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Abstract. Through the process of habituation, continued exposure to low-frequency (0.01 Hz) rotation in the
dark produced suppression of the low-frequency response of the vestibulo-ocular reflex (VOR) in goldfish. The
response did not decay gradually, as might be expected from an error-driven learning process, but displayed sever:
nonlinear and nonstationary features. They included asymmetrical response suppression, magnitude-depende
suppression for lower- but not higher-magnitude head rotations, and abrupt-onset suppressions suggestive of
switching mechanism. Microinjection of lidocaine into the vestibulocerebellum of habituated goldfish resulted in
a temporary dishabituation. This suggests that the vestibulocerebellum mediates habituation, presumably throug!
Purkinje cell inhibition of vestibular nuclei neurons. The habituated VOR data were simulated with a feed-forward,
nonlinear neural network model of the VOR in which only Purkinje cell inhibition of vestibular nuclei neurons was
varied. The model suggests that Purkinje cell inhibition may switch in to introduce nonstationarities, and cause
asymmetry and magnitude-dependency in the VOR to emerge from the essential nonlinearity of vestibular nuclei
neurons.
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Introduction head rotation signals from vestibular sensory afferents
and send eye rotation commands to the motoneurons
The function of the vestibulo-ocular reflex (VOR) isto of the eye muscles. At higher frequencies of rotation,
rotate the eyesto maintain retinal image stability during the VOR appears to operate as a time-invariant and
head rotation (Wilson and Melvill Jones, 1979). If not linear system. However, through the process of habit-
for these compensatory eye movements, vision would uation, continued exposure to low-frequency rotation
be blurred, making itimpossible for an animal to move can cause a time-variant suppression of the VOR, and
and see simultaneously. The VOR is mediated by in- this suppression can in turn cause the VOR to exhibit
terneurons found in the vestibular nuclei in the brain- nonlinear behavior. The purpose of this article is to
stem. Vestibular nuclei neurons receive and processgain insight into the neural mechanisms of the VOR
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through analysis and modeling of the nonlinear and and suggest that habituation could be mediated by
nonstationary correlates of VOR habituation. cerebellar Purkinje cell inhibition of vestibular nuclei
Under normal circumstances, the VOR is exposed to neurons.
a broad spectrum of frequencies of head rotation that The purpose of this study was to explore the nonlin-
are mostly higher than about 1 Hz (Grossman et al., ear and nonstationary aspects of VOR habituation in
1988). In the laboratory, continued exposure in the goldfish. Goldfish were chosen because they have a
dark to higher-frequency<0.1 Hz) head rotations ap-  robust VOR and show a greater degree of VOR plas-
pears to have little effect on the gain of the VOR. How- ticity than other animals studied to date (Schairer and
ever, exposure inthe dark either to continued sinusoidal Bennett, 1986; Pastor et al., 1992; Weissenstein et al.,
head rotation at low-frequency or to repeated transient 1996; Dow and Anastasio, 1996). One hour of ex-
head rotations produces suppression of the VOR in rab- posure to 0.01 Hz rotation in the dark was sufficient
bits, rats, cats, monkeys, and humans (for a review, seeto reduce VOR gain at that frequency by 20 times.
Schmid and Jeannerod, 1985). This process is knownHowever, habituation was minimal with exposure to
as VOR habituation. The VOR suppression due to ha- higher-frequency rotation>(0.1 Hz) for the same du-
bituation can be characterized as a decrease in VORration. Analysis of time-series data revealed several
gain (eye velocity/head velocity). nonlinear and nonstationary features in the VOR of ha-
Previous experimental work has suggested that ha- bituating goldfish, including response asymmetries and
bituation may be correlated with nonlinear behavior abrupt-onset response reductions. Injection of lido-
in the VOR. In a recent study (Dow and Anastasio, caine into the vestibulocerebellum of habituated gold-
1996), low-frequency VOR gain in habituated goldfish fish resulted in temporary dishabituation, suggesting
was found to increase 20 times when a low-frequency that habituation is mediated by the vestibulocerebel-
head rotation was combined with higher-frequency ro- lum, perhaps through inhibition of vestibular nuclei
tation. This finding demonstrated that the VOR in neurons by Purkinje cells. The nonlinear properties of
habituated goldfish fails to obey the principle of su- the VOR response in habituating goldfish were repro-
perposition, which is a fundamental property of linear duced using a simple, nonlinear neural network model
systems. Also, repeated unilateral transient rotations of the VOR in which only the level of Purkinje cell
in the dark can cause a unilateral habituation, resulting inhibition of vestibular nuclei neurons was varied.
in an asymmetrical VOR response in the cat (Cramp-  Our experimental results suggest that VOR habi-
ton, 1962; Collins and Updegraff, 1965; Mertens and tuation in the goldfish involves a nonstationary sup-
Collins, 1967; Jeannerod et al., 1981g@iént et al., pression of the VOR by the vestibulocerebellum during
1981) and dog (Collins and Updegraff, 1965). Asym- head rotation at low but not high frequency, and this
metries have also been observed in the rat VOR as it suppression can cause the VOR to exhibit nonlinear
habituated to continued sinusoidal rotation at low fre- behavior. The VOR is nonlinear, as any neural system
guency (Tempia et al., 1991). must be, and our modeling results suggest that its appa-
Regions of the vestibulocerebellum known as the rent linear operation under certain circumstances is an
nodulus and uvula may mediate habituation. Ablation emergent property of its network organization. How-
of the nodulus and uvula in habituated cats (Singleton, ever, circumstances that alter this organization, such as
1967; Torte et al., 1994) and monkeys (Waespe et al., those that induce habituation, can reveal the essentially
1985; Cohen et al., 1992a) produces dishabituation nonlinear nature of the VOR.
of the VOR. Also, cerebellectomy dishabituates the
goldfish VOR (Dow and Anastasio, 1996). Electri-
cal stimulation of the nodulus during head rotations Methods
caused a temporary cessation of the VOR response in
the cat (Ferahdez and Fredrickson, 1964) and monkey Experimental Animals
(Solomon and Cohen, 1994). Although the responses
of vestibular afferents do not appear to habituate All experiments were performed on comet goldfish
(Proctor and Femmidez, 1963; Courjon et al., 1987), (carassius auratys 10 to 15 cm in length, that were
the responses of vestibular nuclei neurons have beeneither purchased locally or from a fishery (Ozark Fish
observed to decrease with repeated transient rotationsHatcheries, Stoughtlin, MO). The goldfish were kept
(Kileny et al., 1980). These studies demonstrate the in freshwater aquaria and maintained at a temperature
involvement of the vestibulocerebellum in habituation of 18°C, with alternating 12 h periods of light and
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dark. The horizontal VOR was tested iniv&'gold- was zeroed by positioning either tip at the midline on

fish and in goldfish during and after exposure that had the rostral surface of the cerebellum, about 1 mm su-
been exposed to long-duration head rotations at vari- perior to the junction with the optic tectum, and then

ous frequencies. The VOR was also tested in goldfish retracting the tip. In order to maintain the environment
during electrical stimulation of, or lidocaine injection around the brain, the skull cavity was then filled with

into, the vestibulocerebellum. Stimulation and injec- agar or, more commonly, an aerated mixture of mineral
tion sites were verified histologically. oil and white petrolatum.

Experimental Preparation Electrical Stimulations

Before every experiment, each goldfish was wrapped To stimulate electrically, atungsten microelectrode (0.5
in gauze and was restrained horizontally underwater, M2, Micro Probe, Inc., Clarksburg, MD) was inserted
using contoured body supports, in a 10 |, cylindrical, into the vestibulocerebellum by returning the tip to the
experimental tank. The gauze and body supports held O position (see above) and advancing it 2.2 or 2.3 mm,
the goldfish snugly without trauma and also covered the depending on the size of the goldfish, at a 40 deg angle
lateral line organs, thus preventing their stimulation by to the horizontal. The VOR was recorded before and
water flow, which was minimal in the cylindrical tank  after microelectrode insertion, and the integrity of the
(see below). The head of the goldfish was centered response was verified before the electrical stimulations
within the experimental tank. Its mouth was opened were made. Electrical stimulation consistédad? to
over a plastic tube and secured to it with string to im- 10 s train of bipolar current pulses, 1 ms in width,
mobilize the head. Aquarium water was continuously delivered at a rate of 200/s, that ranged in amplitude
recirculated through the tube to respire the goldfish. from +£10 to +70 uA (biphasic pulse generator and
To measure eye movements, a small coil of Teflon- stimulus isolator, BAK Electronics, Inc., Germantown,
insulated copper wire (5.3 mm external coil diameter) MD). After the last stimulation an electrolytic lesion
was attached to the tough outer covering of the left eye Was made at the site viita 3 min train of unipolar (5
using ophthalmic suture. Procedures for recording the ms, 1 mA) current pulses delivered at a rate of 4/s.
goldfish VOR are similar to those described previously
(Pastor et al., 1992).

To prepare the goldfish for electrical stimulation or
lidocaine injection experiments, they were first anes-
thetized by immersion for 30 to 60 min in a separate
tank with dissolved Tricaine methane-sulfonate (MS-
222, Sigma) at 60 mg/l. They were then transferred
to and restrained in the experimental tank, where they
remained anesthetized for approximately 30 min. A
4 mm x 6 mm section of skull superior and slightly
rostral to the cerebellum was immediately elevated by
first scraping away the skin with a dental tool and then
cutting the perimeter with a drill. To further immobi-
lize the head for the longer-duration electrical stimula-
tion experiments, an area of skull rostral to the cavity
was exposed, grooves were cut with a drill, and one
end of a metal rod was secured to the skull with dental
cement (Ketac-Cem, Espe, Germany). The other end
of the rod was coupled to the experimental tank. The
water level in the experimental tank was adjusted to Histology
prevent water from flowing into the skull cavity. The
surfaces of the optic tectum and cerebellum were ex- After the electrical stimulation or lidocaine injection
posed by aspirating from the cavity the gelatinous fluid experiments, the goldfish were immediately reanes-
that surrounds the brainin the goldfish. Atank-mounted thetized and perfused with saline followed by forma-
micromanipulator, carrying an electrode or a pipette, lin. The brain was removed from the skull, embedded

Lidocaine Injections

A glass micropipette was inserted into the vestibulo-
cerebellum using the same semistereotaxic procedure
described above for the stimulating electrodes. The
VOR was tested to verify that it was not affected by in-
sertion of the micropipette. The micropipette was filled
with a solution of 2% lidocaine and alcian blue dye
(both from Sigma) dissolved in goldfish saline. After
the goldfish had habituated to low-frequency head rota-
tion (0.01 Hz for 1 h), 250 nl of lidocaine solution was
injected with a syringe attached to the micropipette.
The micropipette was immediately withdrawn follow-
ing the injection. Data were recorded from the goldfish
for up to 2.5 h postinjection as the effects peaked and
then wore off.
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in egg yolk, cut in 5Qum sections, mounted on slides, Head velocity

and stained with neutral red. Histological material was . 50 A
examined and photographed under light microscopy® ¢

All surgical procedures were approved under Univer-= _sqo )

sity of lllinois LACAC protocol number B3R085. Eye position

Rotational Stimulation and Eye Movement Recording §°

To test the horizontal VOR, the experimental tank
was mounted on the horizontal platform of a servo-a 501
driven rotator (40 ft/1b, Trio-Tech International, San & oF:
Fernando, CA). The head of the goldfish, and the cen  —30
ter of the cylindrical tank, were centered on the vertical D
axis of rotation. This minimized both centrifugal (that « 3° AR
is, linear) acceleration of the head, and water flow in &  °f
the tank, during rotation. A magnetic field generat- —“F - - . : !
. Interactively edited
ing frame and demodulator (Remmel Labs, Ashland E
MA) was also mounted on the rotating platform, and sor b
eye position was transduced using the magnetic searc¢ & or
coil technique (Robinson, 1963; Remmel, 1984). Eact -50t ’ . : ’ !

. ) . . . 0 20 40 60 80 100
eye coil was calibrated immediately following the ex- Time (s)
periment to 0.1 deg at 7 angles that covered the range
of eye movement£30 deg). The rotator assembly Figure 1 Sinusoidal responses in am@goldfish at 0.01 Hz. A:
was located nsde a Faraday cage and, toensure thafUe 156 ek e s S e 1
T[he goldfish rece|yed no visual feedbaCk during exper- ege position record is dig;)itally differentiatgd to comgute eye velocity
iments, the room lights were extinguished and both the (C). D: A computer algorithm removed most of the fast phases, but
cage and the rotator assembly were covered with black a few points had to be removed interactively (for example,£:20
mylar shrouds. Platform rotation occurred at discrete and 30 s). These traces illustrate an example of a unilateral habitua-
frequencies ranging from 0.01 to 1.0 Hz. Habituation &0 e e o eeitve ceflectons correspond
was StUd_IEd_at 0.01, 0.1, and 1.0 Hz, but some other Eo the nasally directe?i positigns o’r I\D/elocities of the left eye). pTo
frequencies in the range were also tested. Peak Veloc'make the best linear estimate oivaVOR response parameters, the
ities were 60 deg/s at all frequencies. Stimuli at this nonsinusoidal portion of the temporal response was removed inter-
magnitude are considered to be in the linear range for actively, and a least square sinusoid was fit to the remaining data.
the gOldfiSh VOR (Pastor et al., 1992; Weissenstein The curve fit to the interactively edited data (E) is reproduced in D
et r_:\I., 1996). Platform rotation produced nystagmus, S;z%";pz:":g?&tlg do\:\‘,jiﬁf Sm?éﬁzroﬁsﬁf the fitted curves, the data in
which consisted of slow-phase (VOR) and fast-phase
(resetting) eye rotations. The eye position and rota-
tor tachometer (head velocity) signals were digitized
with a 12 bit AD at 300 Hz for 1 Hz rotations, and
at 50 Hz for all other frequencies of rotation, after
antialias filtering (eight-pole Butterworth) at half the
sampling rate.

Fast phases removed

eg/s

eye velocity from eye position (Fig. 1). Fast-phases
were removed automatically by a computer algorithm.
In some cases final adjustments were made interac-
tively by removing fast-phase data that were not de-
tected by the automatic routine. Additionally, since
low-frequency habituation often proceeded asymmet-
rically during the first cycle of rotation, the habitu-
Data Analysis and Modeling ated portion was edited out so that the amplitude of the
nave slow-phase response could be estimated more
Data were analyzed on a computer using programs de-accurately (compare Figs. 1D and 1E). Least-squares
veloped in MATLAB (The Mathworks, Inc., Natick, sinusoids were fit to the edited eye velocity and head
MA). An optimal digital differentiation routine, which  velocity records. At least 1 and up to 60 cycles of
contributed practically 0 amplitude or phase error the response were fit at any frequency. Gain (peak
(Bahill and McDonald, 1983), was used to compute eye velocity/peak head velocity) and phase difference
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(eye velocity phase-inverted/head velocity phase) were frequency were computed from the best-fit sinusoids.
calculated from the best-fit sinusoids. VOR gain and phase were estimated imeajoldfish

Due to the presence of a few extreme values, the at 0.01, 0.1, and 1.0 Hz. Median gains werd2+
median rather than the mean was used as a measur®.15, 0.45+ 0.11, and 065+ 0.17, respectively.
of central tendency, and the semi-interquartile interval ~ Habituation at 0.01 Hz severely reduced VOR gain
(SII) provided the associated measure of variability. that frequency but did not affect gain at 0.1 or 1.0 Hz
Significance was tested nonparametrically with a two- high frequencies. Median gain at 0.01 Hz (the habitu-
tail Mann-Whitney U test. To analyze the nonlinear ating frequency) decreased 21 times, frodat 0.15
characteristics of the datay plots were constructed to 0.0204 0.010 in nave and habituated goldfish, res-
by plotting eye velocity against head velocity for one pectively. This difference was highly statistically sig-
cycle of sinusoidal data, after the records were shifted nificant (p < 0.0001). Gainsat0.1 Hzand 1.0 Hz were
in time so as to minimize the phase difference between very similar in nave goldfish and in goldfish habitu-
them. The nonlinearfeatures of the datawere simulated ated at 0.01 Hz, and none of the differences were sig-
using a neural network model of the VOR. nificant (p > 0.1 in all cases). Habituation at 0.01 Hz
also produced time- and frequency-dependent changes
in VOR phase. Consideration of these phase changes
and analysis of habituated VOR dynamics in general

Forty-two comet goldfishoarassius auratysprovided ~ areé beyond the focus of this article. .
useful data. The time course of VOR habituationat0.01  1hree nave goldfish each were exposed foh to si-

Hz was studied in 28 goldfish. Gain before and after Nusoidal rotation at0.1 Hz and 1.0 Hz, and the amount
was estimated in 12 of the 28 to measure the amount of °f €hange in gain at the habituating frequency was
VOR habituation at 0.01 Hz. Three goldfish each were Méasured. At 0.1 Hz, median VOR gain decreased by
used to measure habituation at 0.1 and 1.0 Hz. Record-1-3 £ 0.017 times and the difference was significant
ings were made from the left eye only in most goldfish, (P <0.05), while that at 1.0 Hz actually increased by
but in three of the goldfish recordings were made from 1.2+0.13 times, but the difference was not significant.
both eyes. Four goldfish each were used for the elec- [N comparison, exposure for atl¢ds t00.01 Hz rota-
trical stimulation and lidocaine injection experiments, tion reduced median gain at the habituating frequency
Twelve of the goldfish were retested at various inter- PY 21 times (see above). These results indicate that
vals to measure dishabituation. Some low-frequency VOR habituation is a phenomenon that is selective for

VOR habituation data were taken from goldfish used OW-frequency rotation. Lack of habituation at higher

in a previous study of VOR combined-frequency re- frequenmgzs of rotatlo'n (above0.1 Hz) has algo been

sponses (Dow and Anastasio, 1996). repo_rted in the goldfish (Dpw and_ Anastasio, 1996),
Habituation can produce a suppression of the VOR rabbit (Ito et al., 1974; Kleinschmidt and Co_lllewun,

response at a particular frequency following prolonged 1975), and monkey (Buettner et al., 198ager and

rotation at that frequency. To test habituation, goldfish Henn, 1981a).

were rotated at a habituating frequency (0.01, 0.1, or

1.0 Hz) for 1 h. This study focused on VOR responses T

in goldfish habituated at 0.01 Hz because habituation Process of Habituation

at that frequency was the most effective. One hour Habituation of the goldfish VOR occurred in various,

of rotation at 0.01 Hz_ was suffi_cient to severely reduce unpredictable ways and almost always proceeded at
VOR response amplitude at this frequ_enp y (;ee taelow). different rates for the two directions of eye rotation—
Spo.ntaneous eye movements were similar in@and nasal and temporal. Note that these directions of eye
habituated goldfish. rotation refer to the left eye, the eye from which most of
the recordings were made. Recordings in some gold-
Analysis of Gain fish were made from both eyes, and in these it was
observed that asymmetrical habituation was conjugate
Least-square sinusoids were fit to the slow-phase eyein the sense that when it occurred in the nasal direction
velocity (V) and head velocity hv) records (see  forthe left eye it occurred in the temporal direction for
Methods). Gaingvamplitudehvamplitude) and phase  the right eye and vice-versa. This follows from the fact
difference év phase-inverted- hv phase) at each that the VOR produces conjugate eye movements and

Results
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therefore can be studied by observing the movementsresponse fell abruptly in the third cycle. The nasal
of only one eye. response in subsequent cycles had a smaller ampli-
Time series for three low frequency (0.01 Hz) runs tude but also showed abrupt decreases near the nasal
are shown in Fig. 2. All runs show the initial low- peak. Such abrupt decreases in response amplitude
frequency response starting within the first cycle. Posi- were another common feature of VOR habituation in
tive and negative deflections correspond respectively goldfish and produce figure-eighy plots (see below
to nasal and temporal eye velocities. Head velocity (in- and Fig. 3C). The amplitude of the temporal VOR res-
verted) is shown for comparison. The VOR response ponse began to decrease after the fourth cycle and con-
of goldfish 112 was strong initially and first-cycle gain tinued to habituate gradually throughout the rest of the
was 0.76. Response amplitude began decreasing firstrace. Such an asymmetrical habituation can occur first
in the nasal direction, with an associated baseline shift to either side and produces a crescent-shageplot
in the temporal direction. The amplitude of the nasal (see below and Figs. 3D and 3E).

Goldfish 113 showed an initial decrease in the ampli-
tude of the temporal VOR response, which was almost
completely habituated by the fourth cycle. This tem-

Head velocity poral habituation may have been accompanied by a
slight nasal baseline shift. The amplitude of the nasal
response began to fall after the fourth cycle with an
abrupt decrease in the seventh cycle (arrow). Starting
at 800 s, the nasal response consisted only of small
peaks that replaced what would have been the entire
s nasal response half-cycle. This magnitude-dependent
Goldfish 112 type of response produces a dead-zayeplot (see
™\ below and Figs. 3B and 4). Goldfish 113 was retested
after two months, and its initial VOR response was
) Goldfish 113 strong, indicating that dishabituation had taken place
| A /\ /_\ /\ AN A . (see below). The response began rehabituating first
\,l in the temporal direction, accompanied by a base-

line shift in the nasal direction. The temporal response

/ Goldfish 113 (+ 2 months) was almost completely rehabituated after the first four
=\l W ata et cycles. However, at 400 s, the previously dishabituated

Vo nasal response abruptly rehabituated, and the temporal
- ' | 50 deg/s

Eye velocity (deg/s)

response dishabituated. The temporal response again
abruptly rehabituated after four cycles.
0 200 400 600 800 1000 1200 The time series show that habituation does not
Time (s) proceed smoothly and symmetrically. An exponential
] o ] decrease in VOR amplitude would have been expected
Flgure 2 Progress of VOR_habltuatlon in two g_o_ldflsh at 0.01 Hz on the assumption that the habituation process uses
rotation, showing asymmetries and abrupt transitions. The VOR of ) . A
goldfish 112 initially habituates in the nasal direction, with a baseline some measure proportional to error to drive VOR gain
shift in the opposite (temporal) direction. Eye velocity drops on the t0 O at low frequency. Instead, the data show asymme-
third cycle with an abrupt transition at the nasal petak=(325 s). tries and abrupt response reductions and reversals that
Thetemporal response habituates moregraQuaIIy. (The_asterisk‘isforare not consistent with a simple, error-driven Iearning
comparison W|th_F|g._3C.) The VO_R of goldfish 113 hablt_uates first hypothesis for VOR habituation. Further considera-
in the temporal direction and then in the nasal. Eye velocity drops at . . . . )
aboutt = 725 s with an abrupt transition at the nasal peak (arrow). 10N Of habituation as an adaptive process is beyond
Thereafter, the only consistent response is a nib at the nasal peak.the focus of this article. Considered here are the VOR

The last trace shows the VOR of goldfish 113, two months after nonlinearities and nonstationarities that are associated
habituation. There is an immediate rehabituation in the temporal \ith habituation.

direction with a baseline shift in the nasal direction. A reversal occurs . . - . . .
att = 400 s in which the temporal response is dishabituated and the Time-invariant (that 1S, stat|c) dePartureS from alin-

nasal response becomes rehabituated. The dashed line in all trace$ar r‘?lationSh_ip between the inpu'_c to the VOR_ (head
shows 0 velocity. velocity) and its output (eye velocity) are considered
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Figure 3 Thexy plots illustrating some nonlinear and nonstationary features of the VOR in habituating goldfish. All plots show one cycle of
the VOR response to head rotation at 0.01 Hz. Eye velocity was plotted against head velocity after the records were shifted in time to minimize
any phase difference. The beginning of each cycle is marked by an asterisk, which is most evident in C and E. Data are from different goldfish
and illustrate the various typesxf plot profiles observed. A: Example of an almost linear response, as observed in seegofdfish. B: Soft
dead-zone nonlinearity in which the response is attenuated for lower but not higher-magnitude portions of the stimulus cycle. C: Figure-eight
xy plot due to an abrupt reduction in gain occurring within the cycle. The data in this plot are the same as in Fig. 2, goldfish 112, starting at the
asterisk, in which an abrupt (that is, nonstationary) gain reduction takes place at the nasal peak. D: Crescent nonlinearity due to soft rectification

in the nasal direction. E: Crescent due to soft rectification in the temporal direction. F: Essentially flat response showing complete habituation
in both directions. (Ordinate is expanded in D to F.)

nonlinear. Time-variant changes in that input and amplitude and shifts in baseline. These grossly nonsta-
output relationship are considered nonstationary. Ha- tionary and nonlinear responses occurred during con-
bituation is a nonstationary process by definition, but tinuous, unchanging stimulation at a magnitude well
this article is concerned with relatively short-term within what would be considered as the linear range
phenomena that take place within one cycle of sinu- of the goldfish VOR (Pastor et al., 1992; Weissenstein
soidal input. It would be difficult to distinguish nonli-  etal., 1996). Parameters such as amplitude, phase, and
near from nonstationary behavior given only VOR baseline—which characterize the purely sinusoidal res-
input and output data. However, analysis and modeling ponses of stationary, linear systems—begin to lose their
will show that these habituated VOR behaviors may be meaning when applied to the nonstationary, nonlinear
distinguished and explained. VOR responses observed during and after habituation
The time-series data reveal several nonlinearities in goldfish. To better characterize these nonlinear and
and nonstationarities associated with the process of nonstationary propertiegy plots of individual cycles

VOR habituation in goldfish. These features may of the habituating goldfish VOR responses were con-
be described as asymmetrical or abrupt decreases instructed.



178

Dow and Anastasio

Eye velocity (deg/s)

—~15}
=20 . .
—60 —40 -20 0 20 40 60
Head velocity (deg/s)

Figure 4 Thexy plot of a soft dead-zone nonlinearity at 0.03 Hz.
This type of nonlinearity was often observed with habituation at
0.01 Hz butwas more pronounced at slightly higher frequencies (0.03
and 0.05 Hz). The asterisk indicates the start of the cycle. The soft
dead-zonexy profile is characteristic of the magnitude-dependent
VOR response.

xy Plots

To construct axxy plot from sinusoidal data, one cycle
of eye velocity was plotted against head velocity after
the records were shifted in time to minimize the phase

even on the first cycle. More typically, theima VOR
response at 0.01 Hz produced ay plot that can be
described as a soft dead-zone nonlinearity. This type of
xy plot is characteristic of a magnitude-dependent res-
ponse that is stronger for the higher than for the lower
magnitude portions of the stimulus cycle. Itcanbe con-
trasted with a hard dead-zone in which the response is
0 for the lower-magnitude portions. An example of a
soft dead-zoney plot is shown in Fig. 3B.

An example of thexy plot of a nonstationary VOR
response is shown in C. The data in this figure corres-
ponds to the third cycle of the habituating response of
goldfish 112 shown in Fig. 2 (asterisks mark the be-
ginning of this cycle both in the time series of Fig. 2
for goldfish 112 and in they plot of Fig. 3C). This
response cycle was somewhat asymmetrical, but the
most salient feature of the time series (Fig. 2) was
an abrupt decrease in the amplitude of the response
that occurs at the nasal peak. This abrupt transition
produced a discontinuity in the nasal part of the
trajectory (Fig. 3C). The trajectory crossed itself once,
near zero eye velocity, forming a figure-eight. The
gradual decrease in the temporal response produced
a separation of the beginning and ending points that
occurs in the temporal part of the trajectory. Such a
separation would be produced by any change that oc-
curred during the cycle that caused the beginning and
ending values to differ. Asymmetry in the response cy-
cle plotted in Fig. 3C caused thgy trajectory to have

difference betweenthem. A similar procedure has been a curved appearance. This is illustrated more clearly
used to characterize the nonlinear response propertiesfor the more stationary asymmetrical response cycles

of semicircular canal afferents in the bullfrog (Segal
and Outerbridge, 1982a, 1982b). Tk plots char-

shown asy plots in Figs. 3D and 3E.
The xy trajectory shown in Fig. 3D is crescent-

acterized the nonlinear and nonstationary properties of shaped. The VOR response from which this plot was

theresponse. Several distixgtprofiles emerged from

generated had habituated more strongly in the nasal

the analysis that corresponded to the features observediirection. This crescent shapeq trajectory can be

in the time series. Thesey plots are shown in Fig. 3
(0.01 Hz) and Fig. 4 (0.03 Hz).

An example of thexy plot of a linear, stationary
VOR response at 0.01 Hz is shown in Fig. 3A. Such
a response was sometimes observed inengoldfish
that did not begin habituating during the initial cycle of
0.01 Hz rotation. It was close to being perfectly sinu-

described as a soft rectification in which the response
in the rectified direction is small but nonzero. It can
be contrasted with a hard rectification in which the res-
ponse in the rectified direction is 0. The small amount
of opening in thexy plot reflects some skew in the
response, but the trajectory begins and ends at the
same value indicating that the response is relatively

soidal, so that (phase-adjusted) eye and head velocitystationary. Thexy trajectory shown in Fig. 3E also
increased and decreased together over the entire cycleshows a crescent shape but, in contrast to Fig. 3D,

This produced ary plot that was nearly a straight line.
However, thexy trajectory in Fig. 3A is slightly open.

the VOR response from which this plot was generated
had habituated more strongly in the temporal direc-

This opening was due to a small amount of skew in tion. Whether the goldfish habituated first to the nasal
the response, which caused the excursions to and fromor temporal side was not related to the initial direction
baseline for each half-cycle to occur at slightly differ- of rotation. Thexytrajectory in Fig. 3E begins and ends

ent rates. Few goldfish showed such a linear response at different values, suggesting some nonstationarity in
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the response. However, changes in the response thahumans (Collins, 1964badjer and Henn, 1981b). In
occurred during this cycle appear to have been gradual order to study dishabituation in goldfish, goldfish were
rather than abrupt. retested at 0.01 Hz at various time intervals follow-
The xy plots shown in Figs. 3A through 3E were ing habituation at that frequency. During the interim
constructed from VOR data taken relatively early on the goldfish were allowed to swim freely in their home
in the habituation process, after less than 0.5 h of rota- aquaria and kept on alternating 12 h periods of light and
tion at the habituating frequency (0.01 Hz). Goldfish dark (see Methods). Gain at 0.01 Hz remained low in
were exposed to rotation at the habituating frequency three goldfish that were retested two days after habitu-
for at least 1 h. An example of aty plot constructed  ation. In four goldfish retested after one week, gain at
from data recorded after more tha h ofhhabituation 0.01 Hz recovered nearly half (44%) of itsimavalue.
is shown in Fig. 3F. The response in both the nasal and Five goldfish were retested at intervals ranging from
temporal directions was essentially flat. Note that the 1.5 to 10 months after habituation. Four of these had

ordinate scales for Figs. 3D, 3E, and 3F are the same,
but these are expanded relative to those for Figs. 3A,
3B, and 3C. VOR gain for the cycle of data plotted in
Fig. 3F was estimated to be 0.0033.

The soft dead-zone nonlinearity, an example of
which is shown in Fig. 3B for stimulation at the
habituating frequency (0.01 Hz), was often more
pronounced at slightly higher frequencies. A soft dead-
zonexy plot is chacteristic of a magnitude-dependent
response, which is stronger for the higher than for
the lower-magnitude portions of the stimulus cycle.
Figure 4 shows an example of a soft dead-zopelot
for a goldfish VOR response at 0.03 Hz. The VOR only
responded to higher-magnitude head rotations. The re-
sponse was almost flat for lower-magnitude head ro-
tations. The trajectory is also open, suggesting some
skew in the response.

The xy plot analysis indicates that the VOR re-
sponse in habituating goldfish was highly nonlinear
and nonstationary. It would be difficult, if not im-

gains higher than in the na& state, indicating complete
dishabituation.

Reexposure to 0.01 Hz rotation caused the VOR
to rehabituate in the dishabituated goldfish. The time
course of rehabituation was not always shorter than
that of the initial habituation. Nor did the time course
of rehabituation necessarily resemble that of the ini-
tial habituation in terms of the rate of habituation or
in the nonlinear and nonstationary aspects of the VOR
response. An example of how the time courses of ini-
tial habituation can differ is given for goldfish 113 in
Fig. 2. Thus, rehabituation was just as variable and un-
predictable as initial habituation.

Asymmetrical habituation is associated with a base-
line shift in the direction opposite to the habituating
half-cycle. Although previous work shows that the ha-
bituated state is strongly dependent on the nature of
VOR stimulation (Dow and Anastasio, 1996), it might
be possible that this baseline shift would persist as a
spontaneous nystagmus after the habituating stimulus

possible, to describe these responses using parameteraas terminated.

such as amplitude, phase, and baseline, which can de-

This possibility was examined in six of the gold-

scribe the purely sinusoidal responses of stationary, lin- fish as they were rehabituating. When the goldfish
ear systems. However, they plot analysis revealed  were exhibiting asymmetrical habituation at 0.01 Hz
several distinct profiles that can characterize the non- the stimulus was terminated. In two goldfish, there
linear and nonstationary responses of the habituatingwas a temporary spontaneous nystagmus in the non-
goldfish VOR. These include the soft-dead zone, cres- habituated direction. The duration of this spontaneous
cent (soft-rectification), and figure-eighy profiles. A nystagmus was brief (100 s) in one goldfish, but it per-
neural network model that reproduces these nonlinear sisted for about 400 s in the other. When sinusoidal ro-
results is presented in an upcoming section. tation was resumed, the goldfish immediately returned
to their previous level and direction of asymmetrical

) o habituation.
Dishabituation and Spontaneous Nystagmus

The effects of VOR habituation in the dark have been Electrical Stimulations in the Vestibulocerebellum
observed to persist over a period of days to weeks in

cats (Henriksson et al., 1961; Collins and Updegraff, Previous work in mammals has shown that parts of
1965; Jeannerod et al., 1976;e@iént et al., 1981) the cerebellum, particularly the nodulus and uvula,
and dogs (Collins and Updegraff, 1965) and a period are necessary for habituation to be initiated and main-
of months in monkeys éfjer and Henn, 1981a) and tained (Waespe et al.,, 1985; Cohen et al.,, 1992a,
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Figure 5 Histological recovery of electrical stimulation and lidocaine injection sites in the vestibulocerebellum of the goldfish. Coronal
sections were cut at 50m and stained with neutral red. A: Electrical stimulation site was marked by an electrolytic lesion (arrow). Data from
this goldfish are shown in Fig. 6. B: The lidocaine injection site was marked with alcian blue dye (arrow) that was dissolved in the lidocaine
solution. Data from this goldfish are shown in Fig. 7. The dye spot spread aboutb@0stral-caudally. CB, cerebellum; BS, brain stem.

1992b; Torte et al., 1994; Angelaki and Hess, 1994). the VOR (Feranhdez and Fredrickson, 1964; Solomon
Vestibulocerebellectomy produces dishabituation of and Cohen, 1994; see Discussion). This VOR suppres-
the VOR in goldfish (Dow and Anastasio, 1996). It sion probably occurs through Purkinje cell inhibition
is possible that the vestibulocerebellum produces ha- of vestibular nuclei neurons.

bituation by directly suppressing the VOR. To explore

this possibility, the effects on the VOR of electrical Lidocaine Injections in the Vestibulocerebellum
stimulation of the vestibulocerebellum were studied in

goldfish. The vestibulocerebellum is located posterior The effects on the habituated VOR of temporary lesions
to the main body of the cerebellum in goldfish (Pastor of the vestibulocerebellum were studied using micro-
et al.,, 1994a, 1994b). In order to electrically stimu- injections of lidocaine. A mocropipette was inserted
late the vestibulocerebellum, a metal microelectrode into the vestibulocerebellum using the same semis-
was inserted into it semistereotaxically (see Meth- tereotaxic procedure used to insert metal microelec-
ods). Following stimulation the site was marked with trodes, and 250 nl of a 2% lidocaine solution was
an electrolytic lesion. Histological recovery of an pressure injected at the site. The injection site was
electrolytic lesion in the Purkinje cell layer of the marked for histological recovery with alcian blue dye
vestibulocerebellum in a goldfish is shown in Fig. 5A. that was dissolved in the lidocaine solution.

Electrical stimulation at this site consisteitha strain Histological recovery of an injection site is shown
of bipolar current pulses, 1 ms in width, delivered at in Fig. 5B. The site was located off the midline in
a rate of 200/s with an amplitude af60 pA. This the Purkinje cell layer of the vestibulocerebellum. The

stimulation produced complete suppression of an on- effects of this injection on the VOR are shown in
going VOR response to a 0.1 Hz rotation, as shown Fig. 7. Fig. 7A and 7B illustrate maé& and habituated

in Fig. 6. This finding confirms in goldfish a result VOR responses, respectively, and lidocaine injection
previously reported in mammals—that stimulation of which produced dishabituation. For 15 min post-
the vestibulocerebellum can produce suppression of injection a strong nasal-only response was observed,
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Eye position (5 deg) These results show that lidocaine injections into
the goldfish vestibulocerebellum produce a temporary
dishabituation. Asymmetry in the VOR response
postinjection was probably due to uneven spread of li-
docaine over the two sides of the cerebellum but could
also reflect asymmetry in the response as observed in
normal, habituating goldfish. Because cerebellectomy
produces dishabituation in goldfish, the fact that the
VORreturned to a habituated state after the injection in-
- dicates that the injection did not cause significant dam-

Current age to the vestibulocerebellum. The results suggest the
i possibility that the lidocaine produced dishabituation
Head velocity (50 deg/s) by inactivating the Purkinje cells that mediate habitu-

ation, and the habituated state returned after the lido-
caine wore off. However, the results do not preclude
the possibility that the lidocaine produced a dishabit-
-------------------------------------- uation by some other mechanism, and the habituated
state returned after the VOR rehabituated.

0 5 10 15 20 25 30 Model

Time (s)
The results presented above demonstrate that the VOR

Figure 6 VOR suppression by electrical stimulation of the vestibu-  response in habituating goldfish was nonlinear and non-
locerebellum in a goldfish. The goldfish was rotated at 0.1 Hz, a fre- stationary in many respects. The plot analysis re-

quency where habituation is minimal. The eye position trace shows S . .
a vigorous response to both directions of head rotation. Stimulation vealed several distinct profiles that characterize these

consisted of an alternating electrical current60 . A. (Stimulation responses, including the Sqft dead-zone, figure-eight,
site shown in Fig. 5A.) The nasal response was suppressed for the 4 sand crescent (soft rectification). Although these pro-

duration of the stimulation and resumed shortly after the stimulation files seem disparate, they represent phenomena that
ceased. were all associated with habituation of the VOR in
goldfish. A neural network model of the VOR was
as shown in Fig. 7C. This is consistent with the later- constructed to reproduce and unify these results. It is
ality of the injection site, since temporary lesion of the a bilateral model based on the three-neuron-arc of the
left vestibulocerebellum should release the left vestibu- VOR. The main assumption of the model, which is sup-
lar nuclei from inhibition, which in turn should allow  ported by the results of the electrical stimulation and
nasally directed rotation of the left eye (see Fig. 8 for lidocaine injection experiments, is that the vestibulo-
a schematic of the VOR). Head rotation was tempora- cerebellum mediates habituation, perhaps through in-
rily stopped (for 6 min) and then resumed in Fig. 7D. hibition of vestibular nuclei neurons by Purkinje cells.
The first complete cycle showed a reasonably strong The purpose of the model is to simulate the nonlinear
response in both directions. There was slight, abrupt and nonstationary correlates of VOR habituation. Be-
response reduction occurringtat 20 s. The second cause VOR habituation occurs only at low frequency,
cycle showed little response, except for a small peak and because previous work (Dow and Anastasio, 1996)
at the onset of the nasal response. The third cycle shows that habituation switches off when the VOR is
(and following five cycles, not shown) consisted of a exposed to higher-frequency stimulation ¢0.1 Hz),
strong temporal response with no nasal response. Thethe model will focus exclusively on low frequency re-
asymmetrical, dishabituated response was gradually sponses.
reduced, and the VOR returned to the habituated state The VOR was modeled as a three layer (input, hid-
after almost 2 h, as shown in Fig. 7E. In three addi- den, and output), feedforward neural network sim-
tional habituated goldfish, a temporary, asymmetrical ilar to that used in previous models of VOR (e.g.,
dishabituation was also induced following lidocaine in- Anastasio and Robinson, 1989). In order to focus on
jection into the vestibulocerebellum (data not shown). the static aspects of VOR responses at various stages of
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Figure 7. Temporary VOR dishabituation by lidocaine injection off the midline in the vestibulocerebellum of habituated goldfish. All plots
show eye and head velocity during 0.01 Hz rotation (head velocity not to scale; peak head velocity 60 deg/s). A: Initial VOR showing strong
nasal response and a weaker temporal response. B: VOR following habituation and immediately preceding lidocaine injection. The lidocaine
injection was centered about 0.3 mm off the midline on the left side. (Injection site shown in Fig. 5B). C: VOR immediately postinjection
showing a nasal-only response for 15 min at which point the rotation was stopped for 6 min. D: Head rotation was resumed about 10 s into D
with an immediate response in both directions for one cycle, a slight nasal-only response for the next cycle, followed by a strong temporal-only
response for six cycles (only one cycle shown). E: VOR habituation resumes after the lidocaine wears daff(alpmstinjection).

habituation, commissural connections between the The neurons in the model computed the weighted
vestibular nuclei, which influence the dynamics of the sum of their inputsX) and passed the result through
VOR, have not been included. The model is schema- the sigmoidal squashing functior’[= 1/(1 + e™)]

tized in Fig. 8. The left and right vestibular nuclei (Rumelhart et al., 1986). As such, the output of each
neurons liyn andrvn) were reciprocally innervated by  model neuron, which represented its firing rate, was
the left and right horizontal canal afferentbd and nonlinearly bounded between 0 and 1. The sigmoidal
rhc), such that each vestibular neuron was excited and squashing function has an approximately linear region
inhibited by the canal afferent oniits ipsilateral and con- around 0.5, which is the output of the functiox’)(
tralateral side, respectively. Each vestibular neuron also when its input X) equals 0. However, the slope (gain)
received an inhibitory projection from the ipsilateral of the sigmoid gradually decreases and approaches 0
Purkinje cell {pc andrpc) as observed in many species as its output decreases below about 0.25 and increases
(see Discussion). The vestibular neurons in turn re- above about 0.75.

ciprocally innervated the lateral and medial rectus mo-  The vestibular neuron to motoneuron weights were
toneurons It andmr) of the left eye. The vestibular  arbitrarily assigned the absolute value of 1. The affer-
neuron projections were crossed so that the simulatedent to vestibular neuron weights were set so that the
motor commands would produce eye rotation opposite vestibular neurons would have a higher a sensitivity
to head rotation. and a lower resting rate than the afferents, as observed



Figure 8 Neural network model of the horizontal VOR. The feed-
forward network had three layers and was arranged bilaterally. The
leftand right vestibular nuclei neurorsifandrvn) were reciprocally
innervated by the left and right horizontal canal affereitis and

rhc) and were inhibited by the left or right Purkinje cdpp¢ andrpc)

on the ipsilateral side. The vestibular neurons in turn reciprocally
innervated the lateral rectus and medial rediuaidmr) extraocular
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(and in push-pull) at that frequency, about a resting
rate of 0.5. To keep the afferent activity sinusoidal, the
afferents were modulated in the approximately linear
range of the sigmoidal squashing function.

The network was run in the n& state for the first
225 s of the simulation. (Each time step in the simu-
lations corresponded to 0.5 s.) In thavenhetwork,
when Purkinje cell firing rate is 0 on both sides, both
vestibular neurons respond identically except for a half-
cycle of phase difference between them. The vestibular
neuron responses during the inhibitory half-cycle are
slightly distorted because they fall in the lower nonlin-
ear range of the sigmoidal squashing function. How-
ever, this symmetrical distortion is canceled out at the
motoneurons, due to their reciprocal connections from
the vestibular neurons. In the ima’state, the firing
rates of the motoneurons are modulated sinusoidally
(and in push-pull) at the stimulus frequency, about a

muscle motoneurons of the left eye. Filled and open circles represent resting rate of 0.5. This motoneuron command would

inhibitory and excitatory connections, respectively. Numbers near
the connections indicate the values of the connection weights. Only
the Purkinje cell firing rates were varied in the simulations.

experimentally in goldfish (Allum et al., 1976; Allum
and Graf, 1977; Hartmann and Klinke, 1980). The

produce a sinusoidal VOR eye velocity response at a
frequency of 0.01 Hz.

To compare the behavior of the model with that of
the goldfish VOR, modety plots were constructed by
plotting the response of motoneurom against that
of afferentlhc. This was equivalent to the VORy

sensitivity of the vestibular neurons was enhanced by plots because the motoneuron and afferent responses

making the absolute values of the afferent to vestibular
neuron weights relatively large. The resting rate of the

represented eye and head velocity in the model. As
for the experimental VOR data, the responsesnof

vestibular neurons was lowered by making the absolute andlhc in the model were shifted in time to minimize

values of the contralateral, inhibitory afferent weights
larger than those of the ipsilateral, excitatory afferent
weights. The weight of the connection from each Purk-
inje cell to the ipsilateral vestibular neuron was set at
—1, and all of the weights in the network were balanced
bilaterally. The values of the weights were fixed for all
simulations as indicated in Fig. 8. Only the activities
of the Purkinje cells were varied.

Simulations of a nae response and an abrupt-onset
response reduction are illustrated in Fig. 9. Figure 9A

any phase difference between them beforextplots
were made. They plot for the model in the nsé
state is shown in Fig. 9B. Because both the afferent
and motoneuron responses are sinusoidalxghplot
is a straight line. Thixy plot can be compared with
that for the na’e VOR shown in Fig. 3A, which is also
roughly a straight line.

The model was used to simulate an abrupt reduc-
tion in the VOR response. This type of nonstationar-
ity was frequently observed during VOR habituation

shows the time series of the responses of the neuronsin goldfish, and occurred at or near peak eye velocity

in the network. Because the network is arranged to
work in push-pull, the responses of the two afferents
differ only by a rotation about the response equals 0.5
axis, and likewise for the two motoneurons. Therefore,
the responses of only one each of the affereltts) (
and the motoneuronsnf) are shown. However, the
vestibular neurons can be affected asymmetrically by
the Purkinje cells, so the responses of bbth &ndrvn)

(e.g., Fig. 2). It was simulated by changing the firing
rate of the Purkinje cell on one side, in one time step,
at the peak of the motoneuron response. Starting at
t = 225 s, the firing rate of the left Purkinje celp¢)

was changed from 0 to 3.5 while that of the right Purk-
inje cell (rpc) remained at 0. This produced an abrupt
reduction in the response b but did not affect the
response ofvn (Fig. 9A). Because the motoneurons

are shown. To simulate a head rotation at 0.01 Hz, the essentially were now driven only by one vestibular

firing rates of the afferents are modulated sinusoidally

neuron (vn), their response amplitude was abruptly
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Figure 9. Neural network simulation of the VOR showing thav&response and an abrupt-onset habituation. A: Simulated responses of the

left horizontal canal afferenti{c), the vestibular nuclei reuronk/fi andrvn), and the medial rectus motoneuranrf at 0.01 Hz. The responses

of Ihc andmr represent head and VOR eye velocity, respectively. The vestibular neurons had a lower spontaneous rate and higher sensitivity
than the afferents. Betweén= 0 andt = 225 s, both Purkinje cells were inactive and the motoneuron response is strong and linear. B: The
linear response is shown in &y plot, which can be compared to the data in Fig. 3At At 225 s, the left Purkinje cellfic) became active and
immediately inhibitedvn, suppressing its responsen is not inhibited. C: The affect of this abrupt-onset inhibition is shown in the figure-eight

xy plot, which can be compared to the data in Fig. 3C. The asterisk in C shows the beginning of the trace as also marked in A.

reduced, and the response reflected the distortion in- profile that is comparable to that produced from non-
herent in the individual vestibular neuron response.  stationary experimental data (Fig. 3C). Although the
An xy plot was constructed from the response cy- VOR network model, with sigmoidal, nonlinear model
cle that spanned the abrupt response reduction and isneurons, was capable of producing a variety ppro-
shown in Fig. 9C (the asterisk marks the beginning of files (see below), trajectories that crossed themselves
the cycle in Figs. 9A and 9C). The half-cycle before the as in the figure-eight could be produced only with a
nonstationarity has an ellipticaly trajectory, duetoa  nonstationary change in response amplitude occurring
small phase difference introduced into the first half- within the cycle. The crescent-shaped segment of the
cycle by minimizing the phase difference of the whole figure-eightxy profiles, both for model and experimen-
cycle of the response. The nonstationarity produces atal data, was due to response asymmetry.
disctontinuity in thexy trajectory as the response of Stationary but asymmetrical responses were simu-
mr is abruptly reduced. In the half-cycle following the lated by setting the Purkinje cell inhibition of the
nonstationarity, they trajectory crosses itself once as vestibular neurons on both sides to values that were
it returns near to its beginning point with a crescent- nonzero but unequal. The actual values of these firing
shaped profile. The overall effect of the abrupt response rates were chosen to provide a good match between
reduction occurring at the peak is a figure-eigiyt thexy plots constructed from model and experimental



o6t A Jhe
8
2
g o4
=]
[=]
g 03} Ipc=3.5, rpe = 175
o)
2 o2}
= rvn
0.1}
lvn
0
0 50 100 150 200 250 300
Time (s)
0.54 B
0.53
0.52
A~
E 051}
©
Q
'é 0.5
9
S 049¢
048}
047
0.46
0.4 0.45 0.5 0.55 0.6
Response of thc

Figure 10  Neural network simulation of asymmetrical VOR habit-
uation. A: Simulated neural responses due to asymmetrical inhibition
from the Purkinje cellslpc andrpc). The left vestibular neuromvn)
responded only at the peak of the left afferent input, while the right
vestibular neuronryn) responded throughout the upper half cycle of
the right afferent input. B: The resulting crescent (soft rectification)
xy plot can be compared to the data in Figs. 3D and 3E.

data. For the example shown in Fig. 10, the firing rates
of Ipc andrpc were set at 3.5 and 1.75, respectively.
This reduced the responselafi more than that ofvn
(Fig. 10A). As in the previous case after the nonstation-
arity, the motoneurons in the stationary but asymmet-
rical case essentially were driven only byn. They
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in the time series for the response in one direction
and is apparent both for model and experimental data
(Fig. 2). Note that the baseline of tmr response
has shifted up (from 0.5) in the direction of the more
strongly responding half-cycle. Similar baseline shifts
are apparent in the experimental data during asymmet-
rical habituation (Fig. 2). In the model, the baseline
shift occurs because unequal Purkinje cell inhibition
causes an imbalance in activity at the vestibular nu-
clei level. If it persisted in the absence of rotation,
this imbalance would produce a spontaneous nystag-
mus. Spontaneous nystagmus was observed in some
cases after sinusoidal rotation was terminated during
asymmetrical habituation (see above). The asymme-
try of the response ahr produces a crescent-shaped
xy profile (Fig. 10B) that is comparable to that pro-
duced from asymmetrical experimental data (Figs. 3D
and 3E).

Magnitude dependency was simulated by setting the
Purkinje cell firing rate to some relatively high value
that was equal on both sides. Again, the actual values
were chosen to provide a good approximation to the
experimental data. In the example shown in Fig. 11,
the firing rates ofpc andlpc were both set to 3.5. The
firing rate of the afferents in this example were mod-
ulated at 0.03 Hz because magnitude dependency in
the VOR was most often observed at frequencies that
were slightly higher than 0.01 Hz. To reflect the fact
that afferent gain is about three times higher at 0.03
Hz than at 0.01 Hz in goldfish (Hartmann and Klinke,
1980), the depth of the modulation of the afferent re-
sponse was increased three times. The responses of the
vestibular neurons were severely distorted in this case
(Fig. 11A). The high Purkinje cell inhibition caused
them to rectify for the half-cycle in their inhibitory di-
rection and caused the response for the excitatory half-
cycle to occur in the lower nonlinear region of the sig-
moidal squashing function. This is the region in which
the sigmoid sweeps up from a very low gain, where
the firing rate is near 0O (rectified), and into the higher
gain region. Thus, with strong bilateral Purkinje cell
inhibition, the responses of the vestibular neurons were
weak as they came out of rectification, but then peaked
sharply. The result of this at the motoneuron level was
a magnitude-dependent response that was stronger at
the peaks than midrange. This produced a soft dead-

have a reduced response amplitude, and the responseonexy profile (Fig. 11B) that is comparable to that

also reflects the distortion inherent in the individual

produced from VOR data in goldfish, particularly at

vestibular neuron response. This response distortiona frequency slightly higher than the habituating fre-
can be characterized as a flattening or soft-rectification quency (Fig. 4).
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Figure 11  Neural network simulation of a VOR dead-zone non-
linearity following habituation. The frequency was increased to
0.03 Hz. The afferent inputl{c) was also increased three times
to model the increase in frequency-dependent gain of the canal af-
ferents in going from 0.01 to 0.03 Hz. The Purkinje celts@nd

rpc) were both equally active, providing strong and symmetrical in-
hibition of the vestibular neuronss/ andrvn), which responded to

the afferent input much more strongly at the peaks than midrange.
A: Model neuron responses. B: The resulting soft dead-zgr#ot

can be compared to the data in Fig. 4.

As Purkinje cell inhibition was further increased,

observed for the VOR in habituating and habituated
goldfish, and it did so by changing only the firing rates
of the Purkinje cells that were inhibitory to the vestibu-
lar neurons in the model.

Discussion

Prolonged sinusoidal head rotation at a low frequency
in the dark causes VOR gain at that frequency to go
down in goldfish (Dow and Anastasio, 1996). This has
also been observed in cats é@ient et al., 1981), rats
(Tempia et al., 1991), monkeys (Buettner et al., 1981;
Jagerand Henn, 1981a, 1981b), and humaagddand
Henn, 1981b). Previous work suggests that VOR habit-
uation is associated with nonstationarities and nonlin-
earities. Inarecent study in goldfish (Dow and Anasta-
sio, 1996), VOR gain was first habituated by continued
rotation at 0.01 Hz, but then the gain at that frequency
was found to increase 20 times when the 0.01 Hz ro-
tation was combined with a 0.3 Hz rotation. Thus,
VOR gain at a low, habituated frequency in goldfish
depended on whether rotation at that frequency was
presented alone or combined with a higher-frequency
rotation. Thisfinding demonstrated thatthe VOR in ha-
bituated goldfish is nonlinear in that it fails to obey the
superposition principle of linear systems. The 0.01 Hz
gain returned to its habituated value immediately after
the 0.3 Hz component was removed. This suggested
that some nonstationary mechanism switched in to re-
duce VOR gain at low but not high frequency in habit-
uated goldfish. Nonstationary and nonlinear behavior
associated with habituation has been reported in the rat,
including rapid onset and asymmetry of habituation of
the VOR (Tempia et al., 1991). Habituation in goldfish
is associated with similar nonstationary and nonlinear
VOR response characteristics.

It has been shown in higher mammals that VOR
gain is correlated with arousal level (Crampton and
Schwam, 1961; Collins et al., 1964b; Paige, 1983;
Tempia et al., 1991). However, it is very unlikely
that the VOR gain reductions described here are re-
lated to decreases in arousal. For example, it could be
argued that VOR gain is high at first and then decreases

the responses at the vestibular neuron and motoneuroras arousal decreases during prolonged rotation at 0.01

levels decrease until they become essentially flat. This
resulted in a flaky profile (not shown), which was also

Hz. If this were the case, then arousing the goldfish by
stopping and restarting rotation at 0.01 Hz should re-

produced from the VOR response at an advanced stagestore VOR gain, but this was never observed. In disha-

of habituation (Fig. 3F). Thus, this simple VOR neu-
ral network model was capable of reproducing all of
the nonlinear and nonstationaxy profiles that were

bituation experiments, VOR gain was measured, from
the start of 0.01 Hz rotation, to be at its low, habituated
level even one or more days after the initial habituation.
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Previous work (Dow and Anastasio, 1996) shows that permanent dishabituation in goldfish (Dow and Anas-
the gain at 0.01 Hz immediately returns to its low, ha- tasio, 1996). Injections of lidocaine into the goldfish
bituated value when a higher-frequency component is vestibulocerebellum produce a temporary dishabitu-
removed from the stimulus. It is very unlikely that ation, while electrical stimulation in the vestibulo-
the gain decrease observed here is due to an imme-cerebellum can suppress the VOR in goldfish (see
diate decrease in arousal—brought about by removing Results). Electrical stimulation of the nodulus also pro-
the higher-frequency stimulus component—that is suf- duces suppression ofthe VOR in the cat (eaéz and
ficient to reduce the VOR gain by 20 times. Instead, Fredrickson, 1964) and monkey (Solomon and Cohen,
these results support the view that habituation, which 1994). These findings support the hypothesis that the
reduces low-frequency VOR gain, can persist over days vestibulocerebellum produces habituation, presumably
but can be modulated by higher-frequency stimulation. through Purkinje cell inhibition of vestibular nuclei
Analysis of time series during VOR habituation in neurons.
goldfish revealed several nonlinear and nonstationary Purkinje cells in the vestibulocerebellum project
features that included asymmetries, magnitude depen-to the vestibular nuclei in all vertebrates (Butler and
dencies, and abrupt transitions. Reductioninthe ampli- Hodos, 1996). Purkinje cells of the nodulus and uvula
tude of the VOR response at 0.01 Hz often began during project to the ipsilateral vestibular nucleiin many mam-
the first cycle of rotation at that frequency in goldfish. mals including the rat (Dow, 1936; Achenbach and
Reduction in the amplitude of the VOR response at Goodman, 1968), cat (Dow, 1936; Angaut and Brodal,
0.05 Hz in rat could begin after the first several cycles 1967; Precht etal., 1976; Ito et al., 1982; Carleton and
(Tempia et al., 1991). Although habituation appeared Carpenter, 1983; Carpenter and Cowie, 1985; Shojaku
to proceed smoothly in the rat, reductions in VOR res- et al., 1987), albino rabbit (Balaban, 1984), and mon-
ponse amplitude during habituation could be abrupt key (Dow, 1938; Carleton and Carpenter, 1983). Pastor
in goldfish. These abrupt transitions are also sugges-and Colleagues (1994a) have identified inhibitory
tive of a switching mechanism. The most frequently vestibulocerebellar projections to a group of 25 to 40
observed nonlinearity observed during habituation in premotor neurons in the brainstem of the goldfish that
goldfish was asymmetry in the VOR response. This provide a necessary velocity signal to the vestibular
asymmetry consisted of a decrease in the amplitude of nuclei. Thus, Purkinje cells in goldfish can directly
the VOR response that was unequal for the two direc- suppress the ipsilateral vestibular nuclei neurons.
tions of rotation. Asymmetries have alsobeenobserved The above hypothesis and anatomical data were
inthe rat VOR as it habituated to sinusoidal stimulation incorporated into a neural network model of the VOR.
at0.05Hz (Tempiaetal., 1991). Asymmetrical habitu- The model contained neurons that had sigmoidal in-
ation that was direction specific was produced in the cat put/output functions. This nonlinear function is widely
with repeated unilateral transient rotations (Crampton, used to model the summed output of subpopulations of
1962; Collins, 1964a; @rent et al., 1981). neurons that have different thresholds and saturation
The neural substrates of the nonlinear and nonsta- points and process similar inputs in parallel (Rumelhart
tionary behavior exhibited by the VOR during ha- et al., 1986). The sigmoid is therefore an appropriate
bituation probably include processes occurring in the nonlinearity to use to model the neurons at the three bi-
vestibular nuclei and parts of the vestibulocerebellum. lateral stages of the VOR. Although the nonlinearity of
Although the responses of vestibular afferents do not the individual vestibular neurons is a simple sigmoid,
appear to habituate (Proctor and Fawdéz, 1963; the network canreproduce all of the nonlinear and non-
Courjon et al., 1987), the responses of vestibular nu- stationary features of the VOR in habituating goldfish
clei neurons have been observed to decrease withby combining the outputs of those vestibular neurons
repeated transient rotations, possibly to the point of as their resting rates along the sigmoid are shifted by
cutoff (Kileny et al., 1980). This suggests that ha- differing levels of Purkinje cell inhibition. These fea-
bituation of the VOR involves a reduction in the re- tures were characterized by input/output functions, re-
sponse of vestibular nuclei neurons. Lesions in the vealed axy plot profiles, that included the figure-eight
nodulus and uvula of the vestibulocerebellum pro- for the abrupt decrease in amplitude, the soft rectifi-
duce dishabituation in the cat (Singleton, 1967; Torte cation (crescent) for the asymmetrical response, and
et al., 1994) and monkey (Waespe et al., 1985; Cohenthe soft dead-zone for the magnitude-dependent res-
et al., 1992a, 1992b). Cerebellectomy also produces ponse. Thus, the model demonstrates that the variety
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of nonlinear behaviors observed for the overall VOR  The experimental results and simulations support
during habituation may commonly emerge from the the view that habituation is mediated by parts of the
essential nonlinearity of the vestibular neurons that vestibulocerebellum. Vestibular afferents and vestibu-
mediate it. lar nuclei neurons project to the vestibulocerebellum as
Taken together, the experimental and modeling re- mossy fibers (Llias and Walton, 1990). The vestibu-
sults support the hypothesis that VOR habituation is larinputis processed by cerebellar interneurons before
brought about through the inhibition of vestibular nu- it affects the activity of Purkinje cells. The end prod-
clei neurons by Purkinje cells from the vestibulocere- uct of that processing is represented in the model sim-
bellum. Habituation can cause the VOR to become ply as changes in an otherwise constant Purkinje cell
nonstationary in that the amplitude of its response to activity level, which were sufficient to reproduce the
low-frequency rotations can be reduced rapidly and nonstationary and nonlinear behavior correlated with
sometimes abruptly. The model predicts that during VOR habituation. Ongoing modeling work will focus
habituation, Purkinje cells responsible for habituation on possible mechanisms of cerebellar processing of
make abrupt changes in their firing rate to suppress vestibular signals. It will address other questions con-
the ipsilateral vestibular nuclei. Habituation can also cerning the mechanisms of habituation, such as why
cause the VOR to exhibit nonlinear behaviors such as VOR habituation is asymmetrical and abrupt, whether
rectification and magnitude dependency, as habitua- a “target” VOR low-frequency gain is actually set, how
tion unmasks the essential nonlinearity of the vestibular it is set for habituation or reset for dishabituation, how
neurons that is usually hidden undenreaconditions. the frequency specificity of habituation develops, and
Inthe model, asymmetric habituationis simulated by the effects of this frequency specificity on habituated
a Purkinje cell inhibition of the vestibular nuclei that VOR dynamics.
is higher on one side than the other. This simulates
both the asymmetric response and the associated base-
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