
Response of Vestibular Nerve Afferents Innervating Utricle and Saccule
During Passive and Active Translations

Mohsen Jamali, Soroush G. Sadeghi, and Kathleen E. Cullen
Department of Physiology, Aerospace Medical Research Unit, McGill University, Montreal, Quebec, Canada

Submitted 22 September 2008; accepted in final form 24 October 2008

Jamali M, Sadeghi SG, Cullen KE. Response of vestibular-nerve
afferents innervating utricle and saccule during passive and active
translations. J Neurophysiol 101: 141–149, 2009. First published
October 29, 2008; doi:10.1152/jn.91066.2008. The distinction be-
tween sensory inputs that are a consequence of our own actions from
those that result from changes in the external world is essential for
perceptual stability and accurate motor control. In this study, we
investigated whether linear translations are encoded similarly during
active and passive translations by the otolith system. Vestibular nerve
afferents innervating the saccule or utricle were recorded in alert
macaques. Single unit responses were compared during passive whole
body, passive head-on-body, and active head-on-body translations
(vertical, fore-aft, or lateral) to assess the relative influence of neck
proprioceptive and efference copy-related signals on translational
coding. The response dynamics of utricular and saccular afferents
were comparable and similarly encoded head translation during pas-
sive whole body versus head-on-body translations. Furthermore, when
monkeys produced active head-on-body translations with comparable
dynamics, the responses of both regular and irregular afferents re-
mained comparable to those recorded during passive movements. Our
findings refute the proposal that neck proprioceptive and/or efference
copy inputs coded by the efferent system function to modulate the
responses of the otolith afferents during active movements. We
conclude that the vestibular periphery provides faithful information
about linear movements of the head in the space coordinates, regard-
less of whether they are self- or externally generated.

I N T R O D U C T I O N

During everyday life, the vestibular system encodes the
motion of our head relative to the world. Linear motion is
sensed by the two otolithic organs (the utricle and the saccule),
and rotational motion is sensed by three roughly orthogonal
semicircular canals. The combined activation of receptor cells
in the otoliths provide a three-dimensional estimate of linear
acceleration; hair cells in the utricle, which lies roughly along
a plane delineated by the fore-aft and interaural axes, detect
horizontal translations, whereas hair cells in the saccule, which
is oriented approximately in a plane delineated by the fore-aft
and vertical axes, detect vertical translations (Fernandez and
Goldberg 1976a; Lindeman 1969). Similarly, by combining the
activation of the receptor cells of the three canals, the brain
creates a three-dimensional representation of instantaneous
head rotation. Linear and rotational motion information from
the vestibular periphery is relayed to neurons in the vestibular
nuclei via the afferent fibers innervating the otoliths and canals,
respectively. This information, in turn, is used for a wide range
of functions that are crucial for our daily activities. For exam-

ple, vestibular information is required to produce reflexes
required to maintain head and body posture (Peterson and
Richmond 1988) and stabilize gaze during orienting head
movements, walking, and running (Grossman et al. 1988;
Huterer and Cullen 2002). In addition, vestibular sensory
information is critical for higher level functions such as self-
motion perception and spatial orientation (Gu et al. 2007;
Harris et al. 2000; Ohmi 1996; Telford et al. 1995; Tribukait
and Eiken 2005).

To date, the processing of linear motion information by the
vestibular system has been characterized exclusively during
passive whole body motion. Previous studies have shown that
primary otolith afferents detect net linear acceleration but do
not distinguish translational from gravitational components
(Angelaki and Dickman 2000; Purcell et al. 2003; Si et al.
1997). In contrast, many central neurons selectively encode
translational motion and remain relatively insensitive to
changes in head orientation relative to gravity (Angelaki et al.
2004; Shaikh et al. 2005). During daily activities, however, the
otoliths are simultaneously stimulated by both the motion of
the head resulting from passively applied movements as well as
that which arises from our own actions. The ability to distin-
guish sensory inputs that are a consequence of our own actions
from those that result from changes in the external world is
crucial for postural and perceptual stability and accurate motor
control (Cullen 2004). For example, vestibulospinal reflexes
are essential for postural stability. Nevertheless, despite the
importance of such innate reflexes for responding to externally
applied perturbations, they can be counterproductive when the
behavioral goal is to make an active movement.

Whether and how the vestibular system distinguishes active
from passive linear motion has yet to be explored. Recent
studies have shown that, in response to rotational motion,
neurons at the first central stage of vestibular processing (i.e.,
vestibular nucleus) can distinguish between self-generated and
passive movements (reviewed in Cullen 2004), whereas ves-
tibular afferents do not (Cullen and Minor 2002; Sadeghi et al.
2007c). Notably, during active head rotations, a cancellation
signal is generated when the activation of proprioceptors
matches the motor-related expectation (Roy and Cullen 2004).
This mechanism eliminates information about self-generated
rotations from subsequent computation of angular motion for
the estimation of orientation and postural control. It remains to
be determined, however, whether the ability to distinguish
actively generated and passive stimuli is a general feature of
vestibular processing; no previous study has explicitly charac-
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terized the coding of active versus passive linear motion at
comparable stages of processing.

Vestibular receptors in both the otoliths and canals receive
bilateral innervation from centrifugally projecting efferent fi-
bers (Dickman and Correia 1993; Gacek and Lyon 1974;
Myers et al. 1997; Plotnik et al. 2002; Rasmussen and Gacek
1958). The role of this efferent innervation, however, remains
a mystery. The finding that stimulation of the vestibular effer-
ent system increases the resting discharge and decreases the
sensitivities of afferents in several species (i.e., monkey: Gold-
berg and Fernandez 1980; toadfish: Highstein and Baker 1985)
has given rise to the idea that activation of the vestibular
efferent system could be used to increase the afferent response
range during active head motion (Goldberg et al. 2000; Purcell
and Perachio 1997). Although this proposal has been refuted
for semicircular canal afferents (Cullen and Minor 2002;
Sadeghi et al. 2007c), it has not yet been tested for otolith
afferents. It is possible that a different strategy is used for
encoding linear and rotation acceleration at the level of the
vestibular periphery. First, although previous studies have
shown that individual efferent neurons innervate multiple end
organs (Birinyi et al. 2001; Gleisner and Henriksson 1963), it
is possible that some efferent neurons more strongly target
otolith organs and receptors. For example, in toadfish (High-
stein and Baker 1986) and frog (Birinyi et al. 2001), separate
groups of efferent vestibular neurons seem to innervate the
semicircular canals and otoliths, albeit with overlap. Second,
electrical stimulation of the cerebellum in frog has been shown
to preferentially affect the background activity of otoliths
afferents (Llinas and Precht 1969). The cerebellum is known to
play a critical role in predicting the sensory consequences of
voluntary actions (Crapse and Sommer 2008; Cullen 2004),
and although it does not project directly to the vestibular
periphery, such an effect could potentially be mediated via a
multisynaptic pathway (e.g., through the vestibular nuclei) to
the periphery.

Accordingly, in this study, we tested the hypothesis that the
vestibular efferent system functions to selectively modify the
linear motion sensitivities and/or resting discharges of otolith
afferents during active head motion. We recorded from single
otolith afferents during passively applied and self-generated
movements. Responses were compared during passive whole
body, passive head-on-body, and active head-on-body transla-
tions to assess the relative influence of neck proprioceptive and
efference copy-related signals on translational coding.

M E T H O D S

Surgical preparation

Two macaque monkeys (Macaca fascicularis) were prepared for
chronic extracellular recording under aseptic conditions. All proce-
dures were approved by the McGill University Animal Care Com-
mittee and were in compliance with the guidelines of the Canadian
Council on Animal Care. The surgical preparation was previously
described elsewhere (Sylvestre and Cullen 1999). Briefly, using asep-
tic techniques and isoflurane anesthesia (2–3%, to effect), a dental
acrylic implant was attached to animal’s skull using stainless steel
screws. Within the implant were embedded a stainless steel post that
was used to restrain the animal’s head during the experiment and two
stainless steel recording chambers that were positioned stereotaxically
on the skull to allow recording from the vestibular nerve where it
emerges from the internal auditory meatus. In the same procedure, an

18- to 19-mm-diam eye coil (3 loops of Teflon-coated stainless steel
wire) was implanted in the right eye behind the conjunctiva. After the
surgery, the animals were administered buprenorphine (0.01 mg/kg,
IM) for postoperative analgesia and the antibiotic cephazolin (Ancef;
25 mg/kg, IM, for 5 days). Animals were given �2 wk to recover
from the surgery before experiments began.

Data acquisition

During experiments, the monkey was comfortably seated in a
primate chair mounted on a servomotor. The monkey’s head was
initially restrained during each experiment, and the room was dimly
lit. The vestibular nerve was approached through the floccular lobe of
the cerebellum, as identified by its eye movement–related activity
(Cullen and Minor 2002; Lisberger and Pavelko 1986); entry to the
nerve was preceded by a silence, indicating that the electrode had left
the cerebellum. As has been described previously (Sadeghi et al.
2007a), extracellular single-unit activity of otolith afferents was re-
corded using glass microelectrodes (24–27 M�), the depth of which
was controlled using a light weight precision hydraulic microdrive
(Narishige, Tokyo, Japan). Head acceleration was measured in three
dimensions using a 3-D linear accelerometer (ADXL330Z, Analog
Devices, Norwood, MA) that was firmly attached to the animal’s head
post. During experimental sessions, unit activity, horizontal and ver-
tical eye positions, and head acceleration signals were recorded on
digital audiotape for later playback. The isolation of each unit was
later carefully re-evaluated off-line. During playback, action poten-
tials from extracellular recordings were discriminated using a win-
dowing circuit (BAK Electronics, Mount Airy, MD). Eye position and
head acceleration signals were low-pass filtered at 250 Hz (8-pole
Bessel filter) and sampled at 1 kHz.

Experimental design

Monkeys were trained to generate voluntary head translational
movements to track a food target, which was presented before them.
A small linear head sled mounted on top of the monkey’s head post
allowed the animal to translate its head along one of three possible
directions during each trial (i.e., lateral, fore-aft, or vertical). After
several weeks of training, monkeys learned to actively move their head
in each of the three permitted directions to receive a food reward. To
study the responses of each afferent during passive head translations, two
different methods were used to produce passive translations with com-
parable profiles (i.e., peak head accelerations of 0.1–0.4 G and predom-
inant frequencies of �8 Hz) to those that were generated during volun-
tary head movements: 1) typical acceleration profiles of the animal’s
active head movements were integrated and fed into the vestibular
stimulator’s controller to produce natural passive whole body translations
and 2) the experimenter manually translated the animal’s head along the
small linear sled, which was mounted above the monkey, to produce
natural passive head-on-body translations.

All afferents described in this study were activated by translational
head movements along at least one of the three major axes tested [i.e.,
fore-aft (0°), lateral (90°), or vertical] using passive whole body
translation (5 Hz, 0.2 G). None of the afferents responded to yaw
rotations. Because saccular neurons are most sensitive to vertical
translations, whereas utricular units are especially sensitive to trans-
lations in the horizontal plane (Fernandez and Goldberg 1976a;
Fernandez et al. 1972; Purcell et al. 2003), we classified an afferent as
utricular/saccular if it was maximally stimulated by translation in
horizontal/vertical axis. Consistent with Fernandez et al. (1972), all
the units classified as saccular units were encountered in close asso-
ciation with afferents innervating the posterior canals (i.e., excitatory
responses for nose up pitch rotations), whereas those considered as
innervating the utricle were in the same track with afferents innervat-
ing horizontal (i.e., excitatory responses for ipsilateral yaw rotations)
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or anterior canals (i.e., excitatory responses for nose down pitch
rotations).

During the experiments, once the preferred translational direction
of a given afferent was established (i.e., lateral, fore-aft, or vertical),
8–10 natural passive whole body translations were also applied along
that axis. We next carefully released the monkey’s head to allow
freedom of motion along the preferred direction and manually applied
10–15 cycles of passive head-on-body sinusoidal translations (�5 Hz,
�0.2 G), as well as, 10–15 natural passive head-on-body translations.
Finally, the neuron’s activity was recorded while the monkey made
voluntary head movements along the preferred direction. Each unit’s
spontaneous activity was also recorded in the absence of vestibular
stimulation so that its regularity of discharge could be computed. For
the subpopulation of utricular afferents that remained well isolated
(n � 15), we again restrained the head and applied passive whole
body translation (5 Hz, 0.2 G) along two intermediate axes (30 and
60°). During off-line analysis, we calculated the optimal axis for
maximum sensitivity of these afferents using a cosine fit (Angelaki
and Dickman 2000; Purcell et al. 2003). On average, the calculated
maximum sensitivity was only 13% larger than the average sensitivity
measured in response to stimulation along preferred fore-aft/interaural
axes. Notably, this does not affect the main conclusions of this study,
where the main purpose was to compare afferent responses during
passive versus active translations along the preferred axis (i.e., 1 of the
3 axes along which the animal could make voluntary translations).

Data analysis

Data were imported into the Matlab (The MathWorks, Natick, MA)
programming environment for analysis. Head acceleration signals
were digitally filtered at 20 Hz. The neural discharge was represented
using a spike density function in which a Kaiser window was con-
volved with the spike train (Cherif et al. 2008). The resting discharge
of each unit (defined as the mean firing rate when stationary with the
head in the stereotaxic position) and CV of the interspike interval
were determined. A normalized CV (CV*) was calculated using the
method described by Goldberg et al. (1984) in the squirrel monkey.
The distribution of CV* was bimodal and similar to that reported in
previous studies of otolith and canal afferents (Angelaki et al. 1992;
Goldberg et al. 1984; Hirvonen et al. 2005; Marlinski et al. 2004;
Ramachandran and Lisberger 2006; Sadeghi et al. 2007a, c). Accord-
ingly, neurons with a CV* �0.15 were classified as regular, whereas
those with a CV* �0.15 were classified as irregular (Haque et al.
2004; Sadeghi et al. 2007a).

A least-squares regression analysis was used to determine each
afferent’s bias discharge (spikes/s), phase shift of each unit relative to
head acceleration, and head acceleration sensitivity [(spikes/s)/G with
G � 9.81 m/s2] in response to passive sinusoidal translation (Roy and
Cullen 2001; Sylvestre and Cullen 1999), using �10 cycles of the
stimulus. The bias, sensitivity, and phase shift of each neuron in
response to sinusoidal translations (5 Hz, 0.2 G) were calculated by
estimating the coefficients for the following model

FR�t� � bias � Sa � Ḧ�t � �� (1)

where FR is firing rate, Sa is the sensitivity to head acceleration, � is
the phase shift, and Ḧ is head acceleration. In addition, neuronal
sensitivities to active translations and passive translations with com-
parable trajectories (i.e., the natural passive stimuli) were calculated
by estimating the coefficients of the following equation

FR�t� � bias � Sa � Ḧ�t� � Sj � H��t� (2)

where FR is firing rate, Ḧ is head acceleration, Sa is the sensitivity to

head acceleration, H� is head jerk, and Sj is the sensitivity to head jerk.
To compare a model’s ability to predict an afferent’s firing rate, the
variance-accounted-for {VAF � 1 � [var (mod � fr)/var (fr)]},

where mod represents the modeled firing rate and fr represents the
actual firing rate) was computed (Cullen et al. 1996). Values are
expressed as means � SE, and a Student’s t-test was used to deter-
mine whether the average of two measured parameters differed
significantly from each other. The power spectrums of the passively
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FIG. 1. Comparison of responses of regular and irregular otolith afferents
during passive sinusoidal (5 Hz, 0.2 G) translations. A: acceleration sensitivity
plotted as a function of normalized CV (CV*) for regular (squares) and
irregular (triangles) afferents. A power law was fit to regular units (CV* �
0.15). Horizontal line is the mean sensitivity for irregular afferents (CV* 	
0.15). B: response phase relative to peak linear acceleration plotted as a
function of CV* for regular (squares) and irregular (triangles) afferents. A
semilogarithmic relation was fit to all units. Inset: polar plot showing the
average gain and phase of the response of regular (black arrow) and irregular
(gray arrow) afferents innervating otoliths. The length of the arrows represents
the response sensitivity [(spikes/s)/G] of each neuron.
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and actively generated translations were computed using multitaper
estimation techniques with eight Slepian functions (Jarvis and Mitra
2001) as previously described (Sadeghi et al. 2007a).

R E S U L T S

We recorded from 48 units during active and passive trans-
lations. When classified based on the direction of stimulation
that led to maximum activation during passive sinusoidal
translations (5 Hz and 0.2 G; see METHODS), there were 20, 15,
and 13 units sensitive to lateral, fore-aft, and vertical transla-
tions, respectively. The average head acceleration sensitivity
(i.e., Sa in Eq. 1) of afferents innervating the saccule (n � 13)
was 143.9 � 64.7 (spikes/s)/G, which was not significantly
different from that of the units innervating the utricle [141.6 �
22.5 (spikes/s)/G; P � 0.97, n � 35]. When classified based on
regularity of discharge, there were 31 regular (CV* � 0.03–
0.12), and 17 irregular (CV* � 0.17–0.42) afferents. For both
regular and irregular units, the sensitivities were similar for
utricular and saccular afferents (P 
 0.5). Thus we pooled the
results obtained for afferents innervating the two otolith or-
gans. The mean resting discharge rates for the two groups of
afferents were 83 � 5 and 69 � 5 spikes/s for regular and
irregular units, respectively.

Modulation during passive sinusoidal translation

Figure 1 shows the relationship between head acceleration
sensitivity (i.e., Sa in Eq. 1) and phase and CV* in response to
sinusoidal translations at 5 Hz (0.2 G). Acceleration sensitivity

increased as a function of CV* for regular afferents (n � 31,
r2 � 0.8, P � 0.0005), whereas for irregular units, it remained
relatively constant as a function of CV* (n � 17, r2 � 0.06,
P 
 0.05). In contrast, phase lead increased as a function of
CV* for both regular and irregular afferents (r2 � 0.7, P �
0.0005). These relationships are consistent with those reported
for otolith afferents in chinchilla (Goldberg et al. 1990b). A
polar plot showing the average acceleration sensitivity and
response phase for the population of the regular (black arrow)
and irregular (gray arrow) units is shown in the inset. The
average sensitivity of regular units was 57.1 � 7.9 (spikes/
s)/G. Moreover, although the modulation of individual regular
afferents could either lag or lead acceleration (Fig. 1B,
squares), on average their responses lagged linear acceleration
by 5.9 � 1.8°. For the population of the irregular units, the
average acceleration sensitivity was 249.2 � 28.0 (spikes/s)/G,
which was higher than sensitivity of regular units (Fig. 1B,
inset). In contrast to the regular afferents, the modulation of
each irregular afferent in our sample led head acceleration (Fig.
1B, triangles), and the average phase lead across the population
was 34.1 � 4.6°. Thus overall, both acceleration sensitivity
and phase were significantly larger for irregular units compared
with regular units.

Afferent responses during natural passive and active
head movements

The responses of an example regular (CV* � 0.04) and
irregular (CV* � 0.24) otolith afferent are shown in Fig. 2.
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FIG. 2. Activities of an example regular
(left; CV* � 0.04) and irregular (right; CV* �
0.24) otolith afferent during passive and active
interaural translations with comparable accel-
eration profiles. A: power spectra of head
acceleration during passive (blue) and com-
parable active (red) translations. Both move-
ments had similar power for the range of
frequencies of 0–10 Hz. B: response of af-
ferents to passive translations. Superimposed
on the firing rate (shaded trace) is the model
fit (black trace) based on the bias discharge,
the acceleration sensitivity, and jerk sensitiv-
ity. C: response of afferents to active trans-
lations. The estimated response (black trace)
based on the bias discharge, acceleration
sensitivity, and jerk sensitivity is superim-
posed on the firing rate. To obtain the pre-
diction fit (dashed green trace), the bias and
the sensitivity values of the passive model
were applied. The variance-accounted-for
(VAF) of the estimation and prediction were
similar.
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These afferents were typical in that their response sensitivities
and phases were comparable during passive head-on-body
(Fig. 2B) and passive whole body translations (data not shown)
along the interaural axis (paired t-test, P 
 0.1). Figure 2C
shows the responses of the same two afferents during actively
generated head-on-body translations along the same axis. The
corresponding power spectra of head acceleration profiles
shown in Fig. 2A show comparable frequency content (i.e.,
low-pass up to �8 Hz) when the monkey’s head was passively
translated relative to its body and during actively generated
head-on-body movements (cf. head acceleration traces for each
afferent between Fig. 2, B and C).

Equation 2 was first used to estimate each afferent’s bias and
sensitivity to passive head-on-body translations. For the exam-
ple regular afferent, this equation provided an excellent fit to
the response (VAF � 95%) with an estimated bias discharge
rate of 55 spikes/s, acceleration sensitivity of 27.7 (spikes/s)/G,
and jerk sensitivity of 0.26 (spikes/s)/(G/s). The estimated
response profile is shown by the heavy black trace superim-
posed on the firing rate (gray shaded area) in Fig. 2B (left). As
expected based on the response dynamics of regular afferents
(Fig. 1), the jerk sensitivity of this unit was negligible. Notably,
when the response was estimated using only the bias and
acceleration terms of Eq. 2, the decrease in VAF was only
3.8%. In contrast, the irregular unit had higher sensitivities to
both jerk and acceleration [2.4 (spikes/s)/(G/s) and 114.1
(spikes/s)/G, respectively], as well as a bias of 103 spikes/s.
Accordingly, exclusion of the jerk term from Eq. 2 resulted in
16% decrease in VAF [i.e., 87 (Fig. 2B, black trace in right
panel) vs. 71%]. This difference in the relative weight of a jerk
term for fitting the responses of irregular and regular afferents
was consistent across our populations of otolith afferents
(22.0 � 3.4 vs. 1.8 � 0.4% decrease in VAF).

Next, to address whether afferents responded differently to
active head translations, we used this same model (i.e., Eq. 2,
with parameter estimates taken form the passive condition in
Fig. 2B) to predict each afferent’s response in the active
condition (Fig. 2C, dashed green traces). The example affer-
ents were typical of the regular and irregular afferents in our
sample in that their modulation was similar during passive and
active head-on-body translations. This was verified by the good
prediction of the passive model for the responses to active
translations (VAF � 91.2 and 83.1% for the regular and
irregular afferent, respectively).

To further assess whether there were any differences in the
bias and/or translational sensitivities of otolith afferents be-
tween passive and active movements, we estimated the param-
eters of Eq. 2 to obtain the best fit of each afferent’s modula-
tion during active head translations. The best fit to each
example afferents’ modulation during active translations is
shown by the black trace in Fig. 2C. For the regular afferent,
we estimated (VAF � 91.4%) a bias discharge rate, accelera-
tion sensitivity, and jerk sensitivity of 56 spikes/s, 28.6 (spikes/
s)/G, and 0.21 (spikes/s)/(G/s), respectively. These coefficients
corresponded well to those estimated for the passive translation
condition (Fig. 2B). Moreover, there was little improvement in
VAF for this optimal estimation as compared with the passive-
based prediction. Similar findings were obtained for the exam-
ple irregular afferent [bias � 102 spikes/s, acceleration sensi-
tivity � 120 (spikes/s)/G, jerk sensitivity � 2.1 (spikes/s)/(G/
s), and VAF � 83.5%]. Taken together, these results confirmed

that the responses of our two example afferents were similar
during active and passive movements.

Population analysis: responses to passive and active
translations are comparable

Figure 3 compares the bias discharge rate and acceleration
sensitivity in both conditions for the entire population of
afferents. The mean bias discharge measured across afferents
from the fits to the passive and active translations was 84 � 4
and 85 � 4 spikes/s, respectively. The similarity of the bias
between the two conditions is shown by the slope of the line
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FIG. 3. Comparison of parameters of estimations for responses to active
and passive translations for the population of utricular (empty symbols) and
saccular (filled symbols) otolith afferents. A: estimated bias for responses in the
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conditions for regular (squares) and irregular (triangles) afferents. B: estimated
acceleration sensitivities were not different between active and passive trans-
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fitted to the data in Fig. 3A (regression slope � 1.01), which
was not different from 1 (P � 0.65). Similarly, the acceleration
sensitivity for passive and active translations [mean of 80.6 �
10.1 and 79.4 � 10.3 (spikes/s)/G, respectively] were identical
as shown by the slope of the line fitted to the data points in Fig.
3B (slope � 1.02), which was not different from 1 (P � 0.29).
Thus taken as a population, the response dynamics of otolith
afferents were similar during active and passive head transla-
tions. Furthermore, as is shown in Table 1, this observation
could be extended when different functional groups of affer-
ents were separately considered. Overall, regardless of dis-
charge regularity, presumed organ of innervation, and/or di-
rection of stimulation, response biases and sensitivities (i.e.,
bias and Sa in Eq. 2, respectively) were comparable during
active versus passive translations (paired t-test, P 
 0.05).

Finally, we evaluated whether differences in discharge bias
(or possibly sensitivities) might be observed in afferents with
more irregular resting rate. Prior work had reported an increase
in the resting discharge and a decrease in sensitivity of afferent
responses following electrical stimulation of the brain stem
efferents in squirrel monkey (Goldberg and Fernandez 1980).
Moreover, such effects were greater for irregularly than regu-
larly discharging afferents. Figure 4A shows the bias and
sensitivities of regular and irregular afferents during passive
and active translations. Comparison of the bias discharge rates
and translational acceleration and jerk sensitivities showed no
differences between the two conditions for each group of
afferents. This conclusion was further supported by the finding
that the coefficients estimated for Eq. 2 from the data from
passive translations provided an excellent predictive fit to the
data from the active translations regardless of the afferents
regularity. In fact, the difference between the predicted VAF
(coefficients from the fit to passive translation data applied to
active translation condition) and the VAF calculated from the
best fit to the active translation data were only 1.3 � 0.2
(2.65 � 0.52% of VAF for the optimal fit). Notably, this
difference in VAF was comparable across neurons regardless
of CV* and background discharge rate (Fig. 4, B and C,
respectively; VAF diff vs. CV*, r2 � 0.04; P � 0.16; VAF diff
vs. background discharge rate, r2 � 0.002, P � 0.76).

D I S C U S S I O N

Centrifugally projecting efferent fibers innervate the vestib-
ular receptors of the otoliths as well as semicircular canals
(Gacek and Lyon 1974; Rasmussen and Gacek 1958). How-

ever, the role of this efferent innervation remains unknown. Here
we studied the proposal that the vestibular efferent system func-
tions to change the background firing rate and response sensitivity
of vestibular afferents during actively generated translations
(Goldberg et al. 2000; Purcell and Perachio 1997). We found that
the background activity and response sensitivities of the primary
otolith afferents, innervating both the saccule and utricle, are
identical during comparable passively and actively generated
linear acceleration. Taken together, our findings provide evidence
to refute the hypothesis that, in primates, the activation of the
vestibular efferent system functions to selectively modulate affer-
ent responses during active head motion.

Response to passive sinusoidal translations: comparison
with previous studies

Most previous studies that have investigated the response
dynamics of otolith afferents have applied horizontal centrifu-
gal force or translations in the horizontal plane and accordingly
have focused on characterizing the afferents innervating the
utricle (Angelaki and Dickman 2000; Goldberg et al. 1990a;
Purcell et al. 2003; Si et al. 1997). Prior studies have, however,
compared the resting rates and steady state (i.e., static) re-
sponses of utricular and saccular afferents evoked by the
application of static tilts (Fernandez and Goldberg 1976a;
Fernandez et al. 1972; Tomko et al. 1981). Although the
resting discharge rates and static responses were slightly lower
for saccular than utricular afferents the in cat (Tomko et al.
1981), they were typically comparable in primate (Fernandez
and Goldberg 1976a). In addition, off-axis centrifugal forces
have been applied to characterize the dynamic responses of
saccular afferents to sinusoidal linear force in anesthetized
squirrel monkeys (Fernandez and Goldberg 1976c). In this
study, we applied comparable pure translations in both the
horizontal and vertical planes and thus were able to compare
afferent response dynamics of both end organs.

Unlike utricle receptors, the receptors in the saccule are
biased at rest because they are stimulated by the constant force
exerted by gravity. As a result, saccule afferent responses will
modulate around the 1 or �1 G point of their parabolic
force–response curve (Fernandez and Goldberg 1976b) during
vertical linear motion, depending on whether they innervate
receptors that are sensitive to downward or upward transla-
tions, respectively. However, although their force–response
curve is inherently nonlinear, relatively vigorous stimulation
(i.e., more than �2 G) is required to drive afferents out of their

TABLE 1. Comparison of bias and head acceleration sensitivities (Sa) during passive and active translations

N
Passive Bias,

(spikes/s)
Active Bias,

(spikes/s) P Value
Passive Sa,

[(spikes/s)/G]
Active Sa,

[(spikes/s)/G] P Value

Regular
Utricular

Lateral 13 77 � 9 78 � 9 0.06 58.8 � 13.8 55.2 � 13.8 0.05
Fore-aft 7 78 � 9 78 � 9 0.90 37.4 � 8.3 38.5 � 8.7 0.37

Saccular 11 95 � 8 95 � 8 0.89 51.0 � 9.4 49.1 � 9.3 0.07
Irregular

Utricular
Lateral 7 87 � 9 89 � 9 0.06 183.6 � 29.7 188.0 � 32.2 0.52
Fore-aft 8 75 � 6 76 � 7 0.19 157.1 � 28.1 161.7 � 32.2 0.52

Saccular 2 109 � 9 109 � 6 —* 136.1 � 16.2 129.7 � 2.0 —*

Values are means � SE. *Comparison not made because of the small data set.
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linear range (Fernandez and Goldberg 1976b). In this study,
our stimuli were designed to test neurons only in the linear
portion of their stimulus–response curves. Accordingly, com-
parison of the response sensitivity of regular saccular afferents
that were preferentially excited by upward translations (i.e.,
haircells exposed to downward linear acceleration) with those

excited by downward translations showed comparable sensi-
tivities. Note, this comparison was not done for irregular
saccular afferents because of our limited sample. Moreover, we
found that, on average, the sensitivity and phase of saccular
afferents were comparable to those of afferents innervating the
utricle. Thus the two groups are discussed as a pooled population.

Previous studies of utricular afferents have reported signif-
icantly greater sensitivities for irregular than regular units in
response to passively applied translations. Difference in sensi-
tivity range from four- to fivefold [47–78 vs. 255–281 (spikes/
s)/G for regular and irregular afferents, respectively], across
species (squirrel monkey: Fernandez and Goldberg 1976c;
chinchilla: Goldberg et al. 1990a; gerbil: Purcell et al. 2003). In
this study, we found a comparable difference [66 vs. 286
(spikes/s)/G for regular and irregular afferents, respectively]
when we estimated their maximal sensitivity (see METHODS).
Overall, the design of our study was most comparable to that of
Angelaki and Dickman (2000). Both studies describe the ac-
tivity of otolith afferents in response to passive translations
(with frequencies of �5 Hz) in alert macaque monkeys. Be-
cause only normalized sensitivities were reported in this prior
study, it is difficult to directly compare values. Nevertheless,
the relative differences between the average sensitivities of
regular and irregular afferents are comparable across both
studies. In addition, consistent with findings of these previous
studies, we found that, on average, the responses of regular
units lagged acceleration by �6°, whereas those of irregular
afferents led acceleration by �30°.

Implications regarding the role of the efferent
vestibular system

The principal goal of this study was to establish whether the
vestibular afferents that innervate the otoliths differentially
encode active and passive translations. Stimulation of the
efferent vestibular system results in an increase in the resting
discharge rate (Boyle and Highstein 1990; Goldberg and Fer-
nandez 1980; Marlinski et al. 2004; Plotnik et al. 2002, 2005)
and a reduction of the sensitivity of afferents (Goldberg and
Fernandez 1980). These findings led to the proposal that
activation of the efferent system during active head movements
could be used to decrease the probability of inhibitory cut-off
or excitatory saturation of afferents, thereby effectively in-
creasing the dynamic range available (Goldberg and Fernandez
1980). Indeed, there are several lines of evidence that support
a role for the efferent vestibular system in contributing to the
differential processing of active and passive movements. First,
experiments in alert toadfish have shown that efferent activa-
tion in this species accompanies the responses leading up to an
escape reaction (Boyle and Highstein 1990; Highstein and
Baker 1985). The behaviorally induced excitation of efferents,
in turn, led to an increase in the discharge rate and a decrease
in the rotational sensitivity of afferents when tested using
passive head rotation. These findings led to the suggestion that
the vestibular efferent system carries a motor efference copy
signal that modulates the responses of vestibular afferents
during self-generated movements in toadfish. Second, the con-
vergence of somatosensory and proprioceptive information
with vestibular signals via efferent projections has been re-
ported in the periphery of frog and fish (Boyle and Highstein
1990; Caston and Bricout-Berthout 1984; Hartmann and

A

B

C

FIG. 4. Comparison of responses during active and passive translations.
A: average values of bias and sensitivity for the population of regular and
irregular afferents during active (gray bars) and passive (black bars) move-
ments. B: difference in VAF between predicted and estimated responses during
active translations as a function of CV*. VAF difference was �4% (dashed
line) for regular (squares) and irregular (triangles) afferents. C: difference in
VAF between predicted and estimated responses during active translations as
a function of background discharge. VAF difference was �4% (dashed line)
for most of the afferents.
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Klinke 1980). These extravestibular signals could also be used
to modulate the sensitivity of afferents during active move-
ments (Cullen and Minor 2002; Goldberg and Fernandez 1980;
Klinke 1970). Third, it has been shown recently that activation
of the vestibular efferent system in alert macaque monkeys
significantly increases background firing rate of afferent fibers
(Sadeghi et al. 2007b). Previous studies, however, have shown
that the vestibular afferents innervating semicircular canals
similarly encode active and passive head movements in normal
macaques and following contralateral labyrinthectomy (Cullen
and Minor 2002; Sadeghi et al. 2007c). Thus in the case of
active rotational movements, activation of the primate efferent
system is not used to increase the available dynamic range.

Here we have specifically addressed the possibility that the
vestibular efferent system serves different functional roles
regarding the modulation of canal versus otolith afferent re-
sponses. This proposal is consistent with the results of electri-
cal stimulation studies suggesting that cerebellar stimulation
might preferentially alter (via a multisynaptic pathway) the
background activity of otolith afferents while leaving the
discharges of afferents innervating the semicircular canals
largely unaffected (Llinas and Precht 1969). Preliminary single
unit studies in the vestibular system (Brooks and Cullen 2007)
and electrosensory system of electric fish (Bell et al. 1999;
Mohr et al. 2003; Sawtell et al. 2007), as well as functional
MRI (fMRI) studies of tactile processing in humans (Blake-
more et al. 1998, 1999), have shown that the cerebellum is
involved in predicting the sensory consequences of voluntary
actions. Double-labeling experiments have further shown that
vestibular efferent cells send extensive projections both to the
labyrinth and the vestibulo-cerebellum (Shinder et al. 2001).
Accordingly, reciprocal connections between the cerebellum
and efferent neurons could be used during intentional head
movements to reduce the likelihood of saturation or silencing
(Goldberg et al. 2000) of otolith afferents.

Our findings, however, provide firm evidence that primary
otolith afferents are not differentially influenced by the efferent
pathway during active and passive head translations. Responses
during active head translations were well predicted based on
response during passive head translations. Moreover, responses
were comparable during passive whole body and head-on-body
head translations, also refuting the proposal that the efferent
system modulates otolith afferents by encoding neck somatosen-
sory and proprioceptive information. Overall, our results extend
previous findings regarding canal afferents (Cullen and Minor
2002; Sadeghi et al. 2007c) and show that, in alert macaque
monkeys, afferent nerve fibers innervating all of the end organs
respond similarly during self-generated and passive motion.

Notably, vestibular input resulting from active rotational
movements (reafference) is suppressed at the next stage of
processing: the vestibular nuclei (McCrea et al. 1999; Roy and
Cullen 2001, 2004). Given that the majority of the neurons in
the vestibular nuclei receive convergent inputs from multiple
vestibular end organs (Curthoys and Markham 1971; Dickman
and Angelaki 2002; Kaufman et al. 2000; Markham and
Curthoys 1972; McConville et al. 1996; Straka et al. 2002;
Tomlinson et al. 1996; Uchino et al. 2005; Yakushin et al.
2006; Zakir et al. 2000; Zhang et al. 2001), it seems logical that
a comparable strategy is used for encoding both linear and
rotation acceleration at the level of the vestibular periphery. As
such, otolith-derived reafference can be suppressed at the level of

vestibular nuclei in a manner comparable to canal-derived inputs
(McCrea et al. 1999; Roy and Cullen 2001, 2004). Further
experiments will be needed to determine whether this hypothesis
is true. In addition, further studies will be needed to understand
whether the connectivity between the vestibular efferent system
and cerebellum observed is present in primates and what role it
might play in the processing of vestibular inputs.
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