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The olivocochlear bundle (OCB) was cut in neonatal cats to
evaluate its role in the development of normal cochlear func-
tion. Approximately 1 year after deefferentation, acute auditory
nerve fiber (ANF) recordings were made from lesioned animals,
lesion shams, and normal controls. The degree of deefferenta-
tion was quantified via light microscopic evaluation of the den-
sity of OCB fascicles in the tunnel of Corti, and selected cases
were analyzed via electron microscopy. In the most successful
cases, the deefferentation was virtually complete. ANFs from
successfully lesioned animals exhibited significant pathophys-
iology compared with normals and with other animals in which
the surgery failed to interrupt the OCB. Thresholds at the
characteristic frequency (CF), the frequency at which ANFs are
most sensitive, were elevated across the CF range, with max-
imal effects for CFs in the 10 kHz region. Frequency threshold

or tuning curves displayed reduction of tip-to-tail ratios (the
difference between CF and low-frequency “tail” thresholds) and
decreased sharpness of tuning. These pathological changes
are generally associated with outer hair cell (OHC) damage.
However, light microscopic histological analysis showed mini-
mal hair cell loss and no significant differences between normal
and deefferented groups. Spontaneous discharge rates (SRs)
were lower than normal; however, those fibers with the highest
SRs remained more sensitive than those with lower SRs. Find-
ings suggest that the interaction between OC efferents and
OHCs early in development may be critical for full expression of
active mechanical processes.
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In the adult mammal, the cochlea receives two types of efferent
innervation from the superior olivary complex (Warr, 1992; Gui-
nan, 1996). One division of this olivocochlear (OC) pathway, the
medial OC (MOC) system, projects to the outer hair cells
(OHCs) via myelinated fibers, where it gives rise to large, axo-
somatic terminals (Warr, 1975; Guinan et al., 1983). The unmy-
elinated fibers of the lateral OC (LOC) system project mainly to
afferent dendrites in the neuropil below inner hair cells (IHCs).
The functional significance of the LOC system is very poorly
understood. The function of the MOC system also remains con-
troversial; however, it is clear that MOC fibers respond to sound
and constitute the effector arm of a binaural sound-evoked reflex.
Activation of the MOC system (1) diminishes cochlear sensitivity,
presumably by modulating the OHC contribution to active co-
chlear mechanics (Mountain, 1980; Siegel and Kim, 1982; Brown
et al., 1983; Guinan, 1986; Murugasu and Russell, 1996); and (2)
protects the ear from acoustic overstimulation (Rajan, 1988a,b;
1995), apparently via effects on intracellular calcium concentra-
tions (Reiter and Liberman, 1995; Sridhar et al., 1995). MOC

reflex effects on cochlear sensitivity also provide a feedback gain
control that aids in the discrimination of stimulus transients in a
noisy environment (Winslow and Sachs, 1988; Kawase and Liber-
man, 1993; May and McQuone, 1995).

Chronic cochlear deefferentation in adult mammals has been
studied extensively, including its effects on auditory performance
(Dewson, 1968; Trahiotis and Elliott, 1970; Igarashi et al., 1972;
Scharf et al., 1994; May and McQuone, 1995), as well as auditory
neurophysiology (Liberman, 1990) and susceptibility to acoustic
injury (Handrock and Zeisberg, 1982; Liberman and Gao, 1995;
Zheng et al., 1997a,b). Indeed, results of such studies underlie
most speculations as to olivocochlear bundle (OCB) function. In
contrast, the effects of neonatal chronic cochlear deefferentation
are poorly understood. In an anatomical study, Pujol and Carlier
(1982) sectioned the OCB in neonatal cats and reported that the
afferent innervation of OHCs failed to develop normally. They
suggested that the normal arrival of MOC terminals at the OHCs
during postnatal development is necessary to effect the pruning of
exuberant afferent contacts in the OHC area. In a physiological
study, Walsh and McGee (1997) showed that transection of the
OCB in neonatal cats eliminates the rhythmic responses normally
seen in the spike trains of immature auditory neurons and sug-
gested that the OCB may play a role in culling exuberant contacts
between IHCs and their afferents (Walsh and McGee, 1987,
1988). Both results are consistent with the idea that the OCB
plays a role during cochlear development; however, the long-term
functional effects of neonatal deefferentation have never been
investigated.

In neonatal cats, the cochlear epithelium is incompletely devel-
oped and essentially nonresponsive to sound (Walsh and McGee
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1986; Walsh and Romand, 1992). MOC fibers are beginning to
invade the cochlea; however, they initially contact IHCs and
afferent dendrites exclusively (Pujol and Abonnenc, 1977; Pujol et
al., 1978, 1979; Lenoir et al., 1980; Shnerson et al., 1982; Jones
and Eslami, 1983; Ginzberg and Morest, 1984; Simmons et al.,
1990, 1996). OHCs are devoid of OC contacts at this stage (Pujol
et al., 1978, 1979), and it is not clear that the LOC innervation has
yet arrived. Thus, in a neonatally deefferented cat, the organ of
Corti will have had minimal contact with the OC system. During
the following 3 postnatal weeks, cochlear output becomes adult-
like, roughly coincident with the development of an adult-like
projection of the OCB onto cochlear targets (Pujol et al., 1978).
To determine the long-term functional consequences of neonatal
OCB disruption on response properties of auditory nerve fiber
(ANFs), we transected the pathway in neonates and evaluated the
response properties of ANFs ;1 year later. The consequences
were profound, affecting sensitivity, frequency selectivity, and
spontaneous discharge rate (SR).

MATERIALS AND METHODS
Cats were used as experimental animals. The care and use of all animals
were in accordance with the guidelines of the animal welfare committee
of Creighton University and the Boys Town National Research Hospital.

Deefferentation surgery and postsurgical care
Animals were prepared for sterile surgery by administration of penicillin
(15,000 U/kg, i.m.) and atropine sulfate (0.05 mg/kg, i.m.). Surgical levels
of anesthesia were achieved with sodium pentobarbital (20–40 mg/kg,
i.p.). Supplemental anesthesia was delivered as required (intraperitoneal
pentobarbital at 10% of original dose or inhaled isofluorane at 0.5–2%
mixed with O2 ) to maintain areflexia. After full anesthetization, the
dorsal and posterior aspect of the skull was exposed, and a circular
craniectomy into the posterior fossa (;5 mm in diameter) was made by
rongeuring occipital bone between the foramen magnum and the nuchal
crest. Dura mater was incised, and the cerebellum was gently elevated,
exposing the floor of the fourth ventricle. Guided by surface landmarks
on the dorsal aspect of the brainstem, a knife cut was made to sever the
OCB. Midline cuts, designed to cut the crossed OCB bilaterally, were
made along the saggital plane at a depth of ;2 mm; and off-midline cuts,
;4 mm in depth, were made along the sulcus limitans with the knife
angled ;45° from vertical in the dorsomedial to ventrolateral direction.
The cerebellum was released, dural flaps were reapposed, and sterile
Gelfoam was placed over the craniectomy. Muscles and skin flaps were
reapposed and sutured. Some animals, particularly in combined midline
and off-midline transections, stopped normal breathing immediately after
the cut was made. In these cases, artificial ventilation was applied for a
few minutes, and doxapram hydrochloride was administered (10–25
mg/kg, i.m.) to stimulate respiration.

After cleansing of the incision with Betadine and topical application of
Neosporin, animals were transferred to an incubator and continuously
monitored pending recovery from anesthesia. Postsurgical monitoring
included auscultation of heart and lung–airway sounds, fluid replacement
(subcutaneous lactated Ringer’s solution as needed), and somatosensory
stimulation, including periodic stimulation of the urogenitoanal area to
promote normal alimentary canal function. Animals were tube fed
through an intragastric tube every 2 hr (5% dextrose initially and grad-
ually weaned onto a milk replacement formula). As recovery progressed,
the interval between feedings was lengthened, and animals were returned
to the mothers as soon as possible between feedings to promote maternal
care of kittens. Once they were gaining weight independent of supple-
mental feedings, subjects were no longer tube fed. Butorphanol (0.4–0.8
mg/kg, s.c. or i.m.) was administered as needed at 6–8 hr intervals if
there was any evidence of pain or distress postsurgically, and penicillin
(15,000 U z kg 21 z d 21, i.m.) was administered prophylactically for 5 d
after surgery.

ANF recordings
Surg ical preparation. Animals were anesthetized with sodium pentobar-
bital (40 mg/kg, i.p.), and an intravenous catheter was typically inserted
to allow supplemental pentobarbital to be administered as needed to
maintain a surgical level of anesthesia. Atropine sulfate was administered

before surgery (0.05 mg/kg, i.m.). A tracheotomy was performed, and the
animals were ventilated, if necessary, using a small-animal respirator.
Body temperature was maintained at ;37.5°C using a thermostatically
controlled heating blanket. The pinna and external meatus were resected
bilaterally to the level of the tympanic ring, allowing visualization of
tympanic membranes, and a small hole was bored in each bulla through
which a ventilation tube was inserted. The occipital bone was surgically
exposed, and the animal was positioned in a stereotaxic apparatus. The
posterior fossa was opened, and the cochlear nucleus and auditory nerve
complex were exposed by aspirating the cerebellum. Recordings were
made for 1–5 d. During this period, the animal’s heart rate and respira-
tory rate were monitored, and fluids were replaced regularly. Penicillin
was administered to animals maintained longer than 2 d (15,000
U z kg 21 z d 21, i.m.). At the end of the recording session, animals were
overdosed with pentobarbital and killed by intracardiac perfusion of
fixative. All animals participating in the acute phase of the experiment
were between 1 and 14 postnatal days of age (P1 and P14) at the time of
surgery; all but two animals were operated on between the ages of P1 and
P5. ANF recordings were made from adults ranging in age from 2 months
to 2 years; the average age was ;1 year. Results included findings from
all animals participating in the acute recording phase of the experiment
for which corresponding histological data were available.

Acoustic system and calibration. Acoustic signals were synthesized
digitally, amplified with a low-distortion amplifier, digitally shaped and
gated, and passed through an antialiasing filter. Tone bursts were sym-
metrical and linearly ramped with 5 msec rise–fall times. Stimuli were
attenuated using custom-built attenuators with 1 dB resolution. The
stimulus generation system was controlled via an IBM-compatible 486
personal computer, fully integrated with data acquisition by an interface
to a Cambridge Electronics peripheral device (CED 14011) used for
event timing and analog-to-digital conversion. Stimuli were delivered to
the ear via dynamic earphones (Beyerdynamic DT-48) coupled to the ear
with a speculum sealed in the external canal. The acoustic system was
calibrated in vivo before each recording session with a 0.5 inch condenser
microphone (Brüel and Kjær 4134) inserted into a probe–tube assembly
coupled to the earphone speculum. Frequencies were sampled at 10
points per octave between 0.1 and 50 kHz. Previously calibrated values
for the probe–tube transfer function were used to correct the micro-
phone output to the sound pressure level near the tympanic membrane.

Recording and data collection techniques. Animals were placed within a
double-walled, sound-attenuating chamber for the duration of the exper-
iment. Glass micropipettes, filled with 2 M KCl (15–30 MV), were used to
record single-fiber activity. Recorded voltages were fed to a preamplifier,
viewed on a storage oscilloscope, and delivered to an audio monitor.
Event times for individual action potential discharges were digitized
using the gate output of an oscilloscope and transferred to the event
timer of the CED 14011. Spike times were measured relative to the onset
of the stimulus and digitized on-line with 10 msec resolution. Neural
activity, synchronization pulses, stimulus output, and voice commentary
were also recorded on videotape. Auditory nerve fibers were identified
based on action potential shape and response latencies. For each fiber
isolated, the spontaneous discharge activity was recorded for a minimum
of 15 sec. A frequency tuning curve was then collected using 50 msec tone
bursts presented 10/sec using an automated procedure modified from
that of Liberman (1978), which maps an isorate contour corresponding to
a 20 spikes/sec increase over SR. This algorithm tests frequencies from 45
kHz to 100 Hz with resolution of 16 points per octave.

Differences between sham-operated and deefferented animals were
assessed across a characteristic frequency (0.5 octave intervals) by two-
way ANOVA. The Tukey test was used for multiple comparisons. Fre-
quencies ,0.951 and .21.527 kHz were omitted from the statistical
analyses because of small and irregular sample sizes, and differences
were considered significant at p , 0.001. The relationship between
tip-to-tail ratio and the density of efferent projections (see Figure 5) was
assessed by linear regression using Pearson’s correlation coefficient and
was found to be significant at the p 5 0.002 level.

Histological evaluation
After physiological recordings, the cochleas were prepared as described
by Liberman and Gao (1995). Briefly, cochleas were fixed by intralaby-
rinthine perfusion of a solution of buffered aldehydes. After 12 hr of
post-fixation, the cochleas were osmicated, dehydrated in graded eth-
anols followed by propylene oxide, and embedded in epoxy resins. After
polymerization, the temporal bone was drilled away, the cochlear duct
was dissected into pieces ;1 mm in length, and the pieces were re-
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embedded in epoxy resins. Each plastic-embedded piece was thinned
with sanding disks and glued to a microscope slide, allowing the entire
sensory epithelium to be viewed as a surface preparation with a light
microscope. Hair cell counts (cytocochleograms) and analysis of efferent
innervation were performed by an observer blind to physiological results
and surgical treatments. Cochlear distance was measured using a drawing
tube, and the conversion from cochlear location to characteristic fre-
quency (CF) was made according to a cochlear frequency map for the cat
(Liberman, 1982). General techniques for analysis of hair cell popula-
tions in plastic-embedded surface preparations were as described by
Liberman and Dodds (1984).

To assess the degree of deefferentation, the diameters of all fascicles
crossing the tunnel of Corti were measured at the level of the tunnel
spiral bundle at a position ;10 mm from the inner pillar feet. These
measurements were based on tracings made with a drawing tube at an
overall magnification of 22003 using differential interference contrast
microscopy. The traced diameters were digitized on a data tablet and
converted to micrometers. The summed fascicular diameter in each
dissected piece of the organ of Corti was divided by the length of that
piece to provide a quantitative estimate of the integrity of the OHC
efferent innervation. This metric of average fascicular diameter has been
shown to correlate well with the volume of MOC terminals remaining on
OHCs in partially deefferented guinea pigs (Liberman and Gao, 1995).
The metric is based on fiber diameter rather than fiber counts, because
single, tracer-filled MOC neurons show large variation in caliber in the
tunnel-crossing area, and fiber caliber is closely correlated with the total
volume of OHC terminals generated (Brown, 1987). In selected cases,
pieces of the organ of Corti were remounted for ultrathin sectioning and
examination in the electron microscope. Serial section ribbons were
collected on Formvar-coated slot grids and stained with uranyl acetate
and lead citrate in preparation for ultrastructural observation.

RESULTS
The present results are based on single-fiber recordings from the
auditory nerve in 21 adult cases that underwent neonatal deef-
ferentation surgery. These 21 cases were harvested from 14 ani-
mals, because recordings were sometimes obtained from both
sides of an individual animal. As described in Materials and
Methods, two types of lesions were attempted: a midline incision
to cut the crossed OCB to both sides or a side cut to interrupt the
entire OC pathway to one ear. Sometimes only one lesion was
made, and sometimes both midline and side cuts were made in a
single animal; however, bilateral side cuts were never attempted.
As described below, in Histological evaluation, lesions were suc-
cessful in about half of the animals. In the analysis that follows,
Auditory nerve recordings, we consider the unsuccessful lesions
to be sham operations, and we compare the physiological results
in the lesion group versus the sham group.

Histological evaluation
Assessment of deefferentation
The success of the OCB lesion was assessed in each case by
measuring the summed diameter (expressed per millimeter of
cochlear length) of all of the MOC fascicles crossing through the
middle of the tunnel of Corti at the level of the tunnel spiral
bundle. These fascicles are clearly visible in osmium-stained
surface preparations, when viewed with differential interference
light microscopy, and such a metric has been shown to provide a
good approximation of the volume of MOC terminals remaining
on the OHCs (Liberman and Gao, 1995).

The results of the MOC fascicle measurements for all of the
ears in the present study are summarized in Figure 1. In both
parts of Figure 1, data from “control” ears ( filled squares) repre-
sent measurements made (1) in cases in which no lesion was made
in the brainstem or (2) from the opposite ears of cases in which
only a unilateral side cut was attempted. Based on these control
measurements, data from the lesioned cases were divided into
“successful” and “unsuccessful” cuts; unsuccessful midline or

side cut cases are plotted as asterisks in Figure 1, A and B,
respectively.

Based on the known anatomy of the OC system, a completely
successful midline cut should eliminate approximately two-thirds
of the efferent innervation of the OHCs, because one-third of the
MOC pathway originates ipsilaterally, and only the crossed OCB
is cut at the midline (Warr and Guinan, 1979; Warr, 1992). In this
context, it would appear that the midline cut in case 5036L was
completely successful, whereas the success of case 4095R was
partial (Fig. 1A). (Off-midline lesions were attempted contralat-
erally in each of these cases; however, the assessment of the
midline cut success was made independently, based on ipsilateral
histological findings.) The known anatomy suggests that the LOC
system should be largely intact in these cases (midline cuts);

Figure 1. Measure of efferent fascicle density in the tunnel of Corti used
as an assay of the success of the OC lesions for attempted midline
incisions (A) and attempted complete unilateral lesions ( B). Fascicle
density is defined as the summed diameter of all tunnel-crossing MOC
fascicles averaged over each millimeter of the cochlear partition. Cochlear
location is converted to a CF correlate according to a cochlear frequency
map for the cat (Liberman, 1982). The control data ( filled squares) are the
same in both A and B; they represent measures taken from animals in
which no brainstem cuts were made and those from the sides opposite to
a unilateral lesion. See Results for further details.
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however, no attempt was made in these cases to evaluate the
efferents in the IHC area.

The analysis in Figure 1B suggests that in five cases the side
cuts were largely successful. In three of these cases (3042L,
5036R, and 5131L), the deefferentation appears virtually com-
plete. In the other two (5083L and 5052L), more MOC fascicles
remain, although at least two-thirds of the MOC system appears
to be eliminated. In some of these side cut cases, selected regions
of the organ of Corti were evaluated in the electron microscope
(EM) to assess the status of the LOC innervation and/or to verify
the degree of deefferentation of the OHCs. With respect to LOC
status, the EM analysis showed complete absence of the inner
spiral bundle under the IHCs in each of the three cases classified
as complete based on the tunnel fascicle analysis (3042L, 5036R,
and 5131L). On the control side of one of these cases (3042R),
EM analysis showed a normal inner spiral bundle. The EM
analysis of the OHCs focused on the 12 kHz region of the cochlea
in cases 3042L, 5036R, and 5131L; in a semiserial section analysis
of at least 10 OHCs from each of the three rows in each of these
cases, we failed to find a single efferent terminal. Thus, the EM
analysis provides strong support for the view that the deefferen-
tation of both LOC and MOC systems is very nearly complete in
all of these cases.

Cochlear histopathology
Cytocochleograms, i.e., complete counts of hair cell loss as a
function of cochlear location, were generated for all of the suc-
cessful side cut cases in the present study and for a randomly
chosen subset of the unsuccessful lesions. As shown in Figure 2,
there were no significant differences in the degree or pattern of
hair cell loss in the two groups. IHCs were almost all present in
both groups. For cochlear regions outside the basal one-fifth (i.e.,
for CF regions ,15 kHz), OHC loss was insignificant. In the basal
turn, there were significant lesions of all three OHC rows in some
animals from each group. Such a degree of OHC loss is not
common in normal cats, i.e., those that have not undergone brain
surgery as neonates. However, the data in Figure 2 suggest that
these basal turn lesions are not correlated with the success of the
deefferentation.

Auditory nerve recordings
Thresholds at CF
Recordings from single ANFs revealed that sensitivity to acoustic
stimulation was significantly reduced in successfully deefferented
animals. This threshold elevation was significant when compared
with either normal controls (that did not undergo neonatal sur-
gery) or with those operated animals in the present study with
unsuccessful OC lesions.

Scatter plots of thresholds at CF for six operated animals are
shown in Figure 3, each of which is compared with the data from
the same unoperated control (open squares). Examination of
these six cases clearly shows that, whereas thresholds at the CF
are close to normal in a sham-operated animal (4066R) and an
unsuccessful midline cut case (3040R), thresholds are signifi-
cantly elevated in the successful midline cut case (5036L) and in
each of the three successful side cut cases (5131L, 5036R, and
5083L).

The trends suggested by the individual cases shown in Figure 3
are maintained when data from all animals in the present study
are considered. In Figure 4A, all operated cases are separated
into two groups according to the success of the lesion, as de-
scribed above (and illustrated in Fig. 1). This plot of mean

thresholds (6SEM) for high-SR fibers clearly shows the strong
effect of successful deefferentation on ANF thresholds. Mean
threshold differences were in the range of 20 dB, although differ-
ences exceeding 60 dB were observed. The largest differences are
seen in ANFs from the 4.0–8.0 kHz regions of the cochlea.

Tip-to-tail ratios
Previous studies of ANF response in animals with cochlear ab-
normalities have shown that changes in sensitivity to near-CF
tones are not always associated with threshold elevations off the
CF (Liberman and Kiang, 1978; Dallos et al., 1980; Schmiedt and
Zwislocki, 1980; Schmiedt et al., 1980). Tuning curves from
neonatally deefferented animals generally showed elevations of
the sharply tuned “tip” without concomitant elevations of the
broad low-frequency “tail.” Average tail thresholds (i.e., the min-
imum threshold of the tuning curve tail) are similar in experi-
mental and control cases across the CF range (Fig. 4D).

One metric of tuning curve shape that has been applied in the
past to the study of auditory nerve pathophysiology is the “tip-
to-tail ratio,” i.e., the difference between the threshold at CF and
the tail threshold (Kiang et al., 1970). As shown in Figure 4B,
average tip-to-tail ratios in successfully deefferented animals are

Figure 2. Average hair cell loss (cytocochleograms) for five unsuccessful
lesion cases ( A) and five successful side cuts ( B). In each, the average
percent of hair cells remaining in the inner hair cell (IHC) row and the
three outer hair cell (OHC) rows is plotted as a function of cochlear
location expressed as CF correlate as in Figure 1. The five cases used in
A were 3040R, 3042R, 5053L, and 5053R; those for B were 3042L, 5036R;
5052L; 5083L, and 5131L.
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significantly reduced across most of the CF range with respect to
their operated cohorts in which the OCB remained intact.

The relation between mean degree of deefferentation and
mean tip-to-tail ratio is shown on a case-by-case basis in Figure 5.
For each data point, the degree of deefferentation was averaged
across the CF correlate, and the mean tip-to-tail ratios were
obtained by averaging values .5 kHz. This relationship is rela-
tively well characterized by a straight line with slope of 0.21 (r 5
0.702; p 5 0.002).

Sharpness of tuning
In addition to diminished sensitivity, the sharpness of tuning was
also significantly decreased in successfully deefferented animals.
As was the case for CF thresholds, the Q10 metric of sharpness of
tuning (the CF divided by the bandwidth at 10 dB above thresh-
old) appears similar in the sham-operated case and the unsuc-
cessful midline cut case relative to the unoperated control case.
Group data from individual cases are shown in Figure 6 for six
operated animals, the same six cases for which CF thresholds
were illustrated in Figure 3, and although difficult to resolve in a
scatter plot format, the sharpness of tuning was significantly
reduced in the successful lesion cases and especially in the suc-
cessful side cuts. The overall effect of neonatal deefferentation is
clearly illustrated in the average group data (for high-SR fibers)
shown in Figure 4C. Significant differences were observed for CF
regions above ;5 kHz.

Spontaneous discharge rates
A previous study of chronic deefferentation in adult cats (Liber-
man, 1990) suggested that one of the effects of such surgery in
adults was a significant decrease in SRs. The averages of sponta-
neous rates for fibers with SR of .18 spikes/sec from adult cats
deefferented as infants, as shown in Figure 7, suggests that there
is a significant lowering of mean SRs in the successfully deeffer-
ented side cut cases, and that the largest effects are restricted to
the basal two-thirds of the cochlea, i.e., CFs of .1 kHz. As seen
from the histograms in Figure 8, samples of ANFs (CFs of .1
kHz) in normal ears show a fundamentally bimodal distribution
of SRs, with a high-rate peak (mode of ;50 spikes/sec) separated
from a low-rate peak by a gap at rates of 10–30 spikes/sec. As
illustrated by the individual cases in Figure 8, the SR distribution
was often compressed in neonatally deefferented animals. It is
also clear from the cases shown in Figure 8 that not all successful
side cuts showed severe compression of the SR distribution (e.g.,
5131L).

The long-standing observation that low-SR fibers in normal
ears tend to have higher thresholds than high-SR fibers (Liber-
man, 1978; Liberman and Kiang, 1978) and significantly greater
LOC innervation than high-SR fibers (Liberman et al., 1990) has
suggested that the LOC innervation might play a role in the
development or maintenance of the striking SR-based differences
in ANF response. Data from successfully deefferented cases,
including ones for which EM analyses have suggested that the

Figure 3. Thresholds at the characteristic frequency (CF ) of auditory nerve fibers are plotted as a function of CF for six different animals, each
compared with the thresholds seen for an unoperated control animal of similar age. Each point represents data from a different fiber. Case numbers and
the nature and success of the lesion are indicated.
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LOC and MOC systems were completely eliminated in the peri-
natal period, clearly show that an intact OC is not necessary for
the normal development of both high- and low-SR fibers and
normal correlation between SR and threshold. As shown in
Figure 9, even though all of the CF thresholds are elevated in this
deefferented ear from an animal with a complete loss of both
MOC and LOC systems, it remains the case that the most sensi-
tive fibers at each CF region are those with the highest SRs, and
the least sensitive are those with the lowest SRs.

DISCUSSION
Cochlear structure and function near the time
of deefferentation
All successful deefferentations in the present study were per-
formed from P2 to P4, a developmental period during which
significant histological and physiological changes occur in the
cochlea (for review, see Walsh and Romand, 1992).

Major developmental changes that occur within the middle and
upper turns of the cochlea during this period include the secretion
of the tectorial membrane along a modiolostrial gradient; the
formation of perilymphatic and endolymphatic chambers, includ-
ing the tunnel of Corti and space of Nuel; general maturation of
electroanatomical characteristics, including the stria vascularis
and Reissner’s membrane; as well as the overall acquisition of
adult-like dimensions and fibrous content of the basilar mem-
brane and Kolliker’s organ (Pujol and Marty, 1970; Lindeman et
al., 1971; Kraus and Aulbach-Kraus, 1981; Roth and Bruns,

Figure 5. Tip-to-tail ratios averaged across CF (for fibers with CFs of .5
kHz) are plotted as a function of the corresponding efferent fascicle
densities, also averaged across cochlear location, for individual ears.
Different symbols represent ears grouped into the various categories
based on surgical outcome. A least squares linear regression was fitted to
all values, and the parameters of the fit are shown. Tip-to-tail ratio is
computed as defined in the legend to Figure 4.

Figure 4. Comparison of average physiological results for all successfully deefferented animals and those animals undergoing the same surgical
procedures in which the cut failed to transect the OCB. Values for all parts are extracted from tuning curves: thresholds at CF ( A), tip-to-tail ratio ( B),
tuning sharpness (C), and tail thresholds (D). Tip-to-tail ratio (B) is defined as the difference between threshold at CF and the tail threshold. Q10 (C)
is defined as the CF divided by the tuning curve bandwidth at 10 dB above threshold. Tail threshold (D) is defined as the minimum threshold on the
broadly tuned tail of the tuning curve. For each part, all high-SR fibers from all of the available cases are divided, according to CF, into ;0.5-octave bins;
values for all fibers are averaged and displayed 6 SEM.
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1992a,b). In addition, OHCs, although equipped with stereocilia,
do not contact the tectorial membrane. The final stages of mat-
uration begin in a restricted area of the basal turn of the cochlea,
and, although more advanced at birth, the basal turn of the
cochlea remains immature (Lim, 1987).

At birth, the MOC system has already invaded the cochlea;
however, neonatal MOC connections are restricted to the IHC
area, rather than the OHC area as in the adult (Pujol et al., 1978,

1979; Simmons et al., 1990). LOC fibers appear to arrive later,
forming adult-like synapses in the IHC area during the perinatal
period. At this time, MOC fibers lose their connections in the
IHC area and migrate across the tunnel of Corti (Pujol et al.,
1978), ultimately forming synapses with OHCs at the time that
OHCs begin expressing agents involved in neurotrophin and
receptor interactions (Despres and Romand, 1994; Wheeler et al.,
1994; Ernfors et al., 1995; Knipper et al., 1995, 1996). The OC
system matures rapidly over the following 2 or 3 weeks (Pujol and
Marty, 1970; Pujol et al., 1978, 1979, 1985; Lenoir et al., 1980;
Shnerson et al., 1982; Simmons et al., 1990, 1996), paralleling the
period of rapid functional maturation.

Cochlear afferent innervation also reorganizes during the first
postnatal weeks. Type I and type II afferents, which in adults
contact only IHCs or OHCs, respectively, contact both IHCs and
OHCs in the neonate (Perkins and Morest, 1975; Echteler, 1992;
Simmons, 1994). Many afferent OHC contacts disappear during
the first two postnatal weeks, as efferents invade the OHC area
(Pujol et al., 1978, 1985). Adult-like innervation patterns are
observed by the end of the first postnatal month (Pujol et al.,
1978).

Given the immature character of inner ear morphology, ANFs
are insensitive to sound, tuning curves are broad, and SRs rarely
exceed 10 spikes/sec (Romand, 1984; Dolan et al., 1985; Walsh
and McGee, 1990; Walsh and Romand, 1992). Additionally, dur-
ing the first postnatal week, sound-evoked ANF discharges are
rhythmic in response to long-duration stimuli (Pujol, 1972; Walsh
and McGee, 1987); this discharge regularity contrasts markedly
with the random interspike intervals seen in adult ANFs (Kiang
et al., 1965). This regular discharge requires an intact OCB,
because its transection immediately eliminates bursting responses

Figure 7. Comparison of average spontaneous rates for all animals in
which successful side cuts were made and those animals undergoing the
same surgical procedures in which the cut failed to transect the OCB. All
high-SR fibers are divided, according to CF, into ;0.5-octave bins; values
for all fibers are averaged and displayed 6 SEM.

Figure 6. Tuning curve sharpness is plotted as a function of CF for the same set of animals shown in Figure 3. The measure of sharpness of tuning,
Q10 , is computed as defined in Figure 4.
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in cochlear nucleus neurons (Walsh et al., 1995; Walsh and
McGee, 1997).

In adults, activation of the OC bundle suppresses the responses
of ANFs to sound in quiet backgrounds, especially for tones near
the CF (Wiederhold and Kiang, 1970). Such suppression is me-
diated via the MOC efferents to OHCs (Warren and Liberman,
1989). OCB function in the first postnatal week is difficult to
assess, given the lack of acoustic responsiveness of ANFs. Carlier
and Pujol (1976) reported that electrical stimulation of the OCB
in kittens suppressed the compound action potential (CAP) “as
soon as the acoustic stimulus is effective”; the youngest animal
from which they show results is 9 d old. Similarly, the earliest age
at which acoustic activation of the OCB via contralateral sound

has been found to suppress ANF activity is P10 (Jenkins et al.,
1993), supporting the notion that the OHC efferent system is not
functional during the first postnatal week.

Effects of chronic and acute deefferentation in adults
and neonates
In adult cats, complete cochlear deefferentation does not change
the sensitivity or tuning characteristics of ANFs, whether per-
formed acutely (Warren and Liberman, 1989; Liberman, 1991) or
chronically (Liberman, 1990). The completeness of such lesions
has been clearly demonstrated, both histologically (using retro-
grade tracer transport from the cochlea, AChE staining of the
cochlea, or serial section electron microscopy) and functionally
(using CAP suppression from electric shocks to the OCB). The
notion that adult deefferentation should not affect threshold tun-
ing of ANFs is consistent with known response properties of OC
neurons (Liberman, 1988). Because OC neurons have little spon-
taneous activity and do not respond until sound pressure exceeds
the thresholds of even the most insensitive ANFs (Liberman,
1988), transection of the OCB should not affect threshold-level
responses of ANFs. Thus, the increases in ANF thresholds and
decreases in sharpness of tuning observed in neonatally deeffer-
ented animals represent fundamental differences from the docu-
mented effects of adult deefferentation. Nevertheless, the fact that
ANF responses recorded in the present study resemble those
recorded from normal adults in certain aspects clearly demon-
strates that many aspects of cochlear development can proceed
normally in the complete absence of the OCB.

After chronic deefferentation in adult cats (Liberman, 1990),
the only consistent ANF pathophysiology was compression of the
SR distribution such that the mean SR of high-SR fibers was
decreased from ;70 to 40 spikes/sec. This SR abnormality is very

Figure 9. Scatter plot of thresholds at the CF for one totally deefferented
case, plotted with different symbols for the three SR groups.

Figure 8. Distributions of spontaneous rate for the same set of animals shown in Figures 3 and 7. Only fibers with CFs of .1 kHz are included in
distributions.
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similar to that seen in the present study (Fig. 7), even with respect
to the CF dependence; both adult and neonatally deefferented
animals show the largest SR anomalies for CFs of .1 kHz. It has
been argued (Liberman, 1990) that this SR anomaly is caused by
the loss of LOC rather than MOC innervation; however, the
argument is based solely on the fact that LOC fibers synapse on
afferent fibers and are thus positioned to affect SR, whereas MOC
fibers are not. It is interesting that the SR distribution was closer
to normal in our two cases of successful midline deefferentation;
the midline lesion should eliminate most of the MOC system
without a large effect on the LOC system (Warr, 1992). However,
more data are needed on SR distributions subsequent to midline
versus side cut lesion sites. The anatomical observation that
low-SR fibers receive more LOC innervation than high-SR fibers
(Liberman et al., 1990) suggested that the LOC system might
establish or maintain the SR-based heterogeneity in ANFs. How-
ever, the present data (Fig. 9) show that the fundamental relation
between SR and sensitivity develops normally in the absence of
an LOC innervation. Thus, the function of the LOC system and
the significance of its selective targeting of low-SR fibers remain
enigmatic.

Effects of neonatal deefferentation: OC-mediated
protection from acoustic injury or OC-mediated
control of normal development?
The ANF pathophysiology we showed after neonatal deefferen-
tation is similar to that seen in adults after cochlear insults,
including ototoxic drugs (Kiang et al., 1970; Dallos and Harris,
1978) and acoustic trauma (Liberman and Kiang, 1978; Schmiedt
et al., 1980). The particular constellation of abnormalities, includ-
ing elevation of the tuning curve tip, decrease in tip-to-tail ratio,
and decrease in sharpness of tuning, are characteristic of selective
damage to the OHCs (Liberman and Dodds, 1984). Combining
these results from pathological animals with recent studies of
OHC motility (Brownell et al., 1985; Santos-Sacchi and Dilger,
1988; Hallworth et al., 1993) has suggested that normal OHCs
amplify the mechanical motion of the cochlear partition for
frequencies near the CF via voltage-dependent length or stiffness
changes associated with the OHC system.

Thus, selective OHC damage in adults results in selective
elevation of tuning curve tips and loss of many of the normal
nonlinearities in cochlear response (Kiang et al., 1970; Dallos et
al., 1980; Schmiedt and Zwislocki, 1980; Liberman and Dodds,
1984). Furthermore, during the developmental stage when most
deefferentations were performed in this study, normal adult non-
linearities are not yet observed in the responses of ANFs (Walsh
and McGee, 1987; Fitzakerley et al., 1994a–c; Song et al., 1995;
Tubach et al., 1996) or in otoacoustic emission measurements in
the cat (Tierney et al., 1994; Cihak et al., 1995). One interpreta-
tion of the present result is that OHC function, including the role
as cochlear amplifier, fails to develop normally in the absence of
an efferent innervation. Additional evidence that the primary
dysfunction is in the OHCs is the observation (Walsh et al., 1998)
that thresholds for distortion product otoacoustic emissions are
elevated in our neonatally deefferented ears, similar to the thresh-
old elevation for neural responses reported here. As outlined
above, if the OCB is successfully transected in P1–P4, the OC
system never reaches the OHC area. Although the OHCs are
present in the deefferented ears to the same extent as in their
sham-operated cohorts (Fig. 2), the neonatal loss of the OCB
might lead to overexpression or underexpression of a component
key to the OHC amplification process. This finding is consistent

with the view that an essential, possibly trophic, interaction be-
tween the OCB and OHCs is required for the normal develop-
ment of hearing.

An alternative explanation is that the putative OHC dysfunc-
tion arises from a heightened susceptibility to acoustic injury. In
adult animals, activation of the OCB during an acoustic overex-
posure can decrease acute threshold shifts in anesthetized ani-
mals (Rajan, 1988a,b, 1995; Reiter and Liberman, 1995), and
chronic deefferentation increases the vulnerability of the ear to
permanent acoustic injury (Handrock and Zeisberg, 1982; Liber-
man and Gao, 1995; Zheng et al., 1997a,b). Moreover, the cochlea
appears to be hypersensitive, during “critical” developmental
periods, to a variety of insults, including (1) sound exposure
(Douek et al., 1976; Bock and Saunders, 1977; Lenoir and Pujol,
1980; Uziel, 1985), (2) ototoxic aminoglycosides and loop diuret-
ics (Uziel et al., 1979; Carlier and Pujol, 1980; Raphael et al.,
1983), and (3) pathological conditions such as hypothyroidism
(Deol, 1976; Uziel et al., 1983) (P. M. Sprenkle, E. J. Walsh, J.
McGee, and J. M. Bertoni, unpublished results). One critical
period occurs just before the onset of function, and the other
coincides with the rapid acquisition of function; the latter clearly
overlaps with the period of rapid reorganization of the efferent
innervation of the cochlea. The only evidence of cochlear trauma
noted in this study was the loss of basal turn OHCs in both
unsuccessful and successful surgical cases. The cause of OHC loss
is unknown.

Although our animals were not purposefully overexposed,
deefferentation during a “critical” period could render the routine
noise levels in the vivarium traumatic to the ear. The strongest
argument against this interpretation is that, under those condi-
tions, the degree of threshold shift observed in this study (.60 dB
in some cases) would always be correlated with severe and wide-
spread stereocilia damage and outer hair cell loss in adult animals
with noise-induced threshold shifts (Liberman and Kiang, 1978;
Liberman and Dodds, 1984). Although a quantitative evaluation
of stereocilia condition was not performed, qualitative analysis
suggests that no such disarray is present in our animals. Collec-
tively, these findings support the conclusion that neonatal deef-
ferentation interferes with the development of normal cochlear
function.
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