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Response properties of vertical (VC) and horizontal (HC) 
canal/otolith-convergent vestibular nuclei neurons were 
studied in decerebrate rats during stimulation with sinusoi- 
dal linear accelerations (0.2-1.4 Hz) along different direc- 
tions in the head horizontal plane. A novel characteristic of 
the majority of tested neurons was the nonzero response 
often elicited during stimulation along the “null” direction 
(i.e., the direction perpendicular to the maximum sensitivity 
vector, S,,,). The tuning ratio (S,, gain/S,,, gain), a measure 
of the two-dimensional spatial sensitivity, depended on stim- 
ulus frequency. For most vestibular nuclei neurons, the tun- 
ing ratio was small at the lowest stimulus frequencies and 
progressively increased with frequency. Specifically, HC 
neurons were characterized by a flat S,,, gain and an ap- 
proximately 1 O-fold increase of S,,, gain per frequency de- 
cade. Thus, these neurons encode linear acceleration when 
stimulated along their maximum sensitivity direction, and the 
rate of change of linear acceleration (jerk) when stimulated 
along their minimum sensitivity direction. While the S,,, vec- 
tors were distributed throughout the horizontal plane, the 
S,, vectors were concentrated mainly ipsilaterally with re- 
spect to head acceleration and clustered around the naso- 
occipital head axis. The properties of VC neurons were dis- 
tinctly different from those of HC cells. The majority of VC 
cells showed decreasing S,,, gains and small, relatively flat, 
S,, gains as a function of frequency. The S,,, vectors were 
distributed ipsilaterally relative to the induced (apparent) 
head tilt. In type I anterior or posterior VC neurons, S,,, 
vectors were clustered around the projection of the respec- 
tive ipsilateral canal plane onto the horizontal head plane. 
These distinct spatial and temporal properties of HC and VC 
neurons during linear acceleration are compatible with the 
spatiotemporal organization of the horizontal and the verti- 
cal/torsional ocular responses, respectively, elicited in the 
rat during linear translation in the horizontal head plane. In 
addition, the data suggest a spatially and temporally specific 
and selective otolith/canal convergence. We propose that 
the central otolith system is organized in canal coordinates 
such that there is a close alignment between the plane of 
angular acceleration (canal) sensitivity and the plane of lin- 
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ear acceleration (otolith) sensitivity in otolith/canal-conver- 
gent vestibular nuclei neurons. 

[Key words: vestibular, linear acceleration, otolith, spatial 
tuning, eye movements, vestibule-ocular reflex, otolith-oc- 
ular reflex, convergence] 

The otolith+cular reflexes are an important part of the vesti- 
bulo-ocular reflexes (VOR) that help stabilize visual images on 
the retina during head movements. Yet, they have not been as 
well studied as canal-ocular reflexes. Two reasons have impeded 
our understanding of the otolith-ocular system. First, the or- 
ganization of these reflexes and the precise mechanism that 
linear acceleration, encoded by primary otolith afferents (cf. 
Femandez and Goldberg, 1976a-c; Goldberg et al., 1990a,b), 
is processed in order to generate the ocular responses are rela- 
tively unknown. Second, different types of otolith-ocular re- 
flexes exist, each having separate roles, different properties, and 
unique functional utilities (Paige and Tomko, 199 la,b). 

Otolith-ocular reflexes can be summarized into three cate- 
gories: “translational, ” “tilt,” and “off-vertical axis” VOR. Both 
the translational and tilt VORs can be elicited during stimula- 
tion along discrete directions and have been generally called 
linear vestibulo-ocular reflexes (LVORs). The trunslational 
L VORs, compensatory to linear translation, include conjugate 
horizontal and vertical eye movements during linear translation 
along the interaural and vertical axes, respectively, and a com- 
bination of disconjugate horizontal and vertical eye movements 
during linear translation along the naso-occipital head axis (Hess 
and Dieringer, 199 1; Paige and Tomko, 199 1 a,b). The dynamic 
characteristics of these reflexes have been described as high-pass 
filters of linear acceleration (Mayne, 1974; Paige and Tomko, 
199 1 a,b). The tilt L VORs are compensatory to head tilt in space 
(Baarsma and Collewijn, 1975; Hess and Dieringer, 199 1; Paige 
and Tomko, 199 la,b). The dynamic characteristics of these re- 
flexes have been described as low-pass filters of linear acceler- 
ation (Lichtenberg et al., 1982; Hess and Dieringer, 199 1; Paige 
and Tomko, 199 1 a,b). The third category of otolith-ocular re- 
flexes are compensatory to head rotation (off-vertical axis VOR). 
During head rotations about axes tilted from the earth-vertical, 
the otolith system generates an eye velocity response that is 
compensatory for head velocity at low frequencies. The static 
(DC) angular velocity sensitivity of the otolith system is man- 
ifested as a steady-state eye velocity during constant velocity 
off-vertical axis rotation (cf. Correia and Money, 1970; Hess 
and Dieringer, 1990). 

Therefore, based on the oculomotor outputs, the central oto- 
lith system is capable of performing as (1) a high-pass filtered 
linear acceleration detector, (2) a low-pass filtered head position 
detector, and (3) an angular velocity sensor. Whereas these prop- 



1404 Angelaki et al. * Two-Dimensional Linear Acceleration Sensitivity 

et-ties of the otolith-oculomotor system have been recognized 
for some time, the neurophysiological mechanisms underlying 
the generation of such diverse functions remain unknown. De- 
tailed studies of the static and dynamic properties of primary 
otolith afferents have indicated that the otolith-ocular reflexes 
can not be produced by afferent information alone (Fernandez 
and Goldberg, 1976a-c; Goldberg and Femandez, 1982), and 
therefore, additional computations must take place centrally. 
Significant central otolith processing at the level of the vestibular 
nuclei has been suggested in the past (Melvill Jones and Milsum, 
1969; Schor et al., 1984, 1985). 

The anatomical pathways subserving the otolith reflexes also 
remain largely unknown. The presence of significant otolith/ 
canal convergence in the vestibular nuclei (Curthoys and Mark- 
ham, 197 1; Searles and Barnes, 1977; Lannou et al., 1980) sug- 
gests that the otolith system might not be entirely independent 
of the canal system. For example, it is possible that the same 
anatomical pathways comprised of neurons that receive otolith/ 
canal-convergent inputs might be responsible for the generation 
of all VORs. That is, horizontal canal (HC)-sensitive neurons 
projecting to the medial and lateral recti could also exhibit the 
appropriate otolith sensitivity to generate horizontal eye move- 
ments during linear acceleration. Similarly, vertical canal (VC) 
and otolith sensitivity might coexist in neurons participating in 
the vertical/torsional ocular responses. Thus, otolith/canal con- 
vergence might play a crucial role in the investigation of the 
otolith-ocular system. 

Several questions are yet to be answered regarding central 
otolith processing and otolith/canal convergence. For example, 
how does the low-pass (necessary for the generation of tilt 
LVORs) and high-pass (necessary for the translational LVORs) 
filtering of the linear acceleration input take place? Have these 
computations already been performed at the level of the ves- 
tibular nuclei? Further, is otolith/canal convergence in the ves- 
tibular nuclei organized in a spatially and temporally specific 
manner for the generation of the three categories of spatially 
and temporally distinct compensatory ocular responses? 

In the present study, these questions have been addressed by 
examining the frequency dependence of the spatiotemporal re- 
sponse properties of otolith/canal-convergent vestibular nuclei 
neurons in rats during stimulation with pure linear acceleration. 
Each cell was first characterized in terms of its major canal input 
and subsequently subjected to a series of linear oscillations at 
different frequencies and different directions in the horizontal 
head plane. The goal was to characterize the spatial and temporal 
properties of these neurons during stimulation with pure linear 
acceleration and to establish the relationship of these properties 
to the major canal input of the cell. Based on the specific re- 
quirements for the generation of compensatory ocular responses 
in the vertical/torsional and horizontal VOR pathways during 
linear acceleration in the horizontal head plane, the following 
hypotheses were tested. First, otolith/HC-convergent neurons 
would have high-pass filter characteristics in response to linear 
acceleration that are appropriate for the generation of the com- 
pensatory horizontal translational LVOR. Second, otolith/VC- 
convergent neurons would exhibit low-pass filter properties, ap- 
propriate for the generation of the torsional and vertical tilt 
LVORs in rats (Hess and Dieringer, 199 1). The results dem- 
onstrate that HC- and VC-sensitive vestibular nuclei neurons 
exhibit distinctly different spatiotemporal properties to linear 
acceleration. Such different response properties are consistent 
with the different functional roles of the vertical/torsional and 

horizontal VOR systems during linear acceleration in the hor- 
izontal head plane. 

Materials and Methods 
Surgical procedures. Long Evans rats decerebrated at a precollicular 
level were used in this study. Details about the surgical procedures have 
been described in detail elsewhere (Perachio et al., 1992; Bush, 199 1). 
Briefly, the rats were initially anesthetized with a short-lasting anesthetic 
(Brevital methohexital sodium, 65 mp/kg, i.p.) and decerebrated by 
ligating the carotid arteries bilaterally and using a combination of as- 
piration and transection at the rostra1 pole of the superior colliculus. 
Access to the vestibular nuclei was accomplished via a craniotomy over 
the cerebellar cortex. An Ag/AgCl stimulating electrode was implanted 
adjacent to the oval window in order to characterize the recorded neu- 
rons in terms of their response latency to electrical stimulation of the 
ipsilateral labyrinth. After completion of the surgery, the head was 
mounted in the stereotaxic head holder with the nose tilted down 26” 
(with respect to the stereotaxic horizontal plane) in order to position 
the horizontal canals approximately parallel to the earth-horizontal plane 
(Blanks and Torigoe, 1989). In this standard position, yaw rotation of 
the animal preferentially stimulated the horizontal semicircular canals. 
A long-lasting paralytic agent, pancuronium bromide (Pavulon), was 
administered during recordings in order to maintain stability and max- 
imize the isolation time of single neurons. The animal was artificially 
ventilated and core body temperature was maintained within physio- 
logical range (36.5-38°C). At the end of the recording sessions the an- 
imals were given a lethal dose of urethane and perfused with aldehyde 
fixatives for subsequent histological verification of the recording sites. 
The completeness of the decerebration was confirmed by histological 
sections through the level of the transection. 

Vestibular stimulation and recording. The animals were placed in a 
stereotaxic frame, as described above, with the frame being mounted 
onto a cart that was coupled to a set of linear rails. Sinusoidal linear 
acceleration of the cart was produced by a servo-controlled DC torque 
motor. The direction of the cart movement was parallel to the earth- 
horizontal plane. The stereotaxic frame could be repositioned relative 
to the direction of travel of the cart, such that linear acceleration along 
different directions in the horizontal head plane could be delivered. A 
head-fixed coordinate system was defined in the standardposition with 
the longitudinal axis being the x-axis, and the interaural axis being the 
y-head axis (Fig. 1). Positive directions were forward and out the left 
ear, respectively. The z-axis was vertical and collinear with gravity when 
the animal was in the standard position. The direction of the linear 
acceleration stimulus was specified by its polar angle relative to the 
positive x-axis in the head-fixed coordinate system (angle (Y in Fig. 1). 
Positive polar angles were counterclockwise (CCW), whereas negative 
polar angles corresponded to clockwise (CW) vector orientations in the 
head coordinate system. 

The sinusoidal stimuli delivered were at one of the following fre- 
quencies: 0.2, 0.4, 0.6, 0.8, 1 .O, or 1.4 Hz. The peak acceleration was 
kept constant to +O. 1 x g (g = 9.8 1 m/set*) for all frequencies except 
0.6 Hz, for which the peak acceleration was kO.145 x g. We had 
previously tested the sensitivity of vestibular nuclei neurons to different 
levels of peak linear acceleration ranging from 0.03 x g to 0.145 x g 
at 0.6 Hz. The response magnitude increased linearly in this amplitude 
range (A. A. Perachio, unpublished observations). The linear acceler- 
ations delivered were outside the frequency and amplitude range of any 
tilt-sensitive horizontal semicircular canal primary afferent fibers (Per- 
achio et al., 1988). Therefore, an inherent assumption of this study is 
that the applied linear accelerations activated the otolith receptors ex- 
clusively. 

Extracellular recordings of single vestibular neurons were made with 
solution-filled glass micropipettes using standard electrophysiological 
techniques. Following the completion of each electrode penetration, dye 
spots were passed at the deepest tract location, allowing subsequent 
reconstruction of the recording sites. The neurons reported in the present 
study were located in the medial vestibular nucleus (MVN). Most re- 
cordings were made in the left vestibular nuclei. However, some earlier 
data from HC cells were collected from the right brainstem. To facilitate 
inspection of the HC vector distributions, data from neurons located 
in the right vestibular nuclei were adjusted by reflecting the vector 
directions relative to the midline and subsequently treated as having 
been recorded in the left vestibular nuclei. For example, a right vestib- 
ular nuclei vector oriented at + lo” would be adjusted to an orientation 
of -10”. 
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Experimental protocol. Upon isolation, each unit was qualitatively 
identified for its response to angular head acceleration. A series ofearth- 
horizontal and earth-vertical rotations were manually delivered around 
different head axes (cf. Estes et al., 1975). The neurons were character- 
ized by their major canal input as horizontal canal (HC) or vertical canal 
(VC) neurons. HC neurons were further classified as type I or type II 
based on their response polarity during yaw rotation (Duensing and 
Schaefer, 1959). During most ofthe experimental sessions, VC neurons 
were further characterized as type I or type II anterior or posterior canal- 
sensitive cells. Since all VC neurons were recorded in the left vestibular \ 

/ 
- 45O 

/ / 
nuclei, they have been characterized as type I or type II left anterior I 
(LA) or left posterior (LP) cells. For example, a type I LA neuron was \ / 
maximally sensitive during head-vertical rotations in the plane of the 
left anterior/right posterior canal and was excited by nose down pitch. 
However, some of the earlier experiments did not permit testing of the Y - gDo 
neuronal responses during rotations in different vertical head planes. 
These neurons were only characterized in terms of their response po- 
larity during pitch rotations, and thus could not be identified as type I 
or type II anterior or posterior canal-sensitive cells. 

Following classification of the neurons according to their major canal 
input, the main stimulus protocol consisting of sinusoidal linear oscil- 
lations at different frequencies was delivered. Each neuron was tested 
along different head axes (every 1 S’, 30”, or 45” over a range of 180” or 
3609 at one or more of the following frequencies: 0.2,0.4,0.6,0.8, 1.0, 
and 1.4 Hz. The neural signal was amplified and band-pass filtered (26 
Hz to 10 kHz). The stimulus (position of the cart on the linear track) 
and neural signals were stored on a tape recorder for subsequent anal- 
yses. 

Only neurons that received inputs from both the otolith and canal 
receptor organs were studied in the present investigation. These otolithl 
canal-convergent neurons will be referred to by their canal sensitivity 
classification(i.e., type I/type II HC or VC). It is important to note that 
all quantitative neuronal response descriptions presented here refer to 
the properties of these neurons during stimulation with pure linear ac- 
celeration. This is a crucial point since, as explained below, neurons 
exhibited spatiotemporal convergence (STC) characteristics (i.e., differ- 
ent response dynamics along different stimulus directions and nonzero 
minimum response sensitivity) that have previously only been reported 
during simultaneous stimulation with both angular and linear acceler- 
ation (Baker et al., 1984). Due to limited number of neurons tested at 
multiple frequencies and orientations, monosynaptic and polysynaptic 
neurons are presented together in this report. 

Figure 1. Schematic diagram summarizing the experimental protocol. 
The direction of each response vector is specified by the polar angle a 
that the linear acceleration stimulus vector (defined during the forward 
movement of the cart) forms with the animal’s x (naso-occipital)-axis. 
Positive angles a correspond to CCW vector orientations in the head- 
fixed coordinate system. 

temporal response properties of otolith neurons can be quantitatively 
described by two vectors that are in spatial and temporal quadrature 
(i.e., they differ spatially and temporally by 90”). The two vectors could 
be regarded as the semi-major and semi-minor axes of a response ellipse 
(Angelaki, 199 1 a). The vector with the largest magnitude (S,,,) repre- 
sents the maximum sensitivity, whereas that with the smallest magni- 
tude (S,,.) is the minimum sensitivity vector of the neuron in the plane 
of stimulation. In short, such neurons exhibit two-dimensional spatial 
sensitivity to linear acceleration. A measure of the two-dimensional 
sensitivity of neurons is the tuning ratio, defined as the gain ratio of the 
minimum over the maximum sensitivity of the cell. It must be em- 
phasized that the two vectors S,,, and S,,, simply represent “an or- 
thogonal basis” of the two-dimensional spatiotemporal response profiles 
of neurons and do not imply convergence of primary otolith afferents 
with orthogonal polarization vectors (Angelaki, 199 1 b, 1992b). 

Data analysis. The neural signals were processed off-line through a 
time/amplitude window discriminator (BAK Electronics model DIS- 1). 
The discriminator-generated acceptance pulses and the stimulus signal 
were passed to a peripheral interface device [Cambridge Electronic De- 
sign (CED), model 140 11 that was connected to and programmed by a 
microcomputer. The CED functioned as a frequency interrupt device 
that was programmed to calculate the interspike intervals ofthe neuronal 
responses. Interspike intervals were subsequently converted to instan- 
taneous firing frequency that was averaged into a cycle histogram (256 
bins per cycle for each stimulus frequency). In the case of the stimulus 
signal, the CED performed as an analog-to-digital converter that was 
programmed to sample the input signal at 100 Hz. The cycle histograms 
of the response and the stimulus were separately subjected to a linear 
curve-fitting routine to compute the least-squares fit of the sum of two 
sinusoids representing the first and second harmonics of the stimulus. 
Gains were expressed as the ratio of peak firing frequency to peak 
stimulus intensity (in spikes/set/g). The phase of the fundamental com- 
ponent of the response was expressed as the difference between peak 
firing frequency and peak linear acceleration. Only neurons without 
significant harmonic distortion were included in the analysis (the mag- 
nitude of the second harmonic component of the response was less than 
20% of the magnitude of the fundamental). Both gain and phase have 
been expressed relative to linear acceleration, and positive phase values 
represent phase leads. 

A detailed description and statistical comparison between the fits 
obtained using the two-dimensional treatment and the traditional one- 
dimensional approach (characterized by a single response vector that 
result in response gains following the cosine rule and constant phase 
values at different stimulus orientations) are presented in a different 
report (G. A. Bush, A. A. Perachio, and D. E. Angelaki, unpublished 
observations). It has been shown that the two-dimensional treatment 
presents a more general approach for an accurate quantitative descrip- 
tion of vestibular nuclei neuron responses during stimulation with pure 
linear acceleration. The procedure for the estimation of S,,, and S,,, 
has been presented in detail elsewhere (Angelaki et al., 1992). Briefly, 
for each stimulus frequency, four parameters were estimated for the 
two-dimensional fits (by minimizing the norm of an “error” matrix 
composed of both the gain and phase values). The four parameters 
estimated are (1) the gain of the maximum sensitivity vector (S,,.), (2) 
its polar angle ((Y), and (3) its response phase (0), as well as (4) the gain 
of the minimum sensitivity vector (S,,.). For the one-dimensional fits, 
three parameters were estimated: the gain of S,,,, its polar angle, and 
its response phase. 

Spatiotemporal response properties: S,, and S,,,,, determination. We Figure 2 shows examples of one-dimensional (broken lines) and two- 
have previously shown that vestibular nuclei neurons do not necessarily dimensional (solid lines) fits of two neuronal response profiles. The 
show a null response during stimulation with pure linear acceleration example of Figure 2A shows a VC neuron tested at 0.2 Hz that had a 
in the horizontal head plane. These cells also exhibit response phases relatively small S,,, gain (6.2 spikes/set/g). A different example, that 
that are a function of stimulus orientation (Angelaki et al., 1992; Bush of an HC cell tested at 0.6 Hz, is shown on Figure 2B. The latter neuron 
et al., 1992). Two response vectors (instead of the traditional “polar- has a large S,,, gain (70 spikes/set/g), as compared to a S,,, gain of 
ization vector”) are necessary in order to describe quantitatively the 102 spikes/set/g. It is clear from visual inspection and from the cal- 
response properties of such neurons. Details of the theoretical formu- culated mean square error values (MSE) that, even in the case of the 
lation and its application to vestibular nuclei neuron responses are found VC neuron shown in Figure 2A, the two-dimensional fit is more ap- 
elsewhere (Angelaki, 199 1 a; Angelaki et al., 1992). Briefly, the spatio- propriate to fit accurately the gain and phase dependence on stimulus 



1406 Angelaki et al. l Two-Dimensional Linear Acceleration Sensitivity 

- MSE = 0.093 
. ..- MSE = 0.1 60 

-30 0 30 60 90 

Angle (r (deg) 

50 

1 
S max48+1800 

S min Q 8+90" 

-50 ) 
-50 -25 0 25 

x-component 

I 
50 

(spikes/set/g) 

B 
150 1 

- MSE = 0.122 
. . _ MSE = 1 .829 

‘;;; _. _,___.... . . . ..- .__.._ \ . . . . I.._ . . 
tii 100 ,," 

_ ‘... 
- S min Q 8-90' 

c (I) 

-1 

,;' 

'0 > 

0 Q) 

, :.' 
. s 

. . . . 

't 

Y  50 

fmarde p 

. . ,;' 

E: 
. . 

. . ,;‘ 
. . . . ,:' 

'. 
0 \I 

-180 
-90 -60 -30 0 30 60 90 

Angle a (deg) 

S min Q e-900 

-100 
1 

59 %I 
S ,i,Q8+90° J CW 

naxQe 

-150 I, 
-150 -100 -50 

x-com’ponfzZt 
100 150 

(spikes/set/g) 

Figure 2. Comparison of the one-dimensional (broken lines) and two-dimensional (solid lines) fits in two neurons. The experimentally determined 
gain and phase values at different stimulus orientations (represented by their polar angles a, Fig. 1) are plotted as solid circles. The corresponding 
response ellipse for each neuron has been plotted on the bottom traces. A, A CCW VC neuron that was tested at 0.2 Hz. The parameters estimated 
with the two-dimensional treatment are as follows: S,,, = 27 spikes/set/g at an orientation with (Y = -76” and with a phase of 0 = -29”; S,,, = 
6.2 spikes/se&g. B, A CW HC neuron that was tested at 0.6 Hz (S,,, = 102 spikes/set/g at an orientation with (Y = - 10” and phase of 0 = 13”; 
S,,. = 70 spikes/set/g). MSE is calculated with the phase expressed in radians and the gain normalized to a maximum value of one for each neuron. 

orientation and reveal any potential significance in the presence of a 
nonzero sensitivity along the “null” direction. Therefore, we have cho- 
sen the two-dimensional approach in this analysis of the response prop- 
erties of vestibular nuclei neurons. 

The response phase and orientation of S,, are defined by the spatial 
and temporal quadrature between S,,, and S,,.. From the two possible 
alternatives (differing by 180” in either direction or phase), S,,. is further 
defined as the vector that temporally leads S,,, by 90”. Neurons differ 
in the relative orientation of their S,,, and S,,, vectors. For example, 
the neuron shown in Figure 2A has the S,,. vector (defined to lead S,,, 
by 90”) located CCW to S,,.. This is represented by an increasing phase 
lead at more positive (counterclockwise) polar angles CL For the neuron 
in Figure 24 the S,;, vector is located CW to S,,.. This is represented 
by a decreasing phase lead (or equivalently, increasing phase lag) at 
more positive (counterclockwise) polar angles a. The relative orienta- 
tions of S,,, and S,,, are also illustrated in the polar plots of Figure 2, 
A and B. We define counterclockwise (CCW) neurons as those with S,,. 
vectors located CCW to S,,, (like the VC neuron of Fig. 2A) and clock- 
wise (CW) neurons as those with S,,. vectors located CW to S,,, (like 

the HC neuron of Fig. 2B). Only cells with a significant S,,. sensitivity 
could be characterized as CCW or CW. Some vestibular nuclei neurons 
had small tuning ratios S,,./S,., (this was particularly true for VC 
neurons whose stimulation was limited to the lower stimulus frequen- 
cies; see Results). Thus, we have set a qualitative criterion that neurons 
with tuning ratios less than 0.1 at all frequencies tested would not be 
characterized as CCW or CW. For such neurons, S,,. was considered 
practically zero-and has not been included in the vector plots (see Figs. 
7, 10). 

Transfer function fits. Transfer functions were fitted to the average 
gain and phase values for S,,. and S,, of a selected number of HC and 
VC neurons. The response gains were normalized to a value of 10 at 
0.6 Hz prior to the calculation of the average. The simplest (i.e., lower 
order, with fewer parameters) transfer functions that could adequately 
describe the gain and phase values of S,,, were used for both VC and 
HC neurons. A criterion for acceptance of a certain function as appro- 
priate to describe S,,, was based on the mean square error (MSE) value 
(calculated based on the normalized gains and on the phase values 
expressed in radians). After the appropriate function and its parameters 
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Table 1. Transfer function fits for S,., and Smin of HC and VC neurons 

HC neurons VC neurons 
S max S Ill,” S Inax S 

ks ks2 k(1 - T$) “L(l - 7$) 
(1 + r&(1 + TZS) (1 + r,s)(l + r2s) s(1 + 7J) (1 + 714 

k 9.3 3.2 13.1 3.7 

71 (set) 0.71 0.71 0.26 0.26 

72 (se4 0.11 0.11 1.00 1.00 
MSE 1.6 7.9 0.31 5.0 

In the above equations, s = (r + jw is the complex angular frequency. Multiplication with s in the frequency domain 
corresponds to a differentiation in the time domain. 

were determined by fitting the gain and phase values of S,,,, all param- 
eters were fixed (except a scalar proportionality constant k; Table 1) 
and the derivative of the transfer function was compared to the gain 
and phase values of IS,,,,,. Thus, the derivative of the transfer function 
of s,ax was fitted with one degree of freedom (the proportionality con- 
stant k) to the gain and nhase values of S,,.. I f  S,., is the derivative of 
S max, the gain and phase values of S,,, should be adequately described 
by such a function. 

The procedure described above estimated the parameters ofthe trans- 
fer functions (i.e., the time constants T, and TV; see Table 1) from the 
S,,. gain and phase values. Similar values for T, and r2 were obtained 
by first fitting S,,. and subsequently comparing the integral of that 
transfer function with the S,,. gain and phase. We chose to report the 
results obtained from the former procedure because of the large S,,, 
responses and the variability in S,,. for VC neurons. It should be em- 
phasized that the functions used are only descriptive, not directly related 
to the transfer functions proposed for primary otolith afferents (Fer- 
nandez and Goldberg, 1976~; Goldberg et al., 1990a), and do nof nec- 
essarily suggest any temporal filtering between the otolith afferents and 
the vestibular nuclei neurons (Angelaki, 199 1 b). 

Results 

A total of 48 VC and 114 HC neurons that received convergent 
otolith input were isolated in the brainstem of decerebrate rats. 
A detailed description of the static response properties and the 
spatiotemporal response profiles during sinusoidal linear accel- 
eration at a single frequency is presented elsewhere (Bush, Per- 
achio, and Angelaki, unpublished observations). This report 
focuses on the frequency dependence of the spatiotemporal re- 
sponse properties of HC and VC neurons during stimulation 
with pure linear acceleration. The neuronal responses to linear 
acceleration were explored by sinusoidally oscillating the ani- 
mals at several frequencies along different directions in the hor- 
izontal head plane. Figure 3 shows examples of two HC neurons 
that were tested at different frequencies and orientations. The 
frequency characteristics of the gain and phase of both HC neu- 
rons shown in Figure 3 were dependent upon stimulus direction. 
For a quantitative evaluation of the frequency dependence of 
gain and phase among neurons, the two response vectors S,,, 
and S,i, were estimated for each cell at each stimulus frequency 
(see Materials and Methods). Due to the dependence of the 
response dynamics of neurons on stimulus orientation, cells that 
were tested at multiple frequencies but at a single orientation 
have not been included in this study (estimation of the S,,, and 
Smin vectors requires knowledge of the neuronal responses along 
a minimum of two stimulus orientations in the horizontal plane; 
see Angelaki et al., 1992). 

There were three observations common to both HC and VC 
neurons. First, the direction of S,,, and Smin did not change with 
frequency. This is illustrated in the top plots of Figure 4, where 
the S,,, vector orientations of 7 HC (left) and 11 VC neurons 
(right) have been plotted as a function of stimulus frequency. 

Second, the characterization of a neuron as CW or CCW was 
frequency independent; that is, the phase of S,, relative to S,,, 
did not change from 90” lead to 90” lag or vice versa. Equiva- 
lently, a neuron whose phase lead increased (decreased) at more 
positive (CCW) stimulus orientations exhibited the same phase 
dependence at all frequencies. This observation, of course, could 
be made only for frequencies at which the two-dimensional 
sensitivity of the cell was significant (tuning ratio larger than 
0.1; see Materials and Methods). When the tuning ratio of the 
neuron (defined as the gain ratio S,JS,,,) was small, phase was 
independent of stimulus orientation and no CCW/CW classi- 
fication could be made. 

The third similarity between HC and VC neurons concerned 
the frequency dependence of the two-dimensional sensitivity. 
For the majority of HC and VC vestibular nuclei neurons, the 
tuning ratio increased as the frequency of stimulation increased. 
The frequency dependence of tuning ratio in HC and VC neu- 
rons has been plotted on the bottom panels of Figure 4. An 
increasing tuning ratio as a function of frequency suggests that 
neurons, which had narrowly tuned profiles (i.e., they were char- 
acterized by relatively flat phase and a cosine-shaped gain vs 
stimulus orientation) at low frequencies, showed a more broadly 
tuned response profile during stimulation at higher frequencies. 
Despite the similarities in the orientation and gain ratio of the 
two response vectors, the temporal dependence of S,,, and S,,, 
was distinctly different between the HC and VC cells. The tem- 
poral and spatial properties of HC and VC neurons will be 
described separately below. 

HC neurons 

A total of 33 type I and 22 type II HC neurons were tested 
during sinusoidal linear acceleration along multiple directions. 
The mean S,,, and S,,, gains were, respectively, 44.3 * 20.8 
(&SD) spikes/set/g and 10.9 f 8.1 spikes/set/g (n = 16; 0.2 
Hz) and 75.8 -t 73.2 spikes/set/g and 18.2 + 20.8 spikes/set/ 
g (n = 46; 0.6 Hz). The S,, gain values for both frequencies 
were statistically different from zero (p < 0.05). Seven of these 
neurons, which were subsequently histologically identified as 
being located in the MVN, were successfully tested at multiple 
frequencies and orientations. The frequency dependence of S,,, 
and Smin for these seven HC neurons (four type I and three type 
II HC cells) is shown in Figure 5. Among these HC cells, four 
neurons were CCW and three were CW (see Materials and Meth- 
ods). For six of the seven neurons, the S,,, gain remained ap- 
proximately constant (0.2 Hz, 32.4 + 14.5; 1 Hz, 37.0 + 16.9) 
whereas the S,, gain showed a significant increase as the fre- 
quency of stimulation increased (0.2 Hz, 3.4 + 1.8; 1 Hz, 13.6 
+ 8.7). Thus, these HC neurons had maximum sensitivity vec- 
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Figure 3. Examples of the frequency response of two HC neurons (type I) during stimulation along different head orientations specified by the 
polar angle o (Fig. 1). Both gain and phase have been expressed relative to forward linear acceleration. A, The neuron’s S,,, vector was estimated 
to be at (Y = -72”. B, The neuron’s S,,. vector was estimated to be at (Y = 127”. 

tors that reliably encode linear acceleration (flat gain and nearly 
zero phase or relatively small phase leads in the mid-frequency 
range). In addition, when stimulated along their minimum sen- 
sitivity vector, these HC neurons respond in proportion to the 
derivative of linear acceleration (jerk). One type I neuron located 
in the MVN (identified with the asterisk in Fig. 5 and with 

:: 360 

E 
ul 270 I---------e 

g ,1: i ,i,,,: 
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0.014 
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broken lines in the tuning ratio plots of Fig. 4) exhibited the 
opposite gain dependence of S,,, and Smin on frequency: S,,, 
gain increased, whereas S,,, gain was flat. Thus, this neuron 
exhibited the largest two-dimensional sensitivity at the lowest 
frequencies. 

The average gain (normalized to a value of 10 at 0.6 Hz) and 

6 OJ 
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Figure 4. Frequency dependence of the S,,, vector orientation (top) and tuning ratio (bottom). Seven HC neurons (left) and 11 VC neurons (right) 
are plotted. Broken lines are used for one HC and two VC neurons (marked with asterisks in Figs. 5 and 8, respectively) whose frequency dependence 
was different from the rest of the cells. 



The Journal of Neuroscience, April 1993, f3(4) 1409 

Smin Vector 

-160~ -904 
0.2 1 .o 2.0 0.2 0.5 1 .o 2.0 

Frequency (Hz) Frequency (Hz) 

Figure 5. HC neurons. The gain and phase values of S,,, and S,,. for HC neurons are plotted as a function of frequency. The asterisks indicate 
the gain and phase of one type I HC neuron whose properties were opposite from the other six cells. Zero phase indicates neuronal responses in 
phase with linear acceleration. 

phase for the six neurons whose response gain and phase were 
plotted in Figure 5 are presented in Figure 6. The relatively flat 
S,,, and the approximately unity slope of increase in Smin, as 
well as the constant phase difference of 90” at all frequencies, 
suggests that there is a derivative relationship between the two 
response vectors. To quantify this observation, two functions, 
one of which is the time derivative of the other (Table I), were 
fitted to the average S,,, and S,,, values (Fig. 6, solid lines). As 
explained in Materials and Methods, the procedure for the fitting 
was as follows. First, the lowest-order function that adequately 
described the frequency dependence of S,,, was fitted to its gain 

and phase values. Subsequently, the derivative of this function 
was compared to the gain and phase values estimated for S,,. 
In the latter step, the time constants were restrained to the values 
estimated for S,,, and the only parameter allowed to vary was 
the proportionality constant k (Table 1). The MSE values gave 
a quantitative measure for the goodness of fit. 

The distributions of the maximum and minimum sensitivity 
vector directions in response to linear acceleration in the hor- 
izontal head plane were examined for possible clustering around 
specific head axes. Cells whose response vectors were estimated 
at multiple frequencies are represented by their mean direction 

S,in Vector s,,, vector 

-180 
0.1 0.2 0.5 10 0.1 cl.2 0.5 1 .o 

Frequency (Hz) Frequency (Hz) 

Figure 6. HC neurons. The average gain and phase values estimated for S,,, and Smin (solid circles) have been plotted as a function of frequency. 
For each neuron, the gains have been normalized to a value of 10 at 0.6 Hz before the averages were calculated. Both gain and phase have been 
expressed relative to linear acceleration. Error bars represent SDS (six neurons). The superimposed solid lines are the fits of the transfer functions 
presented in Table 1. 
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Figure 7. Neural response vector dis- 
tributions for HC neurons (top, S,,,; 
bottom, S,,,). A, Solid lines are used for 
type I HC neurons (n = 33) and broken 
lines are used for type II HC neurons 
(n = 22). B, Solid lines are used for 
CCW HC neurons, dashed lines are used 
for CW HC neurons, and dotted lines 
designate narrowly tuned cells. The re- 
sponse vectors have been expressed rel- 
ative to linear acceleration. Cells tested 
at multiple frequencies are represented 
by their average direction. The vectors 
plotted have equal lengths and do not 
depict sensitivity differences among 
neurons. 
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averaged across all frequencies. Because the magnitudes of the 
S,,, and S,,, vectors are frequency dependent, all vectors have 
been normalized to a sensitivity of one. The directions of S,,, 
vectors (relative to head acceleration) have been plotted in Fig- 
ure 7 (top). The distribution of the response vectors for type I 
(n = 33; solid lines, Fig. 7.4) and type II (n = 22; broken lines, 
Fig. 7A) were similar. For both type I and type II HC neurons, 
the S,,, vectors were found to be distributed throughout the 
horizontal head plane. The vector distributions have also been 
plotted in Figure 7B for CCW (solid lines), CW (dashed lines), 
and narrowly tuned (dotted lines) cells. Since the maximum 
sensitivity vector was not determined under static conditions, 
the vectors shown in Figure 7 do not necessarily correspond to 
the response polarity during static tilts. Rather, for neurons that 
were tested at multiple frequencies, the S,,, vectors depict the 
response polarity at 0.6 Hz, where the majority of HC neurons 
were tested. 

The minimum sensitivity vectors of 24 of 33 type I and 21 
of 22 type II HC neurons are plotted on the bottom panel of 
Figure 7 (the remaining 10 neurons had tuning ratios less than 
0.1). The distribution of S,,, vectors (bottom) is different from 
that of S,,, (top). There was a clear direction predominance of 
S,;, vectors in the lateral half(ipsilatera1) ofthe horizontal plane. 
The clustering of S,,, vectors between 0” and 45” and between 
135”and 180” is apparent. The observation that the distributions 
of S,,, and S,, are not identical (i.e., simply rotated by 90°) 
might seem surprising at first. This difference in the orientations 
of%,, and S,,, vectors is present because of the two possible 
relative orientations of the two vectors. For approximately half 
of the HC neurons (shown with dashed lines in Fig. 7B), the 
S,,, vector was located CW relative to the S,,, vector. For the 
remaining cells (shown with solid lines in Fig. 7B), the S,,, 
vector was CCW relative to the S,,, vector. 

VC neurons 

A total of 25 VC neurons were examined during sinusoidal linear 
acceleration along multiple stimulus directions in the horizontal 

head plane. The mean S,,, and S,,, gains were 64.4 -t 72.4 
spikes/set/g and 3.8 ? 5.6 spikes/set/g (n = 22; 0.2 Hz) and 
42.6 +- 48.9 spikes/sec/gand 12.6 * 17.7 spikes/set/g (n = 9; 
0.6 Hz), respectively. The S,,, values at 0.2 Hz, but not at 0.6 
Hz, were statistically different from zero (p < 0.05). Further, 
comparison ofthe S,,, sensitivities between HC and VC neurons 
demonstrated that VC cells had significantly smaller minimum 
sensitivity gains compared to HC neurons (t = 2.9, df = 36, p 
< 0.05 at 0.2 Hz). The frequency dependencies of S,,, and S,,, 
gain and phase have been plotted in Figure 8. Most (9 of 11) 
neurons that were successfully tested at multiple frequencies 
exhibited a consistent decrease in their maximum sensitivity 
gain as the stimulus frequency increased. For these nine neurons 
that showed a decrease in gain as a function of stimulus fre- 
quency, the mean S,,, gain dropped from 53.5 f 33.8 spikes/ 
sec/gat 0.2 Hz to 15.9 +- 11.7 spikes/sec/gat 1 Hz. In contrast, 
the S,,, values were small and variable, with no consistent trend 
among neurons. Two neurons (shown with asterisks in Fig. 8 
and with broken lines in the tuning ratio plots of Fig. 4) did not 
follow this response pattern; these VC neurons were character- 
ized by approximately 90” phase leads compared to the rest of 
the population and increasing gains for both S,,, and S,,, at 
higher stimulus frequencies. Based on the histological recon- 
structions of the recording sites, these neurons were also located 
in the MVN. Due to the limited number of neurons with this 
response pattern, they were not further analyzed. 

Even though the minimum sensitivity gains of VC neurons 
were often small and variable, it would be interesting to assess 
whether the derivative relationship between S,,, and S,,, is not 
only confined to HC neurons. Inspection of Figure 8 with the 
approximately lo-fold decrease of S,,, gain per decade of fre- 
quency and the relatively flat S,,, gain values across frequency 
suggests that a derivative relationship might also describe the 
temporal characteristics of S,,, and S,,, response vectors in VC 
cells. Thus, VC neurons that showed a decrease in the S,,, gain 
were examined as to whether S,,, could also be considered as 
proportional to the time derivative of S,,,. Two functions, one 
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Figure 8. VC neurons. The gain and phase values of S,,. and S,,, of 11 VC neurons are plotted as a function of frequency. The asterisks indicate 
the gain and phase response of two VC neurons whose properties differed from the other nine neurons. Zero phase indicates neuronal responses 
in phase with linear acceleration. 

of which is the time derivative of the other (Table 1), were fitted unilaterally. In addition, there was a paucity of vectors along 
to the average S,,, and S,i, gain and phase values of VC cells. the naso-occipital axis (anterior-posterior direction). The S,,, 
The average normalized gain and phase (solid circles) and the vectors of VC neurons are plotted in Figure 10. Solid lines are 
fitted curves (s&d lines) are presented in Figure 9. Only four used for type I LA neurons, dashed lines are used for type I LP 
neurons whose responses were tested at all six frequencies were neurons, and dotted lines demonstrate unidentified cells (see 
included in the averages. Despite the large variability in Smin, a Materials and Methods). It must be pointed out that the vector 
derivative relationship between Smin and S,,, provided a good distributions of Figure 10 represent the response polarity at the 
fit to the data (Table 1). lowest tested frequency. In addition, the response vectors of VC 

Unlike the S,,, vector distribution of HC neurons that was neurons in Figure 10 have been plotted relative to head position 
broad and covered the whole horizontal plane (Fig. 7) the max- and not head acceleration (notice that phase relative to linear 
imum sensitivity vectors of VC neurons were primarily directed acceleration is centered around - 180” in Figs. 8, 9). This was 
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Figure 9. VC neurons. The average gain and phase values estimated for S,,, and S,,, (solid circles) have been plotted as a function of frequency. 
Error bars represent SDS (four neurons). For each neuron, the gains have been normalized to a value of 10 at 0.6 Hz before the averages were 
calculated. Both gain and phase have been expressed relative to linear acceleration. The phase lags of 180” (S,,.) correspond to the vector distributions 
that are plotted relative to head position in Figure 10. The solid lines represent the fits of the transfer functions presented in Table 1. 
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Figure 10. Neural response vector distributions for VC neurons (top, 
S,,,; bottom, IS,,,). Vector directions are plotted relative to head po- 
sition, in accordance with the phase plots of Figures 8 and 9. Cells tested 
at multiple frequencies are represented by their average direction. The 
vectors plotted have equal lengths and do not depict sensitivity differ- 
ences among neurons. Solid lines are used for type I LA neurons (n = 
8). Dashed lines have been used for type I LP neurons (n = 7). Dotted 
lines have been used for the remaining VC neurons (n = 10). Only cells 
with tuning ratio greater than 0.1 have been included in the S,,, plot 
(bottom). The vectors of the two CW VC neurons have been marked 
with asterisks (the vectors with double asterisks belong to one of the 
marked neurons in Fig. 8). The LA and LP semicircular canal activation 
axes are indicated by the solid and broken arrows, respectively (Daunicht 
and Pellionisz, 1987). The arrows point toward the direction of rotation 
(linked by the right-hand rule) that causes excitation of the respective 
primary canal afferents. 

done based on the hypothesis of a different functional role for 
the linear acceleration sensitivity of HC and VC neurons. If the 
linear acceleration sensitivity of VC neurons is appropriate for 
the generation of the vertical and torsional tilt LVORs, it should 
be compensatory to head position, not dynamic linear accel- 
eration. HC neurons, on the other hand, should have responses 
that are compensatory to dynamic linear acceleration needed 
for the generation of horizontal translational LVOR. 

Since the response vectors of VC neurons in Figure 10 have 
been plotted relative to head position, a clustering of S,,, vectors 
in the ipsilateral (left) two quadrants indicates that these neurons 
should be excited with ipsilateral ear down. Examination of the 
top plot in Figure 10 indicates that seven of eight type I LA 
neurons (solid lines) had S,,, vectors in the anterolateral quad- 
rant. Similarly, seven of seven type I LP neurons (dashed lines) 
had S,,, vectors in the posterolateral quadrant. The solid arrows 

show the VC sensitivity axes. The arrows point to the direction 
of rotation (linked by the right-hand rule) that excites the ip- 
silateral (left) anterior (solid arrow) and posterior (broken arrow) 
canals. Therefore, the S,,, vectors of VC neurons were directed 
in such a way that the “canal” and “otolith” response of each 
cell would be “synergistic” during tilting of the head from the 
upright position. None of the VC cells in the present study that 
were tested for a type I/type II VC response (n = 15) were 
identified as type II LA or LP neurons. One of the remaining 
10 VC neurons that were not identified according to their type 
I/type II VC response had the S,,, vector directed in the opposite 
direction compared to the rest of the cells (i.e., contralaterally). 
Based on the “synergy” between the canal and otolith responses 
exhibited by the rest of the cells, this neuron could have had a 
type II LP canal response. 

The minimum sensitivity vectors of VC neurons are plotted 
in the bottom of Figure 10. Only 16 of 25 VC cells exhibited 
significant two-dimensional sensitivity (i.e., tuning ratios larger 
than 0.1; see Materials and Methods) to allow identification of 
the direction of I&,. Unlike HC neurons in which the S&, 
vectors were located either CW or CCW to S,,,, only 2 of 16 
VC neurons were CW (they are marked with asterisks in Fig. 
10). Therefore, the distribution of the remaining 14 S,i, vectors 
was similar to that of S,,, and rotated CCW by 90” (Fig. 10). 
As seen from the figure, S,,, vectors were distributed around 
the respective canal sensitivity axes. That is, type I LA neurons 
had S,,, vectors clustered around the LA canal axis (solid arrow). 
Similarly, type I LP neurons had S,,, vectors closer to the LP 
canal axis (broken arrow). 

Discussion 

We have examined the spatial and temporal properties of neu- 
rons in the vicinity of the MVN in decerebrate rats during stim- 
ulation with pure linear acceleration in the horizontal head plane. 
Using a recently developed model to quantify the response prop- 
erties of spatially tuned neurons (Angelaki, 199 1 a; Angelaki et 
al., 1992), we were able for the first time to describe the fre- 
quency dependence of the two-dimensional spatiotemporal re- 
sponse properties in otolith/canal-convergent vestibular nuclei 
neurons. We found that the response dynamics of otolith/canal- 
convergent vestibular nuclei neurons during stimulation with 
pure linear acceleration depended on the canal sensitivity of the 
cell. For example, HC neurons had maximum sensitivity vectors 
that reliably encoded linear acceleration at least up to 1 Hz. In 
addition, when stimulated along their minimum sensitivity vec- 
tor, HC neurons encoded the time derivative of linear accel- 
eration (jerk). In contrast, the majority of VC neurons had small 
and relatively flat minimum sensitivity vector gains; however, 
they exhibited a strong gain decrease with increasing frequency 
when stimulated along their maximum sensitivity direction. 

Based on these results, the following three points will be ad- 
dressed below. First, most otolith/canal (HC and VC)-conver- 
gent cells encountered in the MVN of decerebrate rats can be 
characterized by two-dimensional spatial and temporal sensi- 
tivity to linear acceleration. Second, the response properties to 
linear acceleration of HC and VC neurons are compatible with 
known characteristics of the translational and tilt LVORs. Third, 
the data support a hypothesis regarding a specific spatial rela- 
tionship between the otolith and canal inputs in convergent 
vestibular nuclei neurons. 
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I. Two-dimensional spatiotemporal response properties to 
linear acceleration 
Two-dimensional spatial sensitivity 
It has been theoretically shown that neurons without significant 
harmonic distortion in their response properties to dynamic 
linear acceleration can exhibit two-dimensional (planar) sensi- 
tivity (Angelaki, 1991a). Indeed, we have found that the ma- 
jority of vestibular nuclei neurons exhibit two-dimensional spa- 
tial sensitivity at 0.6 Hz (Bush, Perachio, and Angelaki, un- 
published observations). An interesting finding of the present 
study is the demonstration of the frequency dependence of the 
two-dimensional sensitivity. Both HC and VC cells (with the 
exceptions of the neurons marked with asterisks in Figs. 5, 8) 
showed an increasing two-dimensional sensitivity (quantified 
by the tuning ratio) at higher stimulus frequencies. The depen- 
dence of tuning ratio on frequency makes the separation of 
central vestibular cells into one- and two-dimensional linear 
accelerometer neurons difficult. In fact, neurons seem to man- 
ifest both one-dimensional and two-dimensional characteristics 
in different frequency bandwidths. 

Two-dimensional temporal sensitivity 

The theoretical formulation describing the response properties 
of neurons having two-dimensional spatial sensitivity with two 
response vectors in spatial and temporal quadrature (Angelaki, 
1991a; Angelaki et al., 1992) does not require that one of the 
vectors be the time derivative of the other. For a derivative 
relationship to exist between S,,, and S,,,, two requirements 
must be satisfied. First, the two vectors must be in temporal 
quadrature (i.e., have a phase difference of 90”) at each stimulus 
frequency. Second, the tuning ratio must change IO-fold per 
decade of frequency. If the tuning ratio increases as a function 
of frequency, S,;, is the time derivative of ES,,,. Alternatively, 
if the tuning ratio decreases, S,,, is the derivative of S,;,. 

The first requirement for a derivative relationship between 
S,,, and S,i, is always satisfied in neurons with two-dimensional 
spatial sensitivity (Angelaki, 199 la). However, the second re- 
quirement is independent and does not follow as a consequence 
of the two-dimensional spatial sensitivity. The tuning ratio plots 
of Figure 4 indicate that the majority of the neurons examined 
here exhibited the appropriate frequency dependence ofthe tun- 
ing ratio to satisfy the second requirement for a derivative re- 
lationship between S,,, and S,,,. We qualified this observation 
by fitting transfer functions to the frequency domain data for 
S,,, and S,,,. A function describing the frequency dependence 
of S,i, was the time derivative of that used to describe the 
frequency dependence of S,,,. Thus, for the majority of HC and 
VC neurons, the S,,, vector could be regarded as being pro- 
portional to the time derivative of S,,,. A derivative relation- 
ship between S,,, and S,,, suggests that the responses of these 
neurons to linear acceleration are two-dimensional in terms of 
both space and time (frequency). Thus, the otolith/canal-con- 
vergent vestibular nuclei neurons identified in this study could 
be characterized as two-dimensional spatiotemporal linear ac- 
celerometers. 

Generation of the two-dimensional spatiotemporal response 
properties 

Two-dimensional spatial sensitivity can be generated from STC 
(Baker et al., 1984; Angelaki, 1992b). Convergence of units with 
different spatial and temporal characteristics creates target neu- 

rons with planar spatial properties (Angelaki, 1992b; Schor and 
Angelaki, 1992). However, two-dimensional temporal sensitiv- 
ity is not a general property of STC. That is, STC can create 
spatial but not necessarily temporal two-dimensional sensitiv- 
ity. 

Primary otolith afferents exhibit a considerable variation in 
their spatial and temporal properties (Femandez and Goldberg, 
1976a-c; Goldberg et al., 1990a,b). Specifically, regular otolith 
afferents have relatively flat dynamics. Irregular otolith afferents 
have phasic or phasic-tonic characteristics, and their temporal 
dynamics have been described by a combination of fractional 
leaky differentiators and integrators (Goldberg et al., 1990a). Is 
STC between primary otolith afferents sufficient to explain the 
two-dimensional temporal properties in these neurons? A the- 
oretical investigation of this question has shown that simple 
linear convergence between regular and irregular primary otolith 
afferents with different maximum sensitivity vector directions 
results in two-dimensional linear accelerometer neurons with 
S,,, encoding linear acceleration and S,, transducing “jerk” 
(Angelaki, 199 1 b, 1992a, 1993). Thus, the two-dimensional spa- 
tiotemporal sensitivity to linear acceleration could be a direct 
consequence of the temporal dynamics of primary otolith af- 
ferents and their STC onto higher-order neurons. 

Comparison with previous studies 
The present study differs from previous similar studies (Melvill 
Jones and Milsum, 1969; Lannou et al., 1980; Perachio, 198 1; 
Schor and Miller, 1982; Schor et al., 1984; Xerri et al., 1987) 
in two important ways. First, the linear acceleration sensitivity 
of the neurons was quantified using a two-dimensional treat- 
ment of their spatiotemporal response properties (Angelaki, 
199 la; Angelaki et al., 1992). Second, our study concentrates 
on neurons that receive convergent otolith and canal inputs. 
These neurons were characterized in terms of their major canal 
input as HC or VC cells (prior to being tested with pure linear 
acceleration stimuli). 

In response to linear acceleration stimuli, increasing (Schor, 
1974; Schor and Miller, 1982; Schor et al., 1985), decreasing 
(Perachio, 1981; Xerri et al., 1987), as well as relatively flat 
response gains (Schor et al., 1984) with frequency have been 
observed. There are at least two possible reasons for the ob- 
served diversity of the frequency response characteristics of cen- 
tral otolith-sensitive neurons. First, the frequency dependence 
could vary with stimulus direction (Fig. 3). The response prop- 
erties of central otolith neurons have often been studied along 
a single spatial orientation (Lannou et al., 1980; Schor and Mil- 
ler, 1982; Xerri et al., 1987). Second, we have demonstrated 
here that an important variable in the study of the frequency 
response of the central otolith system is the characterization of 
the neurons in terms of their major canal input. It has been 
shown in the present study that HC and VC neurons exhibit 
different frequency dependencies of the S,,, and Smi, vectors. 
Neurons that receive only otolith input were not examined. It 
is possible that purely otolith cells (i.e., without convergent canal 
input) would have frequency response dynamics that are dif- 
ferent from those reported here for HC and VC cells. 

The described VC neurons had vectors that were spatially 
distributed similarly to those previously reported for cells in the 
lateral and descending vestibular nuclei of decerebrate cats (Schor 
et al., 1984): there was a lack of vectors in the pitch direction 
(anterior-posterior; Fig. 10) and a clustering of vectors close to 
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the vertical semicircular canal planes. In addition, most neurons 
were excited by ipsilateral tilt, like the majority of the utricular 
primary afferents (Loe et al., 1973; Femandez and Goldberg, 
1976a; Tomko et al., 1981; Dickman et al., 1991). Unlike the 
VC neurons described here and the canal-unidentified neurons 
reported by Schor et al. (1984) HC cells had maximum sensi- 
tivity vectors that were spread throughout the horizontal plane. 
In addition, there was no direction predominance: some neurons 
would be excited during ipsilateral head tilt, whereas others 
would be excited during contralateral head tilt. 

The variability in response dynamics of central otolith neu- 
rons and their dependence on stimulus orientation presents a 
difficulty to a quantitative evaluation of neuronal responses dur- 
ing combined angular and linear accelerations. For example, 
Kasper et al. (1988) and Wilson et al. (1990) studied the response 
dynamics of vestibular nuclei neurons during simultaneous 
stimulation with both angular and linear acceleration in canal- 
intact animals. They separated neurons into otolith-, canal-, and 
otolith+canal-sensitive cells on the basis of their response dy- 
namics. Neurons that showed gain increases ofthreefold or more 
between 0.1 and 1 Hz and phase values larger than 55” at 0.5 
Hz were classified as canal (VC) cells (Kasper et al., 1988; Wilson 
et al., 1990). The results reported here demonstrate that neurons 
could exhibit these same response properties during stimulation 
with pure linear acceleration (i.e., along S,,,). 

poral properties of S,,, showed an average phase lead of 
approximately 90” relative to linear acceleration at the higher 
frequency range (Fig. 6). Neural responses that lead head ac- 
celeration by 90” are 180” out of phase with head velocity. There- 
fore, signals with temporal properties similar to those of S,,, 
could generate horizontal eye velocity that is compensatory (i.e., 
opposite in polarity) to linear head velocity. In part, the output 
of the HC neurons is further processed through the horizontal 
velocity to position integrator (Robinson, 198 1). 

II. Potential relationship with otolith-ocular reflexes 

In the introductory remarks, it was noted that there were three 
types of otolith-cular reflexes, each of them requiring signals 
with distinct spatial and temporal properties. The neuronal re- 
sponses reported here have spatiotemporal properties in line 
with the requirements of these reflexes. In considering this issue, 
it should be emphasized that no attempt was made to identify 
our neurons as projecting to the ocular motor nuclei. 

HC neurons and horizontal translational LVOR 

VC neurons and tilt L VORs 
The second hypothesis addressed in this study relates to the 
spatial and temporal response properties of VC neurons. One 
category of otolith-ocular reflexes, the tilt LVORs, consists of 
vertical and torsional eye movements with low-pass filter char- 
acteristics during stimulation with linear acceleration in the hor- 
izontal head plane (Lichtenberg et al., 1982; Hess and Dieringer, 
1991; Paige and Tomko, 1991a). If the temporal signals nec- 
essary for the generation of the tilt LVORs were present in the 
vestibular nuclei, it would be expected that VC neurons would 
exhibit maximum sensitivity vectors with low-pass filter char- 
acteristics. Indeed, the responses of the majority of VC neurons 
(9 of 11) that were successfully tested at multiple orientations 
and frequencies were shown to have temporal properties that 
are consistent with a low-pass filter (Fig. 9). A comnarison of 
the frequency response of S,,, dynamics-in VC neurons and the 
dynamics of the vertical and torsional tilt LVORs in monkeys 
(Paige and Tomko, 199 la) and rats (Hess and Dieringer, 199 1) 
suggests that the responses ofthese neurons could be appropriate 
for the generation of the tilt LVORs without being integrated. 
This is consistent with the persistence of the normal static coun- 
terroll reflexes in the cat following kainic acid lesions of the 
interstitial nucleus of Cajal (Anderson, 198 1). The interstitial 
nucleus of Cajal has been shown to be a necessary structure for 
the normal function of the vertical and torsional velocity to 
position integrator (Fukushima, 199 1). 

During linear head translation in the horizontal plane, horizon- 
tal eye movements are elicited that are compensatory to head 
translation (Hess and Dieringer, 1991; Paige and Tomko, 
199 la,b). The temporal properties of this reflex require that the 
system respond as a high-pass filter of linear acceleration (Niven 
et al., 1966; Mayne, 1974; Tokita et al., 198 1; Paige and Tomko, 
199 1 a). Accordingly, otolith/HC-convergent neurons should ex- 
hibit temporal and spatial response properties that are appro- 
priate for the generation of the horizontal translational LVOR. 
If vestibular nuclei neurons responded as one-dimensional ac- 
celerometers, one would expect a restricted distribution and a 
high-pass filtered frequency response of their maximum sensi- 
tivity vectors. However, neither the spatial nor the temporal 
response properties of the maximum sensitivity vectors in our 
HC neurons confirmed this expectation. The distribution of&,,, 
vectors was broad, extending throughout the horizontal head 
plane, while the frequency response for most neurons was flat 
without the high-frequency gain increase that governs the dy- 
namics of the horizontal translational LVOR (Paige and Tomko, 
199 la). However, along their minimum sensitivity vector, HC 
neurons have temporal and spatial characteristics compatible 
with the properties of the horizontal translational LVOR. For 
example, the frequency response of the Smin vectors could pro- 
vide the high-pass filtered linear acceleration signal necessary 
for generation of the horizontal translational LVORs. The tem- 

Hess and Dieringer (1991) have proposed projections from 
hair cells in specific areas of the utricular macula to specific eye 
muscles. The alignment of the S,,, vectors of VC cells with the 
projection of the neuron’s canal sensitivity plane (Fig. 10) sup- 
ports this assumption and further suggests that these proposed 
utricular connections might, at least partly, be conveyed through 
otolith/canal-convergent neurons whose otolith and canal in- 
puts are “synergistic” during normal movements of the head. 

Ill. Coordinate frame for otolith signals 
Spatiotemporal properties in three dimensions 
Two-dimensional linear accelerometer neurons tested in three 
dimensions have spatiotemporal response properties that can 
also be described by two principal vectors in spatial and tem- 
poral quadrature (defining a “parent ellipse”; Angelaki, 199 1 a; 
Angelaki et al., 1992). The response ellipse determined from 
the neuronal responses during stimulation in the horizontal head 
plane represents the projection of the “parent ellipse” on the 
horizontal plane (Angelaki et al., 1992). As expected from true 
two-dimensional linear accelerometers tested in three dimen- 
sions, there is always a single direction in space, normal to the 
“parent ellipse” plane, along which the neurons exhibit zero 
sensitivity. The presence of the zero sensitivity direction sug- 
gests that, when testing of the neuronal responses is restricted 
to a single plane, the lack of a significant two-dimensional sen- 
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sitivity does not necessarily imply that the cell has one-dimen- 
sional properties. Instead, it could simply mean that the stim- 
ulus plane may be perpendicular to that of the “parent ellipse” 
(i.e., it includes the zero sensitivity vector). Since the stimulus 
protocol in the present study did not include stimulation of the 
neurons along directions outside the horizontal head plane, we 
can make no definite statements regarding the orientation of the 
principal vectors and the properties of these cells in three di- 
mensions. However, as will be discussed below, the specific 
relationship between the directions of the canal axis that con- 
stitutes the major input to the cell and the two response vectors 
to linear acceleration in the horizontal head plane supports the 
hypothesis that these observations made in a single plane un- 
derlie a more general organization and plane-specific otolith/ 
canal convergence in the central vestibular system. 

Plane-specific otolith/canal convergence 

A canal coordinate frame, common to all sensory inputs with 
spatial properties converging onto the vestibular nuclei, has been 
previously suggested (Simpson et al., 1988; Hess and Dieringer, 
199 1; Soechting and Flanders, 1992). We would like to extend 
this suggestion to include two-dimensional linear accelerometer 
neurons (the latter are organized in response planes rather than 
response axes). Thus, plane-specific otolith/canal convergence 
might take place within the central vestibular system as follows. 
The plane of rotation for which the cell responds maximally 
(canal response) and the plane of the principal response vectors 
in three dimensions (“parent ellipse” plane for the otolith re- 
sponse) are parallel. Equivalently, the canal maximum activa- 
tion direction (representing the axis of rotation for which the 
cell responds maximally; cf. Fukushima et al., 1990) and the 
zero sensitivity vector of the two-dimensional linear acceleration 
sensitivity of central vestibular neurons are in close alignment. 

The distributions of linear acceleration response vectors for 
both HC and VC neurons determined in the present study are 
in agreement with the aforementioned hypothesis regarding a 
plane-specific otolith/canal convergence. For example, based on 
the hypothesis, HC neurons would have “parent ellipse” planes 
that are approximately parallel to the head horizontal plane. 
Within the horizontal plane, the maximum sensitivity vectors 
could be distributed throughout the plane (Fig. 7). VC neurons 
would have “parent ellipse” planes that are approximately par- 
allel to the VC planes. Therefore, when their responses are ex- 
amined in a plane perpendicular to their “parent ellipse” plane 
(i.e., horizontal head plane), the S,,, vectors are expected to 
cluster around the line of intersection of the two planes and the 
S,,,;, vectors to lie close to the respective canal axes. The VC 
vector distribution in Figure 10 supports this organization. 

An additional consequence of the plane-specific otolith/canal 
convergence hypothesis is the prediction of small S,,, gains in 
VC neurons when tested in the horizontal head plane. Indeed, 
the majority of VC neurons encountered in the rat vestibular 
nuclei had small minimum sensitivity vectors. For example, all 
nine neurons in Figure 8 showing decreasing S,,, gain versus 
frequency have S,,, gains that are less than 10 spikes/set/g for 
all frequencies. Further, VC neurons had smaller S,,, gains com- 
pared to HC cells. Thus, the lack of a significant S,,, sensitivity 
in VC neurons could be due to the zero sensitivity vector of 
these cells lying close to the horizontal head plane. The presence 
of a nonzero S,,, sensitivity in some VC neurons could arise 
because of the following reasons. First, the exact canal sensitivity 

plane was not determined in the present study. Second, the 
stimulus plane, which was defined as “head horizontal” and 
tilted from the stereotaxic horizontal by 26”, might not coincide 
with the plane perpendicular to the VC planes in all animals 
(Daunicht and Pellionisz, 1987; Blanks and Torigoe, 1989). 

Angular velocity sensitivity of the otolith system 

As discussed above, the demonstrated spatial and temporal 
properties of HC neurons with two-dimensional spatiotemporal 
sensitivity to linear acceleration identified in the MVN of rats 
could explain the spatial and temporal properties of the com- 
pensatory horizontal translational LVOR. However, two-di- 
mensional spatiotemporal sensitivity to linear acceleration is 
not necessary for the generation of the horizontal translational 
LVOR. An alternate possibility could be that one-dimensional 
otolith afferent signals, which had been processed by a high- 
pass filter and had specific connections to horizontal extraocular 
muscles (Hess and Dieringer, 1991) could generate the hori- 
zontal translational LVOR. 

It is important to point out that two-dimensional sensitivity 
has additional significance for the otolith-ocular system. In ad- 
dition to the translational and tilt LVORs, there is a third func- 
tion of the otolith-ocular reflexes: the off-vertical axis VOR. 
During rotation about axes tilted from the earth-vertical, the 
otolith system demonstrates an angular velocity sensitivity (cf. 
Hess and Dieringer, 1990). How can a one-dimensional linear 
accelerometer function as a rate sensor? Although theoretical 
models have been previously prcposed that suggest how one- 
dimensional linear accelerometers could estimate angular ve- 
locity (Hain, 1986; Raphan and Schnabolk, 1988; Hess, 1992), 
there are at present no neurophysiological data for their support. 
Alternatively, a two-dimensional spatiotemporal linear accel- 
erometer is by definition a rate sensor (Angelaki, 1992~). The 
rate of change (derivative) of a rotating vector is proportional 
to the velocity of rotation: 

J=-QxG, 

where J is the “jerk” vector, G is the gravity vector, and $2 is 
the angular frequency of rotation. Therefore, a two-dimensional 
spatiotemporal linear accelerometer neuron that encodes the 
two perpendicular vectors J and G carries information about 
the component of the three-dimensional angular velocity vector 
normal to the plane of J and G. This information can be ex- 
tracted by further processing (Angelaki, 1992d) and used to 
generate compensatory ocular responses during head rotation 
about non-earth-vertical axes. Based on the proposed three- 
dimensional plane-specific otolith/canal convergence hypothe- 
sis, each otolith/canal-convergent neuron would carry infor- 
mation about an otolith-encoded component of the three-di- 
mensional angular velocity vector that is parallel to its canal 
sensitivity axis. Thus, the two-dimensional spatiotemporal or- 
ganization of the linear acceleration sensitivity in HC neurons 
could not only explain the generation of the horizontal trans- 
lational LVOR, but also provide an easy and efficient way of 
transforming dynamic spatiotemporal linear acceleration into 
horizontal angular velocity sensitivity. The angular velocity sen- 
sitivity of the otolith system performs a function similar to that 
offered by the optokinetic system in the light: it complements 
the canal VOR in achieving ocular compensation over a fre- 
quency bandwidth approximating that of normal head move- 
ments. 
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