represents 
about 20 percent of the total. The appar- 
ent half-life of this subpopulation is 3.5 
days. However, this apparent rate repre- 
sents a mixture of the degradation rate of 
a subpopulation of rapidly degraded re- 
ceptors superimposed on a much larger 
population of slowly degraded receptors. 
We can estimate the turnover rate of the 
rapidly degraded population alone by 
subtracting the rate for the slowly de- 
graded population from the total. Thus, 
in Fig. lA, the slow rate of loss of 
radioactivity is extrapolated back to day 
1 (dashed line). At each time point from 
day 1 to day 6, the calculated fraction of 
radioactivity associated with the slowly 
degraded receptors is subtracted from 
the total radioactivity. The remainder 
represents an estimate of the radioactiv- 
ity associated with the rapidly degraded 
ACh receptors, and the loglo of this 
value is plotted against time in Fig. 1C. 
These data give a good fit to a straight 
line (correlation coefficient, 0.995; P 
< 0.005), with a half-life of 18.7 hours. 
This degradation rate is similar to that 
reported for extrajunctional ACh recep- 
tors in the mouse diaphragm (10) and in 
other preparations (4). Since newly in- 
serted receptors are degraded at a rapid 
rate, the rate of receptor synthesis must 
also be faster than had been previously 
estimated, to maintain a steady state. It 
appears therefore that this subpopulation 
of ACh receptors at the neuromuscular 
junction has at least one property in 
common with extrajunctional ACh re- 
ceptors, a rapid rate of turnover. It re- 
mains to be determined whether the turned-over ACh receptors might be 



newly inserted receptors share other 
properties of extrajunctional receptors. 

The finding of a subpopulation of rap- 
idly degraded ACh receptors in the junc- 
tional region may shed light on certain 
puzzling observations. First, the obser- 
vation that neuromuscular transmission 
recovers more quickly than expected af- 
ter blockade of ACh receptors with the 
irreversible agent a-BuTx (3, 14) might 
be explained by the more rapid rate of 
junctional receptor synthesis predicted 
by our results; a proportion of the 
blocked ACh receptors would thus be 
quickly replaced by newly synthesized 
receptors. Second, the rapid degradation 
of a subpopulation of receptors may help 
to explain discrepancies in previous esti- 
mates of junctional ACh receptor turn- 
over rates; estimates of half-lives of 
junctional ACh receptors range from 6 to 
13 days. Measurements of receptor loss 
begun soon after labeling and continued 
for only a short period would give an 
apparently faster rate of junctional ACh 
receptor turnover and a correspondingly 
shorter half-life than measurements be- 
gun later after labeling, or for longer 
periods, when the subpopulation of rap- 
idly degraded receptors would have less 
influence on the overall receptor degra- 
dation rate. For example, in an earlier 
study we had examined degradation oc- 
curring for a relatively short time and 
found a half-life of 5.6 days for junctional 
ACh receptors (6) as compared with the 
half-life of 12.4 days obtained in the 
present study in which turnover was 
examined later after labeling and for a 
longer time period. 

The coexistence of rapidly and slowly 
degraded ACh receptors at the end plate 
can be explained by two hypotheses. 
First, it is possible that ACh receptors 
are initially inserted into the postsynap- 
tic membrane in a form that is relatively 
unstable and that they are subsequently 
stabilized by some influence of the motor 
nerve. Alternatively, there may be two 
or more independent pools of ACh re- 
ceptors with different intrinsic turnover 
rates. Earlier observations that the slow 
degradation rate of preexisting junctional 
ACh receptors can be increased after 
denervation indicate that junctional ACh 
receptors can be destabilized by remov- 
ing the influence of the motor nerve (7, 
10). Furthermore, ACh receptors that 
are inserted into the junctional region 
after a period of denervation have a 
turnover rate that is very rapid and is 
similar to that of extrajunctional ACh 
receptors (15). Taken together, these ob- 
servations favor the nerve stabilization 
hypothesis. Reiness and Weinberg (16) 
have shown that receptors in new ectop- 
ic synapses have a rapid rate of turnover 

and may correspond to the rapidly de- 
graded receptors identified in this study 
at the intact, mature neuromuscular 
junction. How the nerve might influence 
the stability of ACh receptors at the 
neuromuscular junction remains to be 
determined. It could act directly by alter- 
ing the ACh receptors or their immediate 
environment or indirectly by inducing a 
change in the postsynaptic membrane or 
underlying cytoskeleton of the muscle 
cell. 
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Intracellular Recordings from Cochlear Inner Hair Cells: 
Effects of Stimulation of the Crossed Olivocochlear Efferents 

Abstract. Intracellular recordings were obtained from inner hair cells located in 
the lower basal turn of the guinea pig cochlea. A t  low sound pressure levels the inner 
hair cells were highly frequency selective, producing receptor potentials only in 
response to sound frequencies between about 16 and 24 kilohertz. Electrical 
stimulation of efferent nerves in the crossed olivocochlear bundle markedly reduced 
these receptor potentials while causing little change in the resting membrane 
potential. A t  high sound levels, where cells responded to an increasingly wider range 
of sound frequencies, stimulation was less effective in reducing receptor potentials. 
Since the crossed olivocochlear bundle primarily innervates outer hair cells, these 
results support an outer hair cell contribution to the most sensitive response region 
of inner hair cells. 

Octavo-lateralis sensory systems are 
characterized by an abundant efferent, 
as well as afferent, innervation (1). In the 
mammalian cochlea, the two types of 
sensory receptors, or hair cells, receive 
distinct patterns of innervation (Fig. 1A). 
Whereas inner hair cells (IHC's) receive 
the bulk (85 to 95 percent) of the afferent 

innervation ( 2 ) ,  in the guinea pig, effer- 
ent endings on IHC's occur only rarely 
(3). Outer hair cells (OHC's) receive a 
large number of efferent endings, many 
of which are from axons of the crossed 
olivocochlear bundle (COCB), which 
originates in the brainstem in the medial 
portion of the superior olivary complex 




