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Phase-locking in the cochlear nerve of the guinea-pig and its relation
to the receptor potential of inner hair-cells
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The high-frequency limit of phase-locking has been measured in fibres of the auditory nerve in the guinea-pig. It is shown that
phase-locking begins to decline at about 600 Hz and is no longer detectable above 3.5 kHz which is about 1 octave lower than in the
cat, squirrel monkey and some birds. Direct measurements of the cochlear afferent fibre synaptic delay are consistent with indirect
estimates from phase-locking, both giving values of 0.7-0.8 ms. Measurements of the receptor potentials of inner hair-cells in the
guinea pig cochlea indicate that as the stimulus frequency is increased there is a progressive decrease in the a.c. component compared
to the steady depolarization. The cause of this decline is the low-pass filtering of the a.c. component by the hair-cell membrane. The
cut-off and slope of the decline in the a.c. component is consistent with the suggestion that this process is the limiting factor in
cochlear nerve fibre phase-locking. The implications of these findings for interspecies variation in phase-locking cut-off., for cochlear

mechanisms and for the encoding of complex sounds are discussed.
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Introduction

In response to low-frequency sinusoidal stimuli
the discharges in fibres of the auditory nerve do
not occur randomly in time. Because action poten-
tials are elicited by unidirectional movements of
the basilar membrane (Davis et al., 1950; Gold-
stein, 1968; Brugge et al., 1969), discharges occur
within a well defined time window relative to a
single cycle of the sinusoid. This occurrence of
action potentials at preferred times has been
termed phase-locking of the discharge (Rose et al.,
1967). Phase-locking occurs in auditory neurones
of all vertebrate classes; squirrel monkey (Rose et
al., 1967; Geisler et al., 1974), cat (Galambos and
Davis, 1943; Rupert et al., 1963; Kiang et al.,
1965; Pfeiffer and Molnar, 1970; Kim and Molnar,
1979; Evans, 1980; Johnson, 1980), chinchilla
(Woolf et al.,, 1981; Oshima and Strelioff, 1983;
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Ruggero and Rich, 1983), guinea-pig (Tasaki, 1954;
Harrison and Evans, 1979), birds (Sachs et al.,
1974, 1980; Sullivan and Konishi, 1984), crocodile
(Klinke and Pause, 1980; Smolders and Klinke.
1985), turtle (Crawford and Fettiplace, 1980), frog
(Narins and Hillery, 1983) and fish (Fay, 1978).
Phase-locking in response to low-frequencies
can be observed in all auditory nerve fibres irre-
spective of their best frequency. However, the
ability of the whole ensemble of auditory nerve
fibres to phase-lock decreases with stimulus
frequency. Interestingly there are large differences
between species in the frequency range over which
phase-locking is observed. Thus in cat, squirrel
monkey, blackbird and pigeon phase-locking is
constant up to about 2 kHz and then declines so
that it is no longer detectable at 5-6 kHz (Rose et
al., 1967; Kiang et al., 1965; Kim and Molnar,
1979; Johnson, 1980; Sachs et al., 1974, 1980).
The owl appears to be rather exceptional in this
respect since good phase-locking is observed up to
9 kHz (Sullivan and Konishi, 1984). In
poikilotherms the frequency range of phase-lock-
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ing 1s more restricted than in mammals and birds,
being limited to frequencies below 0.9 kHz in the
frog (Narins and Hillery, 1983) and 1.5 kHz in the
crocodile (Klinke and Pause, 1980), in fish phase-
locking is observed up to at least 1 kHz (Fay,
1978). Rodents such as the guinea-pig and
chinchilla occupy an intermediate position with
the decline beginning at below 1 kHz with no
phase-locking detectable at 3.5 kHz (Harrison and
Evans, 1979; Woolf et al., 1981).

Our interest in phase-locking 1s two-fold; first,
phase-locking provides an indirect means of study-
ing cochlear function (Anderson et al., 1971; Gib-
son et al., 1977) and second, phase-locking has
been suggested as a means of encoding the
frequency position and amplitude of the formant
peaks of speech sounds (Young and Sachs, 1979;
Palmer et al., 1986). Thus differences in phase-
locking between species may affect their ability to
utilize temporal coding of complex sounds and
may provide us with clues concerning the trans-
duction process.

A number of factors such as temporal jitter
(Anderson et al., 1971), temperature (Narins and
Hillery, 1983) and filtering by the hair-cell mem-
brane (Sellick and Russell, 1980) have been sug-
gested to affect, or to be responsible for, the
high-frequency limit of phase-locking. In the pre-
sent experiments we have addressed the question
of whether the time constant of the hair-cell mem-
brane is indeed the limiting factor in phase-lock-
ing.

In order to test this hypothesis we have made
extensive detailed measurements of phase-locking
in guinea-pig cochlear nerve fibres and have di-
rectly compared these data with intracellular re-
ceptor potentials from the same species under the
same anaesthetic conditions. This has enabled us
to confirm the octave difference in the phase-lock-
ing limit between cat and guinea-pig and to dem-
onstrate that the limits of phase-locking in guinea-
pig are consistent with the suggestion that the
limiting factor is the hair-cell time constant. These
findings are discusssed in the context of cochlear
transduction mechanisms and of the encoding of
complex sounds.

Methods

Recordings were made from coloured guinea-
pigs (200-450 g) anaesthetized by neuroleptan-
aesthesia (0.06 mg atropine sulphate s.c.; 30 mg/kg
sodium pentobarbitone; 4 mg/kg droperidol; 1
mg/kg phenoperidine (Evans, 1979)). Phase-lock-
ing data were also collected from animals
anaesthetized with urethane (20% solution 6
ml/kg) and these are described separately. The
animals were tracheotomized and core tempera-
ture was maintained at 37°C.

Detailed methods for recording from cochlear
nerve fibres may be found in Palmer et al. (1986)
and details of the hair-cell recordings in Russell
and Sellick (1983). The techniques employed to
make intracellular recordings from inner hair-cells
were also used to make recordings from afferent
nerve terminals just before or just after penetrat-
ing an inner hair-cell.

The spontaneous rate, the minimum threshold
and the most sensitive frequency (characteristic
frequency, CF) of each cochlear nerve fibre were
routinely determined. Phase-locking was then as-
sessed from the responses to the last 40 ms (to
avoid spikes locked to the stimulus onset) of a
tone burst of 50 ms duration with 5 ms linear rise
and fall presented at 5/s. A computer was used to
set the intensity, using a digital attenuator, and
the frequency of a free-running waveform syn-
thesizer (Hewlett Packard 3314A). In a single
analysis 11 frequencies were presented in 1/10
octave steps spanning a specified frequency. The
first analyses were usually centred on the fibre CF
with later analyses at higher or lower frequency if
the fibre responses to such off-CF tones were
sufficient. At each frequency the threshold was
first determined automatically using the computer
and digital attenuator with a PEST procedure
(Taylor and Creelman, 1967). Phase-locking was
then determined using 64 presentations of a fixed
level tone. The sound system was flat + 4 dB over
the range from 50-10,000 Hz and thus the sound
level was approximately constant at 80 dB SPL
irrespective of frequency. For some experiments
phase-locking as a function of level at fixed
frequency was measured: the threshold was again
determined at the outset and tones at a maximum
of 7 levels in 10 dB steps were presented from 10



dB below threshold up to 90 dB SPL. The wave-
form synthesizer synchronization pulse was used
to start the computer clock at 1 MHz and times of
occurrence of spikes were recorded. Period histo-
grams were constructed from the spike trains by
wrapping around at the period of the stimulus
waveform and these were saved on disk. Strength
of phase-locking was estimated from the period
histograms using the synchronization index
(calculated by normalizing the vectorial sum of
the histogram bins, each bin being assigned a
vector angle based on its position within the cycle
and an amplitude equal to the number of spikes in
the bin; Goldberg and Brown, 1969) or by the

A

coefficient of synchronization (the number of dis-
charges in the most effective half cycle as a pro-
portion of the total number of discharges; Rose et
al., 1967).

Results

Phase-locking in cochlear nerve fibres

Fig. 1 shows the phase-locking data collected
from two fibres in the guinea-pig auditory nerve.
The fibre in Fig. 1A had a CF of 0.6 kHz while
that of Fig. 1B had a CF of 3.5 kHz. The sponta-
neous discharge rates of the fibres were 3 and 25
spikes /s, respectively. Both fibres were from the
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Fig. 1. Period histograms of the responses of two cochlear nerve fibres to sinusoidal stimulation. The numbers above the histograms
indicate the stimulus frequency. The ordinate of each histogram is one cycle. (A) Cochlear nerve fibre with CF 0.6 kHz, (B) CF 3.5

kHz.



same electrode track recorded 0.42 mm and 80
min apart. The period histograms in Fig. 1 were
collected for a range of tone frequencies at con-
stant attenuation, which over this range of
frequency corresponded to 80 dB SPL at the
tympanic membrane. As will be seen later, this
form of data collection takes no account of the
tuning properties of the neurones or of the varia-
tion in phase-locking with stimulus level. As a
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Fig. 2. Phase-locking in single cochlear nerve fibres quantified
using the synchronization index (3; see Methods). The
thresholds at each of the test frequencies are joined by the
continuous lines which therefore represent the frequency
threshold curve. The crosses indicate the frequencies and level
relative to the fibre response area at which phase-locking was
measured. Fibre CFs were 0.6, 2.0 and 3.5 kHz from top to
bottom of the figure.

result, the degree of modulation of the period
histograms in Fig. 1 reduces, for both fibres, at the
extremes of the frequency ranges tested. Thus the
period histograms in response to" frequencies
0.1-0.18 kHz in Fig. 1A and in response to
0.66-0.81 kHz in Fig. 1B show poor phase-locking
which is a result of inadequate effective stimulus
level because of the fibres’ filtering properties. The
data of Fig. 1A were collected in four overlapping
series of frequencies and those of Fig. 1B in three
series. The first frequency of a series was the same
as the last of the previous series and the two
histograms resulting from these analyses are
plotted together at the 0.21, 0.42 and 0.84 frequen-
cies in Fig. 1A and at 1.23 and 2.47 in Fig. 1B.
The repeatability of the responses is in all cases
excellent. The decrease in the degree of period
histogram modulation at the higher frequencies in
Fig. 1 has two causes. The major effect is due to
the deterioration in the ability of cochlear nerve
fibres in the guinea-pig to phase-lock to high-
frequency tones. This is compounded in Fig. 1A,
but not in Fig. 1B, by the filtering properties of
the 600 Hz CF fibre.

A quantitative measure of the degree of mod-
ulation of the period histogram is the synchroniza-
tion index (see Methods) which we have computed
mathematically from data such as those of Fig. 1.
The synchronization indices for the fibres shown
in Fig. 1 and for a fibre with intermediate CF are
shown in Fig. 2. The continuous lines in this
figure join the thresholds at each test frequency
(see Methods) and therefore constitute the fibre
frequency threshold or tuning curve. The crosses
show the frequency and attenuation of the test
tones used to measure the phase-locking. This
figure clearly demonstrates that the falling off of
phase-locking in Fig. 1 is the result of the filtering
at low frequency. The fall-off of phase-locking at
high frequency, however, except perhaps in the
top fibre in Figs. 1 and 2 is not due to filtering.
The decrease in phase-locking in all three fibres
takes place over the same range of frequencies
(approximately 0.6-3.0 kHz) and declines
smoothly with increase in frequency even for the
fibres of CF 2.0 and 3.5 kHz in which the increase
in frequency results in the tones becoming more
effective in stimulating the fibre, at least up to the
CF frequency. The same cut-off was found in



fibres with CFs of 8-9 kHz. Our fixed level of 80
dB SPL was insufficient to make similar measure-
ments in fibres from more basal cochlear posi-
tions. Even when the tones are presented at or
below the mean rate threshold there is reasonably
good phase-locking at least in high spontaneous
rate fibres; a result which is well known from
previous reports (Rose et al., 1967; Sachs et al,
1974; Johnson, 1980; Evans, 1980; Narins and
Hillery, 1983). The PEST criterion used gave
threshold as that intensity at which more spikes
occurred in the stimulus epoch compared with a
similar following epoch on 75% of trials. For
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Fig. 3. Variations of phase-locking with stimulus intensity. (A)
The vertical lines show the levels at which phase-locking was
measured at the frequencies indicated by the top ordinate. The
filled symbols show the mean rate thresholds determined by
the PEST procedure. The same symbols are used to indicate
the synchronization index as a function of the level shown by
the bottom ordinate. Phase-locking can be measured below
mean rate threshold and reaches a maximum within about 20
dB of threshold. (B) Phase-locking versus intensity for 41
fibres. The continuous vertical line shows the level at which
phase-locking was measured as a function of frequency.

fibres of zero spontaneous rate this difference was
1 spike per presentation and for high spontaneous
rate fibres it was 2-3 spikes per presentation. The
thresholds measured in the phase-locking program
were therefore reasonably conservative estimates.

The degree of phase-locking also depends on
the level of the stimulus with respect to the
threshold of the neurone as has been demon-
strated previously in the cat (e.g. Rose et al., 1967;
Johnson, 1980; Evans, 1980). As shown in Fig. 3,
for the guinea-pig, phase-locking increases with
stimulus level from below threshold up to a
saturation value, which is attained in every case at
levels exceeding 20 dB above mean rate threshold.
Fig. 3A shows data collected from a single fibre
using tones of different frequency. The vertical
lines show the frequencies and levels of the tone
bursts used, the lowest of which was 10 dB below
the automatically determined mean rate threshold
(filled symbol). Fig. 3B shows pooled phase-lock-
ing versus level data for 41 fibres at a range of
frequencies. Maximum values are obtained within
20 dB of threshold and further increases in level
often cause a slight reduction in phase-locking.
The vertical line indicates the level of the tone
bursts used in the frequency sweeps.

Fig. 4 shows the maximum values obtained
from the intensity functions of Fig. 3B, for all
functions which extended at least 20 dB supra-
threshold and only taking values for stimuli evok-
ing at least 1 spike per two presentations. The
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Fig. 4. Maximum synchronization index measured from the
phase-locking versus intensity functions of Fig. 3 as a function
of stimulus frequency. The filled symbols indicate intensity
series at the fibres’ CF.
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Fig. 5. Phase-locking as a function of frequency for data at
least 20 dB above the mean rate threshold. The filled symbols
are from animals anaesthetized with urethane and the open
circles from animals anaesthetized with the neuroleptic tech-
nique.

filled symbols indicate intensity functions at CF.
The somewhat isolated value at 1.7 kHz was ob-
tained in this fibre at threshold and 10 dB higher
with values at still higher levels only reaching a
synchronization index of 0.6 which is more con-
sistent with the other data. Taking the maxima
only for those functions at 1, 2 and 3 kHz sep-
arately failed to reveal any strong relation of
synchronization index with spontaneous rate.

In order to estimate near maximum values from
our swept frequency data we have used only histo-
grams obtained with stimuli 20 dB or more above
the automatically determined mean rate threshold.
As we have demonstrated, such thresholds are
conservative estimates and are well above the
threshold for detectable phase-locking. Fig. 5
shows the variation in phase-locking as a function
of frequency, pooled across fibres and animals for
tones more than 20 dB suprathreshold. It is clear
from the comparison of Figs. 4 and 5 that this
selection procedure does give near maximum val-
ues so that Fig. 5 may be used to estimate the
phase-locking cut-off. Two different symbols used
in Fig. 5 show the data obtained under urethane
(filled squares) and neuroleptic anaesthesia (open
squares). The urethane data appear to be dis-
placed very slightly downwards at all frequencies.
Plotting these guinea-pig data from the 0.6-3.0
kHz region on linear axes produces a remarkably
good fit to a straight line (correlation coefficients

for the two data sets were —0.948 and —0.934,
respectively). Linear regression analyses allowed
statistical comparison of the two sets of data and
indicated that the slopes of the fall-off with
frequency were not significantly different (P <
0.05), but that the intercepts were significantly
different ( £ > 0.05). An estimate of the difference
in cut-off frequency for the two sets of data is the
horizontal displacement of the regression lines,
which was 240 Hz. There was no difference in the
distribution of mean rate thresholds at CF or in
the spontaneous discharge rate between the
urethane and neuroleptic data samples. The fall-off
of phase-locking in the guinea-pig begins at 0.6
kHz and little phase-locking is evident beyond 3.5
kHz. This cut-off is well below that reported for
the cat (e.g. Johnson, 1980) and about the same as
that reported for the chinchilla (Woolf et al.,
1981). In Fig. 6A our data, plotted as synchroniza-
tion index, are compared directly with the cat data
of Johnson (1980) plotted on the same axes. In
this and Fig. 6B only our data obtained under the
neuroleptic technique are shown for clarity. The
cat data points (crosses) lie well above our guinea-
pig data points at all frequencies above about 800
Hz. It is interesting to note in passing that the cat
data of Johnson (1980), from 1-5 kHz. are also
well fitted by a straight line on linear coordinates
with a correlation coefficient of —0.944. The
frequency at which the synchronization index fell
to the arbitrarily chosen value of 0.5 was used to
estimate the difference in cut-off of the cat and
guinea-pig data. The cat data reached this value at
2.9 kHz compared to 1.53 kHz for the guinea-pig;
a difference of 0.92 octaves. The only other
quantitative data on phase-locking in the guinea-
pig are those of Harrison and Evans (1979) which
were presented in terms of the coefficient of syn-
chronization. Our data quantified in this way are
shown with those of Harrison and Evans in Fig.
6B. Despite very different methods of measure-
ment it is clear that our data are entirely con-
sistent with these other data from guinea-pig (Fig.
6B), are very similar to those from chinchilla
(Woolf et al.,, 1981) and are very different from
those of cat (Fig. 6A).

Johnson (1980) reported that at any frequency
the fibres with lower spontaneous rates gave higher
values of synchronization index. This was also
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Fig. 6. (A) Phase-locking as a function of frequency for guinea-
pig (O) and cat (+; Johnson, 1980). (B) Phase-locking as a
function of frequency for guinea-pig quantified by the coeffi-
cient of synchronization (O) compared to previous measures
for guinea-pig (B; Harrison and Evans, 1979).

observed during data collection, but pooling of
data to a large extent swamped this effect. In an
attempt to quantify the variation we made use of
the linear regression and collapsed data from dif-
ferent frequencies by compensating for the slope.
Plotting these corrected synchronization indices
against fibre spontaneous rate did indicate a very
slight tendency for phase-locking to decrease with
increase in spontaneous rate.

Response phase

From Fig. 1 it can be seen that the central
tendency of each period histogram (i.e. the re-
sponse phase) changes progressively with stimulus
frequency. The cumulative response phase angle
computed from the period histograms is plotted
for 9 fibres (pooled from different animals) in Fig,
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Fig. 7. Cumulative phase angle of the response to sinusoidal
stimulation as a function of tone frequency for 9 fibres with
CFs indicated by the parameters. The curves have been shifted
vertically by multiples of one cycle so that they extrapolate to
the origin.

7. each curve has been shifted by an integer
number of cycles so that they extrapolate to the
origin. The parameters on the curves indicate the
fibre CF and a clear dependence of the slope of
the phase versus frequency curve with CF is evi-
dent, as found previously for the cat and squirrel
monkey (Pfeiffer and Molnar, 1970; Anderson et
al., 1971; Geisler et al., 1974): the higher CF fibres
show a slower accumulation of phase angle than
do the low CF fibres. After removal of a phase
slope from his cat data Allen (1983) revealed a lot
of fine detail in the variation of phase angle with
stimulus frequency. There are also detailed vari-
ations in the curves of Fig. 7, but in most cases the
data are fitted by two (or more) line segments as
in the cat data of Pfeiffer and Molnar (1980).

A linear phase frequency relation is indicative
of a time delay which is independent of signal
frequency. An estimate of this delay may be ob-
tained from the slope of the phase-frequency curve
by the relation:

r=A48/27Af (see Anderson et al., 1971),

where r is the delay in seconds, A6 is the phase
difference in radians for a difference in frequency
of Af Hz.

The relationship of the delay to the CF has
been used to form an estimate of the travel time of
the propagating mechanical disturbance along the
basilar membrane (Anderson et al., 1971; Gibson
et al., 1977) and even as evidence of the presence
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of a travelling wave motion (Hillery and Narins,
1984). However, as Smolders and Klinke (1986)
pointed out and as will be clear from the data
below, such conclusions may not be justified.
Measurements of delay from our own data using a
simple linear regression estimate of the slope were
not different from estimates from the asymptote
of the instantaneous slope (possibly because the
first differentials were often very variable; see
Ruggero (1980) for discussion). The delay associ-
ated with each fibre as a function of CF is shown
in Fig. 8. These data are almost exactly coincident
with those of Fig. 3 of Anderson et al. (1971) from
squirrel monkey. At high frequency the asymptote
gives an estimate of the component of the delay
which is common to every fibre. This fixed delay
consists of acoustic conduction time from the
transducer to the eardrum, middle-ear conduction
time, synaptic delay at their hair-cell base and
conduction time in the auditory nerve to the re-
cording site. Correction for this frequency inde-
pendent delay gives an estimate of the group delay
which presumably contains at least two compo-
nents; the cochlear propagation time and the re-
sponse times of the filters associated with each
fibre (see detailed discussion in Smolders and
Klinke, 1986; and also in Goldstein et al., 1971;
Evans, 1975; Eggermont, 1979; and Ruggero,
1980). The response time of the filter produces a

*virtual delay’ (Smolders and Klinke, 1986) which
reflects the number of cycles of the stimulus re-
quired before the filter output reaches maximum
and may be estimated theoretically as 0.5/CF
(Smolders and Klinke, 1986; De Boer, 1979). Cor-
rection of our group delays by this factor brings
them into good agreement with Evans (1972) click
latencies (which were to the first spike or at worst
the first peak, not the mode of the PSTH which
would correspond to the group delay; Goldstein et
al., 1971). Smolders and Klinke (1986) indicated
that such click latencies are not unaffected by
filter response times and thus even after these
corrections we cannot get a correct estimate of the
residual delay caused by cochlear propagation.
Our corrected data plotted on double logarithmic
coordinates were not well fitted by a straight line.
Thus the straight line fits of Anderson et al. (1971)
and Gibson et al. (1977) may give more informa-
tion about the filter response times than the prop-
agation time. In view of these problems we have
not attempted to carry this analysis to its conclu-
sion and present our data as estimates of group
delay in guinea-pig cochlear fibres.

Intracellular responses of inner hair cells to tones
Fig. 9 shows intracellular recordings from an
inner hair-cell in the basal turn of the guinea-pig
cochlea in response to tone bursts. The inner
hair-cell receptor potential is sinusoidal and asym-
metrical in response to low-frequency tones (e.g.
100 and 300 Hz in Fig. 9). As the stimulus
frequency is progressively increased the responses
become more asymmetrical in the depolarizing
direction (the resting membrane potentials of in-
ner hair-cells are in the range —25 to —45 mV,
Russell and Sellick, 1978). Increasing the stimulus
frequency beyond about 700 Hz causes a decrease
in the size of the sinusoidal component of the
receptor potential compared to the steady de-
polarizing component so that by 2 kHz in Fig. 9
the a.c. component has shrunk to a fraction of the
d.c. component (note the doubling of the vertical
scales in this figure). At 3 kHz the a.c. component
has all but disappeared leaving the unattenuated
d.c. component. The reduction in the size of the
a.c. component compared to the d.c. component is
shown for 9 inner hair-cells (including that shown
in Fig. 9) in Fig. 10 where we plot the a.c./d.c.
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Fig. 9. Intracellular receptor potentials recorded from an inner
hair-cell in response to 80 dB SPL tones at frequencies indi-
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tial is reduced as the frequency is increased, and above 1 kHz
the response is dominated by the d.c. component. The upper
scale bar is for the 100-900 Hz records and the lower for the
1000-5000 Hz records. The resting membrane potential for
this inner hair-cell was —37 mV.

ratio as a function of stimulus frequency. Note
that for all of the curves the ratio remains fairly
constant at low frequency and then drops off
smoothly as the stimulus frequency is increased
beyond about 300-800 Hz. This fall-off has been
ascribed (Sellick and Russell, 1980; Russell and
Sellick, 1983) to the low-pass filtering of the
hair-cell apical membrane and the direct measure-
ments of the membrane time constant and the
a.c./d.c. ratios for the same cells are consistent
with this hypothesis. The data in this figure ap-
pear to fall into two groups with very different
cut-offs and we emphasize this by plotting the two
sets in open and closed symbols. We shall return
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Fig. 10. The ratio of the a.c. and d.c. components of the inner
hair-cell receptor potential in 9 hair-cells. The d.c. component
was either calculated from the difference between the half-peak
a.c. component and the resting potential or by the integral of
the waveform.

to this difference in the Discussion.

In Fig. 11 we compare the limits of the phase-
locking which we have measured in guinea-pig
cochlear nerve fibres with the decline in the
a.c./d.c. ratio of inner hair-cells also from guinea-
pig and under the same anaesthetic. The a.c./d.c.
ratio is a direct equivalent of the synchronization
index measure which is the ratio of the phase-
locked discharge of a neurone (the a.c. component
of the discharge) of the mean discharge rate (the
d.c. component of the discharge). In making this
comparison we have normalized the hair-cell data
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Fig. 11. Comparison of the limits of phase-locking in the
guinea-pig auditory nerve and the decrease in the a.c. compo-
nent of the intracellular receptor potential of 9 inner hair-cells.
The hair-cell data have been normalized by plotting as a
percentage of the low frequency a.c./d.c. ratio.
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by expressing the ratios as a percentage of the
constant value at low frequency. There are a num-
ber of points of note in this figure; first there
appears to be considerably more variability in the
measured a.c./d.c. ratios for different hair-cells
than there is in the cut-off of phase-locking mea-
sured in different cochlear nerve fibres. The dif-
ference in cut-off frequency of the hair-cell a.c.
receptor potential varies over about two octaves.
The frequency at which the open diamond hair-cell
a.c./d.c. ratio falls to the arbitrary value of 50% is
450 Hz whereas this occurs for the filled diamonds
at 1586 Hz. The second point to note is that the
normalization process has somewhat increased the
scatter in that the filled triangles now exhibit an
intermediate cut-off frequency and the delineation
of filled and unfilled data into separate groups is
less clear. Third, the slopes of the cut-offs are
quite similar for all of the hair-cells and for the
single fibre data. A good match could be achieved
by sliding the functions along the frequency axis.
Finally, the frequency at which the a.c./d.c. ratio
begins to fall from its maximum value occurs for
the functions described by the filled symbols (ex-
cept the triangles) at about the same frequency as
the fall in phase-locking i.e. 500-600 Hz.

In the course of experiments recording the in-
tracellular receptor potentials of inner hair-cells
we have also made intracellular recordings from
afferent nerve fibres. These were identified from
their electrophysiological properties and location
near the neural membranes of the inner hair-cells
and the habenula perforata of the osseous spiral
lamina. Invariably it was possible to record in-
tracellularly or extracellularly from the adjacent
inner hair-ceils when the micropipette was ad-
vanced a further 10 pm or so. The resting poten-
tials of the presumed afferent nerve terminals
(—40 to —60 mV) were more negative than those
of the inner hair-cells (—25 to ~45 mV; Russell
and Sellick, 1978), but not as negative as the
resting membrane potentials of supporting cells
(—80 to —90 mV; Russell and Sellick, 1978).
Spontaneous and acoustically evoked nerve im-
pulses were recorded extracellularly in the vicinity
of the habenula perforata. However, we have not
seen impulse activity in our recordings from the
presumed afferent terminals. In these recordings
we found spontaneous and acoustically evoked

fluctuations in membrane potential which were
similar in appearance to the excitatory post-syn-
aptic potentials which have been recorded in the
afferent nerve terminals of the goldfish sacculus
(Furukawa and Ishii, 1967; Furukawa and Matsu-
ura, 1978) and in the lateral line system of Lota
(Flock and Russell, 1976). The fluctuations in
membrane potential are quite unlike anything we
have recorded in the hair-cells and supporting
cells of the organ of Corti. Because we have not
recorded impulses from the afferent nerve termi-
nals we presume, therefore, that the spike ini-
tiation site of the afferent fibres is close to the
habenula, and impulses do not invade the termi-
nals (or alternatively that the impulse generating
mechanism has been disrupted by the intracellular
recording electrode). The receptor potentials from
an inner hair-cell and the post-synaptic potentials
from an adjacent afferent nerve terminal, recorded
in close succession, to 16 kHz tone bursts at 75 dB
SPL are shown in the top part of Fig. 12. In the
lower part of Fig. 12, on an expanded time scale,
the average of four successive hair-cell receptor
potentials is compared to the average of four
afferent terminal responses. Note that the afferent
terminal responses occur later than the receptor
potentials. The difference between the onsets of
hair-cell and terminal responses is an estimate of
the synaptic delay which in the case illustrated is
0.83 ms. There is a difference of about 0.4-0.5 ms
between our measurement of the afferent synaptic
delay (about 0.85 ms) and our estimate of the
fixed delay (about 1.3 ms) which is associated with
each nerve fibre (from the asymptote of the
phase-locking data of Fig. 8). This discrepancy
can be accounted for if it is remembered that the
fixed delay is a composite time interval compris-
ing the acoustic delay (0.1 ms), the synaptic delay
(0.85 ms) and the time taken for the impulses to
propagate to the recording site. In round figures,
the distance to the recording site is about 3-4 mm
for basal fibres and the conduction velocity for
myelinated fibres of diameter 2-5 pm (in guinea-
pig; Gacek and Rasmussen, 1961) is of the order
of 10--20 m/s (see Rushton, 1951). This gives a
value for the propagation time in the range of 0.15
to 0.4 ms. Thus our measured fixed delay associ-
ated with each fibre is entirely consistent with our
measured synaptic delay. A very low value for the
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Fig. 12. Direct estimation of the afferent synaptic delay in the
guinea-pig cochlea. Top: Single receptor potential and post
synaptic potentials from inner hair-cell and afferent terminal
in response to 16 kHz tone bursts at 75 dB SPL. Bottom:
Averages of four successive responses from hair-cell and affer-
ent terminal shown on expanded time scale. Note that the
averaging removes the randomly occurring excitatory post syn-
aptic potentials from the afferent terminal response. The rest-
ing membrane potential of the inner hair-cell was —40 mV and
of the afferent terminal was ~52 mV.

fibre fixed delay of 0.7 ms may be obtained from
Evans (1972) click latencies (see Smolders and
Klinke, 1986). We are unable to account for the
discrepancy between this and our own estimate of
the fixed delay (1.3 ms).

Discussion

Our results may be briefly summarized as fol-
lows: (i) phase-locking is found in all guinea-pig
auditory nerve fibres when stimulated by low fre-
quencies and is maximal for stimuli more than 20
dB above mean rate threshold; (i) in sponta-
neously active fibres phase-locking is found well
below mean rate threshold; (iii) the maximum
degree of phase-locking is approximately constant
up to 600 Hz, decreases linearly with further in-
crease in frequency and is no longer evident above
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3.5 kHz; (1v) the synaptic delay in the guinea-pig
cochlea, obtained by direct measurement of the
receptor potential and post-synaptic response is of
the order of 0.8 ms; (v) the cumulative phase slope
for phase-locking shows a CF dependent delay
associated with each fibre; (vi) phase-locking in
the guinea-pig falls off an octave below that in cat,
squirrel monkey and birds (except owl which is
much higher), but above that in frog and croco-
dile; (vii) the ratio of the a.c. component to the
d.c. component of the intracellularly recorded in-
ner hair-cell receptor potential decreases with
frequency beyond 500-600 Hz; (vii) the cut-off
and the slope of the decrease in the a.c. receptor
potential in some inner hair-cells is consistent with
the suggestion that the hair-cell membrane time
constant is the limiting factor in phase-locking in
guinea-pigs.

Johnson (1978) discusses the factors which may
affect the degree of phase-locking which is mea-
sured. Chief among these factors are wideband
baseline noise and baseline noise which mimic the
stimulus such as remote microphonic, frequency
following responses or signal interference. As in
nearly all single unit studies we have used an
amplitude discriminator: times of discharges are
measured to the point at which the voltage crosses
a fixed threshold level. Johnson (1978) demon-
strates that the effect of wideband baselime noise
is to introduce temporal jitter which acts as a
low-pass filter and thus potentially an artificially
low cut-off frequency could be measured. John-
son’s calculations showed that these effects could
not have affected the cut-off frequency which he
measured in the cat. We also believe that our
measurements were similarly unaffected for the
following reasons: (i) our recording conditions
were similar to Johnson’s in the cat; (i1) direct
measurements from the oscilloscope of the tem-
poral jitter allowed us to calculate the filtering
effect of such jitter (by the method of Anderson.
1973) again suggesting that our data were free
from these effects and (iii) we have made measure-
ments in cochlear nucleus phase-locking cells un-
der conditions of signal-to-noise ratio such that we
could exclude baseline noise effects and found
exactly the same cut-off frequency.

The net effect of stimulus related baseline noise
is to erroneously produce good phase-locking when
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the discharge is in fact random. During data col-
lection baseline noise at the stimulus frequency
was only very occasionally seen angd then at very
low frequencies at which our fibres phase-locked
extremely well anyway. Since the phase-locking
cut-off we observe in the guinea-pig is worse than
some other homeotherms and birds, this would
appear not to be a problem.

An alternative cause for the lower cut-off
frequency in the guinea-pig than cat was proposed
by Smolders and Klinke (pers. commun.). They
suggested that just as the phase-locking dif-
ferences between poikilotherms and homeotherms
may be attributable to differences in temperature
so, if the guinea-pig cochlea had cooled suffi-
ciently during the preparation and experiment, a
lower cut-off frequency might result. This is of
course difficult to rebut since we did not attempt
to directly measure cochlear or intrabulla temper-
ature, merely maintaining core temperature at
37°C. However, a number of observations are
relevant: we record under closed bulla conditions;
our data match those from other rodents; we do
not observe a scatter with a systematic lowering of
cut-off frequencies with time as presumably more
cooling would have occurred; and finally, an oc-
tave shift in phase-locking cut-off, over what must
be a relatively small temperature change, seems to
be a rather larger shift in a physiological measure
than has been found for other measures in
mammals (see Gummer and Klinke, 1983, for a
review of temperature effects in hearing). We can-
not exclude possible temperature effects from our
measurements and certainly since hair-cell record-
ings are performed open-bulla a larger cooling
effect would be expected for the receptor potential
data.

For the remainder of this discussion we shall
take our present data at face value and assume
that the cut-off frequencies which we have mea-
sured do represent the true physiological condi-
tions.

There is clearly an extremely wide variation of
the upper frequency limit at which phase-locking
is observed in cochlear nerve fibres in different
animals. The lowest reported cut-off (350 Hz) is in
frog measured at 15°C (Eggermont, 1983) and the
highest in owl (9 kHz; Sullivan and Konishi, 1984)
which is a range of 4.68 octaves. Some of this

range may be accounted for by the differing body
temperatures, but as we have shown in the present
study (and indeed as was clear from comparison
of data in the literature) a difference of an octave
is found between rodents and other mammals, and
owls (also homeotherms) phase-lock up to two
octaves higher in frequency than rodents.

The limiting factor for phase-locking must re-
side peripheral to the auditory nerve recording site
which gives us a number of candidates. There is,
for example, very different cochlear mechanics in
the frog compared to the mammal. There is not,
however, a qualitative difference in the cochlear
mechanics between cats, squirrel monkey and
guinea-pig (Khanna and Leonard, 1982; Rhode,
1971; Sellick et al., 1982) and the cochleas of bird
and caiman appear to be structurally similar and
both support a travelling wave (Wilson et al.,
1985; Gummer et al., 1984). It seems unlikely,
therefore, that the differences in phase-locking can
be directly attributed to differing cochlear mecha-
nics per se.

A second candidate is, as has been suggested
previously, the filtering out by the hair-cell mem-
brane time constant of the a.c. component of the
receptor potential. This possibility is very attrac-
tive since it is intuitively obvious that, if the
receptor potential directly leads to release of neu-
rotransmitter and afferent fibre activation, a steady
potential cannot produce periodic discharges. The
present data were intended as a direct test of this
hypothesis. Given the fact that the slope of the
a.c./d.c. function is similar to that of the
phase-locking and the beginning and end points of
the functions match reasonably well (at least for
the best of the hair-cells) it seems justifiable to
consider the data shown in Fig. 11 to be a good
match. Thus the limitation in phase-locking may
well be attributable to the decreased a.c. receptor
potential, if so, then all but one (the filled di-
amonds in Fig. 11) of the estimates of the fall-off
of the a.c. component seem to be low, with clear
discrepancy between the curves and the
phase-locking data in the 0.8-1.5 kHz region. For
a single cell plotting ac./d.c. ratios versus
frequency for a wide range of sound levels (see for
example Fig. 4, Russell and Sellick, 1978) and
plotting a.c. amplitude versus frequency at con-
stant d.c. amplitude (5 or 10 mV) yielded the same



functions. We do not, therefore, feel that the
mismatch of some of the hair-cell data with the
phase-locking data is a result of using a constant
80 dB SPL stimulus as opposed to lower constant
sound levels or iso-d.c. amplitudes. Although the
hair-cell data are from the basal turn, whilst the
highest CF fibre in which we measured
phase-locking was 9 kHz, it does not seem likely
that the cut-off in fibres from the cochlea base
would be significantly different from that in the 9
kHz region. It is possible that both the scatter in
the hair-cell data and the lower cut-off might
reflect a temperature effect since the recordings
are necessarily open bulla (see earlier discussion),
this we feel is not the main cause. A difficult
problem in making hair-cell recordings is the
filtering effect of the electrode impedance and
stray capacitance. This electrode filter has been
compensated in the data shown in Fig. 11, but any
changes in the electrode time constant during
penetration of the hair-cell would have resulted in
incorrect compensation and a correspondingly
lower cut-off frequency.

Accepting, for the time being, that the guinea
pig phase-locking cut-off is a result of the hair-cell
membrane time constant, what are the implica-
tions of this conclusion? Presumably similar con-
straints will operate in the other homeotherms,
Thus the time constants of the hair-cells at a
particular frequency position in the cochlea would
appear to be longer in rodents than those of cats,
squirrel monkeys, pigeons and blackbirds, which
in turn are longer than those of owls. Given the
two octave spread in phase-locking cut-off amongst
these species the R or C components in the hair-cell
membrane would have to change by about 4 times
which would be an extremely large variation in the
properties of the membrane. One further observa-
tion from our phase-locking data is consistent
with a variation in hair-cell properties. As a conse-
quence of the increasing asymmetry of the inner
hair-cell receptor potential with increasing
frequency, phase-locking should result in mini-
mum instantaneous discharge rates below sponta-
neous rate for low frequency (below 1 kHz; Rus-
sell and Sellick, 1983), but only down to sponta-
neous rate for high frequency (above 1 kHz, see
Fig. 9). We have observed this phenomenon in our
guinea-pig data and it is clearly present in the cat
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data of Johnson (1980). If the differing
phase-locking cut-offs are a result of the hair-cell
membrane properties we would expect the transi-
tion between minima below or above spontaneous
rate to be species dependent. In our data the
transition is near 1.5 kHz whereas in a single fibre
from cat (Johnson, 1980; Fig. 2) it appears to be
above 2 kHz: data from other species are not
available.

An alternative to variations in hair-cell proper-
ties 1s that what we observe in the cochlear nerve
fibre responses is a result of two transfer functions
(1) the mechanical to electrical transfer which re-
sults in the declining a.c./d.c. ratio and (i1) the
transfer function of the hair-cell synapse. If the
same sized a.c. component is applied to transfer
characteristics with differing slopes a greater or
lesser modulation of the discharge would result.
Thus biassing the synaptic transfer function might
well produce different phase-locking cut-offs. We
might expect that if this were the case that the
biassing would be evident in some other features
of the discharge. While there are no apparent
differences between rodents and cats. the bird
cochlear nerve is characterized by the fact that all
fibres are spontaneously active, a result suggestive
of a different biassing! One way to produce a
different biassing would be to alter the standing
current passing through the hair-cell. If this were
achieved by tonic displacement of the stereocilia
another likely outcome would be a reduced d.c.
component and therefore an increased a.c./d.c.
ratio which would further increase the transfer of
modulation to the discharge.

It has recently been suggested that the temporal
pattern of discharge across the whole ensemble of
auditory nerve fibres may be the means of signal-
ling the spectra of complex sounds such as speech
(e.g. Young and Sachs, 1979). Vowel sounds may
be distinguished by the relative frequency position
and amplitude of the first two formants and some
vowels have second formants as high as 3.5 kHz
(Peterson and Barney, 1952). Thus the upper
frequency limit of phase-locking will affect the
internal representation of such speech sounds.
While we do not know the upper frequency limit
of phase-locking in humans, recent data suggest
that phase-locking in guinea-pig occurs at suffi-
ciently high frequency to produce a good internal
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representation of vowels with formant peaks up to
3 kHz (Palmer et al., 1986). Use of the guinea-pig
as an animal model for the temporal represen-
tation of speech sounds is more likely to under-
estimate rather than overestimate the temporal
encoding abilities of the human auditory nerve.
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