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Two distinct physiological mechanisms underlying loudness sensation were inferred from 
electric stimulation of the human auditory nerve and brainstem. In contrast to a power 
function relating loudness and stimulus intensity in acoustic hearing, loudness in electric 
stimulation of the auditory nerve depends on stimulus frequency. Loudness is an expo- 
nential function of electric amplitude for high frequencies and is a power function for low 
frequencies. A frequency-dependent, two-stage model is suggested to explain the loud- 
ness function, in which the first stage of processing is performed by a mechanical mech- 
anism in the cochlea for high-frequency stimuli and by a neural mechanism in the cochlear 
nucleus for low-frequency stimuli. 

A fundamental relation in perception is 
Stevens's power law, in which sensation 
magnitude is a power function of stimulus 
intensity (I). In vision and hearing, the 
small (< 1) exponents of the power func- 
tion reflect the fact that the light or sound 
dynamic range must be compressed as much 
as 1,000,000: 1 for processing by the brain. 
The physiological mechanisms underlying 
Stevens's law are not clear. The power 
function may simply reflect the compressive 
characteristics of the peripheral transducer, 
with the central nervous system performing 
only linear processing (2). Alternatively, a 
two-stage hypothesis suggests that no single 
stage performs a power law transformation; 
instead, a logarithmic peripheral transducer 
coupled with an exponential central trans- 
formation produces the power function (3). 

The development of implantable audito- 
ry prostheses in the 1980s not only has 
restored partial hearing sensation to deaf 
patients but also has provided an opportu- 
nity to examine physiological mechanisms 
underlying loudness sensation. In cochlear 
implant listeners, electric signals bypass the 
peripheral transducer (the cochlea) and 
stimulate the auditory nerve directly (4, 5). 
The auditory brainstem implant bypasses 
the auditory nerve and stimulates the hu- 
man cochlear nucleus. the first informa- 
tion-processing structure in the central au- 
ditory system (6). Therefore, we can infer 
the contributions of the cochlea, the pe- 
ripheral nervous system, and the central 
nervous system to loudness sensation by 
quantitatively comparing loudness func- 
tions in acoustic stimulation of the cochlea 
and in electric stimulation of the auditory 
nerve and cochlear nucleus. 

Eight adults (five males and three fe- 
males) with Ineraid cochlear implants and 
three adults with auditory brainstem im- 
plants (one male and two females) partici- 
pated in this study (7). Several electrical 
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waveforms were presented at different rep- 
etition rates to the implant subjects. Each 
waveform was balanced in loudness against 
a 1000-Hz sinusoidal standard, for which 
Zeng and Shannon (8) showed that loud- 
ness is an exponential function of the elec- 
tric amplitude. If the exponential model 
were to apply for all electric stimuli, we 
would expect to observe a linear loudness 
balance function between the standard and 
all comparison stimuli. To balance the 
loudness, the subjects moved a pointer up 
and down along a touch-sensitive pad to 
make the comparison stimulus first louder, 
then softer, and finally equally as loud as 
the 1000-Hz sinusoidal standard (9). Three 
to five such measures were repeated for each 
condition. No feedback was provided to the 
subjects. Five levels of the 1000-Hz sine 
standard were chosen for each subject to 
represent approximately 10,30, 50, 70, and 
90% of the dynamic range in microamperes 
(10). 

A linear loudness balance function was 
obtained for the comparison stimuli of the 
3000-Hz sinusoid, the 300-Hz sinusoid, and 
the 1000-Hz pulse (Figs. 1A and 2, A to 
C), indicating that the exponential loud- 
ness function holds for stimuli with fre- 
quencies above 300 Hz. However, for the 
100-Hz sinusoid and the 100-Hz pulse com- 
parison stimuli, the logarithmic scale on 
the y axis (Fig. 1B) and the best fit func- 
tions (Fig. 2, D to E) indicate a logarithmic 
loudness balance function. Thus, the expo- 
nential loudness model fails for these low- 
frequency stimuli. 

Nevertheless, the loudness function can 
be derived for low-frequency electric stim- 
uli. Suppose that the 1000-Hz standard 
stimulus has an exponential loudness func- 
tion (8) 

where L is loudness magnitude and El,,, is 
the amplitude of the 1000-Hz standard. 
Also suppose that the loudness balance 
function is logarithmic between the ampli- 

tude of the 1000-Hz standard and the am- 
plitude of the 100-Hz stimulus 

El000 = 'jlogE100 (2) 

where El,, is the amplitude of the 100-Hz 
stimulus and 8 is a constant. A combina- 
tion of Eqs. 1 and 2 gives a power function 
for the 100-Hz stimuli 

L = 1001ogE1cc = E1ooO (3) 

The similarity in the loudness balance 
functions for the 100-Hz sine and the 100- 
Hz pulse is of interest because these two 
stimuli share no common electric properties 
except for frequency. Compared with the 
100-Hz D U ~ S ~ .  the 100-Hz sinusoid oroduces 
a much lower threshold, smaller dynamlc 
range in linear microampere units, and 
longer dlstrlbutlon of charge within the 
~e r lod  of the stimulus. These characteristics 
suggest that stimulus frequency, rather than 
threshold, dynamic range, or charge distri- 
bution, is the important factor determining 
the form of the loudness function in co- 
chlear imolant subiects. 

A linear loudness balance function be- 
tween the 1000-Hz standard and a 100-Hz 
pulse ( I  I )  stimulus was observed for three 
brainstem implant subjects (Fig. 2F). The 
linear balance function indicates an expo- 
nential loudness function for the 100-Hz 
stimulus in brainstem implant subjects. The 
difference in loudness functions between 
the cochlear and brainstem implant sub- 

Fig. 1. Loudness balance functions for co- 
chlear implant subject BO. Solid lines represent 
the best fit functions to the data. The standard 
deviations for each measurement are about the 
size of the symbols. (A) Loudness balance 
functions between the 1000-Hz sinusoidal stan- 
dard and the comparison 3000-Hz sinusoid 
(e), 300-Hz sinusoid (A), and 1000-Hz bipha- 
sic pulse (0). Both the xaxis and the yaxis are 
linear scales. (B) Loudness balance functions 
for the 100-Hz sinusoid (I) and biphasic pulse 
(0). Note the logarithmic scale on the y axis. 
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Fig. 2. (A to E) Normalized 
loudness balance func- 
tions for eight cochlear im- 
plant subjects. The electric 
amplitude (E) was normal- 
ized according to each 
subject's dynamic range 
(DR): percent DR(E) = 

100(E - TH)I(ULL - TH), 
where TH and ULL were 
the subject's threshold and 
uncomfortable level in mi- 
croamperes. Symbols for 
subjects are as follows: BO 
(U), DC (O), JB (A), Jp 
(V), KM (0)) MM (X), MP 
(C) ,  and RM (+). The x 
axis in all panels repre- 
sents the percent DRof the 
1000-Hz sinusoid. The y 
axis represents the per- 
cent DR of the comparison 
stimuli. Solid lines repre- 
sent the best fit functions to 
the data. (A) For 3000-Hz 1000-Hz sine amplitude (Oh DR) 
sinusoid comparison, the 
coefficient of the linear regression r = 0.98. (B) For 300-Hz sinusoid, r = 0 99. (C) For 1000-Hz 
biphasic pulse, r = 0.96. (D) For 100-Hz s~nusoid, r = 0.93 after the logarithmic transformation of the 
100-Hz sinusoid amplitude. The dashed line represents an ideal linear balance function. (E) For 
100-Hz biphasic pulse, r = 0.90 after the logarithmic transformation on the 100-Hz pulse amplitude. 
The dashed line represents an ideal linear balance function. (F) Normalized loudness balance 
function for three auditory brainstem implant subjects: CB (W),  JP (@), and KM (A). For 100-Hz 
biphasic pulse, r = 0.99. 
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Fig. 3. The frequency-dependent, two-stage 
loudness-coding model. Auditory processing is 
represented as ascending paths from periph- 
eral to central stages. The left ascending path 
is for low-frequency processing and the right 
path is for high-frequency processing. The 
stimulus amplitude in normal acoustic hearing 
is denoted by I, whereas E, and E, denote the 
amplitudes of electric stimulation in the auditory 
nerve and the cochlear nucleus, respectively. 
M, N,, and N, denote the nominal outputs of the 
cochlea, the auditory nerve, and the cochlear 
nucleus, respectively. Loudness (L) is assumed 
to be the output of the brain. 

jects suggests that a neural mechanism in 
the cochlear nucleus produces a logarithmic 
transformation to a low-frequency neural 
event from the auditory nerve, and that the 
nonspecific stimulation of the cochlear nu- 
cleus precludes this transformation in brain- 
stem implant subjects (12). Because the 
mechanical vibration of the cochlea in 
response to low-frequency stimuli is essen- 
tially linear (1 3), a logarithmic transforma- 
tion must be supplied by a neural compen- 
sation mechanism for low-frequency stimuli 
for the normal auditory system to maintain , 
a uniform power loudness function for all 
frequencies. Our data suggest that such a 
mechanism resides in the cochlear nucleus. 

We suggest a frequency-dependent, two- 
stage model (14) to account for both the 
present pattern of results and Stevens's 
power law (Fig. 3). First consider the case 
in acoustic hearing. For high-frequency 
stimuli, the brain performs an exponential 
transformation to an incoming neural re- 
sponse that is proportional to a logarithmic 
transformation of stimulus intensity I in the 
cochlea, which results in a power function 
for loudness 

= ION' = ION' = 10" = 100log1 - - 1  0 

(4) 
where N2 is the neural output of the co- 
chlear nucleus, N, is the neural output of 
the auditory nerve, and M is the mechani- 
cal output of the cochlea. For low-frequen- 
cy stimuli, the logarithmic transformation 

of stimulus intensity does not occur until 
the cochlear nucleus level is reached, but 
the resulting loudness still follows the same 
power law. 

In electric stimulation of the auditory 
nerve (El), the power function still holds 
for low-frequency stimuli; similar to acous- 
tic stimulation, there is a linear relation 
between stimulus amplitude and neural re- 
sponse magnitude in the auditory nerve. 
For high-frequency stimuli, the electric 
stimulus E, bypasses the logarithmic com- 
pression in the cochlea. The loudness 
abides by an exponential function 

L = ION' = 10Nl = 10El  ( 5 )  
Finally, direct electrtc stimulation of the 

cochlear nucleus (El) bypasses the logarith- 
mic compression mechanisms in both the 
cochlea and the cochlear nucleus so that an 
exponential loudness function occurs for 
both low and high frequencies in the brain- 
stem implant subjects. The present data 
suggest that even an apparently unitary 
perceptual dimension such as loudness re- 
quires two distinct processing mechanisms 
at multiple neural stages. 
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[URE3] as an Altered URE2 Protein: Evidence for a 
~ G o n  An a log i n Saccharomyces cerevisiae 

Reed B. Wickner 
A cytoplasmically inherited element, [URE3], allows yeast to use ureidosuccinate in the 
presence of ammonium ion. Chromosomal mutations in the URE2gene produce the same 
phenotype. [URE3] depends for its propagation on the URE2 product (Ure2p), a negative 
regulator of enzymes of nitrogen metabolism. Saccharomyces cerevisiae strains cured of 
[URE3] with guanidium chloride were shown to return to the [URE3]-carrying state without 
its introduction from other cells. Overproduction of Ure2p increased the frequency with 
which a strain became [URE3] by 100-fold. In analogy to mammalian prions, [URE3] may 
be an altered form of Ure2p that is inactive for its normal function but can convert normal 
Ure2p to the altered form. The genetic evidence presented here suggests that protein- 
based inheritance, involving a protein unrelated to the mammalian prion protein, can occur 
in a microorganism. 

Prions are infectious proteins, a concept 
that arose from studies of the sooneiform . u 

encephalopathies, including scrapie of 
sheep, human kuru, and Creutzfeldt-Jakob 
disease ( I ) .  A prion protein is an altered 
form of a normal cellular protein that causes 
a detectable phenotype or disease in the 
affected individual. The altered (prion) pro- 
tein transmits the disease to a new individ- 
ual, without transmitting any genetic mate- 
rial, by inducing the normal cellular form of 
the new host to change to the prion form. 
As one would predict, a transgenic mouse 
lacking t$ cellular prion gene ( P r P ) ,  and 
hence its protein product, is unable to prop- 
agate the prion and is resistant to its disease- 
inducing effects ( 2 ) .  - . , 

Yeast viruses are generally passed from 
cell to cell by cytoplasmic mixing such as 
occurs when cells mate. Such events are 

Section on Genetics of Simple Eukaryotes, Laboratory 
of Biochemical Pharmacology, National Institute of 
Diabetes and Digestive and Kidney Diseases, Room 
207, Building 8, National lnstitutes of Health, Be- 
thesda. MD 20892, USA. 

sufficiently frequent in nature that known 
yeast viruses are found in most strains ex- 
amined (3). A yeast prion would be expect- 
ed to have the same kind of infectivity and 
similarly appear as a non-Mendelian genet- 
ic element, but with certain special charac- 
teristics (Fig. 1). 

Aspartate transcarbamylase is an enzyme 
in the pyrimidine biosynthetic pathway 
that produces ureidosuccinate from car- 
bamyl phosphate and aspartate (4). Mu- 
tants in aspartate transcarbamylase can 
grow if supplemented with ureidosuccinate, 
but its uptake is repressed by ammonium 
(5) .  In 1971, Lacroute, starting with a 
strain lacking this enzyme, isolated mutants 
called URE (for ureidosuccinate) that could 
grow on ureidosuccinate despite the pres- 
ence of ammonium (6). 

One group of recessive mutants when 
crossed with wild type showed the 2 +:2 - 
meiotic segregation typical of mutation in a 
single chromosomal gene. These mutants 
defined the chromosomal URE2 gene (6) 
whose normal role is repression of nitrogen 
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