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In the preceding article (McCue and Guinan, 1994) we de- 
scribed a class of vestibular primary afferent fibers in the 
cat that responds vigorously to sounds at moderately high 
sound levels. Like their cochlear homologs, vestibular af- 
ferents and their associated hair cells receive efferent pro- 
jections from brainstem neurons. In this report, we explore 
efferent influences on the background activity and tone-burst 
responses of the acoustically responsive vestibuiar affer- 
ents. 

Shock-burst stimulation of efferents excited acoustically 
responsive vestibular afferents; no inhibition was seen. A 
fast excitatory component built up within 100-200 msec of 
shock-burst onset and decayed with a similar time course 
at the end of each shock burst. During repeated 400 msec 
shock bursts at 1.5 set intervals, a slow excitatory com- 
ponent grew over 20-40 set and then decayed, even though 
the shock bursts continued. 

Efferent stimulation excited acoustically responsive ves- 
tibular afferents without appreciably changing an afferent’s 
sound threshold or its average sound-evoked response. This 
evidence supports the hypothesis that excitation is due to 
efferent synapses on afferent fibers rather than on hair cells. 
Efferent stimulation enhanced the within-cycle modulation 
of afferent discharges evoked by a tone; that is, it increased 
the “AC gain.” No appreciable change was noted in the 
degree of phase locking to low-frequency tones as mea- 
sured by the synchronization index. Little or no improvement 
in the bidirectionality (linearity) of transduction was seen. 

Vestibular afferent responses to tones normally had one 
peak per cycle; however, during efferent stimulation, two 
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peaks per cycle were sometimes seen. We hypothesize that 
this is caused by two driving components acting at different 
sound phases with the components differentially affected 
by efferent activity. 

We discuss the relationship of our findings to efferent 
influences on acoustic responses in cochlear afferent fibers. 
The acoustically responsive vestibular afferents provide a 
mammalian model for studying purely excitatory efferent ef- 
fects in a hair cell system. 

[Key words: saccule, otoliths, auditory system, mamma- 
lian sound reception, middle-ear muscles, cochlear nucleus] 

Sensory organs of the mammalian inner ear are influenced by 
the activity of efferent neurons that have cell bodies in the 
brainstem (Fig. 1) (Galambos, 1956; Warr, 1975; Goldberg and 
Femandez, 1980). The only previous study of vestibular efferent 
stimulation in the cat suggested that efferents exert a weak in- 
hibitory influence on the background spike activity of vestibular 
afferents (Dieringer et al., 1977). However, in an extensive study 
in the squirrel monkey, vestibular efferent stimulation was shown 
to exert an excitatory influence on > 99% of vestibular afferents 
(Goldberg and Femdndez, 1980). An explanation advanced by 
Goldberg and Femandez (1980) for the apparent discrepancy 
between the species is that the small number of shocks used in 
the cat study was ineffective in activating the vestibular efferent 
system. One of our goals was to reexamine the influence of 
vestibular efferents in cats to determine whether vestibular ef- 
ferents are consistently excitatory in mammals. 

Although excitation is the predominant efferent effect found 
in vestibular affertmts, efferents cause inhibition in most other 
sense organs. This inhibition has been attributed to direct ef- 
ferent synapses on hair cells (Flock and Russell, 1973b; Klinke 
and Galley, 1974; Art et al., 1984; Gifford and Guinan, 1987). 
In the mammalian vestibular system, some efferent fibers syn- 
apse on hair cells and others synapse on afferent fibers (Fig. 2). 
One hypothesis to account for the different efferent effects is 
that excitation is produced by efferent endings on afferent fibers 
and that inhibition is produced by efferent endings on hair cells 
(Goldberg and Femandez, 1980). The results presented here are 
the first from an efferent system in which only excitation is 
present. Study of this system should help to determine whether 
the above hypothesis is correct. 

The influence of efferent stimulation on the responses of ves- 
tibular afferents to mechanical stimuli has been well studied in 
only a few species, notably squirrel monkey (Goldberg and Fer- 
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Figure 1. Schematic of the brainstem and labyrinth in the cat, showing the recording site in the inferior vestibular nerve (pipette) and the locations 
of vestibular efferent fibers (thick solid lines) and cochlear efferent fibers (dashed lines). The unshaded areas at left represent the cochlea and the 
vestibular apparatus with its two otolith organs (SAC, saccule; UT, utricle) and the cristae of its three semicircular canals (SUP, superior; LAT, 
lateral; POST, posterior). Vestibular efferents arise bilaterally near the abducens (VI) nuclei. Cochlear efferent neurons also arise bilaterally and 
are divided into two groups: the medial olivocochlear neurons (MOC), which arise near the medial superior olive (MSO), and the lateral olivocochlear 
neurons (LOG’), which arise near the lateral superior olive (LSO) (Warr and Guinan, 1979). Cochlear efferents exit the brainstem in the vestibular 
nerve and reach the cochlea through the vestibulocochlear anastomosis, a fiber tract that leaves the vestibular nerve near the recording site. Both 
cochlear and vestibular efferents can be electrically stimulated at the floor of the fourth ventricle, where their axons travel in proximity. 

nandez, 1980) and toadfish (Boyle and Highstein, 1990). Results 
in both species suggest that the predominant effects of efferent 
activation are to elevate the background discharge rates and to 
reduce the response to mechanical stimuli. One rationale put 
forward for these effects is that with high-level mechanical stim- 
uli, elevation of background rate prevents afferents from being 
silenced during any phase of the stimulus cycle. This allows the 
system to transduce stimuli linearly in both directions through 
increases and decreases in rate (Goldberg and Fembndez, 1980; 
Boyle and Highstein, 1990). 

Effects of efferent stimulation on vestibular afferent responses 
to mechanical stimuli have previously been examined only for 
low-frequency (~50 Hz) rotations and tilts-the adequate stim- 
uli for organs of equilibrium and balance. We have recently 
studied a class of irregularly discharging vestibular afferents in 
the cat that respond to high-level, low-frequency sounds (McCue, 
1993; McCue and Guinan, 1994). These fibers have given us 
an opportunity to examine the effects of efferent stimulation on 
afferent responses at audio frequencies. 

Although we found that efferent stimulation excites vestibular 
afferents, our findings are somewhat different from those re- 
ported for stimuli at lower frequencies in different species (Gold- 
berg and Femandez, 1980; Boyle and Highstein, 1990). We 
found efferent stimulation amplified (rather than reduced) re- 
sponses to mechanical stimuli. Efferent activity induced no im- 
provement in the ability of afferents to transduce stimuli linearly 
in both directions (i.e., produced no improvement in bidirec- 
tionality). We also present evidence for the existence of multiple 
driving mechanisms that can be differentially influenced by ef- 
ferent stimulation. An important note: the purpose of this report 
is to document the existence of new phenomena and not to 
analyze them exhaustively. 

A preliminary report of this work has been presented (McCue 
and Guinan, 1993). 

Materials and Methods 
Surgical preparation, anesthesia, sound stimulation, and neural record- 
ing were performed as described in the preceding article (McCue and 
Guinan, 1994) with the following modifications. 

Surgicalpreparation. Middle ear muscle tendons were cut bilaterally. 
After a posterior craniectomy, both the lateral and medial parts of the 
cerebellum were aspirated to expose the dorsal surfaces of the temporal 
bone and brainstem. The roof of the internal auditory meatus was drilled 
away to reveal the junction of the inferior and superior vestibular nerves 
as described in McCue and Guinan (1994). 

Soundstimulation. Acoustic stimuli consisted of 100 msec tone bursts 
(2.5 msec co&shaped rise-fall time) at a frequency of 800 Hz, which 
is near the best frequency for acoustically responsive vestibular afferents 
(McCue, 1993). 

Efferent stimulation. The cochlear and vestibular efferent axons travel 
together at the dorsal surface of the brainstem (Fig. 1). The efferent 
bundles were electrically stimulated using an eight-conductor linear elec- 
trode array (0.5 mm separation between tips) oriented rostrocaudally 
at the midline of the dorsal brainstem as in Gifford and Guinan ( 1983). 
For vestibular efferent stimulation, we chose the electrode pair that 
maximized the inhibitory effects of cochlear efferent stimulation on the 
click-evoked compound action potential of the cochlear nerve as pre- 
viously described (Gifford and Guinan, 1983). 

Shock stimuli were bursts of 0.3 msec rectangular voltage pulses fil- 
tered through a transformer to the remove the DC component. Our 
standard stimulus sequence had 64 shock bursts at 1.5 set intervals 
with each shock burst duration of 0.4 set, at a shock rate of 200/set. 
Shock amplitude was fixed at 1 dB below the level that initiated a visible 
twitch of any muscle (typically l-3 V). 

Recording. Single units were recorded using 2 M KC1 micropipettes 
inserted into the inferior vestibular nerve (Fig. 1) as described in McCue 
and Guinan (1994). Shock-evoked electrical artifact picked up by the 
recording microelectrode was minimized using a grounded aluminum- 
foil shield suspended between the stimulating and recording electrodes. 

Event timing and analysis. Spikes, stimulus triggers, and the positive- 
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Figure 2. Schematic showing the relationships of hair cells and fibers 
in the vestibular (A) and cochlear (B) systems. Each system contains 
cylindrical cells (type II or OHCs) and flask-shaped cells (type I or ZHCs), 
each of which has afferent innervation. Efferent fibers synapse on the 
cylindrical cells (VE-ZZ or MOC efferents) or on the afferent dendrites 
under the flask-shaped cells (VE-Zor LOCefferents). A, Type I vestibular 
hair cells are innervated by myelinated afferent fibers that form a chalice 
around the cell and often branch to synapse on type II hair cells. Type 
II vestibular hair cells are innervated by small myelinated afferents with 
bouton endings. A single efferent neuron may produce VE-I and VE-II 
endings. B, Each IHC is innervated by many myelinated afferents, each 
with a small ending. OHCs are innervated by a few unmyelinated af- 
ferents. The efferent innervation to the two hair cell regions is mostly 
separate in the cochlea, with myelinated MOC efferents synapsing on 
OHCs and unmyelinated LOC efferents synapsing on radial afferent 
dendrites. MOC stimulation induces a change (probably mechanical) in 
OHCs that can affect IHCs (B, curvedarrow). The action ofLOC neurons 
on cochlear afferents has not been demonstrated. VE-I, vestibular ef- 
ferent ending on type I afferent dendrite; VE-ZZ, vestibular efferent 
ending on type II hair cell. VZ, abducens nucleus; it&O, medial superior 
olive; LSO, lateral superior olive; LOC, lateral olivocochlear neurons; 
MOC, medial olivocochlear neurons. See text for literature citations. 

going zero crossings of stimulus voltage waveforms were recorded with 
microsec accuracy by special-purpose hardware. Event times were used 
to calculate poststimulus time (PST) histograms (e.g., Figs. 3, 5) from 
which rate measurements were made (Fig. 6). Calculated rates were used 
to construct rate-level functions (Figs. 7, 8). 

To quantify the tendency of a unit to synchronize to individual phases 
of a tone cycle, we first computed a postzero crossing (PZC) histogram 
relating spike occurrences to the positive-going zero crossings of ear- 
phone voltage. From the PZC histogram, we computed a fast Fourier 
transform and from this obtained the synchronization index and the 
response phase. The synchronization index is the magnitude of the first 
(fundamental) Fourier component divided by the total number of spikes 
in the PZC histogram, and the response phase is the phase of the first 
Fourier comuonent (Goldberg and Brown. 1969: Johnson, 1980; Gifford 
and Guinan, 1983)‘The synchronization index ranges from 0 (no syn- 
chronization) to 1 (all spikes in one bin). 

Measurement protocol. All vestibular afferents with audible irregu- 
larity in rate (corresponding to a coefficient of variation > 0.15) were 
tested for acoustic responses as described in McCue and Guinan (1994). 
Detection of an acoustically responsive unit initiated a standard mea- 
surement protocol. First, a tuning curve was taken as described by 
McCue (1993) followed by a 20 set measurement of background activity. 
Next, we obtained responses to shocks alone (64 shock bursts at 1.5 set 
intervals). Sound-alone sequences were then alternated with concurrent 
sound/shock sequences. Brief rest periods were inserted occasionally to 
permit any shock-evoked response to return to baseline. Typically, sound 
levels were tested in the followina order: 110, 100, 90, 80, 105, 95, 85 
dB SPL. Shock amplitude remained fixed throughout. A complete data 
set (all sound levels tested) required a unit holding time longer than 15 
min. 

OdB 
12512 

SHOCK 
BURST -20 dB -10 dB 
AMPLITUDE - - 

r--l-l--l-l--l- 
0 300 0 3000 

POST-STIMULUS TIME (ms) 

Figure 3. Influence of three levels of efferent shocks on the background 
activity of an acoustically responsive vestibular afferent. Poststimulus 
time histograms (top) show afferent discharge rates at three efferent 
shock levels (bottom truces). Stimuli were 50 msec shock trains (shock 
rate, 200/set; 128 bursts at 333 msec intervals). Bins: II = 20, width = 
16.5 msec. Data from cat 123. 

Results 
We recorded background and sound-evoked responses from 
acoustically responsive irregularly discharging (ARID) vestib- 
ular afferents while stimulating vestibular efferent neurons with 
shocks applied at the dorsal surface of brainstem (Fig. 1). The 
influence of efferent stimulation on ARID vestibular afferents 
was examined in eight cats. In early experiments, many param- 
eters were varied in an attempt to understand the basic phe- 
nomena. In the final experiment (cat 14 l), we standardized our 
stimulation and recording protocols and collected data from 15 
afferent fibers in one ear to obtain adequate documentation of 
the phenomena. Data from these fibers are analyzed here and 
supplemented with corroborating data from earlier experiments. 

Influence of efferent shocks 
Efferent stimulation at shock rates of 200/set caused increased 
firing rates in all vestibular afferents examined, both regular and 
irregular. No evidence for inhibition was found in ARID ves- 
tibular afferents or in our cursory examination of other nearby 
vestibular afferents. Excitatory effects were more prominent in 
irregularly discharging afferents than in regularly discharging 
afferents, and were similar in many respects to those previously 
observed in squirrel monkey vestibular afferents (Goldberg and 
Femindez, 1980). As shown in Figure 3, ARID vestibular af- 
ferents responded to brief bursts of efferent shocks with in- 
creased firing rates that depended on shock amplitude. 

Efferent excitation consisted of two components with different 
time courses. A fast component was evident as the firing rate 
rose and fell with each shock burst, even for short shock bursts 
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Figure 4. Slow- and fast-excitation components elicited by efferent 
stimulation in four acoustically responsive vestibular afFerents (a-d). 
Afferents were selected to show a range of evoked rates. Stimuli were 
repeated 0.4 set shock bursts (64 bursts at 1.5 set intervals with a shock 
rate of 2OO/sec) as shown (bottom and inset). Thick lines show the slow 
(20-40 set) buildup and decay of the mean rate in measurement interval 
B (inset). Thin lines show the firing rate during measurement interval 
A (inset). The fast component of each excitatory response (height of 
shaded area) usually varied less than the slow component (thick line). 

(Fig. 3). A slower component was also evident as the background 
firing rate increased with each successive shock burst (over a 
20-40 set period) and then decayed back to its baseline activity 
over a longer time period (Fig. 4). The slow buildup of back- 
ground activity was evident in 12 of 13 afferents tested quan- 
titatively. The fast response component amplitude remained 
relatively constant throughout the stimulus sequence, despite 
the sometimes dramatic rise and fall of the slow response com- 
ponent (Fig. 4). 

Influence of sound 
As reported in the preceding article (McCue and Guinan, 1994), 
low-frequency sound at levels 90 dB SPL or higher increased 
the discharge rate of ARID vestibular afferents (Fig. 54). In 
addition, ARID vestibular afferents fired preferentially at a giv- 
en phase of the tone cycle for sound levels higher than approx- 
imately 10 dB below their thresholds for rate increases. 

Injluence of eferent shocks on acoustic responses 
Firing rate. Figure 5B shows the influence ofefferent stimulation 
on sound-evoked responses in an ARID vestibular afferent. Ef- 
ferent shocks raised the background activity with a fast com- 
ponent (seen in each panel) and slow component (seen by com- 
paring the background rates in Fig. 5A,B). As sound level was 

increased, sound-evoked responses made their first appearances 
at similar levels with and without efferent activation (Fig. 5A,B). 
At the highest sound levels, sound-evoked responses were su- 
perimposed on the crest of shock-evoked responses with the 
maximal firing rate clearly elevated over the sound-alone re- 
sponse (Fig. 5). 

We quantified absolute and evoked rates as shown in Figure 
6, and plotted the results as functions of sound level (“rate-level 
functions”) for each ARID vestibular afferent. Figure 7 shows 
rate-level functions from four afferents chosen to illustrate a 
range of evoked firing rates. Efferent stimulation elevated the 
rate-level functions for ARID afferents (Fig. 7A-D), but had 
little or no effect on the additional activity evoked by sound 
(Fig. 7E-If). In particular, efferent stimulation did not signifi- 
cantly shift the acoustic response thresholds (Fig. 7E-H), despite 
its evoking impressive increases in background activity (Fig. 
7A-D). Results from all ARID vestibular afferents obtained in 
one cat are summarized in Figure 8. Figure 8A shows the mean 
acoustic response and its elevation by efferent stimulation. Fig- 
ure 8B shows the relative lack of efferent influence on the mean 
afferent activity evoked specifically by sound. 

Phase locking. In response to low-frequency tones, ARID 
vestibular afferents have a strong tendency to fire at a preferred 
phase of the stimulus cycle (i.e., to “synchronize” or “phase 
lock”) (McCue and Guinan, 1994). Figure 9 shows postzero- 
crossing (PZC) histograms that relate the occurrences of spikes 
to the positive-going zero crossings of the earphone voltage 
waveform. The PZC histograms in Figure 9 were calculated for 
the afferent shown in Figure 5 using only the spikes that occurred 
during the tone bursts. At the lowest sound levels tested (80- 
85 dB SPL), the afferent in Figure 9 displays clear spike syn- 
chronization, although there is no sound-evoked change in mean 
rate (Fig. 5). At low sound levels, this afferent fired throughout 
the stimulus cycle (Fig. 9, 80 dB SPL), while at higher sound 
levels it synchronized so strongly that its instantaneous firing 
rate was close to zero for much of the stimulus cycle (Fig. 9, 
110 dB SPL). 

The influence of efferent stimulation on phase-locking of this 
ARID vestibular afferent is shown in Figure 9B. At 80 dB SPL, 
the firing rate increased with efferent stimulation but there was 
little change in the shape of the PZC histogram (Fig. 9, left). 
Efferent stimulation increased both the average firing rate and 
the fluctuations in firing rate amplitude within the stimulus 
cycle. Thus, the net result of efferent stimulation was an am- 
plification of both DC and AC components of the response. At 
higher stimulus levels (Fig. 9, right), a similar amplification 
occurred. More spikes occurred at a particular phase of the 
stimulus cycle, but there was relatively little change in the sharp- 
ness of the peaks. For the afferent of Figure 9, the preferred 
response phase did not shift with efferent stimulation. 

From data such as those shown in Figure 9, we measured 
synchronization index and response phase as functions of sound 
level in the presence and absence of efferent stimulation. Figure 
10 shows these results for the same four afferents whose rate 
characteristics are shown in Figure 7. Efferent stimulation in- 
duced little or no shift in synchronization or phase (Fig. lo), 
except in one afferent that showed a consistent phase advance 
(Fig. 10F). 

Dual-phase responses (‘peak splitting”) induced by eflerent 
stimulation 
As sound level was increased from 90 to 110 dB SPL, most 
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Figure 5. Influence of sound and efferent stimulation on the firing rate of an acoustically responsive vestibular afferent. A, PST histograms show 
the spike rate elicited by 800 Hz tone bursts of 0.1 set duration at seven sound levels. B, PST histograms show spike rate elicited during presentation 
of sound (as in A) with concurrent shock bursts to the efferent bundles. Stimulus presentation times are represented in the bottom truces. Bach 
shock burst lasted 0.4 set (shock rate, 200/set; 64 bursts at 1.5 set intervals). The difference in background activity between the histograms in A 
and B represents a time average of the slow excitatory response (see Fig. 4). Bins: n = 75, width = 20.0 msec. 

ARID vestibular afferents underwent a greater than 30” advance 
in their response phase (Fig. 1 OE-H) (McCue and Guinan, 1994). 
The origin of this phenomenon was clarified somewhat by ex- 
amining the influence of efferent stimulation on the phase change. 

During efferent stimulation at high sound levels, a sizable 
fraction of afferents (6 of 14) had responses with peaks at two 
phases (Fig. 11A). These phases can be compared to the pre- 
ferred phases at 90 and 110 dB SPL in the absence of efferent 
stimulation, which we will refer to as phase 1 and phase 2, 
respectively (Fig. 1 l&D). At 90 dB SPL, efferent stimulation 
augmented the existing response at phase 1, for the afferent 
shown in Figure 11. At 110 dB SPL, the response was mainly 
at phase 2 in the absence of efferent stimulation (Fig. 1 lB), but 
the addition of efferent stimulation again caused an increase in 
responses at phase 1, resulting in a response with peaks at two 
phases (Fig. 11A). 

Figure 12 provides another example of an afferent in which 
efferent stimulation caused a double peak in the PZC histogram. 
Shown at top are the response phases for the first 500 spikes 
recorded during tone burst stimulation (Fig. 12A, C). The spike 
phases in Figure 12C are representative of the whole spike co- 
hort and show that spikes at the two component phases con- 

4Ml 
F 
2 
P - T E A RATE 

iL -1 - 

SOUND SHOCKS BOTH 

OJ I- 

ON 
SOUND 

SHOCKS 

0 1.5 0 1.5 0 1.5 

POST-STIMULUS TIME (set) 

Figure 6. Quantification of evoked firing rates (RATE) and firing rate 
changes @RATE) from PST histograms. Calculations of RATE and 
ABATE were made from average measurements taken from each PST 
during three 50 msec time periods beginning at t = 0, 350, and 450 
msec. 
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Figure 7. Influence of efferent stimulation on the acoustically evoked firing rates of four vestibular afferents. Each column shows data from a 
different afferent. Measurements of absolute rate (RATE, A-D) and sound-evoked rate change (ARATE, E-H) were made from PST histograms 
taken at each sound level as shown in Figure 6. Solid lines show rates elicited by sound only. Dashed lines show rates elicited during concurrent 
delivery of sound and efferent shocks. Stimulus conditions were identical to Figure 5. 

tributed more or less steadily to the flow of spikes--that one discharges (Baird et al., 1988; Goldberg et al., 1990b). The re- 
component did not dominate or drop out during data collection. maining vestibular afferents (2-20%) are bouton afferents-small 

We found only one afferent (out of 14 afferents in the present fibers that terminate solely on type II hair cells (Fig. 2A, un- 
sample plus 57 afferents sampled in McCue and Guinan, 1994) shaded afferent; Baird et al., 1988; Goldberg et al., 1990b). 
that clearly exhibited a split peak at 110 dB SPL in the absence Vestibular efferent endings are primarily on type II hair cells 
of efferent stimulation. For this afferent, efferent stimulation (VE-II in Fig. 2) and on the afferent dendrites of type I hair cells 
completely reduced the response at phase 1, producing one clear (VE-I in Fig. 2) (Lindeman, 1973; Wersgll and Bagger-Sjoback, 
peak at phase 2 (i.e., the efferent effect was on the opposite peak 1974; Femlndez et al., 1988). Both of these efferent endings 
from the effect shown in Fig. 11). Half of the afferents in our have ultrastructural characteristics of chemical synapses (Spoen- 
sample (7 of 14) had no split peaks with efferent stimulation, dlin, 1970). 
including the afferents whose data are shown in Figures 7 and A considerable body of data is consistent in indicating that 
10. efferent synapses on hair cells exert an inhibitory effect. In the 

lateral line organs (Flock and Russell, 1973a) and the turtle 
cochlea (Art et al., 1984), efferent synapses on hair cells cause 

Discussion 
hair cell hyperpolarization and result in the inhibition of afferent 
discharges. Indirect evidence indicates that outer hair cells in 

Mechanism of eferent influence the mammalian cochlea and short hair cells in the chicken coch- 
In the last few years, the anatomy of the neural elements in the lea are also hyperpolarized by efferent synapses on hair cells 
mammalian vestibular end organs has been substantially clar- (Fex, 1967; Fuchs and Mm-row, 199 1). It seems reasonable that 
ified, and correlations with physiological responses have been the efferent synapses on type II vestibular hair cells are also 
made (Ross et al., 1986; Baird et al., 1988; Femandez et al., inhibitory. This hypothesis is supported by the data from small 
1988, 1990; Goldberg et al., 1990a,b). The majority of mam- bouton fibers that innervate only type II vestibular hair cells: 
malian vestibular afferents, both regularly and irregularly dis- (1) labeling and other experiments show that these make up only 
charging, are dimorphic afirents (Fig. 2A, shaded afferent) that a small percentage of vestibular fibers (Baird et al., 1988; Gold- 
have calyceal endings around type I hair cells and variable num- berg et al., 1990b), and (2) efferent inhibition was observed in 
bers of branches to type II hair cells (Baird et al., 1988; Goldberg only a small percentage of vestibular afferents (Goldberg and 
et al., 1990b). A minority of afferents (l-10%) are pure calyx Femhdez, 1980). 
afferents that end only around type I hair cells and have irregular There are few data that reveal the effect of efferent synapses 
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on afferent dendrites. In the toadfish, efferent excitation pro- 
duced monosynaptic excitatory postsynaptic potentials (EPSPs) 
in vestibular afferents (Highstein and Baker, 1985). In the squir- 
rel monkey, efferent excitation increased the firing rate of most 
fibers (Goldberg and Fernbndez, 1980). Since most vestibular 
afferents have calyces that receive efferent synapses (Wersgll and 
Bagger-Sjoback, 1974; Femandez et al., 1988), an attractive 
hypothesis is that efferent synapses on afferent dendrites exert 
excitatory effects. Thus, the leading hypothesis is that vestibular 
efferents exert an inhibitory effect on hair cells and an excitatory 
effect on afferent dendrites (Goldberg and FemBndez, 1980). 

As noted earlier, most vestibular afferents are dimorphic (Fig. 
2A, unshaded afferent) and would be expected to be influenced 
both by efferent synapses on afferent calyces and by efferent 
synapses on type II hair cells. This may correspond to the fact 
that most vestibular afferents show both an efferent-induced 
increase in background firing (presumably from the efferent syn- 
apses on calyces) and a decrease in the response to motion 
stimuli (presumably from the efferent synapses on type II hair 
cells) (Goldberg and FemBndez, 1980; see also Highstein and 
Baker, 1985). 

In summary, the available data are consistent with the hy- 
pothesis that efferent synapses on hair cells inhibit and efferent 
synapses on afferent fibers excite, but the data are not compel- 
ling. Our finding of an experimental paradigm showing only 
efferent excitation in a hair cell end organ provides a model 
system in which the origin of efferent excitation might be de- 
termined without the confounding effect of efferent inhibition 
also being present. It may be that efferent excitation alone is 
present because the acoustically responsive vestibular fibers and 
the associated hair cells receive only excitatory efferent synapses 
(e.g., if the afferents are pure calyx afferents). Another possibility 
is that efferent fibers producing excitatory synapses are separated 
in the brainstem from the efferent fibers that produce inhibitory 
synapses (see Tanaka et al., 1989) and that the selectivity to 
excitation we have found was produced by the site of our elec- 
trical stimulation. In either case, the system has allowed exci- 
tation to be studied without a confounding simultaneous pres- 
ence of inhibition. As we will discuss later, our data are consistent 
with the efferent excitation being due only to synapses on afferent 
dendrites. 

Influences of efferent stimulation on the backgroundfrring rate 
Efferent shock bursts raised the background firing rates of acous- 
tically responsive irregularly discharging (ARID) vestibular af- 
ferents in the cat (Figs. 3, 4). This excitatory effect had a fast 
component that rose and fell with efferent shock bursts over 
100-200 msec (Figs. 3, 5) and a slow component that built up 
over 2wO set and then decayed during repeated shock bursts. 
Both components are similar to the influences of efferent stim- 
ulation observed previously in irregular vestibular afferents in 
the squirrel monkey (Goldberg and Femtidez, 1980). 

The fast excitatory component has a time course consistent 
with a direct synaptic effect on the afferent dendrite (Goldberg 
and FemBndez, 1980), but the mechanism of the slow com- 
ponent is less obvious. Possible mechanisms include slow EPSPs, 
buildup of extracellular K+, or long-lasting (seizure-like) dis- 
charges of efferent neurons (Goldberg and Femindez, 1980). 
Another possibility is that the two effects represent the action 
of two different neurotransmitters, for example acetylcholine 
and CGRP (Sewell and Starr, 199 1). 
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Figure 8. Mean influence of efferent stimulation on the sound-evoked 
firing rates from the acoustically responsive vestibular afferents of one 
ear. Absolute rate (RATE, A) and sound-evoked rate change (ARATE, 
B) were obtained as shown in Figure 6 from PST histograms taken at 
each sound level. Solid lines show mean rates elicited by sound only. 
Dashed lines show mean rates elicited during concurrent delivery of 
sound and efferent shocks. Symbols in A indicate which sound levels 
were tested. Error bars indicate SEM. More afferents were tested at 
“even” sound levels (ranging from n = 15 at 110 dB SPL to n = 5 at 
80 dB SPL) than at “odd” sound levels (n = 3 at each level). Stimulus 
conditions were identical to Figure 5. 

Influences of eflerent stimulation on acoustic responses: mean 
firing rate 
Efferent stimulation raised the mean firing rates of acoustically 
responsive vestibular afferents without appreciably shifting their 
acoustic thresholds or the amplitude of their sound-evoked re- 
sponses (Figs. 5, 7). The net effect was a vertical shift of the 
rate-level curve for each afferent, as schematized in Figure 13A. 
For afferents with low background activity, this shift could 
amount to a fourfold increase in background discharge rate (Fig. 
7B). 

Efferent excitation of afferents with no change in the threshold 
or growth of the responses to sound is consistent with the efferent 



6078 McCue and Guinan * Efferent Influences on Vestibular Afferents 

400 

1 

A SOUND ONLY 
110 

SOUND LEVEL (dB SPL) 

ii iyi 11 

141-a 

800 -3 

z 
B SOUND + EFFERENTS 

s 

E 
CJI 

EARPHONE 
VOl TAGE -QJTcTPum-am 

SOUND PHASE 
Figure 9. Influence of sound and efferent stimulation on the phase-locked responses of an acoustically responsive vestibular fiber. Postzero- 
crossing histograms show the phase-locked responses to 800 Hz tone bursts at increasing sound levels with efferent shocks OFF (A) and ON (B). 
Earphone voltage waveforms are shown at bottom. Fiber, stimulus conditions, and event data (only data from during the sound stimulation are 
used here) are the same as Figure 5. The ordinate is the total number of spikes that occurred in each bin during 5 120 tone cycles. Shown are all 
of the spikes produced by the fiber (there has not been any removal of baseline spikes). The second response cycle is a duplicate of the first cycle 
and was added to facilitate seeing the overall response shapes. Bins: n = 50, width = 50 rsec. 

effect being due to efferent synapses on afferent endings (e.g., on 
calyces). In contrast, this pattern is not consistent with the ex- 
citation being produced by efferent synapses on hair cells. Since 
the sound-evoked excitation of ARID vestibular afferents is 
likely to be through normal activation of hair cells by their 
stereocilia (McCue and Guinan, 1994) an efferent effect pro- 
duced by synapses on the hair cell would be expected to change 
the threshold and response growth with increases in sound. Thus, 
the lack of an efferent effect on the responses to sound supports 
the hypothesis that efferent synapses on hair cells proper are not 
involved in producing the efferent effects reported here. 

Influences of eferent stimulation on acoustic responses: phase 
locking and “gain” 
Efferent stimulation influenced the phase-locked responses of 
afferent fibers in a characteristic way. At the lowest sound levels 
(e.g., 80 dB SPL), afferents responded with a sinusoidal mod- 
ulation of firing rate (Fig. 9) and the firing rate did not fall to 
zero during any phase of the stimulus cycle. Efferent stimulation 
increased both the average firing rate and the magnitude of the 
within-cycle fluctuations in firing rate (Figs. 9, 14A). At high 
sound levels (e.g., 100 dB SPL and above), the firing rate was 
driven to near zero during part ofthe sound cycle. Again, efferent 
stimulation increased both the average firing rate and the mag- 
nitude of the within-cycle fluctuations in firing rate. Further- 
more, the acoustic stimulus continued to drive the afferent firing 
rate to zero over much of the sound cycle (Figs. 9, 14B). These 

observations indicate that both “spontaneous” afferent firings 
and efferent-induced afferent firing are modulated by the acous- 
tic stimulus in the same way. This is confirmed by the lack of 
a substantial efferent-induced change in synchronization index 
(Fig. lOA-D) in fibers that are being substantially excited by 
efferents (Fig. 7). 

Even though sound frequencies are orders of magnitude high- 
er than the frequencies normally used in vestibular experiments, 
our results can be compared with motion results in terms of 
efferent-induced changes in the “AC gain” of vestibular affer- 
ents. Here, we use the term “AC gain” as normally defined in 
vestibular physiology (i.e., the firing rate change per degree of 
mechanical change for sinusoidal mechanical stimuli). With this 
definition, an efferent-induced increase in firing rate fluctuations 
indicates that efferents increased the “gain” because an in- 
creased number of spikes are evoked per degree change of the 
mechanical stimulus (note that efferents would not change the 
“gain” if “gain” were defined as the firing rate change per degree 
of mechanical change normalized by the average firing rate). 
This efferent-induced enhancement of “gain” (Figs. 9, 14AJ) 
contrasts sharply with the efferent-induced reduction of “gain” 
found in toadfish afferents (Highstein and Baker, 1985; Boyle 
and Highstein, 1990; see Fig. 1413) and in the majority of 
squirrel monkey afferents (Goldberg and Femandez, 1980). The 
few vestibular afferents in the squirrel monkey that exhibited 
“gain” enhancement were afferents with low background firing 
rates (Goldberg and Fembndez, 1980). 
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Figure 10. Influence of efferent stimulation on the phase-locked responses of four acoustically responsive vestibular afferents. Each column shows 
data from a different afferent. Measurements of svnchronization index (A-D) and ohase (E-H) were made from Fourier transforms of PZC histograms 
(e.g., Fig. 9). Values were obtained from responses to sounds with e&rent shocks OFF (solid lines) and ON (dashed lines). Symbols indicate which 
sound levels were tested. Afferents, stimulus conditions, and data are identical to those in Figure 7. The dotted line at 180” in E-H emphasizes our 
finding (see preceding article, McCue and Guinan, 1994) that ARID afferents fall into two classes with preferred response phases approximately 
180” apart (E and G, PUSH afferents: F and H, PULL afferents). Note that most ARID afferents exhibit a phase shift of about 30” between 90 and 
110 dB SPL (E-H). 

We did not see an example (such as Fig. 140) in which efferent 
excitation biased the afferent responses to higher firing rates and 
thereby improved the bidirectionality (signaling of opposite me- 
chanical phases) of responses. Improvements in response bi- 
directionality have been seen in other species and have been 
advanced as a rationale for efferent-induced increases in afferent 
firing rate (Goldberg and Fernandez, 1980; Boyle and Highstein, 
1990). 

The mechanism for the efferent enhancement of vestibular 
afferent “gain” is unclear. One possible mechanism is that ef- 
ferent synapses on calyces act on afferent membrane channels 
(perhaps through a second messenger) to increase the overall 
resistance of the afferent dendrite. If afferent background activity 
is generated by random releases of variable amounts of hair cell 
transmitter, and the amplitudes of the resultant potentials vary 
with the resistance of the afferent dendrite (like the miniature 
endplate potentials found in muscles by Katz and Thesleff, 1957), 

then an efferent-induced increase in the afferent dendrite’s re- 
sistance would amplify both spontaneous and evoked afferent 
activity with little change in the tendency of discharges to syn- 
chronize (i.e., it would produce effects like those in Figs. 9, 10). 

Dual-phase responses 

A number of the phenomena reported here are reminiscent of 
similar phenomena seen in cochlear-nerve fibers (Gifford and 
Guinan, 1987). These include dual-phase responses at high sound 
levels, changes in phase with sound level, and preferential effects 
on one phase of a dual-phase response (Figs. 10-12). These 
phenomena suggest that ARID afferents are driven by two ex- 
citatory mechanisms that have different phases and are affected 
differently by efferent stimulation. A shift from a longer-latency 
excitatory mechanism that is dominant at low sound levels to 
a shorter-latency excitatory mechanism that is dominant at high 
sound levels would explain the 30” advance in phase that is 
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Figure II. Efferent-induced dual-phase responses. A-D, PZC histo- 
grams obtained at 110 dB SPL with efferent stimulation ON (A) and 
OFF (B) and at 90 dB SPL with efferent stimulation ON (C) and OFF 
(D). Circles indicate phases calculated from Fourier transforms of the 
PZC histograms. Triangles indicate the two local maxima of the his- 
togram in A. B and D show the 230” phase advance (from phase 1 to 
phase 2), which usually occurs in ARID afferents between 90 and 110 
dB SPL (see Fig. 10&H). At 90 dB SPL, efferent stimulation augmented 
the response at phase 1 (C and D, open circles). At 110 dB SPL, the 
response without efferent stimulation occurred at phase 2 (B), and ef- 
ferent stimulation caused the reappearance of a response component at 
phase I (A). Stimulus conditions identical to Figure 5. PZC histograms 
as in Figure 9. The ordinate is the total number of spikes that occurred 
in each bin during 5 120 tone cycles. 

typically seen in ARID vestibular afferents (Fig. 7; McCue and 
Guinan, 1994). 

Three hypotheses can be considered for the origin of the two 
factors. One is that the dual-phase responses reflect peaks in a 
distorted mechanical drive to the hair cells (see Mountain and 
Cody, 1989). With this hypothesis, efferents affect the response 
by changing the mechanical response of the epithelium (see 
Denk and Webb, 1992), presumably through efferent synapses 
on type II hair cells, in much the same way as the putative effect 
of outer hair cells on the cochlear epithelium. Since responses 
at both phases are present in short succession (Fig. 12C), effer- 

11OdBSPL 110 dB SPL + EFFERENT SHOCKS 

PHASE (degrees) 

Figure 12. The randomness of dual-phase acoustic responses during 
efferent stimulation. A and C, Response phases of the first 500 spikes 
that occurred during the sound stimulus (110 dB SPL) with efferent 
stimulation OFF (A) and ON (C). B and D, PZC histograms of all spikes 
that occurred during the sound stimulus interval with efferent shocks 
OFF(B) and ON (0). Triangles in B and D indicate the two local maxima 
of the histogram in D. The ordinate in A and C is the sequence number 
of the spikes in order of occurrence. The ordinate in B and D is the 
total number of spikes that occurred in each bin during 5 120 tone cycles. 
C shows that there are no long runs of spikes at phase 1 alternated with 
long runs of spikes at phase 2. 
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Figure 13. Schematic showing possible analogies between the inter- 
actions of efferent and afferent fibers in the vestibular (A) and cochlear 
(B) systems. See Figure 2 for anatomical arrangement and abbreviations. 
Rate-level functions are shown for spikes elicited with efferent stimu- 
lation OFF (solid lines) and ON (dashed lines). A, Stimulation of efferent 
endings on afferent dendrites (V&I) increases the firing rate ofvestibular 
afferents without shifting their acoustic thresholds (see Figs. 7, 8). B, 
Stimulation of MOC neurons shifts the acoustic threshold of cochlear 
afferents by producing a change (probably mechanical) in OHCs that 
affects IHCs (Fig. 2B). The action of LOC neurons on cochlear afferents 
remains unknown, but the analogous neural connections (Fig. 2) suggest 
that LOC endings may work like VE-I endings, raising afferent firing 
rate without affecting rate threshold (B). 
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Figure 14. Schematic showing the different efferent influences on mechanically evoked responses found in vestibular afferents in the cat (A, B) 
and toadfish (C-D). A and C, Transduction of a mechanical stimulus in which the firing rate never falls to zero (linear transduction). B and D, 
Transduction in which the firing rate falls to zero (nonlinear transduction). A and B, In cat afferents stimulated by 800 Hz tones, efferent stimulation 
increases the amplitude of both the AC and DC response components in both the linear and nonlinear regions (Fig. 9). C and D, In toad&h afferents 
stimulated at low frequencies (< 50 Hz), efferent stimulation elevated the DC component while reducing the AC component, making the transduction 
process bidirectional for afferents that operate in the nonlinear region (0) (C and D according to Boyle and Highstein, 1990). 

ents must change an existing distortion and not just the phase 
of a simple mechanical response. 

A second hypothesis is that afferents with dual-phase re- 
sponses are dimorphic afferents and that each hair cell type 
contributes to one phase of the response. Presumably, efferent 
synapses on type II hair cells would inhibit type II contributions, 
while efferent endings on calyces would enhance type I contri- 
butions. To fit with the el’ierent enhancement of the longer- 
latency component (Fig. 1 l), the type I hair cells would have 
the longer-latency response, even though the calyx ending, with 
its thick, short connection to the afferent fiber, might be expected 
to produce the shortest-latency response. 

A final hypothesis is that ARID afferents are calyx afferents 
that are coupled to type I hair cells through both chemical syn- 
apses and electrically conductive junctions, as has been sug- 
gested by the presence of certain membrane specializations 
(Spoendlin, 1966). A sound-level-dependent transition from slow 
chemical transmission to fast electrical transmission would ad- 
vance the response phase, and could help explain the extremely 
short latencies (10.7 msec) exhibited by ARID vestibular af- 
ferents to intense acoustic clicks (McCue and Guinan, 1994). 
An efferent-induced increase in the resistance of the afferent 
terminal would increase the potency of chemical transmission 
and, depending on which membranes were affected, might also 
decrease electrical transmission. Thus, the hypothesis that ef- 
ferents increase the afferent fiber membrane resistance is con- 
sistent with almost all of the phenomena we have seen. 

Comparison with ezerent influences on cochlear aferents 
The influence of efferent stimulation on acoustic responses has 
been previously studied in cat cochlear nerve fibers (Fex, 1967; 
Wiederhold and Kiang, 1970; Guinan and Gifford, 1988), but 
this is the first such study of acoustic responses of vestibular 
nerve fibers. As we demonstrated in the preceding article (McCue 

and Guinan, 1994), the acoustically responsive vestibular af- 
ferents reported here likely originate in the saccule, the sensory 
organ in the inferior part of the labyrinth that is thought to have 
given rise to the cochlear duct during vertebrate evolution (Wev- 
er, 1974). The data presented here thus provide an opportunity 
to compare efferent influences on two mammalian sensory sys- 
tems that have similarities in anatomy, physiology, and evo- 
lutionary origin. 

As shown in Figure 2B, cochlear hair cells are similar to 
vestibular hair cells in that they are of two morphological types: 
flask-shaped inner hair cells (IHCs) and cylindrical outer hair 
cells (OHCs). Efferent endings are also arranged similarly, being 
found on OHCs (Kimura and Wersall, 1962; Spoendlin and 
Gacek, 1963) and on the afferent dendrites under IHCs (Smith, 
196 1; Smith and Rasmussen, 1963). Cochlear efferent neurons 
are divided into two classes based on their peripheral projections 
and central origins (Warr and Guinan, 1979): medial olivo- 
cochlear (MOC) efferents end on OHCs and have cell bodies 
near the medial superior olive; lateral olivocochlear (LOC) neu- 
rons end on afferent dendrites under IHCs and have cell bodies 
near the lateral superior olive (Guinan et al., 1983). 

Electrical stimulation of MOC neurons most likely hyper- 
polarizes (Fex, 1967) and induces a mechanical change (Brow- 
nell et al., 1985) in OHCs, which in some way decreases the 
acoustic responses of IHCs (Brown et al., 1983). The principal 
effect is to raise the acoustic threshold of IHC afferents and to 
shift their rate-level functions to higher levels (Fig. 13B) (Wied- 
erhold and Kiang, 1970; Guinan and Gifford, 1988). 

LOC neurons are the largest group of cochlear efferents (Warr, 
1975; Warr and Guinan, 1979; Warr et al., 1986), yet their effects 
on cochlear afferents remain unknown, in part because LOC 
axons are unmyelinated and thus are not excited by standard 
efferent shock stimuli (Guinan et al., 1983; Gifford and Guinan, 
1987). Anatomical similarities in the arrangement of neural 
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elements in vestibular end organs (Fig. 2A) and the cochlea (Fig. 
2B) suggest that the effect of LOC neurons may parallel the 
effect of the vestibular efferents studied here (Figs. 13B, 14A,B). 
The analogy is attractive because of the likely homologous re- 
lationship of the systems and our conclusion that the efferent 
excitation of ARID afferents is most likely due to efferent syn- 
apses on afferent dendrites. In cochleas that were chronically 
deefferented, Liberman (1990) found a small decrease in the 
spontaneous rates of cochlear afferent fibers, an effect that would 
be consistent with LOC excitation. 

Consequences and predictions. The data presented here may 
be useful in attempts to understand the LOC system. With the 
proposed analogy, LOC stimulation would elevate the back- 
ground firing rate of cochlear afferents but have little effect on 
their rate thresholds or mean sound-evoked firing rates in re- 
sponse to tones (see Fig. 7). The net effect would be an LOC- 
induced vertical shift in the afferent rate-level function that 
would “complement” the horizontal shift created by MOC ac- 
tivation (Fig. 13B). Also, LOC stimulation would increase the 
within-cycle AC modulation of afferent responses to tones, but 
without increasing the response synchronization index (Fig. 
14.4, B). Predicting LOC effects on the responses to clicks is less 
clear, because we have not studied efferent effects on the click 
responses of ARID vestibular afferents. Although tone-evoked 
rate increases would be unchanged, the click-evoked compound 
action potential of the cochlear nerve (N,) might increase under 
LOC activation owing to an enhanced, synchronized response 
to sounds. This might explain increases in the N, amplitude 
elicited by opioid drugs, which are thought to mimic LOC effects 
(Sahley et al., 199 1). 
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