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Beraneck, Mathieu, Mohammed Hachemaoui, Erwin Idoux, Lau-
rence Ris, Atsuhiko Uno, Emile Godaux, Pierre-Paul Vidal, Lee E.
Moore, and Nicolas Vibert. Long-term plasticity of ipsilesional
medial vestibular nucleus neurons after unilateral labyrinthectomy.
J Neurophysiol90: 184–203, 2003. First published March 20, 2003;
10.1152/jn.01140.2002. Unilateral labyrinthectomy results in oculo-
motor and postural disturbances that regress in a few days during
vestibular compensation. The long-term (after 1 mo) consequences of
unilateral labyrinthectomy were investigated by characterizing the
static and dynamic membrane properties of the ipsilesional vestibular
neurons recorded intracellularly in guinea pig brain stem slices. We
compared the responses of type A and type B medial vestibular
nucleus neurons identified in vitro to current steps and ramps and to
sinusoidal currents of various frequencies. All ipsilesional vestibular
neurons were depolarized by 6–10 mV at rest compared with the cells
recorded from control slices. Both their average membrane potential
and firing threshold were more depolarized, which suggests that
changes in active conductances compensated for the loss of excitatory
afferents. The afterhyperpolarization and discharge regularity of type
B but not type A neurons were increased. All ipsilesional vestibular
cells became more sensitive to current injections over a large range of
frequencies (0.2–30 Hz), but this increase in sensitivity was greater
for type B than for type A neurons. This was associated with an
increase of the peak frequency oflinear response restricted to type B
neurons, from 4–6 to 12–14 Hz. Altogether, we show that long-term
vestibular compensation involves major changes in the membrane
properties of vestibular neurons on the deafferented side. Many of the
static and dynamic membrane properties of type B neurons became
more similar to those of type A neurons than in control slices, leading
to an increase in the overall homogeneity of medial vestibular nucleus
neurons.

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

Destruction of one labyrinth results in major oculomotor and
postural disturbances that spontaneously regress during vestib-
ular compensation (for reviews, see Curthoys 2000; Dieringer
1995; Smith and Curthoys 1989; Vibert et al. 1997). The static
deficits, which include postural distortions and a spontaneous
ocular nystagmus, disappear over 3–4 days in the guinea pig
and rat as in most mammalian species (Darlington et al. 2002;
de Waele et al. 1989; Sirkin et al. 1984; Smith and Curthoys

1989). The dynamic deficits include a reduced gain and abnor-
mal timing of the vestibuloocular and vestibulospinal syner-
gies. They partially improve over several weeks, but this re-
covery is limited to low acceleration and to the low and middle
frequency range (0.1 to�10 Hz) of head movement (Brous-
sard et al. 1999; Gilchrist et al. 1998; Hamann et al. 1998;
Lasker et al. 2000;Vibert et al. 1993).

After unilateral labyrinthectomy (UL), the ipsilesional ves-
tibular nucleus neurons (VNn) lose the excitatory drive pro-
vided by labyrinth afferents and become silent. In contrast, the
spontaneous discharge of the contralateral VNn increases. This
imbalance is responsible for the deficits triggered by the lesion.
During the first week after UL, the recovery of a normal resting
discharge by the ipsilesional medial VNn (MVNn) plays a key
role in the disappearance of the static syndrome by restoring
the balance between the activity of neurons in both vestibular
nuclei (Ris et al. 1995, 1997). Because the ipsilesional laby-
rinth afferents stay silent (Jensen 1979; Sirkin et al. 1984), this
recovery is a model of plasticity in the CNS.

Vestibular compensation involves modification of both the
intrinsic properties of the ipsilesional MVNn and the vestibu-
lar-related networks in which they are embedded (Cameron
and Dutia 1997; Darlington and Smith 1996; Darlington et al.
2002; Vibert et al. 1999a, 2000; Yamanaka et al. 2000). We
recently suggested that in rodents, the spontaneous discharge
recovered in vivo by the ipsilesional MVNn might be more and
more sustained by changes in the intrinsic properties of MVNn
themselves as the time of compensation increases (Vibert et al.
1999b).Extracellular recordingson slices taken from previ-
ously labyrinthectomized animals show an increase of the
spontaneous discharge of the ipsilesional MVNn compared
with control slices, and/or to contralesional neurons during the
first week of compensation (Cameron and Dutia 1997; Ris et
al. 2001a; Vibert et al. 1999b; for review, see Darlington et al.
2002). In particular, a significant increase in the firing rate of
MVN neurons can be detected as early as 4 h after the lesion
in the rostral third of the nucleus in rats (Cameron and Dutia
1997). In the guinea pig, we and others have shown that this
increase of the spontaneous firing rate of ipsilesional neurons
becomes stronger when the slices are taken after 1 or 2 mo

Address for reprint requests: N. Vibert, Laboratoire de Neurobiologie des
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Saints-Pères, 75270 Paris Cédex 06, France (E-mail: nivi@ccr.jussieu.fr).

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked ‘‘advertisement’’
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

J Neurophysiol90: 184–203, 2003.
First published March 20, 2003; 10.1152/jn.01140.2002.

184 0022-3077/03 $5.00 Copyright © 2003 The American Physiological Society www.jn.org



instead of 1 wk (Darlington et al. 1989; Vibert et al. 1999b).
This late in vitro change is not directly involved in the initial
recovery of a normal discharge rate by the ipsilesional MVNn
observed in vivo, which is achieved by the end of the first week
after UL. However, it is concomitant to the recovery of the
dynamic synergies triggered by low-acceleration stimuli that
has been described a few weeks after the lesion (Gilchrist et al.
1998; Vibert et al. 1993) (see preceding text).

In vitro intracellular recordingshave led to the identifica-
tion of two main types of MVNn, the type A and type B
neurons, according to their membrane properties (Gallagher et
al. 1985; Him and Dutia 2001; Johnston et al. 1994; Serafin et
al. 1991a,b). It is generally admitted that MVNn represent a
continuum of cells whose properties are distributed between
those of two canonical types of neurons, the type A and B
MVNn (Du Lac and Lisberger 1995a). Studies using intracel-
lular or whole cell patch-clamp recordings have confirmed that
some membrane and response properties of the ipsilesional
MVNn were modified 7–10 days after UL (see alsoDISCUS-
SION). Godaux and Ris (2001) and Him and Dutia (2001) have
reported an increase in the proportion of type B MVNn dis-
playing low-threshold calcium spikes. Him and Dutia (2001)
demonstrated that the average resting membrane potential of
type B MVNn was depolarized by 3 mV compared with control
cells, while their input resistance was increased by 10–15%.
Ris et al. (2001c, 2002) reported that the nonlinear “overshoot”
induced by ramp-like currents was increased in type B but not
in type A ipsilesional MVN neurons. In contrast, the sensitivity
of MVNn to steady-state current injection was not modified.

To determine how the properties of the deafferented MVNn
were modified after longer times of compensation, we per-
formed intracellular recordings of MVNn on slices taken from
animals 1 mo after a UL and determined their static and
dynamic membrane properties. We measured the responses of
the ipsilesional MVNn to steps, ramps, and sinusoidal currents
of various amplitudes and frequencies. The results were com-
pared with data obtained using the same stimuli for MVNn
recorded on control slices.

On all previous publications, MVN neurons have been cat-
egorized into type A and B neurons using onlyqualitative
criteria. To assess reliably the long-term effects of UL on this
heterogeneous population of cells and remove possible biases
in the classification of MVNn,quantitative, objective criteria
were developed to characterize the intracellularly recorded
MVNn. These criteria were set from the sample of 89 cells
recorded in control slices, and then the neurons recorded on the
ipsilesional side of slices taken from labyrinthectomized ani-
mals were classified in exactly the same way.

We assume that a large majority (�80%) of the MVNn we
record on slices are second-order vestibular neurons, which, in
previously labyrinthectomized animals, have lost labyrinthine
input at the time of the lesion. Indeed, 80–85% of the central
vestibular neurons recorded in the MVN area of the isolated
whole brain of guinea pig, using similar electrodes to those
used on slices, could be identified as second-order vestibular
neurons (Babalian et al. 1997). This high proportion of second-
order cells is in agreement with previous anatomical (Carleton
and Carpenter 1983; Sato and Sasaki 1993) and physiological
studies (Chen-Huang et al. 1997; Goldberg et al. 1987).

M E T H O D S

Animals and surgical procedures

Experiments were carried out on pigmented guinea pigs of both
genders (Elevage de la Garenne, Saint-Pierre d’Exideuil, France). The
animals were handled in accordance with the European Communities
Council Directive of November 24, 1986, and following the proce-
dures issued by the French Ministe`re de l’Agriculture. The guinea pigs
used to obtain control slices (i.e., intact animals,n � 60) had a mean
age of�5 wk (range: 4–8 wk) and a mean weight of�250 g (range:
150–400 g). Because of the compensation time, the slices obtained 1
mo after UL were from slightly older animals aged 7–9 wk (n � 26),
whose mean weight was�320 g (range: 250–450 g). Compared with
the rat, guinea pig is a precocious species where the CNS is almost
mature at birth (after a9-wk-long gestation period) and postnatal
maturation of the CNS is minimal (Dobbing and Sands 1970; Nacher
et al. 2000). Besides, there was no difference in the membrane
properties of the intracellularly-recorded MVNn obtained from the
smallest (150–200 g) versus the largest (300–400 g) intact guinea
pigs, which proves that the properties of MVNn recorded in control
slices are not significantly modified within the age range of the
animals that we used.

ULs were performed under halothane anesthesia with the help of an
operating microscope as described in Vibert et al. (1999a,b). The
semicircular canals, utricle, and saccule were exposed via a retro-
auricular approach. The bony labyrinth was drilled, and the ampullae
of all three canals and the otolithic maculae were removed using
suction. The guinea pigs were allowed to compensate in a normal
visual environment until their brain was removed to prepare the slices.

Intracellular electrophysiological recordings

Thick (500�m) coronal brain stem slices were cut and maintained
using standard techniques (Gallagher et al. 1985; Serafin et al. 1991a;
Vibert et al. 1999b). Intracellular electrophysiological recordings
were obtained with sharp, 3 M potassium acetate-containing glass
microelectrodes from neurons within the medial vestibular nucleus
(MVN), taking the border of the IVth ventricle as a landmark.

Given that MVN neurons constitute a heterogeneous population, it
was critical to be sure that we sampled the same populations of
neurons before and after labyrinthectomy. Otherwise, the differences
reported in the following text could be an artifact of having recorded
from different populations of cells. In particular, we have observed
that the proportions of type A and B MVNn were varying along the
rostrocaudal extent of the nucleus (N. Vibert, M. Serafin, M. Mühle-
thaler, unpublished data). Other authors have demonstrated that the
cellular changes associated with vestibular compensation can be dif-
ferent in the caudal and rostral parts of the MVN (Cameron and Dutia
1997; Yamanaka et al. 2000). To control for this variability, we
decided to restrict as much as possible our recordings to the two
500-�m coronal slices corresponding to the middle third of the guinea
pig MVN, at the level of the cerebellar peduncles. Only a few cells
(�10%) were recorded in more caudal slices corresponding to the last
third of the MVN, both in normal and previously labyrinthectomized
animals. The same investigator, who always used the same experi-
mental setup and similar electrodes, obtained all data from previously
labyrinthectomized animals as well as the majority of the control data.
The other part of the control data were from a previously published
study (Ris et al. 2001b) and was obtained by a different investigator
(seeRESULTS). There was no significant difference between the two
data sets.

All measurements were done with an Axoclamp 2A system (Axon
Instruments, Union City, CA) in either the bridge or switching dis-
continuous current-clamp (DCC) mode (Moore et al. 1993). The
electrode resistance varied from 80 to 150 M�. Both series resistance
(bridge balance) and capacitance compensation were checked
throughout the recording of each individual neuron (Ris et al. 2001b).
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Part of the current injections and all data acquisition were performed
with a PC-compatible computer using the “Acquis 1” program (ver-
sion 4.0, Bio-logic S.A., Gif-sur-Yvette, France). The sampling rate
used for acquisition varied between 2,000 and 5,000 Hz, depending on
the length of the data-acquisition sequence. Consequently, the ampli-
tudes of the digitized spikes were variable; however, oscilloscope
traces verified that the size of the action potential was constant at any
given membrane potential. The data were analyzed using program
scripts with Mathematica 4.0 (Wolfram Research, Champaign, IL), or
MATLAB 6.5 (The MathWorks, Natick, MA). To minimize the
possibility that experimenter biases might affect the results, the same
scripts were used to quantify the properties and responses of MVNn
recorded on control slices and slices taken from previously laby-
rinthectomized animals.

Basic membrane and firing properties of MVNn

Because most MVNn are spontaneously active on slices, the po-
tential was filtered with a 1-Hz low-pass filter to obtain an estimate of
its average resting level that was taken as the “mean resting membrane
potential” of each neuron. For each cell, this membrane potential
value was corrected by measuring and subtracting the extracellular
voltage offset found after removal of the electrode from the neuron.
No correction was made for liquid junction potentials, but this can be
assumed to be constant between slices taken from control and previ-
ously labyrinthectomized animals given that both sets of MVNn were
recorded using similar electrodes.

The same criteria were used to evaluate the quality of intracellular
recordings and select the neurons used for statistical analysis in
control slices and in slices taken from previously labyrinthectomized
animals. All cells that had resting membrane potentials more negative
than –50 mV and spike amplitudes�50 mV were automatically
retained. In both types of slices, we also included in the sample the
MVNn whose membrane potential ranged from –50 to –40 mV if they
displayed spike amplitudes�50 mV and a normal spike width. The
number of such cells was 5 of 89 MVNn in control slices and 17 of
78 MVNn in slices taken from previously labyrinthectomized animals.
Spike width at threshold was considered to be normal if it stayed
within the range of the spike widths (0.70–2.20 ms) measured for the
neurons that had resting potentials more negative than –50 mV and
spike amplitude�50 mV.

Recordings of the neurons at rest (i.e., with no holding current
being injected through the recording electrode) were used to calculate
their mean spontaneous firing rate, its coefficient of variation (CV)
expressed as a percentage, and to measure the mean amplitude of the
spike. For each neuron, an average of the spike shape and following
inter-spike interval profile was obtained by averaging successive
spontaneous spikes taken either at the resting membrane potential or
while the cell was slightly depolarized (for the few neurons that were
silent at rest). The spikes (mean number of�120) were synchronized
to their thresholds, taken at the point on the rising phase of the action
potential where the slope of the potential trace reached an arbitrary
threshold of 10 V/s (Krawitz et al. 2001). The averaged spike shape
was used to determine the amplitude of the afterhyperpolarization
(AHP) and the width of the spike (taken at threshold). The AHP
amplitude was calculated as the membrane potential difference be-
tween spike threshold and the membrane potential minimum after the
falling phase of the spike.

The cell’s firing threshold, i.e., the membrane potential for which
the cells begin to fire action potentials (in mV), was assessed as the
potential reached by the neuron at the threshold of the first spike
triggered by a slow, depolarizing current ramp (see following text and
Fig. 2D). For each cell, we determined whether long-lasting, sub-
threshold plateau potentials could be triggered by low-amplitude
(0.1–0.2 nA), short-duration (10 ms) current pulses delivered while
the neuron was maintained just below its firing threshold (Babalian et
al. 1997; Serafin et al. 1991a,b) and measured their mean duration.

Quantitative determination of the neuronal type

In previous publications, MVN neurons have been categorized into
type A and B neurons using qualitative criteria. Neurons were char-
acterized as a type A, type B, or type B with low-threshold calcium
spikes (B�LTS) MVN neurons according to their action potential
profile (Serafin et al. 1991a). Type A neurons were characterized by
their single, deep AHP and in general have a wider action potential
than type B neurons. They display an A-like rectification when re-
leased from hyperpolarization or in response to depolarizing current
pulses given from a hyperpolarized level, which is visible as an
inflection point delaying the depolarization of the neuron during
inter-spike intervals. Type B neurons showed a biphasic, significantly
smaller AHP and narrower action potentials. Neurons that displayed
intermediate properties, or did not clearly fit into any of these two
categories, were grouped as type C MVN neurons.

To assess reliably the long-term effects of UL on this heteroge-
neous population of cells and remove possible experimenter biases in
the classification of MVNn,quantitative, objective criteriawere de-
veloped to characterize the intracellularly recorded neurons. For each
neuron, the averaged spike profile obtained during spontaneous firing
and its first derivative were used (as already done by Johnston et al.
1994) to assess the presence of the A-like rectification and double
AHP, the two main criteria used previously for the qualitative clas-
sification.

The presence of an A-like rectification characterizing type A
MVNn is always visible as an inflection of the voltage trace (V) within
the inter-spike interval (see Fig. 1A for the following explanation).
This inflection is better seen on the first derivative of the voltage trace
(dV/dt) as a sudden decrease of the rate of the depolarization leading
to the next spike. The A-like rectification always begins�2–3 ms
after the end of the spike whatever the spontaneous discharge rate of
the cell, and the derivative of the voltage trace remains positive. The
strength of the A-like rectification was quantified as the algebraic
decrease�(dV/dt) in the rate of the inter-spike depolarization (dV/dt in
V/s) associated with this phenomenon. In the absence of any A-like
rectification, this parameter was set at zero.

The presence of an early fast AHP followed by a delayed slow one,
i.e., of the double-component AHP characterizing type B MVNn, was
assessed on the averaged spike profile and then confirmed using the
first derivative (see Fig. 1B for the following explanation). When a
double AHP is present, its second component is seen as a transient
zeroing or negativity of the rate of depolarization, which always
occurswithin 2 msof the end of the spike. The strength of each double
AHP was quantified as the algebraic decrease�(dV/dt) in the rate of
the inter-spike depolarization (dV/dt in V/s) associated to the second
component of the phenomenon. The strength of the double AHP was
set at zero when no double AHP was present.

While most type B MVNn display a clear double-component AHP
when spikes are triggered by current steps delivered from a hyperpo-
larized potential, the double AHP is often not visible on the averaged
spontaneous spike profile obtained at rest or during a slight depolar-
ization. A third parameter had to be used to unambiguously charac-
terize type B MVNn recorded at their resting membrane potential,
whatever their level of membrane polarization. All type A MVNn
display a mostly concave voltage trace during the inter-spike interval
following the peak of the AHP, because of the presence of the A-like
rectification (Fig. 1C). In contrast, the averaged inter-spike profile
obtained for B MVNn is always convex because the velocity of the
inter-spike depolarization increases with time once the peak of the
second component of the double AHP has been reached (Fig. 1D).
Thus the maximumconvexityof the average voltage trace obtained
during the inter-spike interval was taken as a third parameter. The
averaged spike profile obtained for each neuron was used to draw the
line (chord) joining the peak of the AHP to the endpoint of the profile
(Fig. 1, C and D). The maximum convexity of the inter-spike trace
was then measured as the maximum difference (in mV) observed
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between the voltage trace and the chord in the direction of convexity
(i.e., toward hyperpolarizing potentials) during the inter-spike inter-
val. As shown on Fig. 1C, typical type A MVNn have null or low
convexity values, whereas type B MVNn display high convexity
values (Fig. 1D).

Altogether, a set of quantitative values describing the strength of
the A-like rectification, the strength of the double AHP, and the
convexity of the voltage trace during the inter-spike interval was
obtained for each of the MVNn recorded in control slices. These
values were used to plot a three-dimensional graph of the distribution
of the neurons according to these parameters, from which quantitative
criteria for classification of MVNn in type A, B, or C neurons were
obtained (seeRESULTS). The same criteria were then used to categorize
the sample of neurons recorded on the ipsilesional side of slices taken
from previously labyrinthectomized animals.

After the assessment of its basic membrane and firing properties,

each neuron was submitted to the stereotyped stimulation protocol
described in the following text. The instantaneous firing rate of the
cell (IF in spikes/s) was estimated at any time with a Mathematica
script that measured the time intervals between two successive action
potentials. The time at the end of each interval between action
potentials was used to indicate the time for each IF value.

Assessment of the passive input resistance of MVNn using
current steps

The passive input resistance of each neuron was assessed using
series of hyperpolarizing current steps of decreasing amplitudes. The
cell was maintained by steady-state hyperpolarization at a few milli-
volts (0–10) below its threshold for discharge, to suppress spikes. The
whole cell resistance for each MVNn (input resistance� voltage

FIG. 1. Quantitative determination of the neuronal type of medial vestibular nucleus neuron (MVNn).A1: the averaged spike
profile of a control type A MVNn obtained during spontaneous firing. Note the inflection of the voltage trace during the inter-spike
interval corresponding to the presence of an A-like rectification.A2: the first derivative of theA1 voltage trace (dV/dt). Note that
following the spike, the derivative of the voltage trace remains always positive. The strength of the A-like rectification was
measured as the algebraic decrease�(dV/dt) in the rate of the inter-spike depolarization (dV/dt in V/s) associated with this
phenomenon.B1: the averaged spike profile of a control type B MVNn obtained during spontaneous firing. Note the presence of
an early fast afterhyperpolarization (AHP) followed by a delayed slow one, i.e., of a double-component AHP.B2: the first derivative
of the B1 voltage trace (dV/dt). The 2nd component of the AHP is seen as a transient zeroing or negativity of the rate of
depolarization, which always occurs within 2 ms of the end of the spike. The strength of each double AHP was measured as the
algebraic decrease�(dV/dt) in the rate of the inter-spike depolarization (dV/dt in V/s) associated to the 2nd component of the double
AHP. C andD: for all neurons, the averaged spike profile was used to draw the line (chord) joining the peak of the AHP to the
endpoint of the profile.C illustrates the concavity of a control type A MVNn. Note that before the appearance of the next spike,
a small convexity appears (*).D illustrates the convexity of a type B ipsilesional MVNn that did not display a double AHP. Note
that the convexity was the only 1 of these 2 parameters used for the classification of MVNn.
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deflection/current input) was estimated from the final steady-state
value of the hyperpolarizing steps.

Injection of depolarizing ramp-like currents

Increasing ramp currents of 0.3-nA amplitude were applied at
five different slopes up to afinal steady-state value, as described in
detail in Ris et al. (2001b); while the cell was maintained at�10
mV below its firing threshold (Fig. 2). In other words, for both
control and ipsilesional MVNn, the membrane potential at which
the ramps were delivered was set relative to thefiring threshold of
each cell. Thefive slopes corresponded to times to reach the
plateau of current of 5,000 ms (0.06 nA/s), 3,400 ms (0.09 nA/s),
1,800 ms (0.17 nA/s), 600 ms (0.5 nA/s), and 200 ms (1.5 nA/s),

respectively. Because the whole stimulus was 5,000 ms long, there
was no plateau after the slowest ramp, which was used, as stated in
the preceding text, to assess the cell’s firing threshold (Fig. 2D).
We computed for each ramp the rate of increase of the instanta-
neousfiring rate of the cell (kIF in spikes� s�1

� nA�1) during the
depolarizing, ramp-like portion of the current injection, i.e., over
the time taken to reach the plateau of current. This gives an
indication of the sensitivity of the cell to current injections. We
also measured in each case the difference between thefiring rate
reached at the end of the depolarizing current injection and the
final, stable discharge rate reached at the end of the plateau
(overshoot in spikes/s). This parameter gives an indication of the
nonlinear, dynamic properties of neurons. To assess how the level

FIG. 2. Measurement of the firing rate re-
sponse of MVNn to ramp-like currents.A:
profiles of the increasing ramp currents of
0.3-nA amplitude that were applied at 5 dif-
ferent slopes up to a final steady-state value.
The profile of the 600-ms ramp is outlined in
bold, the profile of the 5,000-ms ramp is
dashed.B: example of a response triggered
by a 600-ms ramp (outlined inA) delivered
during steady-state hyperpolarization in a
type B MVNn. C: plot of the instantaneous
firing rate response obtained for the neuron
displayed above, showing how the overshoot
was measured.D: example of a response
triggered by the 5,000-ms ramp in a type B
MVNn. This ramp was used to measure the
firing threshold indicated by the arrow. All
spikes are shown digitally clipped at –10
mV.
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of polarization of MVNn influenced their responses, the whole
sequence of ramp stimulations was repeated while the neuron was
at its resting membrane potential.

Injection of sinusoidal currents

A third series of stimuli consisted of current sine waves applied for
5,000 ms at various frequencies ranging from 0.2 to 50 Hz (Du Lac
and Lisberger 1995b; see for details Ris et al. 2001b). The amplitude
of the stimulus was adjusted at the 0.2-Hz frequency to keep the
membrane potential variation�10 mV peak to peak. Typically, the
first series of sinusoidal currents was delivered while the cell was at
its resting membrane potential and spontaneously fired action poten-
tials (Fig. 3). For each frequency of stimulation inferior or equal to
about one-third of the neuron’s resting discharge, the modulation of
the instantaneous firing rate of MVNn was fitted with a sine wave that
was then used to calculate the amplitude and the phase of the IF
modulation (�IF, Fig. 3). Ris et al. (2001b) have shown that in this
condition, the IF modulation of MVNn was linear. When the fre-
quency of stimulation passed a third of the neuron’s firing rate, the
amplitude of the IF modulation of MVNn was calculated in an
empirical way as the difference between the minimum and maximum
IF reached by the neuron during the stimulation. No phase measure-
ments were obtained in this situation. Using this method, we could
evaluate�IF from 0.2 Hz to a maximum stimulus frequency that
varied from cell to cell according to its resting discharge and the
sensitivity of its discharge to current injection but could reach 50 Hz
in some cases. The underlying mean membrane potential excursion
(�V) was computed for each stimulus frequency using a Mathematica
script, which performed a Fourier analysis of the total membrane
potential response. The magnitude of the Fourier component corre-
sponding to the stimulation frequency was taken as the potential

response. This procedure was only valid when the components due to
the shape and frequency of the action potentials were not overlapping
those of the stimulation frequency. This requirement was true for
frequencies�1 Hz (Fig. 3).�IF and�I were used to evaluate at 0.4 Hz
the cell sensitivity to current injection by dividing�IF by the ampli-
tude of the injected current (�IF/�I in spikes � s�1

� nA�1). The
sensitivity of the firing rate of the cell to variations of the mean
membrane potential�IF/�V was quantified in spikes� s�1

� nA�1. We
calculated the “active” impedanceZ of the cell as the amplitude of the
membrane potential change obtained for the 0.4-Hz stimulus divided
by the amplitude of the injected current (�V/�I in M�).

When possible, a similar series of sinusoidal stimuli was given
while the cell was maintained at a depolarized membrane potential by
a steady-state current injection of 0.15–0.25 nA to assess how the
level of discharge of MVNn modified their responses.

Some of the cells were also submitted to the same series of
sinusoidal current injections while they were maintained at 10–20 mV
below their threshold for discharge, so that no spike was evoked by
the stimulation. The amplitude of the membrane potential change
(�Vh) was computed for each frequency using a Mathematica script,
and the response to the 0.4-Hz stimulus was used to evaluate the
impedanceZh of the cell maintained under a steady-state hyperpolar-
ization (Zh � �Vh/�I in M�).

As reported by Ris et al. (2001b), the amplitude of the modulation
of the membrane potential or instantaneous firing rate of MVNn by
sinusoidal currents displayed resonant properties. For each MVNn,
the response increased with increasing stimulation frequency to reach
a maximum at what was defined as thepeak frequency of resonance.
Then the modulation progressively dropped to lower levels. The
“amplitude” of the resonance was defined as the ratio between the
maximum amplitude of the firing rate modulation at the peak fre-
quency of resonance and the amplitude obtained at the lowest fre-

FIG. 3. Measurement of the spike discharge
modulation of MVNn induced by sinusoidal cur-
rents.A: profile of a 1-Hz sinusoidal current in-
jected into the neuron.�I: amplitude of the current
modulation.B: membrane potential response re-
corded in response to the sinusoidal current injec-
tion. �Vm is the amplitude of modulation of the
mean membrane potential underlying the firing
rate response.C: the instantaneous firing rate mod-
ulation (�IF) was calculated and fitted with a sine
wave to obtain the magnitude and phase shifts of
the firing rate response at different stimulating
frequencies. All spikes are shown digitally clipped
at –5 mV.
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quency we used, namely 0.2 Hz. The amplitude of the resonance was
measured in the same way for the membrane potential when the
neurons were hyperpolarized to suppress action potentials.

Statistical analysis

Calculations of means SD and further processing of all results were
carried out using the Systat 8.0 software (SPSS, Chicago, IL) on a
PC-compatible computer. For each parameter, normality of the dis-
tributions was assessed using one sample Kolmogorov-Smirnov tests,
with significance set atP � 0.05. Statistical comparisons between
numerical values were achieved through either parametric (if the
distribution of the parameter was normal for all the samples involved
and each sample included�15 values) or otherwise nonparametric
tests, with the threshold for significance set atP � 0.05. Type B
�LTS neurons were pooled together with the other B neurons for
analysis. ANOVA or the nonparametric Kruskal-Wallis ANOVA was
first performed to search for significant differences between the mean
values obtained for type A and B neurons in control slices and in
slices taken from labyrinthectomized animals (which defined 4 cate-
gories of neurons). Two-by-two comparisons among the four cell
groups were then performed using Student’st-test or the nonparamet-
ric Mann-WhitneyU tests. Type C neurons were excluded from the
analysis except for comparisons performed usingt-test or Mann-
Whitney U tests between the whole sample of neurons obtained on
control slices and the whole sample of neurons recorded on slices
taken from labyrinthectomized animals. Paired parametric (ANOVA
followed by pairedt-test) or nonparametric tests (Friedman ANOVA
followed by Wilcoxon signed-rank tests) were used to compare for
each cell type the responses evoked by ramps of different slopes. They
were also used to determine how the responses to ramps and sinusoi-
dal currents were modified according to the level of steady-state
polarization of the cell (2 levels for the ramps and 3 levels for the
sinusoidal currents).

R E S U L T S

The results presented in this study were obtained from a
database of 89 MVNn recorded on slices prepared from nor-

mal, intact animals and 78 MVNn recorded on the ipsilesional
side of slices taken from animals labyrinthectomized�1 mo
before (compensation times ranged from 23 to 43 days). All
mean values are presented with their SD.

Categorization of the MVNn using quantitative criteria

The quantitative criteria used for the classification of MVNn
into type A and B neurons were set from the sample of 89
control MVNn, which included 32 MVNn that were recorded
by Ris et al. (2001b) and 57 MVNn recorded afterward. Be-
cause there was no significant difference between the two sets
of result, data from the two samples were pooled together.

We have defined in the methods section the three parameters
we viewed as the most pertinent to categorize MVNn into type
A and B neurons. They were the presence and strength of an
A-like rectification during the inter-spike interval, the presence
and strength of a double AHP, and the convexity of the voltage
trace during the inter-spike interval. The qualitative classifica-
tion of MVNn into type A and B MVNn previously used has
shown that these two categories of neurons had also signifi-
cantly different spike widths and AHP amplitudes. Because of
that, we checked whether one or both of these parameters could
be unambiguously used to categorize MVNn. When consider-
ing the whole sample of MVNn, the width of the spike ranged
from 0.70 to 2.20 ms around a mean of 1.15� 0.23 ms, while
the size of the AHP ranged from 6.3 to 29.2 mV around a mean
of 16.77� 4.50 mV (Table 1). Both distributions were normal,
and no sign for the existence of two distinct groups of neurons
was obtained when considering only these parameters. Hence,
neither the width of the spike nor the size of the AHP could be
used to unambiguously categorize control MVNn.

Thirty-four of the 89 control MVNn (38%) displayed no
measurable A-like rectification on the average spike profile
obtained during spontaneous firing. For the 55 other cells, the

TABLE 1. Basic membrane and firing properties of control and ipsilesional MVNn

Parameters
Control
MVNn

Ipsilesional
MVNn

Control vs.
Ipsilesional

Type A Type B

Control Ipsilesional Control Ipsilesional

No. of neurons 89 78 42 42 44 35
VM, mV �58.7� 8.5 �51.4� 4.8 P < 0.001 �56.8� 7.3 �51.8� 5.5** �60.8� 9.4 �51.0� 3.8***
FR, spikes/s 26.2� 17.2 31.0� 17.4 P � 0.10 29.1� 20.1 29.7� 20.3 24.3� 13.8 32.4� 14.2*
CV, % 8.26� 9.48 5.52� 4.99 P � 0.49 7.06� 9.61 6.88� 6.3 9.51� 9.59 4.21� 2.84**
AHP, mV 16.8� 4.5 18.2� 4.6 P � 0.07 19.6� 3.8 20.4� 5.1 14.0� 3.4 16.1� 2.6**
Spike

amplitude, mV 55.2� 7.5 55.6� 7.2 P � 0.73 54.6� 7.4 55.4� 7.0 55.1� 7.3 55.6� 7.7
Firing

threshold, mV �67.9� 10.5 (39) �61.3� 7.3 (35) P � 0.003 �66.9� 10.7 (19) �59.9� 5.4* (14) �69.8� 10.7 (18) �62.2� 8.4* (21)
Spike width, ms 1.15� 0.23 1.18� 0.25 P � 0.44 1.25� 0.21 1.25� 0.26 1.06� 0.22 1.10� 0.21
Membrane

resistance, M� 94.6� 45.3 (50) 116.6� 46.0 (29) P � 0.018 93.8� 39.9 (26) 112.5� 29.5* (11) 96.2� 54.9 (21) 119.1� 54.4 (18)
PNa�, ms 33.5� 40.1 32.3� 48.3 P � 0.54 15.2� 32.9 16.0� 34.6 56.9� 38.5 49.3� 55.0
A-like rect.

�(dV/dt), V/s 0.36� 0.51 0.42� 0.58 P � 0.93 0.72� 0.54 0.76� 0.60 0.02� 0.04 0.02� 0.04
Double AHP

�(dV/dt), V/s 0.38� 0.83 0.14� 0.40 P � 0.017 0 � 0 0� 0 0.73� 1.07 0.30� 0.56*
Convexity, mV 0.80� 0.63 0.68� 0.67 P � 0.09 0.56� 0.48 0.34� 0.50** 1.07� 0.66 1.10� 0.62

Values are means� SD. n values are in parentheses. This table gives the values of the parameters characterizing the membrane and firing properties of all
groups of medial vestibular nucleus neurons (MVNn) considered in this study. The third column gives for each parameter the probability of significance of the
differences obtained between control and ipsilesional MVNn. * indicate the values that are significantly different between the ipsilesional and control neurons.
* P � 0.05, ** P � 0.01, *** P � 0.001. In addition, the values that correspond to significant differences are shown in bold. The numbers of neurons shown
at the top of the table apply to all parameters, except the firing threshold and membrane resistance. VM, resting membrane potential, FR, spontaneous firing rate,
CV, coefficient of variation of the spontaneous firing rate, PNa�, duration of the subthreshold plateau potentials; AHP, afterhyperpolarization.
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strength of the A-like rectification ranged from 0.04 to 2.56 V/s
around a mean of 0.59� 0.53 V/s. Double AHP was present
during spontaneous firing in 32 of the control MVNn (36%),
and its strength ranged from 0.1 to 5.4 V/s around a mean value
of 1.06� 1.11 V/s. The 57 other MVNn had no double AHP
visible during spontaneous discharge. The maximum convexity
of the voltage trace during the inter-spike interval, which was
added as a pertinent parameter for the reasons described in
METHODS, ranged from 0 to 2.50 mV around a mean value of
0.80� 0.63 mV (n � 89).

These three parameters were used to plot the three-dimen-
sional graph shown on Fig. 4A. On this plot, most of the MVNn
are clearly distributed along two separate, perpendicular
planes, one defined by the presence of a double AHP (double
AHP vs. convexity plane), the other one by the presence of an
A-like rectification (A-like rectification vs. convexity plane). In
other words, the presence of a large A-like rectification and the
presence of a double AHP appeared mutually exclusive, with
the exception of three MVNn that clearly displayed both (2 on
Fig. 4A). This means that these two parameters can be used to
define two distinct groups of MVNn as shown on the two-
dimensional plot of Fig. 4B. On this plot, the neurons that
display a double AHP (corresponding to type B MVNn) are
aligned along or close to the vertical axis because most of them
display no or a small A-like rectification. In contrast, the
MVNn that display a large A-like rectification (corresponding
to type A MVNn) are aligned along the horizontal axis because
most of them (except the 3 cells marked as■ on Fig. 4B)
display no double AHP.

While MVNn can clearly be categorized into two groups by

this method, there is still a sizeable proportion of MVNn that
display “intermediate” properties (see Fig. 4A, graph). This is
in accordance with the idea that there is a continuum of
neurons with intermediate properties between type A and B
MVNn, put forward by Du Lac and Lisberger (1995a). The
“intermediate” MVNn, which have both no double AHP and
no large A-like rectification, are grouped at or near the origin
of the two-dimensional graph or are aligned along the “no
double AHP – no A-like rectification” axis on the three-
dimensional graph. According to the graphs of Fig. 4, the
intermediate MVNn do not form a distinct group of neurons;
this would correspond to the former type C neurons. There was
therefore no objective reason to keep these MVNn as a separate
category. Therefore as already suggested by Johnston et al.
(1994), MVNn are best categorized by defining only two
groups of neurons corresponding to the type A and B MVNn.
Because there is a continuum of neurons between these two
cell types, the limit between the two groups has to be set
somewhat arbitrarily. As shown on Fig. 4B, we decided to
fixate the threshold of what could be considered as a “large”
A-like rectification at 0.15 V/s. Indeed, several MVNn display-
ing a clear double AHP during spontaneous discharge were
also endowed with a small A-like rectification, whose strength
was inferior to 0.15 V/s. Furthermore, most of the intermediate
MVNn, which had both no double AHP and no or a small
A-like rectification, displayed the large convexity typical of
type B MVNn (Fig. 4A).

Altogether, as shown on Fig. 4B, most MVNn were catego-
rized as either type A or B MVNn according to the following
criteria (see also Table 1):1) the 44 MVNn displaying either no

FIG. 4. Classification of the control MVNn.A: 3-dimensional plot of control MVNn according to the 3 criteria used for their
classification. All neurons are included either in thexy plane (A-like rectification vs. convexity plane), or in theyz plane (double
AHP vs. convexity plane). Only 3 cells were obviously out of these planes, as indicated (2). Dashed line shows the value of the
A-like rectification used to separate type A and B neurons (see text for details).B: 2-dimensional plot of control MVNn according
to the strength of their A-like rectification and the strength of their double AHP. This plot shows how the neurons were finally
categorized, depending on whether the strength of their A-like rectification was lower or higher than 0.15 V/s.
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A-like rectification (n � 32) or an A-like rectification with an
amplitude �0.15 V/s (n � 12) were classified as type B
MVNn. Twenty-nine of them (66%) had a clear double AHP
visible during spontaneous firing (Fig. 5A). Altogether, the
mean convexity of type B MVNn reached 1.07� 0.66 mV, the
mean strength of their double AHP was 0.73� 1.07 V/s, and
the mean strength of their A-like rectification was 0.02� 0.04
V/s. 2) The 42 MVNn displaying an A-like rectification stron-
ger than 0.15 V/s, and no double AHP were classified as type
A MVNn. Their mean convexity was 0.56� 0.48 mV and was
lower than for type B MVNn (P � 0.001). The mean strength
of the A-like rectification reached 0.72� 0.54 V/s. And3) the
three MVNn that stood out of the two main axes on the
two-dimensional graph displayed both a double AHP and an
A-like rectification�0.15 V/s. They could not be unambigu-
ously categorized as either type A or type B MVNn and were
therefore considered as the only true type C MVNn.

According to this classification scheme, there were 42 type
A neurons (47.1%), 44 type B neurons (49.5%) including 4
B�LTS neurons, and 3 type C neurons (3.4%) among the
MVNn recorded in control slices.

Altogether, the five main parametric differences that char-
acterize type A versus type B MVNn can be summarized as
follows.

First, typical type A MVNn display a strong A-like rectifi-
cation, a high-amplitude AHP and broad spikes; in contrast,

they have low convexity values and no double-component
AHP. Even when the analysis is restricted to the 42 type A
MVNn defined in the preceding text, there are significant
correlations between the AHP amplitude, strength of the A-like
rectification, and convexity values. Type A MVNn with the
strongest A-like rectification are those that display the smallest
convexity values (r � �0.43,P � 0.004) and the largest AHPs
(r � 0.33,P � 0.046), which results in a significant, negative
relationship between the amplitude of the AHP and the con-
vexity (r � �0.39,P � 0.017). But none of these parameters
is significantly correlated with the width of spikes when only
the type A MVNn were considered.

Second, typical type B MVNn display no or only a small
A-like rectification, a small amplitude AHP and thin spikes; in
contrast, they have high convexity values and often display a
double component AHP. When the analysis is restricted to the
44 type B MVNn defined in the preceding text, only two
significant correlations persist between these five parameters.
As for type A MVNn, the strength of the A-like rectification is
negatively correlated with the convexity value (r � �0.52,
P � 0.001). Besides, the neurons displaying strong double-
component AHPs are those with the thinner spikes (r � �0.49,
P � 0.001). Within type B neurons, there was no correlation
between the amplitude of the AHP, the strength of the double
AHP and the convexity of the voltage trace during the inter-
spike interval.

FIG. 5. Changes in the membrane and firing properties of type B MVNn after 1 mo of vestibular compensation.A: example of
the spontaneous discharge of a control type B neuron.B: example of the spontaneous discharge of an ipsilesional type B neuron.
C: superimposition at spike threshold of the averaged spike profiles obtained from the neurons ofA andB. Note the difference in
size and shape of the AHP.D: graph showing that for both control and ipsilesional MVNn the amplitude of the AHP tended to
decrease, and not increase, when their mean resting potential was more depolarized.
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Membrane and response properties of the MVNn recorded in
control slices

The control data that confirm what has already been reported
(Ris et al. 2001b) will be only briefly summarized. Only new
results will be presented in detail.

BASIC MEMBRANE AND FIRING PROPERTIES OF MVNN. As when
they were classified using qualitative criteria, the type A neu-
rons displayed a single deep AHP (19.6� 3.8 mV) and a wider
action potential than type B neurons (P � 0.001). The type B
neurons had narrower action potentials and were endowed with
a significantly smaller AHP (14.0� 3.4 mV, P � 0.001).
Whereas 91% of type B neurons displayed subthreshold pla-
teau potentials (Serafin et al. 1991a), only plateau potentials of
much shorter duration (P � 0.004) could be triggered in 38%
of type A neurons (Table 1). There was no difference between
the spontaneous firing rate of type A and B MVNn recorded at
their resting membrane potential, but the regularity of the
discharge of type A MVNn (assessed by the CV) was signif-
icantly greater than for type B MVNn (P � 0.01). The mem-

brane resistance of hyperpolarized MVNn was similar for both
types of MVNn (Table 1).

RESPONSES TO RAMP-LIKE CURRENTS. Of the five ramps applied
to each cell, the 600-ms (slope of 0.5 nA/s) and 200-ms ramps
(slope of 1.5 nA/s) gave the most significant results and were
taken as the main indices of the response of MVNn to ramp-
like currents (Figs. 6 and 7). As described by Ris et al. (2001b),
type B MVNn were more responsive to ramps than type A
MVNn. The mean overshoot (seeMETHODS) was larger for type
B than for type A MVNn for both the 600-ms (5.1� 4.7 vs.
1.8 � 2.1 spikes/s,P � 0.036) and 200-ms ramps (8.4� 5.3
vs. 2.4� 2.2 spikes/s,P � 0.002) delivered from the resting
membrane potential. When ramps were delivered from a hy-
perpolarized level (Fig. 6,A and B), this difference persisted
for the 200-ms ramp (13. 3� 9.1 vs. 6.8� 5.6 spikes/s,P �

0.006) but appeared only as a trend for the 600-ms one (5.8�

4.5 vs. 3.5� 3.1 spikes/s,P � 0.08). In contrast, the rate of
increase of the instantaneous firing rate kIF over the ramp-like
portion of the current injection (seeMETHODS) was not signifi-
cantly different between type A and B MVNn for any of the

FIG. 6. Examples of responses of MVNn to
600-ms-duration ramp-like currents before and
after long-term deafferentation.A: typical re-
sponse of a control type A MVNn. Note the
absence of overshoot.B: typical response of a
control type B MVNn. Note the clear over-
shoot, which contrasts with what was obtained
for the type A MVNn. C: typical response
displayed by a type A MVNn recorded on the
ipsilesional side of a slice taken from a com-
pensated animal. Note the presence of an over-
shoot.D: typical response displayed by a type
B MVNn recorded on the ipsilesional side of a
slice taken from a compensated animal. Note
the increased overshoot compared with the
control type B MVNn.
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ramps we tested. The respective kIF obtained for the 600- and
200-ms ramps delivered from the resting membrane potential
were 123.2� 38.0 and 126.2� 32.9 spikes� s�1

� nA�1 for
type B MVNn versus 112.2� 33.8 and 115.3� 34.5 spikes�
s�1

� nA�1 for type A MVNn (P � 0.05 in both cases).
Within each cell type, there was no relationship between the

overshoot and the sensitivity of MVNn to current injection
given by kIF for the 600-ms ramps. A significant positive
relationship appeared between the overshoot and the rate of
increase of the firing ratekIF only when all MVNn were pooled
together. The coefficients of correlation reached 0.33 (P �

0.048) for the 600-ms ramps delivered from a hyperpolarized
level and 0.51 (P � 0.012) for those delivered from rest.

Whatever the level of polarization of the cells, the meankIF and

overshoot of both types of neurons significantly increased when
the slope of the ramps went from 0.06 to 1.5 nA/s. Compared with
the ramps delivered from a hyperpolarized level, the mean over-
shoots andkIF of the ramps delivered from the resting membrane
potential tended to be smaller for all slopes.

MEMBRANE POTENTIAL RESPONSES TO SINUSOIDAL CURRENTS

DELIVERED DURING STEADY-STATE HYPERPOLARIZATION IN THE

ABSENCE OF ACTION POTENTIALS. Both types of MVNn re-
corded on control slices responded to sinusoidal current injec-
tions in a similar way. The membrane potential modulation�Vh
displayed a sizeable resonance at a median peak frequency of
1 Hz for type A MVNn and 0.7 Hz for type B MVNn (Table
2, Fig. 8A1). In accordance with this slight resonance, the
membrane potential response of both types of MVNn displayed
a small phase lead re the injected current at the lowest frequen-
cies of stimulation, which decreased to zero and became a
phase lag at higher frequencies (Fig. 8A2). These results dem-
onstrate that the membrane does not behave in a purely passive
way at these moderately hyperpolarized levels.

RESPONSES TO SINUSOIDAL CURRENTS DELIVERED AT THE

RESTING MEMBRANE POTENTIAL. In terms of instantaneous fir-
ing rate, type B MVNn were more sensitive to sinusoidal
current injection at low frequency than type A MVNn (Fig. 9,
A1 and B1). The greater sensitivity of type B MVNn was
associated with a trend for the sensitivity of their discharge to
membrane potential variations (�IF/�V) to be higher than for
type A MVNn (P � 0.10 at 0.4 Hz, Table 3). Interestingly,
there was a strong trend for the type A MVNn to have a higher
frequency of resonance than type B MVNn. Indeed, the peak of
the resonance was reached at a median frequency of 8 Hz for
type A MVNn versus 4 Hz for type B MVNn (P � 0.069, Fig.
9, A1andB1). No significant difference was found between the
active impedance of type A and B MVNn (Table 3), which
suggests that the difference between type A and B MVNn
obtained by Ris et al. (2001b) on a smaller sample of neurons
might have been linked to a sampling bias.

The active impedanceZ (�V/�I) at 0.4 Hz of MVNn recorded
in control slices was for both cell types much lower than the
impedanceZh obtained in the absence of action potentials (P �

0.001 when pooling all MVNn together, using the paired Wil-
coxon signed-rank test). The relative amplitude of the resonance
of the firing rate modulation (Fig. 8B1) was not significantly
different from the relative amplitude of the resonance of the
membrane potential modulation induced by sinusoidal currents in
the absence of action potentials (during hyperpolarization) be-
cause of the large dispersion of the values. However, the peak
frequency of the resonance (Fig. 8B1) was strongly increased
compared with what was observed in the absence of spikes (P �

0.004 when pooling all MVNn together, Table 3).
Consistent with the increased peak frequency of the reso-

nance, both type A and B MVNn displayed a slightly greater
phase lead at low frequency compared with the phase values
obtained during steady-state hyperpolarization (Fig. 8,A2 and
B2). On the other hand, the phase lag obtained at high fre-
quency was greater than the one displayed by the potential
modulation during steady-state hyperpolarization.

RESPONSES TO SINUSOIDAL CURRENTS DELIVERED DURING

STEADY-STATE DEPOLARIZATION. The difference between the sen-
sitivity of type A and B MVNn observed at rest disappeared when
the neurons were maintained under a steady-state depolarization

FIG. 7. Responses of MVNn to injection of ramp-like currents.A: mean
overshoots obtained for control MVNn and ipsilesional MVNn in response to
600- and 200-ms ramps delivered during steady-state hyperpolarization (H600
and H200) or at the resting membrane potential (R600 and R200). *, significant
differences between control and ipsilesional MVNn (P � 0.05).B: mean rates
of increasekIF (slope) of the instantaneous firing rate vs. current obtained for
control MVNn and ipsilesional MVNn in response to 600- and 200-ms ramps
delivered during steady-state hyperpolarization (H600 and H200) or at the
resting membrane potential (R600 and R200). *, significant differences be-
tween control and ipsilesional MVNn (P � 0.05).
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(P � 0.62 at 0.4 Hz). The peak of the resonance was reached at
a median frequency of 12 Hz for type A versus 8 Hz for type B
MVNn (Fig. 9, A2 andB2), but the statistical trend for type A
MVNn to have a higher frequency of resonance disappeared (P �

0.29) because of the large dispersion of the values (Table 3).
Compared with the values obtained at rest, the active im-

pedance of type A and B MVNn maintained under steady-state

depolarization was lower. The meanZ value at 0.4 Hz was
47.9� 36.4 M� versus 58.5� 33.9 for currents delivered at
rest (P � 0.001 pooling all MVNn together, Wilcoxon signed-
rank test). In accordance with this decrease, the sensitivity of
the instantaneous firing rate of both types of MVNn to sinu-
soidal current injection decreased with depolarization (Table 3,
Fig. 8C1). This decrease was significant when considering the

TABLE 2. Membrane potential responses of MVNn to sinusoidal currents delivered during steady-state hyperpolarization in the absence
of action potentials

Parameters
Control
MVNn

Ipsilesional
MVNn

Control vs.
Ipsilesional

Type A Type B

Control Ipsilesional Control Ipsilesional

No. of neurons 24 21 13 6 10 15
Zh, M� 131.2� 58.7 115.4� 45.0 P � 0.32 127.9� 49.6 129.6� 41.4 140.7� 71.5 109.7� 46.4
Amplitude of resonance 1.18� 0.12 1.24� 0.17 P � 0.15 1.19� 0.11 1.19� 0.13 1.17� 0.15 1.26� 0.18
Median peakf of resonance, Hz 1 2 P � 0.006 1 1.3 0.7 2*

Values are means� SD. This table gives the values of the parameters characterizing the responses of MVNn to sinusoidal currents delivered during
steady-state hyperpolarization for all groups of MVNn considered in this study. The third column gives for each parameter the probability of significance of the
differences obtained between control and ipsilesional MVNn. * indicate the values that are significantly different between the ipsilesional and control neurons.
* P � 0.05, ** P � 0.01, *** P � 0.001. In addition, the values that correspond to significant differences are shown in bold.

FIG. 8. Summary of the mean magnitude and phase of the membrane potential or firing rate modulations induced in MVNn by
sinusoidal current injections.A: mean magnitude (A1) and phase (A2) of the membrane potential modulation displayed by control
and ipsilesional MVNn recorded under steady-state hyperpolarization (in the absence of action potentials) as a function of the
stimulation frequency. Because the amplitude of the injected current was constant for any given neuron, the membrane potential
modulation is given as the impedanceZh of the cell (�Vh/�I) as a function of frequency.B: mean magnitude (B1) and phase (B2)
of the firing rate modulation (�IF/�I) displayed by control and ipsilesional MVNn recorded at their resting membrane potential as
a function of the stimulation frequency of the sinusoidal current injection.C: mean magnitude (C1) and phase (C2) of the firing
rate modulation (�IF/�I) displayed by control and ipsilesional MVNn recorded during steady-state depolarization as a function of
the stimulation frequency. In all cases, SDs have been omitted for sake of clarity. *, the values obtained on ipsilesional MVNn that
were significantly different from those obtained in control neurons (P � 0.05).
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23 MVNn that were submitted to sinusoidal currents both at
rest and during depolarization (P � 0.001 at 0.4 Hz, Wilcoxon
signed-rank test).

The amplitude of the resonance increased compared with
rest for type A MVNn (Fig. 9A, P � 0.047) but was not
modified for type B MVNn (Table 3). The peak frequency of
the resonance was increased compared with rest for both cell
types. Indeed, the median peak frequency of modulation of the
firing rate reached 12 versus 8 Hz at rest for type A MVNn
(P � 0.005) and 8 versus 4 Hz at rest for type A MVNn (P �

0.005, Fig. 9). In accordance with this increase of the peak
frequency of resonance, the mean phase function of the depo-
larized MVNn was shifted by a few degrees toward smaller
phase lags at intermediate and high frequencies compared with
rest (Fig. 8,B2 andC2).

Membrane and response properties of MVNn recorded in
slices taken from guinea pigs 1 mo after UL

CLASSIFICATION OF THE MVNN RECORDED IN SLICES TAKEN

FROM LABYRINTHECTOMIZED GUINEA PIGS. The 78 MVNn re-
corded on the ipsilesional side of slices taken from lesioned

animals were characterized as type A, B, or C neurons accord-
ing to the quantitative criteria developed in control slices. The
graph showing the distribution of ipsilesional MVNn obtained
when using the three parameters used for the classification is
shown on Fig. 10.

First, 35 of the 78 ipsilesional MVNn displayed either no
A-like rectification (n � 26) or an A-like rectification�0.15
V/s (n � 9) and were classified as type B MVNn. Only 16 of
them (46%), instead of 66% in control slices, had a clear
double AHP during spontaneous firing, which ranged from
0.05 to 2.20 V/s around a mean of 0.64� 0.68 volts/s (see Fig.
5, A andB). Altogether, the mean strength of the double AHP
of the type B MVNn recorded on the deafferented side was
0.30 � 0.56 V/s and was significantly decreased compared
with the type B MVNn recorded on control slices (P � 0.013).
In contrast, long-term deafferentation did not modify the con-
vexity, or strength of the small A-like rectification, displayed
by type B MVNn (Table 1).

Second, the 42 MVNn displaying an A-like rectification
�0.15 V/s and no double AHP were classified as type A
MVNn. Their mean convexity was 0.34� 0.50 mV and was

FIG. 9. Summary of the mean amplitude of firing rate modulation induced in type A and B MVNn by sinusoidal current
injections.A: mean amplitude of the firing rate modulation (�IF/�I) displayed by control and ipsilesional type A MVNn as a
function of the stimulation frequency, at rest (A1) and during steady-state depolarization (A2). The dotted vertical lines indicate the
median peak frequency of resonance obtained for each group of neurons.B: mean amplitude of the firing rate modulation (�IF/�I)
displayed by control and ipsilesional type B MVNn as a function of the stimulation frequency, at rest (B1) and during steady-state
depolarization (B2). The dotted vertical lines indicate the median peak frequency of resonance obtained for each group of neurons.
Note the increase of the median peak frequency of resonance of ipsilesional type B MVNn. In all cases, SDs have been omitted
for sake of clarity. *, indicate the values obtained on ipsilesional MVNn that were significantly different from those obtained in
control neurons (P � 0.05).
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significantly reduced compared with control slices (P �

0.004). The mean strength of the A-like rectification of ipsile-
sional type A MVNn was not significantly modified compared
with control slices (Table 1).

Third, only 1 of the 78 ipsilesional MVNn (1.3%) displayed
both a double AHP and an A-like rectification�0.15 V/s, and
was therefore categorized as a type C MVNn.

The proportion of the different types of neurons found in the
MVN was slightly modified compared with control slices, but
this difference was not significant (compare Figs. 4 and 10).
The proportion of type A neurons increased to 53.8% instead
of 47.1% in intact animals, whereas the proportion of type B
neurons decreased from 49.5 to 44.9%. Among the type B

cells, the proportion of B�LTS MVNn tended to increase (6 of
35, i.e., 17 instead of 9%). As in control slices, the spikes of
type A MVN were significantly wider than those of B neurons
(P � 0.001), and the AHP of type A neurons significantly
higher (P � 0.001).

BASIC MEMBRANE AND FIRING PROPERTIES OF MVNN. Compared
with the neurons recorded in control slices, the mean resting
membrane potential of all types of ipsilesional MVNn was
increased by 5 to 10 mV (Fig. 5B, Table 1). The mean potential
of type A neurons shifted from –56.8� 7.3 to –51.8� 5.5 mV
(P � 0.002), whereas the mean potential of type B neurons
increased from –60.8� 9.4 to –51.0� 3.8 mV (P � 0.001).
This depolarization of the mean resting membrane potential
was accompanied by a similar increase in the firing threshold
of the cells (Table 1). The other main change compared with
control neurons was a significant increase of the amplitude of
the AHP displayed by type B neurons, which reached a mean
value of 16.1� 2.6 versus 14.0� 3.4 mV (P � 0.007, Fig.
5C). As already mentioned in the preceding text, this was
concomitant to a decrease in the proportion of type B neurons
displaying a double AHP (Fig. 5B). The increase in the am-
plitude of the AHP was associated with a significant increase of
the regularity of the spontaneous discharge of type B MVNn
assessed by their CV (P � 0.008, Table 1). As a consequence,
the difference in the regularity of the spontaneous discharge
observed between type A and B MVNn in control slices
disappeared.

The increase in the amplitude of the AHP of the ipsilesional
type B MVNn was nota consequence of the depolarization of
their mean resting membrane potential or of the increase of
their spontaneous discharge rate. Indeed, for control as well as
ipsilesional B MVNn, the AHP was significantlysmallerwhen
the neurons had more depolarized resting potentials and higher
spontaneous firing rates. In other words, there was a negative
correlation between the amplitude of the AHP and the level of
depolarization of type B MVNn (Fig. 5D). Furthermore, the
amplitude of the AHP of ipsilesional type A neurons following
the deafferentation was not significantly modified (P � 0.46,
Table 1), despite the fact they were also depolarized.

Surprisingly, there was only a trend for the spontaneous

TABLE 3. Responses to sinusoidal currents delivered in the presence of action potentials

Parameters
Control
MVNn

Ipsilesional
MVNn

Control vs.
Ipsilesional

Type A Type B

Control Ipsilesional Control Ipsilesional

No. of neurons 48 30 23 13 23 17
Zrest, M� 58.5� 33.9 51.6� 26.4 P � 0.35 57.5� 20.9 50.3� 22.8 62.4� 43.6 52.7� 29.6
�IF/�I rest, spikes� s�1

� nA�1 130.5� 48.1 151.8� 53.6 P � 0.049 116.2� 43.8 128.5� 41.9 145.1� 50.7 169.6� 55.8
�IF/�V rest, spikes� s�1

� nA�1 3.08� 2.05 3.65� 2.40 P � 0.30 2.48� 1.35 3.08� 1.73 3.34� 1.82 4.09� 2.78
Amplitude of resonance at rest 1.31� 0.23 1.35� 0.26 P � 0.51 1.28� 0.22 1.39� 0.33 1.35� 0.24 1.32� 0.21
Median peakf of resonance, Hz 6 8 P � 0.07 8 7 4 8*

No. of neurons 24 18 11 6 12 12
Zdepo, M� 47.9� 36.4 47.6� 27.4 P � 0.97 46.8� 39.0 34.6� 25.9 49.7� 37.1 54.0� 26.8
�IF/�I depo, spikes� s�1

� nA�1 119.0� 38.1 151.1� 58.0 P � 0.036 113.2� 34.2 124.3� 45.2 125.8� 43.2 164.6� 60.7
�IF/�V depo, spikes� s�1

� nA�1 3.96� 2.65 5.11� 5.49 P � 0.38 4.44� 3.41 6.79� 7.85 3.64� 1.89 4.26� 4.04
Amplitude of resonance at depo            1.38 � 0.15 1.52 � 0.37 P � 0.10 1.42 � 0.18 1.52 � 0.52 1.35 � 0.11 1.52 � 0.29
Median peakf of resonance, Hz 10 14 P � 0.057 12 12 8 14

Values are means� SD. This table gives the values of the parameters characterizing the responses of MVNn to sinusoidal currents delivered in the presence
of action potentials for all groups of MVNn considered in this study. The third column gives for each parameter the probability of significance of the differences
obtained between control and ipsilesional MVNn. * indicate the values that are significantly different between the ipsilesional and control neurons. *P � 0.05,
** P � 0.01, *** P � 0.001. In addition, the values that correspond to significant differences are shown in bold.

FIG. 10. Classification of the ipsilesional MVNn. Three-dimensional plot
of ipsilesional MVNn according to the 3 criteria used for the classification of
MVNn. As was the case for control MVNn, most neurons are included either
in the xy plane (A-like rectification vs. convexity plane), or in theyz plane
(double AHP vs. convexity plane). The dotted line shows the value of the
A-like rectification used to separate type A and B neurons (see text for details).
Note that the ipsilesional MVNn form a more homogenous population than
control MVNn (Fig. 4) and that the strength of the double AHP of type B MVN
is strongly reduced 1 mo after unilateral labyrinthectomy.
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firing rate of the whole sample of ipsilesional MVNn taken at
their resting membrane potential to increase compared with
control slices (Table 1,P � 0.10). The discharge rate of type
B MVNn increased by�30% (P � 0.015), but there was no
significant modification of the firing rate of type A MVNn.
Neither the proportion of type A (33%) and type B MVNn
(79%) exhibiting subthreshold plateau potentials nor the dura-
tion of these plateau potentials was different from control
(Table 1).

Because of the general depolarization and increase of firing
threshold of the ipsilesional MVNn, current steps were gener-
ally delivered at less negative membrane potentials than in
control slices. Indeed, the level of steady-state hyperpolariza-
tion used was set relative to the firing threshold of each cell.
Despite this, the deafferented type A MVNn displayed a higher
than normal input resistance (Rm) value (P � 0.046). The same
trend was visible for type B neurons (Table 1), so that the
membrane resistance of the MVNn recorded on the deaffer-
ented side increased by 23% compared with the MVNn re-
corded on control slices (P � 0.018, Table 1).

Responses to ramp-like currents

The main effect of previous deafferentation on the response
of MVNn to 600- and 200-ms ramps was a strong increase of
the overshoot displayed by both types of neurons (Figs. 6 and
7A). For the ramps delivered from a hyperpolarized level, the
mean overshoot of MVNn was almost multiplied by two for the
600-ms ramps (P � 0.007) and increased by 43% for the
200-ms ramps (P � 0.037, Fig. 7A). The overshoot of type B
MVNn stayed significantly bigger than the one of type A
MVNn (P � 0.03 for the 200-ms ramps). Similar results were
obtained for the overshoot of the ramps delivered from rest
except that the significant difference between type A and B
MVNn observed in control slices did not persist following
long-term deafferentation. Indeed, the increase of the over-
shoot was almost restricted to type A MVNn.

For the ramps delivered from a hyperpolarized level, there
was no significant variation of the rate of increase of the firing
rate of MVNn during the ramps (kIF) after long-term deaffer-
entation for either type A or B MVNn (Figs. 6 and 7B).
However, a significant increase ofkIF was observed for the
ramps delivered from the resting membrane potential, while
MVNn were generally spontaneously active. When consider-
ing the whole sample of MVNn,kIF was increased by�20%
for both the 600- and 200-ms ramps (P � 0.05 in both cases,
Fig. 7B). This increase tended to be stronger for type B than for
type A MVNn.

As stated inMETHODS, ramps applied from a hyperpolarized
level were always delivered while the cell was maintained at
�10 mV below its firing threshold (Fig. 2). This means that the
ramps were delivered on the ipsilesional MVNn at a more
depolarized level than on control cells. However, the increases
of the overshoot andkIF displayed by ipsilesional MVNn were
not linked to the fact that their mean resting membrane poten-
tial was depolarized compared with control slices. Indeed, as
stated above, the overshoot andkIF of control MVNn always
tended todecreasewhen the ramps were delivered from rest
compared with more hyperpolarized levels.

Whatever the level of polarization of the cells, the rate of
increase and overshoot of the firing rate of MVNn followed the

same trends according to the slope of the ramp as for the
neurons recorded in control slices (Fig. 7).

MEMBRANE POTENTIAL RESPONSES TO SINUSOIDAL CURRENTS

DELIVERED DURING STEADY-STATE HYPERPOLARIZATION IN THE

ABSENCE OF ACTION POTENTIALS. After UL, the impedance of
the deafferented MVNn tended to decrease for both cell types,
but this decrease did not reach significance (Table 2). The
Bode plot relating the amplitude of the response to the stimu-
lation frequency was rather similar to the one obtained in
control slices (Fig. 8A1). However, the peak frequency of
resonance was significantly increased (P � 0.015) with a
median value of 2 versus 1 Hz when considering all MVNn
together (Table 2). The amplitude of the resonance of the
deafferented MVNn was not modified.

In accordance with this higher peak frequency of resonance,
the phase lead displayed by both types of ipsilesional MVNn
(Fig. 8A2) became greater at low frequency (0.4–4 Hz) and
thus reached zero for a higher frequency of stimulation (me-
dian of 1 instead of 0.4 Hz,P � 0.023). The phase lag observed
at high-frequency (�30 Hz) was significantly greater for the
deafferented MVNn than for the neurons recorded in control
slices.

RESPONSES TO SINUSOIDAL CURRENTS DELIVERED IN THE

PRESENCE OF ACTION POTENTIALS. Whether the sinusoidal cur-
rents were delivered at rest or during steady-state depolariza-
tion, the responses of MVNn recorded on the ipsilesional side
of slices taken from compensated animals were modified in the
same way compared with control MVNn. Results obtained in
these two situations are therefore presented together.

After UL, the active impedanceZ of the ipsilesional MVNn
was not modified, whether the sinusoidal currents were deliv-
ered at rest (Table 3) or during depolarization. Despite the lack
of impedance modification, the sensitivity of the discharge of
both types of MVNn to current injection (�IF/�I) tended to
increased (Table 3). When all MVNn were pooled together, the
sensitivity of the neurons was significantly increased at most
frequencies ranging from 0.2 to 12 Hz at rest and from 0.2 to
40 Hz during steady-state depolarization (Fig. 8,B1 andC1).
For instance, the�IF/�I at 0.4 Hz of the deafferented MVNn
increased by 16% compared with normal controls at the resting
membrane potential (P � 0.049, Table 3) and by 27% during
steady-state depolarization (P � 0.036). The sensitivity of the
discharge to membrane potential variations, measured at 0.4
Hz (�IF/�V), tended to increase after deafferentation, but this
change did not reach significance because of the large disper-
sion of the values.

When type A and B MVNn were considered separately,
there was a stronger increase of the sensitivity of the discharge
to current injections (�IF/�I) for type B MVNn than type A
MVNn. Indeed, the sensitivity of the ipsilesional type A
MVNn did not increase significantly compared with the type A
MVNn recorded in control slices. In contrast, the sensitivity of
the ipsilesional type B MVNn was significantly increased at all
frequencies ranging from 12 to 20 Hz when the sinusoidal
currents were delivered at the resting membrane potential, and
from 6 to 30 Hz during steady-state depolarization (Fig. 9).

Whatever the level of polarization of the cells, the mean
amplitude of the resonance of MVNn was not significantly
modified by the lesion (Table 3). However, the median peak
frequency of the resonance of the deafferented MVNn tended
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to increase (Table 3, Fig. 8,B1 and C1) both at the resting
membrane potential (from 6 to 8 Hz,P � 0.073) and during
steady-state depolarization (from 10 to 14 Hz,P � 0.057). This
increase was actually restricted to the deafferented type B
neurons (Fig. 9B, 1 and 2). Their median peak frequency
reached 8 Hz instead of 4 Hz at the resting membrane potential
(P � 0.033) and 14 Hz instead of 8 Hz during steady-state
depolarization (P � 0.06). This increase might be linked to the
fact that the ipsilesional type B MVNn were more depolarized
than control type B MVNn because in control slices, steady-
state depolarization also increased the peak frequency of res-
onance of type B MVNn from 4 to 8 Hz. However, the median
peak frequency of ipsilesional type A MVNn, which were also
more depolarized than control type A MVNn, was not modified
compared with control slices (Fig. 9A, 1and2). Altogether, the
peak frequencies of resonance were now similar for type B and
A MVNn, and the Bode plots of the deafferented type A and B
MVNn displayed more similar profiles than on control slices
(Fig. 9).

The phase response of both type A and type B MVNn was
slightly modified by long-term deafferentation. The mean
phase function of both types of deafferented MVNn was
shifted by a few degrees toward greater phase leads and smaller
phase lags over the whole range of frequencies compared with
control slices (Fig. 8,B2 andC2).

Summary of the main long-term effects of labyrinthectomy
on the ipsilesional MVNn

Long-term deafferentation of the vestibular nuclei induced a
depolarization of the average resting membrane potential and
firing threshold of all MVNn by�7 mV (Fig. 5). This depo-
larization was associated with an increase in the resting dis-
charge of type B but not type A MVNn. In addition, there was
a selective increase of the size of the AHP and regularity of
discharge of type B MVNn associated with a decrease in the
proportion of type B neurons displaying a double AHP (Fig. 5).
The input resistance of MVNn, obtained from current steps,
increased after the lesion for both types of neurons. The ramps
(Figs. 6 and 7) revealed a strong increase of the overshoot
induced by the steepest slopes for both types of deafferented
MVNn. The sensitivity kIF of the discharge of MVNn to
ramp-like current injection increased, but only when ramps
were delivered from the resting membrane potential. The mod-
ulation of the instantaneous firing rate of MVNn by sinusoidal
currents was also modified after UL (Fig. 8). The sensitivity of
their discharge to sinusoidal current injection (�IF/�I) was
increased over the whole range of frequency tested. This in-
crease in sensitivity was greater for type B than for type A
MVNn. Long-term deafferentation did not modify the ampli-
tude of the resonance of MVNn. However, there was a signif-
icant increase of the peak frequency of resonance of type B
MVNn, which shifted from 4 to 8 Hz at rest and from 8 to 14
Hz during steady-state depolarization (Fig. 9).

D I S C U S S I O N

Our data reveal that UL induces long-term changes in the
neuronal properties of the ipsilesional MVN neurons. Qualita-
tive evaluation of the modifications observed one month after
the lesion suggests that they were more extensive than the

changes reported 7–10 days after the lesion in the rat or guinea
pig (see following text). This means that at the neuronal level,
the plastic processes triggered by labyrinthectomy continue
well after the first few days of compensation, long after the
ipsilesional vestibular neurons have recovered their spontane-
ous discharge and the static deficits have disappeared.

Categorization of MVNn

In our previous publications, MVN neurons have been cat-
egorized into type A and B neurons using qualitative criteria
only. For this study, quantitative criteria were developed to
characterize the intracellularly recorded MVNn. Using a
method introduced by Johnston et al. (1994), an averaged spike
profile was obtained for each MVNn during spontaneous firing.
This spike profile and its first derivative were used to assess the
presence and quantify the strength of the A-like rectification
and double AHP, which were the two main criteria used
previously for the qualitative classification. The convexity of
the voltage trace during the inter-spike interval was added as a
third parameter for classification. While two distinct groups of
MVNn could be defined using these parameters, a sizeable
proportion of MVNn still displayed “intermediate” properties
(in accordance with the idea of a continuum of neurons put
forward by Du Lac and Lisberger 1995a). However, there was
no objective reason to keep these intermediate MVNn as a
separate category. In agreement with Johnston et al. (1994),
our analysis shows that MVNn are best categorized by defining
only two distinct groups of neurons corresponding to the qual-
itatively defined type A and B MVNn.

According to the quantified classification scheme, control
MVNn included�50% each of type A and B neurons in the
guinea pig. Compared with the proportions previously reported
using qualitative classification (in average 35% of type A
MVNn, 50% of type B MVNn, and 15% of type C MVNn), the
main change was an increase in the proportion of MVNn
classified as type A neurons. Most of the MVNn that we
previously considered as type C neurons were re-classified as
type A MVNn. In previous works performed both in the guinea
pig and rat (Him and Dutia 2001; Johnston et al. 1994; Serafin
et al. 1991a), the qualitatively defined type B MVNn displayed
significantly thinner spikes and smaller AHPs than type A
MVNn. They were also characterized by the significantly dif-
ferent overshoots obtained in response to steep current ramps
(Ris et al. 2001b). Despite the increase in the proportion of
MVNn classified as type A neurons, all these significant dif-
ferences between type A and B MVNn persisted when the
quantified classification scheme was used (seeRESULTS).

Compared with the data obtained in the rat and mouse (Dutia
and Johnston 1998; Him and Dutia 2001; Johnston et al. 1994),
in the guinea pig, the proportion of type A MVNn is higher
(�50% instead of 20–25%) and the proportion of type B
MVNn is lower. All type B MVNn display a double AHP
during spontaneous firing in the rat and mouse (because this is
the criterion used by these authors to define type B MVNn). In
contrast, only 66% of the type B neurons and 33% of all
MVNn display a double AHP at rest in the guinea pig. Alto-
gether, rat and mice seem to have more phasic MVNn and less
tonic neurons than guinea pigs (see Babalian et al. 1997 for the
equivalence between the in vitro and in vivo classifications of
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MVNn). This difference may be linked to the different eco-
logical niches of these species.

Qualitative comparison of our results with previous studies
performed after 7–10 days of compensation

Four previous studies have used intracellular recordings to
assess how the membrane properties of MVN neurons were
modified 7 to 10 days after a UL (Godaux and Ris 2001; Him
and Dutia 2001; Ris et al. 2001c, 2002). A summary of the
changes reported in these studies has been presented in the
introduction. Because these studies were performed either in
guinea pig or rat and did not use exactly the same stimulus and
recording protocols, onlyqualitativecomparisons will be made
between these previous data and our own data. In vivo studies
have shown that the time course of behavioral compensation
after UL is not overtly different between rats and guinea pigs
(Darlington et al. 2002; Hamann et al. 1998; Smith and
Curthoys 1989).

Our study shows that the increase in the proportion of type
B MVNn displaying low-threshold calcium spikes found by
Godaux and Ris (2001) and Him and Dutia (2001) after 7–10
days of compensation is still present 1 mo after the lesion.
These data suggest that vestibular compensation is associated
with early changes in the calcium conductance of at least some
MVNn (see also Smith et al. 2002).

On the other hand, we revealed a long-term increase of the
size of the AHP and regularity of discharge of type B neurons
that was not reported in previous studies. After 7–10 days of
compensation in the rat (Him and Dutia 2001), there was a
selective increase in the input resistance of ipsilesional type B
MVNn compared with control MVNn. This increase was also
present after 1 mo of compensation in the guinea pig, but was
extended to ipsilesional type A MVNn. This increased resis-
tance could correspond to long-term morphological changes of
the neurons induced by labyrinthectomy. Indeed, quantitative
morphological studies have shown that in the cat, the ipsile-
sional central vestibular neurons were reduced in size when
observed 2 mo after the lesion. Furthermore, the number of
synaptic profiles contacting these neurons was strongly re-
duced (see for review Gacek et al. 1998).

Long-term deafferentation induced a depolarization of the
resting membrane potential of both type A and B MVNn by
5–10 mV. In the guinea pig, Ris and Godaux (personal com-
munication) have not found any significant difference between
the resting potential of control MVNn and MVNn recorded on
the ipsilesional side of slices taken after 1 wk of compensation.
But Him and Dutia (2001) have reported in the rat a depolar-
ization of the ipsilesional MVNn recorded after 7–10 days of
compensation similar to the one we report,which was however
restricted to type B neurons.Thus it seems that a membrane
potential depolarization of the ipsilesional MVNn recorded in
vitro progressively develops in rodents during the first month
of vestibular compensation. In particular, the depolarization of
type A MVNn would not become obvious before the first 10
days of compensation have passed. As pointed out in the
INTRODUCTION, in vitro extracellular recordings of MVNn have
shown that an increase of the spontaneous firing rate of ipsile-
sional neurons developed compared with control slices during
the same period (see for, review Darlington et al. 2002).

As already observed by Him and Dutia (2001) after 7–10

days of compensation, the depolarization of in vitro recorded
MVNn was associated with an increase in the spontaneous
firing rate of type B MVNn but not type A MVNn. In our case,
however, there was a discrepancy between the depolarization
of the membrane potential and firing threshold that affected
both type A and B MVNn and the fact that only the sponta-
neous firing rate of type B MVNn was increased. This discrep-
ancy might be a consequence of the different membrane prop-
erties displayed by type A versus type B MVNn. Indeed, the
sensitivity of the firing rate of MVNn to membrane potential
variations assessed at their resting membrane potential from
their responses to sinusoidal stimuli tended to be higher for
type B than for type A MVNn even if this trend was not
significant. The overall absence of strong increase of the spon-
taneous firing rate of the whole sample of MVNn (Table 1)
contrasts with what was found at the same long-term stage of
compensation using extracellular recordings (Vibert et al.
1999b) and may be due to our use of intracellular recording
techniques. Indeed, the average discharge rate of MVNn as-
sessed using extracellular (Darlington et al. 1995; Ris et al.
2001a; Vibert et al. 1999b) or patch-clamp electrodes (Him and
Dutia 2001; Murphy and Du Lac 2001) is 10–15 spikes/s in
control slices. In contrast, intracellular recordings with sharp
electrodes give values of 20–30 spikes/s even when performed
by the same groups as in the preceding text (Du Lac and
Lisberger 1995a; Gallagher et al. 1985; Johnston et al. 1994;
Serafin et al. 1991a). The firing rate of the ipsilesional MVNn
recorded on slices after various times of compensation using
extracellular or whole cell patch electrodes reached at most 23
spikes/s despite its increase compared with control slices (Him
and Dutia 2001; Vibert et al. 1999b). It stayed lower than the
spontaneous discharge obtained with sharp electrodes in con-
trol slices. Thus the increase in the firing rate of control MVNn
induced by sharp electrode penetration might reduce the ap-
parent relative increase of firing rate normally associated with
the compensation process. No other difference between the
membrane properties of MVNn recorded with patch-clamp
versus sharp electrodes, including their resting membrane po-
tential, has been reported.

Long-term deafferentation induced a strong increase of the
overshoot triggered by the steepest slopes for both types of
MVNn. These data confirm results obtained by Ris et al.
(2001c, 2002), who already observed a significant increase of
the overshoot of the ipsilesional MVNn of guinea pigs 7 days
after the lesion,which was, however, restricted to type B MVN
neurons.Furthermore, contrary to what happened after 1 wk,
the increase of the overshoot was associated with a higher
sensitivity of the firing rate of MVN neurons (particularly type
B MVNn) to current injection performed at the resting mem-
brane potential (i.e., while the neurons were spontaneously
active).

In summary, our data show that all the changes in the
membrane and response properties of MVNn that were ob-
served after 7–10 days of compensation in previous studies
were still present 3 wk later, i.e., 1 mo after the lesion.
However, while these changes were restricted to type B MVNn
after the first week of compensation, most of them concerned
both the ipsilesional type A and B MVNn after 1 mo. No major
discrepancy appeared despite the different stimulation and
recording protocols used in the various studies. New modifi-
cations that were not present at all after just 7–10 days of
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compensation were also observed, like the increase in the AHP
amplitude and discharge regularity of type B MVNn or the
increase of the sensitivity of the firing rate of MVN neurons to
ramp-like current injections. As pointed out in the preceding
text, the plastic processes triggered at the neuronal level by
labyrinthectomy continue well after the first few days of com-
pensation, long after the static deficits triggered by the lesion
have disappeared. Because no data have been published about
the responses to sinusoidal current injection displayed by ip-
silesional MVNn after 7–10 days of compensation, we were
not able to evaluate the time course of appearance of the
modifications of these responses observed 1 mo after the le-
sion.

Functional implications of the long-term changes of the
membrane properties of MVNn induced by UL

Because the vestibular nerve afferent fibers provide a per-
manent excitatory input to MVNn, the MVN neurons should be
more depolarized in vivo than they are on slices. After the loss
of vestibular nerve afferents induced in vivo by UL, the mean
resting potential of the ipsilesional MVNn should then become
more hyperpolarized. In the guinea pig, there is a complete in
vivo recovery of the spontaneous discharge of the deafferented
MVNn during the first week of compensation (Ris et al. 1995,
1997). On the other hand, the in vitro studies demonstrate only
moderate modifications of the spontaneous resting discharge
and resting membrane potential of the ipsilesional MVNn in
slices taken after 1 wk of compensation, restricted to type B
neurons (Him and Dutia 2001; Ris et al. 2001c, 2002). The
general depolarization of the ipsilesional MVNn by 5–10 mV
we report at 1 mo suggests that their resting discharge recov-
ered in vivo is more sustained at that stage by changes in their
intrinsic membrane properties. Because this depolarization is
accompanied by a similar increase of the firing threshold of the
neurons, the resting discharge recovered by the deafferented
MVNn during the first week after the lesion in vivo would not
be modified later on.

The long-term increase of the size of the AHP and regularity
of discharge of type B neurons observed after 1 mo of vestib-
ular compensation was associated with a trend for the propor-
tion of type A MVNn, which displays a large, single compo-
nent AHP, to augment after long-term deafferentation. All this
could increase in vivo the stability of the spontaneous dis-
charge recovered by the deafferented MVNn. Indeed, bigger
AHPs should limit the sensitivity of MVNn to small amplitude
synaptic inputs, as shown by Babalian et al. (1997). Stability of
the spontaneous discharge is probably an essential requirement
for a proper functioning of the vestibular system, and suppres-
sion of the labyrinthine afferents generates instability in central
vestibular networks. Indeed, UL is associated with an increase
in the irregularity of the spontaneous discharge of the ipsile-
sional, second-order MVNn recorded in isolated whole brains
(Vibert et al. 1999a). Bilateral labyrinthectomy induces a
strong instability of the resting posture and head position that
decreases with time but never disappears (Ris and Godaux
1998). The increase of the size of the AHP and regularity of
discharge of type B MVNn after long-term deafferentation was
associated with a decrease of the strength of the double AHP
displayed by these neurons. The proportion of type B MVNn
displaying a double AHP also decreased. Altogether, after

long-term deafferentation, the basic membrane properties of
type B MVNn tended to become more similar to those of type
A MVNn than in control slices.

In vivo studies have shown that UL induces major deficits of
the vestibulospinal and vestibuloocular synergies. The horizon-
tal vestibuloocular reflex (HVOR) improves over several
weeks in the low- and middle-frequency range of head move-
ments, between 0.1 and�10 Hz, both in guinea pigs and
monkeys (Gilchrist et al. 1998; Lasker et al. 2000; Vibert et al.
1993). However, the quality of the recovery decreases with the
amplitude of the movement, and there is no dynamic recovery
for high acceleration impulses corresponding to high-fre-
quency stimuli.

The main change induced by long-term deafferentation was
a significant increase in the sensitivity of MVNn to both
ramp-like and sinusoidal currents delivered at the resting mem-
brane potential, i.e., in the presence of action potentials. In both
cases, this increase was stronger for type B than for type A
MVNn. The higher sensitivity of ipsilesional MVNn was not
due to the fact that they were more depolarized than the MVNn
recorded in control slices. Indeed, responses to sinusoidal
currents delivered during steady-state depolarization show that
in control slices, depolarization induces a decrease, and not an
increase, of the sensitivity of MVN neurons. The ramp-like
currents we used were high-amplitude stimuli, but their main
frequency component ranged from 0.2 Hz for the 5,000-ms
ramps to 5 Hz for the 200-ms ramps. The fundamental fre-
quency of ramps is therefore inside the low- and middle-
frequency range of head movements, where the dynamic ves-
tibular synergies recover in vivo (Gilchrist et al. 1998; Vibert
et al. 1993). All this suggests that the increased overshoot
displayed by the ipsilesional MVNn and the increased sensi-
tivity of MVNn to ramp-like and sinusoidal currents might be
involved in this recovery. This would be in accordance with the
increased transmission by vestibuloocular pathways found in
vivo by Broussard and Hong (1999). There was an apparent
discrepancy between the higher sensitivity of the ipsilesional
type B MVNn to ramp-like and sinusoidal currents and the
increase of their AHP, which should make them less sensitive
to current changes. However, while the increased AHP must
give type B MVNn a greater stability and smaller sensitivity to
small, random synaptic noise (see Babalian et al. 1997), it did
not apparently alter their sensitivity to high-amplitude ramp-
like and sinusoidal potential modulations that reach 5–10 mV
or more in most cases.

Detailed analysis of the data obtained in control slices re-
vealed that compared with type A MVNn, the peak frequency
of resonance of type B MVNn was lower, whereas the ampli-
tude of their resonance was similar or higher. In accordance
with the model put forward by Minor et al. (1999) for the
monkey HVOR, we have suggested (Ris et al. 2001b) that at
high frequencies, type B MVNn might workin a nonlinear
way,such as a signal detection mode, to amplify the contribu-
tion of vestibular nerve afferents. This should apply to guinea
pigs because the HVOR dynamics and the way they are af-
fected by UL appear roughly similar in all mammalian species
(Broussard et al. 1999; Escudero et al. 1993; Gilchrist et al.
1998; Minor et al. 1999; Smith and Curthoys 1989). Because
our sinusoidal stimulations were designed to evoke only linear
responses, the decrease of the firing rate modulation displayed
by type B MVNn �4 Hz might result from the progressive

201LONG-TERM PLASTICITY OF VESTIBULAR NEURONS

J Neurophysiol• VOL 90 • JULY 2003• www.jn.org



involvement of nonlinear properties in the responses of type B
MVNn at higher frequencies. In other words, type B MVNn
would display linear responses over a smaller range of ampli-
tude and frequencies than type A MVNn but would be the only
cells able to respond to high-frequency, high-amplitude stimuli
by working as signal detectors.

Remarkably, the increased sensitivity of the ipsilesional type
B MVNn was associated with an increase of their peak fre-
quency of resonance. However, in vivo studies in guinea pigs,
monkeys, and humans have shown that the dynamic vestibular
reflexes triggered by high-frequency stimuli like velocity steps
were definitively impaired on the ipsilesional side after UL
(Curthoys 2000; Gilchrist et al. 1998; Halmagyi et al. 1990;
Lasker et al. 2000). This discrepancy might be due to the fact
that we used low-amplitude sinusoidal currents to keep the
responses of MVNn in the linear range. The increase in the
peak frequency of resonance of the ipsilesional type B MVNn
suggests that the increased amplitude of their AHP is associ-
ated with an extension of the frequency range of their linear
responses like in A MVNn. In accordance with the fact that the
basic properties of type B MVNn come closer to those of type
A MVNn after one month of compensation (see preceding
text), the dynamic response profiles of type A and B neurons
become more similar than in control slices. This transformation
of the ipsilesional type B MVNn might impair their nonlinear
properties and thus could explain the suppression in vivo of the
responses to high-amplitude, high-frequency head movements
directed toward the ipsilesional side.

Conclusion

Because synaptic uncoupling conditions were not used, we
cannot exclude that the changes in the membrane and response
properties of MVNn we observed might indirectly be due to
changes in neurotransmitter receptor activation. It is, however,
unlikely because the increase in the discharge rate of extracel-
lularly recorded, ipsilesional MVNn obtained on slices taken
after 1 mo of compensation persisted in conditions of synaptic
uncoupling (Vibert et al. 1999b).

As pointed out in the preceding text, only the membrane
properties of type B MVNn were modified after 7–10 days of
vestibular compensation. Even if most of these changes ex-
tended to type A MVNn 3 wk later, our data show that the type
B MVNn were still more modified than type A MVNn by
long-term deafferentation. In several respects, the static and
dynamic membrane properties of type B MVNn became more
similar to those of type A MVNn than in control slices, and the
overall homogeneity of MVNn was increased. The fact that
both the resting membrane potential and firing threshold of the
neurons became more depolarized suggests that changes in
active conductance compensated for the loss of excitatory
afferents.
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ment Français 2001) and continued to receive support from the Osaka Uni-
versity Medical School while on leave from that institution. L. Ris is a

scientific research worker of the Belgian Fonds National de la Recherche
Scientifique.

REFERENCES
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Beraneck, Mathieu, Erwin Idoux, Atsuhiko Uno, Pierre-Paul
Vidal, Lee E. Moore, and Nicolas Vibert. Unilateral labyrinthec-
tomy modifies the membrane properties of contralesional vestibular
neurons.J Neurophysiol92: 1668–1684, 2004. First published May
12, 2004; 10.1152/jn.00158.2004. Vestibular compensation after a
unilateral labyrinthectomy leads to nearly complete disappearance of
the static symptoms triggered by the lesion. However, the dynamic
vestibular reflexes associated with head movements remain impaired.
Because the contralesional labyrinth plays a prominent role in the
generation of these dynamic responses, intracellular recordings of
contralesional medial vestibular nucleus neurons (MVNn) were done
after 1 mo of compensation. Their firing properties and cell type were
characterized at rest, and their response dynamics investigated using
step, ramp, and sinusoidal current stimulations. The sensitivity of the
contralesional MVNn firing rates to applied current was increased,
which, along with increased phase leads, suggests that significant
changes in active conductances occurred. We found an increased
proportion of the phasic type B neurons relative to the tonic type A
neurons in the contralesional MVN. In addition, the remaining con-
tralesional type A MVNn response dynamics tended to approach those
of type B MVNn. Thus the contralesional MVNn in general showed
more phasic response dynamics than those of control MVNn. Alto-
gether, the firing properties of MVNn are differentially modified on
the ipsilesional and contralesional sides of the brain stem 1 mo after
unilateral labyrinthectomy. Ipsilesional MVNn acquire more “type
A–like” tonic membrane properties, which would contribute to the
stabilization of the spontaneous activity that recovers in the deaffer-
ented neurons during vestibular compensation. The bilateral increase
in the sensitivity of MVNn and the acquisition of more “B-like”
phasic membrane properties by contralesional MVNn should promote
the restoration of the vestibular reflexes generated by the remaining,
contralesional labyrinth.

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

Vestibular compensation is defined as the regression of the
oculomotor and postural syndrome that occurs after destruction
of one labyrinth (Curthoys 2000; Darlington and Smith 1996;
Dieringer 1995; Smith and Curthoys 1989). This syndrome
includes a spontaneous ocular nystagmus and massive postural
distortions observed in the absence of movement, and abnor-
malities of the vestibulo-ocular and vestibulo-spinal synergies
observed during head movements. Whereas the static distur-
bances disappear in a few days in most vertebrate species, the
dynamic reflexes remain impaired indefinitely. They improve
over several weeks, but this recovery is limited to low accel-
eration and the low to middle frequency range of head move-

ments, both in animals (Broussard et al. 1999b; Gilchrist et al.
1998; Lasker et al. 2000; Murai et al. 2003; Vibert et al. 1993)
and humans (Allum and Ledin 1999; Brandt 2000; Curthoys
and Halmagyi 1999).

The vestibular system works bilaterally, using sensory in-
formation from both labyrinths simultaneously for gaze and
posture stabilization. Most subdivisions of the vestibular nuclei
are linked by commissural fibers that interconnect the 2 ves-
tibular complexes located on each side of the brain stem
through monosynaptic or disynaptic pathways. Commissural
connections are particularly extensive at the level of the medial
and superior vestibular nucleus (Epema et al. 1988; Gacek
1978; Ito et al. 1985; Newlands et al. 1989). These commis-
sural pathways are predominantly inhibitory but also include
excitatory connections (Babalian et al. 1997; Highstein et al.
1987). The role of the contralesional, intact labyrinth and of
commissural pathways in the rapid disappearance of the static
symptoms triggered by unilateral labyrinthectomy is contro-
versial (Cartwright and Curthoys 1996; Graham and Dutia
2001; see Curthoys and Halmagyi 1999; Dieringer 1995; Smith
and Curthoys 1989). In contrast, the contralesional labyrinth is
obviously essential for the recovery of the dynamic vestibular
reflexes. Indeed, it provides all the remaining sensory vestib-
ular information related to linear and angular head movements.

Few in vivo data are available on how the contralesional
vestibular neurons are modified after unilateral labyrinthec-
tomy, but they all suggest that substantial adaptive mechanisms
are triggered during vestibular compensation. Immediately
after the lesion, the spontaneous discharge of contralesional
MVNn recorded in awake guinea pigs increases (Ris and
Godaux 1998). This is probably attributable to the loss of the
commissural inhibition normally provided by the ipsilesional
MVNn, which are deprived of their vestibular excitatory drive
(Curthoys and Halmagyi 1995; Darlington and Smith 1996;
Dieringer 1995; Smith and Curthoys 1989). The spontaneous
discharge of contralesional MVNn returns to normal within 1
wk. After several months, the contralesional vestibular neurons
show structural changes (Gacek et al. 1998). In patients, caloric
stimulation of the intact labyrinth reveals first a reduction of
excitability during the first months after the lesion, then a
recovery of normal values in about 1 yr, which afterward
develops into a hyperexcitability during the next year (Fisch
1973). In monkeys, caloric response of the contralesional
labyrinth to ice water is increased after 3 mo of vestibular
compensation (Fetter and Zee 1988).
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Intracellular recordings in brain stem slices led to the iden-
tification of 2 types of MVNn, type A and type B neurons,
based primarily on different action potential profiles (Gallagher
et al. 1985; Johnston et al. 1994; Serafin et al. 1991a,b).
Previous studies (Babalian et al. 1997; Ris et al. 2001) have
shown that type A MVNn correspond to the tonic, regular
vestibular neurons identified in vivo, and have a more stable
spontaneous activity and more linear response dynamics. In
contrast, type B MVNn correspond to the phasic, irregular
vestibular neurons identified in vivo, and show more irregular
spontaneous activity and a higher sensitivity to applied current.
Recently, we showed that 1 mo after a unilateral labyrinthec-
tomy, the intrinsic firing properties of ipsilesional MVNn were
greatly modified (Beraneck et al. 2003a). The ipsilesional
neurons were depolarized by 6–10 mV, and the static and
dynamic membrane properties of type B neurons were more
similar to those of type A neurons than in control slices.
Altogether, the neurons on the ipsilesional side showed a more
tonic behavior, which should increase the stability and regu-
larity of the resting discharge that is restored in these MVNn
during vestibular compensation.

In view of the prominent role of the contralesional labyrinth
in the generation of vestibular synergies after unilateral laby-
rinthectomy, additional experiments were done on the static
and dynamic membrane properties of contralesional MVN
neurons after 1 mo of compensation. Statistical comparisons
were made with identical measurements obtained on slices
from normal animals, and on the ipsilesional side of slices
taken 1 mo after unilateral labyrinthectomy (Beraneck et al.
2003a; Ris et al. 2001). Some of these data were previously
published in abstract form (Beraneck et al. 2003b).

M E T H O D S

Animals and surgical procedures

Experiments were carried out on pigmented guinea pigs of both
genders (Elevage de la Garenne, Saint-Pierre d’Exideuil, France). The
animals were handled in accordance with the European Communities
Council Directive of November 24, 1986, and followed the proce-
dures issued by the French Ministe`re de l’Agriculture.

Unilateral labyrinthectomies were performed under halothane an-
esthesia as described in Vibert et al. (1999a,b). Guinea pigs were
allowed to compensate in a normal visual environment until their
brain was removed after about 1 mo of compensation (mean of 32
days, range: 27 to 41 days) to prepare the slices. The 28 animals used
in this experiment were 8–10 wk of age, and their weight ranged from
250 to 450 g (mean about 350 g). These parameters were similar to
those of the animals used in our previous experiments (Beraneck et al.
2003a).

Intracellular electrophysiological recordings

After nembutal (pentobarbital) anesthesia, thick (500�m), coronal
brain stem slices were cut from previously labyrinthectomized ani-
mals and maintained using standard techniques (Gallagher et al. 1985;
Serafin et al. 1991a; Vibert et al. 1999b). In most experiments, a cold
(4°C) sucrose-containing artificial cerebrospinal fluid (sucrose ACSF)
was used during the dissection and preparation of the slices (Devor et
al. 2001; for details see Uno et al. 2003). During the recordings,
however, the slices were superfused with normal ACSF maintained at
31–32°C (Serafin et al. 1991a; Vibert et al. 1999b). Use of the sucrose
solution during the preparation of the slices increased the number of
viable neurons recorded with microelectrodes. Because we obtained a

few contralesional neurons (9 out of 74) without using the sucrose
ACSF, we verified that neither their static nor their dynamic mem-
brane properties were different from those of the contralesional
MVNn obtained using the sucrose ACSF (see Uno et al. 2003).

Intracellular electrophysiological recordings were obtained with
sharp, 3 M potassium acetate-containing glass microelectrodes from
neurons within the contralesional medial vestibular nucleus (MVN).
As in Beraneck et al. (2003a), recordings were restricted to the two
500-�m coronal slices corresponding to the middle third of the guinea
pig MVN, at the level of the cerebellar peduncles. A few cells
(�10%) were recorded in more caudal slices taken from the last third
of the MVN. About 20% of the experiments were performed blind to
the recording side to check for any experimenter-linked bias. It is
likely that a large majority (�80%) of the MVNn recorded in slices
are second-order vestibular neurons, given that 80–85% of the central
vestibular neurons recorded in the MVN area of the isolated whole
brain of guinea pig with similar electrodes were identified as second-
order neurons (Babalian et al. 1997).

All measurements were done with an Axoclamp 2A system (Axon
Instruments, Union City, CA) in the bridge mode, current-clamp
configuration. The electrode resistance varied from 80 to 150 M�.
Both series resistance (bridge balance) and capacitance compensation
were checked throughout the recording of each individual neuron (Ris
et al. 2001). The current stimulation and data acquisition were done
with a PC-compatible computer using the Acquis 1 program (version
4.0, Bio-logic S.A., Gif-sur-Yvette, France) or MATLAB 6.5 (The
MathWorks, Natick, MA). The data were analyzed using program
scripts with Mathematica 4.0 (Wolfram Research, Champaign, IL) or
MATLAB 6.5 (The MathWorks).

Basic membrane and firing properties of MVNn

Because most MVNn are spontaneously active on slices, the mem-
brane potential was filtered with a 1-Hz low-pass filter to obtain an
estimate of a “mean resting membrane potential” for each neuron. As
in Beraneck et al. (2003a), all cells that had a resting potential more
negative than�50 mV and a spike amplitude�50 mV were analyzed.
We also analyzed the MVNn whose membrane potential ranged from
�50 to�40 mV if their spike amplitude was 50 mV or more, with a
normal spike width ranging from 0.7 to 2.2 ms (see Beraneck et al.
2003a).

Recordings of the neurons at rest were used to determine their mean
spontaneous firing rate, the coefficient of variation (CV), and the
amplitude of the spike. For each neuron, an average of the spike shape
and following interspike interval was obtained by averaging succes-
sive spikes taken either at rest or during slight depolarizations, if the
neurons were silent at rest. The spikes were synchronized to their
thresholds, defined as the time the positive slope of the action
potential reached 10 V/s (Krawitz et al. 2001). The averaged spike
shape was used to determine the amplitude of the afterhyperpolariza-
tion (AHP) and the width of the spike at threshold (see Beraneck et al.
2003a).

The cell’s firing threshold (i.e., the membrane potential for which
the cell begins to fire action potentials) was measured as the potential
reached by the neuron at the threshold of the first spike triggered by
a slow, depolarizing current ramp (0.06 nA/s). In each cell, the
presence and duration of long-lasting, subthreshold plateau potentials
were determined. These plateau potentials were elicited by low-
amplitude (0.1–0.2 nA), short-duration (10 ms) current pulses, while
the neurons were hyperpolarized just below their firing threshold
(Babalian et al. 1997; Serafin et al. 1991a,b).

Quantitative determination of the neuronal type

In previous publications, MVN neurons were classified as type A,
B, B�LTS, and C neurons using only qualitative criteria. To assess
reliably the long-term effects of unilateral labyrinthectomy on ipsi-
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and contralesional MVNn, quantitative, objective criteria were devel-
oped to classify intracellularly recorded MVN neurons as briefly
explained below (for a complete description see Beraneck et al.
2003a).

The first derivative of the averaged spike profile of each neuron was
used to assess (in V/s) the A-like rectification and double AHP, the 2
main criteria previously used for the qualitative classification. All
MVNn showing an A-like rectification with an amplitude�0.15 V/s
were classified as type B neurons. The type B�LTS MVNn formed a
subtype of these type B neurons showing low-threshold calcium
spikes when released from a strong hyperpolarization. The MVNn that
had an A-like rectification stronger than 0.15 V/s and no double AHP
were classified as type A neurons. The few MVNn that showed both
a double AHP and an A-like rectification�0.15 V/s were considered
as type C neurons.

These criteria were previously used by Beraneck et al. (2003a) to
classify and compare the neurons recorded on slices taken from
normal animals (control slices), and on the ipsilesional side of slices
taken from animals labyrinthectomized 1 mo before. The MVNn
recorded in control slices included 47% type A neurons, 50% type B
neurons (of which 9% were type B�LTS neurons), and 3% type C
neurons.

Measurement of the input resistance of MVNn using
current steps

The passive input resistance of each neuron was assessed using a
series of hyperpolarizing current steps (1-s duration) of decreasing
amplitudes. The cell was maintained by a steady-state hyperpolariza-
tion at a few mV (0–10) below its threshold for discharge. The whole
cell resistance for each MVNn (input resistance� voltage deflection/
current input) was estimated from the final steady-state amplitude of
the hyperpolarizing steps.

Stimulation with depolarizing ramp currents

Increasing ramp currents of 0.3 nA amplitude were applied at 5
different slopes up to a final steady-state value, leading to a propor-
tionate increase in the firing rate above the resting spontaneous
activity (for details see Beraneck et al. 2003a). The slope of increase
of the instantaneous firing rate of the cell (kIF in spikes� s�1

� nA�1)
was estimated during the depolarizing, ramplike portion of the applied
current (Fig. 1A). The difference between the firing rate reached at the
end of the applied depolarizing current and the final, stable discharge
rate reached at the end of the plateau was measured as an overshoot
in spikes/s (Fig. 1A). To assess how the level of polarization influ-
enced the responses, the whole sequence of ramp stimulations was
repeated from a hyperpolarized level of about 10 mV below the firing
threshold. Of the 5 ramps applied to each cell, the 600-ms (slope of
0.5 nA/s) and 200-ms ramps (slope of 1.5 nA/s) gave the most
significant results and were taken as the main indices of the response
of MVNn to ramplike currents.

Sinusoidal current injections

A third series of stimuli consisted of current sine waves applied for
5,000 ms at frequencies ranging from 0.2 to 50 Hz (du Lac and
Lisberger 1995; for details see Ris et al. 2001). The amplitude of the
stimulus (�I, Fig. 1B) was adjusted to keep the membrane potential
variation around 10 mV peak to peak. The sinusoidal currents applied
in the presence of resting spontaneous activity led to a significant
modulation of the firing rate. For each frequency of stimulation below
or equal to about one third of the neuron’s resting discharge, the
modulation of the instantaneous firing rate (IF) of MVNn was fitted
with a sine wave that was used to calculate the amplitude and phase
of the IF modulation (�IF, Fig. 1B). When the frequency of stimula-
tion passed a third of the neuron’s firing rate, the amplitude of the IF

modulation was calculated empirically as the difference between the
minimum and maximum IF reached by the neuron during the stimu-
lation. No phase measurements were made in this situation. The
underlying membrane potential excursion (�V) was computed by a
Fourier analysis of the total membrane potential response (Fig. 1B).
The magnitude of the Fourier component corresponding to the stim-
ulation frequency was taken as the potential response.�IF and �I
were used to evaluate at 0.4 Hz the cell sensitivity to current injection
by dividing �IF by the amplitude of the injected current (�IF/�I in
spikes� s�1

� nA�1). The sensitivity of the firing rate of the cell to
variations of the mean membrane potential�IF/�V was also mea-
sured, in spikes� s�1

� mV�1. The “active” impedance Z of the cell
was calculated as the amplitude of the membrane potential change
obtained for the 0.4-Hz stimulus divided by the amplitude of the
injected current (�V/�I in M�). In general, a spike rate transfer
function can be defined for each neuron as the ratio�IF/�I versus the
stimulation frequency. In most experiments, a similar series of sinu-
soidal stimuli was given while the cell was maintained at a depolar-
ized membrane potential by a steady-state current stimulation of
0.15–0.25 nA.

Most of the cells were also submitted to the same series of
sinusoidal current injections while they were maintained at 10 to 20
mV below their disharge threshold, so that no spike was evoked by the
stimulation. The amplitude and phase of the membrane potential
change (�Vh) was computed for each frequency, and the response to
the 0.4-Hz stimulus was used to evaluate the impedance Zh of the cell
maintained under a steady-state hyperpolarization (Zh� �Vh/�I in
M�). An impedance transfer function can be defined for each neuron
as the ratio�Vh/�I versus the stimulation frequency.

For each MVNn, the modulation of the firing rate (i.e., the ampli-
tude of the spike rate transfer function) increased with stimulation
frequency to reach a maximum at the peak frequency of resonance.
Then, the modulation progressively decreased to lower levels. The
“amplitude” of the resonance was defined as the ratio between the
amplitude of the firing rate modulation at the peak frequency of
resonance and the amplitude obtained at the lowest frequency (0.2
Hz). When the neurons were hyperpolarized to suppress action po-
tentials, the amplitude of the resonance was measured for the mem-
brane potential response. Both the impedance and spike rate transfer
functions showed a small phase lead with respect to the injected
current at the lowest frequencies of stimulation, which decreased to
zero and became a phase lag at higher frequencies (Beraneck et al.
2003a). For all MVNn, we could therefore define as the “zero-
crossing frequency” the lowest frequency for which a phase lag was
measured.

Statistical analysis

Data presented in this study were obtained from a database of 74
MVNn recorded on the contralesional side of slices taken from
animals labyrinthectomized about 1 mo before (contralesional neu-
rons). All mean values are presented with their SD. Statistical analysis
was carried out using the Systat 8.0 software (SPSS, Chicago, IL). For
each parameter, normality of the distributions was assessed using
one-sample Kolmogorov–Smirnov tests, with significance set atP �
0.05. Statistical comparisons were achieved through either parametric
(for normal distributions including a minimum of 15 samples) or
otherwise nonparametric tests, with the threshold for significance set
at P � 0.05. Type B� LTS neurons were pooled together with the
other B neurons for analysis. ANOVA or the nonparametric Kruskal–
Wallis ANOVA was first performed to search for differences between
the average values obtained for type A and B neurons recorded in
control slices, and on both sides of slices taken from labyrinthecto-
mized animals (which defined 6 categories of neurons). Comparisons
(2 � 2) between the cell groups were then performed using Student’s
t-test or the nonparametric Mann–WhitneyU-tests. Paired parametric
(ANOVA followed by pairedt-test) or nonparametric tests (Friedman
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ANOVA followed by Wilcoxon signed-rank tests) were used to
compare the responses evoked by ramps of different slopes, and to
determine how the responses to ramps and sinusoidal currents were
modified by the polarization level of the neurons.

R E S U L T S

Classification of contralesional MVNn based on action
potential profiles

As described inMETHODS, quantitative criteria were devel-
oped to categorize MVNn according to the measure of the
A-like rectification and/or double AHP shown by each neuron
(seeMETHODS; Beraneck et al. 2003a). Among the 74 contrale-
sional MVNn we recorded (Fig. 2A), there were 20 type A
neurons (27.0%) and 53 type B neurons (71.6%). Four of the
type B neurons (7.5%) displayed low-threshold calcium spikes
and were B�LTS MVNn. Only 1 contralesional MVNn (1.4%)
was a type C neuron.

Compared with control slices, the proportions of the differ-
ent types of neurons found in the contralesional MVN were

significantly modified (Pearson chi-square test,P � 0.007, Fig.
2B). Although the number of type C cells stayed very low,
there was an increase in the proportion of type B neurons
matched by an equivalent decrease in the proportion of type A
neurons. The proportion of B�LTS MVNn was not modified
compared with control conditions (7.5 vs. 9.5%). Thus the ratio
of type A to type B MVNn, which was roughly 1 in control
conditions, changed to about 0.4 on the contralesional side
after 1 mo of compensation. This contrasts with the ipsilesional
side, where the proportion of type A MVNn tended to increase
(Fig. 2B).

In addition, the parameters used to categorize MVNn, that is,
the A-like rectification and the double AHP (Table 1) also
confirmed these opposite changes between the 2 sides after 1
mo of compensation. The average measure of the double AHP
of contralesional MVNn was multiplied by more than 2 com-
pared with control MVNn (P � 0.01, Fig. 2A). In contrast, the
double AHP of ipsilesional MVNn was divided by more than
2 compared with control conditions (P � 0.01; Beraneck et al.

FIG. 1. Methods used to measure the firing rate responses of
medial vestibular nucleus neurons (MVNn) to ramplike or
sinusoidal current injection.A: typical example of a response
evoked by a 600-ms ramp current of 0.3-nA amplitude deliv-
ered after steady-state hyperpolarization. Instantaneous firing
rate was plotted to show how the overshoot was measured.B:
typical example of a response to a 1-Hz sinusoidal current.�I
is the amplitude of the injected current;�IF is the amplitude of
the instantaneous firing rate response;�V is the amplitude of
the mean membrane potential modulation underlying the firing
rate response. All spikes shown were digitally clipped.
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2003a). Whereas the double AHP of contralesional MVNn was
increased, the average measure of their A-like rectification
tended to decrease (Table 1) compared with control MVNn
(P � 0.08), and was lower than that on the ipsilesional side
(0.42	 0.58 V/s,P � 0.02).

In general, contralesional MVNn compared with control
MVNn were characterized by an increased proportion of type
B neurons, larger double AHPs and smaller A-like rectifica-
tions (Fig. 2). This is the opposite to that observed on the
ipsilesional side (Beraneck et al. 2003a), that is, an increased
proportion of type A neurons and a smaller double AHP.

Membrane potential and firing rate of contralesional MVNn

Contralesional MVNn had a mean resting membrane poten-
tial of �56.3 	 5.4 mV (Table 1) and were slightly but
significantly depolarized compared with control MVNn

(�58.7	 8.5 mV, P � 0.048). This change was restricted to
type B MVNn, whose resting membrane potential was depo-
larized by almost 5 mV (P � 0.004) compared with control
type B neurons. The depolarization of contralesional type B
neurons was accompanied by a significant depolarization of
their firing threshold (P � 0.003, Table 1).

The mean resting discharge displayed by contralesional
MVNn (24.8	 19.9 spikes/s) was similar to the one of control
MVNn (P � 0.56, Table 1). Type A and B contralesional
MVNn had the same mean resting discharge (P � 0.68). The
increase in firing threshold that accompanied the depolarization
of contralesional type B MVNn was consistent with the lack of
an increase in their average firing rate. Interestingly, the dis-
tribution of the resting discharges of contralesional MVNn was
modified compared with control slices (Fig. 3A). Specifically,
17.4% of the contralesional neurons were silent at rest (Fig.

FIG. 2. Classification of MVNn after unilateral labyrinthectomy.A: spike profiles of typical type A and a type B MVNn
recorded on the contralesional side of slices taken after 1 mo of vestibular compensation. Single arrow indicates the A-like
rectification that characterizes type A MVNn. Double arrows indicate the fast and slow components of the double AHP typical of
type B MVNn. Inset(on theright): superimposition at spike threshold of the typical averaged spike profiles obtained from type B
neurons recorded in control slices, and on the contralesional and ipsilesional sides of slices after 1 mo of vestibular compensation.
B: proportions of type A and type B neurons found among the MVNn recorded in control slices, and on the contralesional and
ipsilesional sides of slices after 1 mo of vestibular compensation. Asterisks indicate significant differences between the different
groups of MVNn (P � 0.01).
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3B), whereas silent neurons represented only 5.3% of MVNn in
control conditions and 3.6% of ipsilesional MVNn. The pro-
portion of silent neurons was 22.2% for contralesional type A
MVNn and 14% for contralesional type B MVN neurons.
Those silent contralesional neurons had more hyperpolarized
resting membrane potentials (�60.5 	 6.1 mV, P � 0.008),
and more depolarized firing thresholds (�52.1	 3.9 mV,P �

0.001) than the other contralesional MVNn. In contrast, the
proportion of neurons whose spontaneous firing rate ranged
from 10 to 20 spikes/s was 11.6% among contralesional MVNn
versus 23.7% among control MVNn (Fig. 3,A and B). The
regularity of the spontaneous discharge of contralesional
MVNn assessed by their average CV was not different from
that of normal MVNn (P � 0.31, Table 1). There was no
difference in the CV between type A and type B contralesional
MVNn (P � 0.78), whereas in control slices the regularity of
type A MVNn was significantly greater than that of type B
MVN neurons. A similar disappearance of this difference in
regularity was previously observed for ipsilesional neurons
(Beraneck et al. 2003a).

Spike parameters, subthreshold plateau potentials, and
input resistance

The afterhyperpolarization (AHP) of MVNn recorded on the
contralesional side of slices after 1 mo of compensation had an
average amplitude of 14.8	 4.6 mV (Table 1), and was
significantly smaller than the AHP of MVNn recorded in
control slices (P � 0.016). This decrease was related in part to
the higher proportion of type B MVNn among contralesional
neurons. Indeed, as on control slices, the AHP of contralesional
type B MVNn was significantly smaller than that of type A
neurons (P � 0.001). The decrease in the size of the AHP of
contralesional MVNn was observed for both cell types, but was
not significant when each type was considered individually
(P � 0.12 for type A andP � 0.15 for type B MVNn). This
decrease of the AHP of contralesional MVNn contrasts again
with observations on the ipsilesional side where the size of the
AHP of MVNn was higher than that in control slices (Beraneck
et al. 2003a). In contrast, neither the amplitude nor the width
of the spikes was modified compared with control MVNn
(Table 1).

Subthreshold plateau potentials could be triggered in 23% of
contralesional type A MVNn and 83% of contralesional type B
MVN neurons. Neither the proportions of MVNn exhibiting
subthreshold plateau potentials nor the duration of these pla-
teau potentials was different from control values (Table 1).

Finally, the input resistance of contralesional MVNn mea-
sured with steps delivered in the presence of a steady-state
hyperpolarization was 86.2	 33.8 M� (Table 1). It was
similar to the one of control MVNn, but lower than that of
ipsilesional MVNn (P � 0.001; Beraneck et al. 2003a).

Responses of contralesional MVNn to ramp currents

The basis of the change in the neuronal populations after a
labyrinthectomy clearly lies in the intrinsic voltage-dependent
conductances of vestibular neurons. Changes in these mem-
brane properties can be demonstrated by probing the neurons
with a range of ramp stimuli having different slopes providing
low- and high-frequency stimulation. Contralesional type A
MVNn showed significantly increased overshoots (Fig. 4A)
and slopes of firing rate increase kIF (Fig. 4B) in response to
ramps delivered from rest. For the 600-ms ramp, the overshoot
of contralesional type A MVNn increased nearly a factor of 3
compared with control type A MVNn (P � 0.01), and the kIF
increased by 33% (P � 0.03). Because the overshoots and
slopes of contralesional type B MVNn did not increase signif-
icantly compared with control type B MVNn (Fig. 4), the
significant difference observed between the overshoots of type
A and type B MVNn in control slices disappeared. The kIF
measured on the 600-ms ramp became greater in type A than
in type B contralesional MVNn (P � 0.042), which is the
reverse of that observed in control slices where the kIF of type
A MVNn was lower than that of type B MVNn.

Interestingly, the slope of firing rate increase kIF of contrale-
sional type A MVNn was higher for the ramps delivered from
rest than for those delivered from a hyperpolarized level (Fig.
5). A similar trend was observed for the overshoots, except for
the 200-ms ramp. This contrasts with all other groups of
MVNn recorded in control slices or on slices taken after 1 mo
of compensation, for which the mean overshoots and kIF
measured on the ramps delivered from rest always tended to be

TABLE 1. Basic membrane and firing properties of control and contralesional MVNn

Parameter

All Neurons Type A Type B

Control Contralesional Control Contralesional Control Contralesional

Number of neurons (n � 89) (n � 74) (n � 42) (n � 20) (n � 44) (n � 53)
VM, mV �58.7	 8.5 �56.3� 5.4* �56.8	 7.3 �56.8	 6.0 �60.8	 9.4 �55.9� 5.1**
FR, spikes/s 26.2	 17.2 24.8	 19.9 29.1	 20.1 23.5	 21.2 24.3	 13.8 25.8	 19.5
CV, % 8.26	 9.48 6.70	 7.18 7.06	 9.61 6.33	 4.44 9.51	 9.59 6.82	 7.91
AHP, mV 16.8	 4.5 14.8� 4.6* 19.6 	 3.8 18.8	 4.6 14.0	 3.4 13.2	 3.6
Firing threshold, mV �67.9	 10.5 �61.9� 9.1** �66.9	 10.7 �63.8	 9.8 �69.8	 10.7 �61.5� 8.9**
Spike width, ms 1.15	 0.23 1.10	 0.18 1.25	 0.21 1.20	 0.16 1.06	 0.22 1.07	 0.18
Membrane resistance, M� 94.6	 45.3 86.2	 33.8 93.8	 39.9 93.9	 29.3 96.2	 54.9 84.7	 35.1
PNa�, ms 33.5	 40.1 45.8	 74.0 15.2	 32.9 20.8	 42.7 56.9	 38.5 55.5	 81.5
A-like rect., V/s 0.36	 0.51 0.26	 0.48 0.72	 0.54 0.84	 0.62 0.02	 0.04 0.03	 0.05
Double AHP�(dV/dt), V/s 0.38	 0.83 0.85� 1.47** 0 	 0 0	 0 0.73	 1.07 1.19	 1.63

Values are means	 SD. This table gives the values of the parameters characterizing the membrane and firing properties of all groups of control and
contralesional MVNn. Asterisks indicate the values that are significantly different between the contralesional and control neurons. *P � 0.05, **P � 0.01, ***P
� 0.001. In addition, the values that correspond to significant differences are shown in bold. The numbers of neurons shown at the top of the table apply to all
parameters, except the firing threshold and membrane resistance. VM, resting membrane potential; FR, spontaneous firing rate; CV, coefficient of variation of
the spontaneous firing rate; AHP, amplitude of the afterhyperpolarization; PNa�, duration of the subthreshold plateau potentials.
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FIG. 3. Spontaneous activity of intracellularly recorded MVNn.A: histograms showing the distributions of the spontaneous
firing rates obtained for control (A1) and contralesional (A2) MVNn. B: proportions of silent neurons recorded in control slices, and
on the contralesional and ipsilesional sides of slices after 1 mo of vestibular compensation.
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smaller (Beraneck et al. 2003a). This reveals a strong and
unusual dependency of the sensitivity of contralesional type A
MVNn on their membrane potential as revealed by high-
amplitude ramp current stimulation (Fig. 5).

As suggested above, the modifications occurring in compen-
sated MVNn appear to modify the voltage dependency of the ion
channels responsible for spike discharge. This is illustrated by the
lack of significant increases in thefiring rate slopes for ramps
elicited from hyperpolarized contralesional MVNn (Fig. 4B) com-
pared with normal neurons. Nevertheless, the average overshoot
(see Fig. 4A) evoked in contralesional MVNn by the 600-ms

ramps delivered from a hyperpolarized level reached 7.4	 6.3
spikes/s and was increased compared with control conditions
(P � 0.015, Fig. 4A). Because as in control slices, the overshoot
of contralesional type B MVNn was greater than that of type A
MVNn (P � 0.04, Fig. 4A), this increase was attributed in part to
the higher proportion of type B MVNn among contralesional
neurons. However, there was also a strong trend for the overshoot
of contralesional type B MVNn to be higher than that in control
type B MVNn (P � 0.09). In contrast, no significant change was
observed for the overshoot elicited by the 200-ms ramp delivered
from a hyperpolarized level in either type A or type B contrale-
sional MVNn, possibly because the adaptive changes had reached
some maximum value.

The increased overshoot displayed by contralesional MVNn in
response to ramps is similar to that observed on the ipsilesional
side (Beraneck et al. 2003a). However, the strong and selective
increase of the kIF of contralesional type A MVN for the ramps
delivered from rest is specific to the contralesional side.

Impedance functions of contralesional MVNn measured with
sinusoidal currents delivered during steady-state
hyperpolarization and in the absence of action potentials

When measured at 0.4 Hz, the impedance of hyperpolar-
ized contralesional MVNn decreased by 31% compared with
control MVNn (P � 0.001, Table 2). This decrease was
significant for all frequencies of sinusoidal stimulation from
0.2 to 50 Hz (Fig. 6A1). This reflected a selective decrease
of the impedance of contralesional type B MVNn, which
was significantly lower than that of control type B MVNn
(Fig. 7B1) as well as contralesional type A MVNn over the
whole range of frequencies tested (Table 2, Fig. 7). The
decreased impedance of contralesional type B MVNn was
not associated with any change in the peak frequency or
amplitude of the resonance (Table 2). However, there was a
selective increase of their zero-crossing frequency (Table
2), which reached a median value of 0.8 Hz instead of 0.3
Hz for control type B MVNn (P � 0.02). In accordance with
this increase, contralesional type B MVNn displayed signif-
icantly bigger phase leads at low frequencies (P � 0.035 at
0.6 Hz) and smaller phase lags at intermediate frequencies
(P � 0.02 at 2 Hz). In contrast, neither the phase nor the
amplitude function of contralesional type A MVNn was
modified compared with control conditions. Thesefindings
suggest that the marked decrease in the impedance of
contralesional type B MVNn could be a result of the
potentiation of a current activated during hyperpolarization.

The selective decrease in the impedance of contralesional
type B MVNn neurons during steady-state hyperpolarization
followed the trend previously observed for ipsilesional type B
MVNn, but was more pronounced on the contralesional side.
The increased zero-crossing frequency and associated phase
changes obtained for contralesional type B MVNn were also
observed on the ipsilesional side. However, the peak frequency
of resonance of contralesional type B MVNn was not modified,
contrary to findings on the ipsilesional side.

Impedance and spike rate transfer functions of
contralesional MVNn: amplitude functions

The active impedance, Zrest, of contralesional MVNn mea-
sured at their resting membrane potential (45.8	 35.8 M� at

FIG. 4. Responses of MVNn to injection of 600-ms duration ramplike
currents.A: mean overshoots obtained for control and contralesional MVNn
after injection of a 0.5 nA/s ramplike current during steady-state hyperpolar-
ization (on the left) or at the resting membrane potential (on theright).
Asterisks indicate significant differences between control and contralesional
MVNn (P � 0.05).B: mean slopes of increase kIF of the firing rate vs. current
obtained for control and contralesional MVNn after injection of a 0.5 nA/s
ramplike current during steady-state hyperpolarization (left) or at the resting
membrane potential (right). Asterisks indicate significant differences between
control and contralesional MVNn (P � 0.05).
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0.4 Hz) was decreased by 22% compared with control MVNn
(58.5 	 33.9 M�, P � 0.01, Table 3). This decrease was
observed at rest for both type A (�30%,P � 0.02) and type B
(�24%) contralesional MVNn, in contrast to being restricted
to type B neurons at hyperpolarized potentials (Table 3).
During steady-state depolarization, the active impedance of

contralesional MVNn decreased by 19% compared with con-
trol MVNn (but P � 0.13 only, Table 3).

In addition to this general decrease of their active imped-
ance, the sensitivity�IF/�I of the discharge of contralesional
MVNn to applied current increased compared with control
MVNn, both at rest and during depolarization. This increase of

FIG. 5. Examples of responses of type A MVNn to 600-ms duration ramplike currents.A: typical membrane potential and firing
rate responses of a type A control MVNn to injection of a 0.5 nA/s ramp current after hyperpolarization (A1) or at rest (A2). A3:
slopes of increase of the neuron’s firing rate kIF obtained in each case.B: typical membrane potential and firing rate responses of
a type A contralesional MVNn to injection of a 0.5 nA/s ramp current after hyperpolarization (B1) or at rest (B2). B3: slopes of firing
rate increase kIF obtained in each case. Note the higher kIF obtained at rest.
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the average sensitivity of MVNn to current injection was either
significant (P � 0.05) or visible as a strong trend (P values
ranging from 0.05 to 0.1) for all frequencies of stimulation
between 0.2 and 30 Hz at rest (Fig. 6B1) and between 0.2 and
40 Hz during depolarization (Fig. 6C1). As discussed inMETH-
ODS, this sensitivity is a spike rate transfer function of the
MVNn firing rate modulation relative to the current input for
the entire range of stimulation frequencies used. As a rule, the
sensitivity of the discharge of contralesional MVNn to applied
current increased more for type A than type B MVNn, partic-
ularly at low frequencies (Table 3, Fig. 7). Indeed, the sensi-
tivity of type A MVNn to applied current was significantly
increased for most frequencies between 0.2 and 20 Hz at rest
(Fig. 7A2), and between 4 and 50 Hz during depolarization. In
contrast, the sensitivity of contralesional type B MVNn was
increased only for high frequencies of stimulation ranging from
12 to 20 Hz at rest, and from 12 to 40 Hz during depolarization
(Fig. 7B2). Altogether, the significant difference in sensitivity
to current that was observed between type A and type B control
MVNn (Beraneck et al. 2003a) disappeared.

The increased sensitivity of the discharge of contralesional
MVNn (�IF/�I) to current injection combined with the de-
crease in their active impedance (�V/�I) means that there was
a strong increase in the sensitivity of their discharge relative to
the membrane potential�IF/�V, both at rest and during
depolarization. At 0.4 Hz,�IF/�V increased by 51% at rest
(P � 0.004, Table 3), and by 57% during steady-state depo-
larization (P � 0.025). This increased sensitivity of contrale-
sional neurons to membrane potential was observed for both
types of MVNn (Table 3).

The amplitude of the resonance shown by contralesional
MVNn was not modified compared with control values, either
at rest or during steady-state depolarization (Table 3), nor was
the peak frequency of resonance of contralesional type A
MVNn. However, the median peak frequency of resonance of
contralesional type B MVNn tended to increase (Table 3), and
the significant difference between the peak frequency of reso-
nance of type A and B MVNn observed in control slices
(Beraneck et al. 2003a) was no longer present.

Interestingly, data from individual neurons demonstrated
that most contralesional MVNn did not show the gradual
decrease of the modulation of their firing rate by current
injection usually observed for control and ipsilesional MVNn
after the peak frequency of resonance (Beraneck et al. 2003a).
In contrast, the modulation of spontaneous firing stopped rather
abruptly, given that at higher frequencies of stimulation con-

tralesional MVNn tended to synchronize their firing with the
depolarizing phase of sinusoidal current injections. This phe-
nomenon, which was previously described for lateral vestibular
nucleus neurons (Uno et al. 2003), was observed for both types
of contralesional MVNn.

Spike rate transfer functions of contralesional MVNn:
phase functions

Just as active conductances can manifest themselves as a
resonance in amplitude functions, phase functions show a
phase lead at low frequencies, then cross zero near the peak
resonant frequency, and finally show a phase lag that increases
with higher frequencies. Compared with control MVNn, the
phase functions of the firing rate modulation displayed by
contralesional type A and type B MVNn were significantly
modified. The median zero-crossing frequency of contrale-
sional MVNn reached 3 Hz instead of 1 Hz at rest and 4 Hz
instead of 1 Hz under steady-state depolarization (Table 3,P �

0.001 in both cases). Significant phase shifts toward higher
phase leads and smaller phase lags were associated with this
shift of the zero-crossing frequency. For the whole sample of
contralesional MVNn, there was a significant change of the
phase function for most frequencies of stimulation between 0.4
and 10 Hz at rest (Fig. 6B2) and for all frequencies between 4
and 20 Hz under steady-state depolarization (Fig. 6C2). The
changes in phase functions were more important in type A than
in type B MVNn. Indeed, the zero-crossing frequency of
contralesional type A MVNn reached 6 Hz instead of 1 Hz in
control slices at rest (P � 0.001) and 7 Hz instead of 2 Hz
during steady-state depolarization (P � 0.009). As a result, the
zero-crossing frequency of contralesional type A MVNn was
higher than that of contralesional type B MVNn (Table 3),
whereas the phase functions of control type A and type B
MVNn were similar. Contralesional type A MVNn also dis-
played significantly larger phase leads and smaller lags than
those of contralesional type B MVNn for frequencies of stim-
ulation between 2 and 20 Hz at rest, and 2 and 30 Hz during
depolarization.

Responses of contralesional MVNn to sinusoidal currents
delivered in the presence of action potentials: comparison
with the ipsilesional side

The increased sensitivity of the firing rate of contralesional
MVNn to current was similar to that observed on the ipsile-
sional side (Beraneck et al. 2003a), but was associated with a

TABLE 2. Membrane potential responses of MVNn to sinusoidal currents delivered during steady-state hyperpolarization,
in the absence of action potentials

Parameter

All Neurons Type A Type B

Control Contralesional Control Contralesional Control Contralesional

Number of neurons (n � 24) (n � 48) (n � 13) (n � 12) (n � 10) (n � 35)
Zh, M� 131.2	 58.7 90.8� 40.5** 127.9 	 49.6 114.0	 39.5 140.7	 71.5 83.9� 38.4**
Amplitude of resonance 1.18	 0.12 1.17	 0.17 1.19	 0.11 1.10	 0.07 1.17	 0.15 1.20	 0.20
Median peakf of resonance, Hz 1 1 1 1 0.7 0.8
Zero-crossing, Hz 0.4 0.8 0.4 0.8 0.3 0.8*

Values are means	 SD. This table gives the values of the parameters characterizing the responses of contralesional and control MVNn to sinusoidal currents
delivered during steady-state hyperpolarization. Asterisks indicate the values that are significantly different between the contralesional and control neurons. *P �

0.05, **P � 0.01, ***P � 0.001. In addition, the values that correspond to significant differences are shown in bold.
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stronger increase of the sensitivity of the discharge of contrale-
sional MVNn to membrane potential (�IF/�V). Although a
shift of the zero-crossing frequency was not observed on the
ipsilesional side, ipsilesional MVNn did show a slight shift of
their phase function and had larger phase leads and smaller

phase lags compared with those of control MVN neurons. In
general, the modifications of the phase functions were small for
ipsilesional MVNn compared with those of contralesional
MVNn. In addition, the most pronounced phase effects were on
type A MVNn on the contralesional side, whereas they were

FIG. 6. Summary of the mean magnitude and phase of the membrane potential or firing rate modulations induced in MVNn by
sinusoidal current stimulation.A: mean magnitude (A1) and phase (A2) of the membrane potential modulation shown by control and
contralesional MVNn during steady-state hyperpolarization (in the absence of action potentials) as a function of the stimulation
frequency. Because the amplitude of the injected current was constant for any given neuron, the membrane potential modulation
is given as the impedance Zh of the cell (�Vh/�I) as a function of frequency.B: mean magnitude (B1) and phase (B2) of thefiring
rate modulation (�IF/�I) shown by control and contralesional MVNn at their resting membrane potential as a function of the
stimulation frequency of the sinusoidal current injection.C: mean magnitude (C1) and phase (C2) of the firing rate modulation
(�IF/�I) shown by control and contralesional MVNn during steady-state depolarization as a function of the stimulation frequency.
In all cases, SDs have been omitted for the sake of clarity. Asterisks indicate the values obtained on contralesional MVNn that were
significantly different from those obtained in control neurons (P � 0.05).
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FIG. 7. Summary of the mean amplitude of the membrane potential or firing rate modulations induced in type A and type B
MVNn by sinusoidal current stimulation.Top 2 panels: mean magnitude of the membrane potential modulation shown by type A
(A1) and type B (B1) control and contralesional MVNn during steady-state hyperpolarization (in the absence of action potentials)
as a function of the stimulation frequency. Because the amplitude of the injected current was constant for any given neuron, the
membrane potential modulation is given as the impedance Zh of the cell (�Vh/�I) as a function of frequency.Bottom 2 panels:
mean amplitude of the firing rate modulation (�IF/�I) shown by control and contralesional type A MVNn as a function of the
stimulation frequency, at rest (A2) and during steady-state depolarization (B2). In all cases, SDs have been omitted for the sake of
clarity. Asterisks indicate the values obtained on contralesional MVNn that were significantly different from those obtained in
control neurons (P � 0.05).

TABLE 3. Responses to sinusoidal currents delivered in the presence of action potentials

Parameter

All Neurons Type A Type B

Control Contralesional Control Contralesional Control Contralesional

Number of neurons (n � 48) (n � 43) (n � 23) (n � 10) (n � 23) (n � 33)
Zrest, M� 58.5	 33.9 45.8� 35.7* 57.5 	 20.9 40.0� 31.2* 62.4 	 43.6 47.5	 37.3
�F/�I rest, Sp/s/nA 130.5	 48.1 150.1	 52.7 116.2	 43.8 150.9� 31.0* 145.1	 50.7 149.9	 58.1
�F/�V rest, Sp/s/mV 3.08	 2.05 4.66� 3.12** 2.48 	 1.35 5.65� 3.52** 3.34 	 1.82 4.36	 2.98
Amplitude of resonance at rest 1.31	 0.23 1.32	 0.30 1.28	 0.22 1.31	 0.19 1.35	 0.24 1.33	 0.33
Median peakf of resonance at rest, Hz 6 8 8 9 4 6
Zero crossing at rest, Hz 1 3*** 1 6** 1 2***

Number of neurons (n � 24) (n � 35) (n � 11) (n � 8) (n � 12) (n � 27)
Zdepo, M� 47.9	 36.4 38.6	 41.1 46.8	 39.0 39.8	 32.2 49.7	 37.1 38.2	 44.0
�F/�I depo, Sp/s/nA 119.0	 38.1 144.2� 51.9* 113.2	 34.2 149.5	 46.0 125.8	 43.2 142.7	 54.3
�F/�V depo, Sp/s/mV 3.96	 2.65 6.23� 3.95* 4.44 	 3.41 6.1	 4.04 3.64	 1.89 6.27� 4.01**
Amplitude of resonance at depo 1.38	 0.15 1.43	 0.3 1.42	 0.18 1.50	 0.32 1.35	 0.11 1.41	 0.29
Median peakf of resonance at depo, Hz 10 12 12 13 8 12
Zero crossing at depo, Hz 1 4*** 2 7** 1 4**

Values are means	 SD. This table gives the values of the parameters characterizing the responses of contralesional and control MVNn to sinusoidal currents
delivered in the presence of action potentials. Asterisks indicate the values that are significantly different between the contralesional and control neurons. *P �

0.05, **P � 0.01, ***P � 0.001. In addition, the values that correspond to significant differences are shown in bold.
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practically restricted to type B MVNn on the ipsilesional side
(Beraneck et al. 2003a).

D I S C U S S I O N

Summary of the long-term effects of unilateral
labyrinthectomy on contralesional MVNn

The plasticity of intrinsic membrane properties is strikingly
demonstrated in the nearly opposite changes observed in the
excitability of ipsilesional and contralesional vestibular neu-
rons after a unilateral labyrinthectomy. These complementary
modifications are even apparent in the distributions of partic-
ular populations of neurons based solely on action potential
profiles, that is, type A and B neurons described previously
(Beraneck et al. 2003a). After 1 mo of vestibular compensation
(Fig. 8), there was a strong increase in the proportion of type
B MVNn and a concomitant decrease in the proportion of type
A MVNn among contralesional neurons. The AHP of contrale-
sional MVNn decreased, in contrast to the increase observed
on the ipsilesional side. The dynamic responses of contrale-
sional MVNn (i.e., spike rate transfer functions) were also
modified. Although the active impedance of contralesional
MVNn was decreased, the amplitude of the spike rate modu-
lation increased. These findings are consistent with an increase
in active voltage-dependent conductances manifested by an
increase in the sensitivity of the discharge of contralesional
MVNn to membrane potential,�IF/�V. There was also a
significant phase shift toward greater phase leads and smaller
lags over the observed frequency range. In general, the dy-

namic responses of contralesional type A MVNn were more
modified than those of type B MVNn, in contrast to that
observed on the ipsilesional side. In both cases, the response
dynamics of MVN neurons became more homogeneous than in
the control situation (Fig. 8).

Origin of the changes in the membrane and firing properties
of contralesional MVNn induced by
unilateral labyrinthectomy

There is a wide range of examples in the literature in
which unilateral peripheral lesion produces bilateral effects
(for review see Koltzenburg et al. 1999). The contralesional
effects are usually qualitatively similar to those that occur
on the ipsilesional side but often of different magnitude. The
putative neuronal mechanisms include the release of trophic
signals during stressful conditions, or altered patterns of
neuronal activity attributed to the compensatory behavior of
the animal. Gacek et al. (1996) demonstrated in cats that
contralateral labyrinthectomy was followed by significant
morphological changes of the superior vestibular nucleus
neurons, including a decrease in cell size. Whether these
morphological changes occur in the guinea pig and are
linked to the modifications of the membrane properties we
observed remains an open question. Supporting the trophic
factor hypothesis, other studies by the same authors using
knock-out mice suggest that neurotrophin 3 might be in-
volved (for review see Gacek et al. 1998).

FIG. 8. Summary of the main modifica-
tions of the contralesional and ipsilesional
MVNn observed 1 mo after unilateral laby-
rinthectomy. This figure is an attempt to
synthesize the main changes in the mem-
brane properties and dynamic responses ob-
served after 1 mo of vestibular compensation
in either ipsilesional or contralesional
MVNn. Upward and downward arrows indi-
cate increases or decreases, respectively,
compared with control conditions,
whereas� indicates an absence of modifi-
cation. Double arrows emphasize the stron-
gest modifications.

1680 BERANECK ET AL.

J Neurophysiol• VOL 92 • SEPTEMBER 2004• www.jn.org



Static membrane and firing properties of
contralesional MVNn

A striking result of this study is the finding of an increase in
the proportion of type B neurons among contralesional MVNn
and a concomitant decrease in the proportion of type A neurons
(Fig. 8). Because identical criteria were used to classify all
contralesional, ipsilesional, or control MVNn, this change
could not be the result of differences in the subjective assess-
ment of neurons. The 2 experimenters who performed the
recordings obtained similar ratios of type A to type B neurons.
The proportion of cells that were silent at rest was similar
among type A and B neurons, which indicate that there was no
specific silencing of type A MVNn on the contralesional side.

Interestingly, on the ipsilesional side of slices taken after 1
mo of compensation, the proportion of type A neurons among
MVNn tended to increase, whereas the remaining type B
MVNn were modified and displayed more “type A–like” mem-
brane properties (Beraneck et al. 2003a). In particular, the
amplitude of the AHP of ipsilesional type B MVNn was
selectively increased. Complementary modifications between
the 2 sides were observed for the 2 parameters used to cate-
gorize MVNn (Fig. 8): A-like rectification (that characterizes
type A MVNn) and double AHP (typical of B MVNn).

Serafin et al. (1991a), who used qualitative criteria to cate-
gorize MVNn in slices taken from normal guinea pig, obtained
about 30–35% of type A, 50% of type B, and 15–20% of type
C MVN neurons. The type C MVNn corresponded to those that
showed “intermediate properties.” Using the quantitative
method of classification, most of the neurons previously con-
sidered as type C MVNn had no double AHP and an A-like
rectification�0.15 V/s, and thus fell into the type A category.
This led to an almost equal division of control MVNn between
type A (47%) and B (50%) neurons (Beraneck et al. 2003a).
We suggest that the changes in the ratio of type A to B MVNn
observed on each side of the brain stem are linked mainly to
modifications of the properties of these 20% of “intermediate”
neurons that were qualitatively classified by Serafin et al.
(1991a) as type C cells. On the ipsilesional side, the shift of
MVNn toward more A-like properties did not significantly
modify the ratio of type A to type B MVNn because most of
the “intermediate” neurons that could have switched categories
were already classified as type A MVNn in control slices. On
the contralesional side in contrast, the shift of MVNn toward
more B-like membrane properties, and in particular the de-
crease of the A-like rectification, led to a reclassification of the
“intermediate” MVNn as type B neurons.

Thus our data suggest that during long-term postlesional
plasticity, the intrinsic membrane properties of guinea pig
MVNn can change in different ways, leading to a shift of the
MVNn population toward either “A-like” (on the ipsilesional
side) or “B-like” (on the contralesional side) properties. This is
consistent with the “continuum theory” proposed by Du Lac
and Lisberger (1995), which states that the membrane proper-
ties of MVNn are distributed between those of the 2 canonical
A and B neuronal types. This “population shift” in the mem-
brane properties that leads to substantial modifications of the
ratio of type A to type B MVNn could depend on the species
and/or the exact criteria used to categorize MVNn. In the rat
and mouse, for instance (Dutia and Johnston 1998; Him and
Dutia 2001; Johnston et al. 1994), contrary to the guinea pig,

the type B MVNn make up the vast majority of the population
and all show a double AHP during spontaneous firing.

Although long-term vestibular compensation induced a sig-
nificant depolarization of the average resting membrane poten-
tial of ipsilesional MVNn, this effect was slight for contrale-
sional MVNn and was restricted to type B cells (Fig. 8). In the
rat (Him and Dutia 2001), an early depolarization of the
ipsilesional, deafferented type B MVNn appears within the first
week of compensation. This depolarization develops and ex-
tends progressively to type A neurons during the first month of
compensation, consistent with findings in the guinea pig (see
DISCUSSION in Beraneck et al. 2003a). Hence, the average
resting membrane potential of both ipsilesional and contrale-
sional type B MVNn appears to be more sensitive to unilateral
labyrinthectomy (i.e., more dependent on the permanent activ-
ity of the vestibular sensory afferents than the resting potential
of type A neurons).

The mean resting activity of contralesional MVNn was not
modified compared with control slices, and tended to be less
than that on the ipsilesional side (Fig. 8). The absence of a
strong decrease in the spontaneous firing rate of the whole
sample of MVNn contrasts with that found at the same stage of
compensation using extracellular recordings (Vibert et al.
1999b). This discrepancy may be ascribed to the use of sharp
electrode intracellular recording techniques, which may pro-
voke an artificial increase of the neuronal firing rate (for a
detailed discussion of that point see Beraneck et al. 2003a).
However, it is noteworthy that the proportion of neurons silent
at rest reached 17.5% among contralesional MVNn, and was
thus higher than that obtained in control slices (5%) or on the
ipsilesional side (3%). Accordingly, the proportion of contrale-
sional MVNn whose spontaneous firing rate ranged from 10 to
20 spikes/s was half that of normal MVNn. This is consistent
with both our extracellular study and that of Darlington et al.
(1989), who observed in the guinea pig a marked decrease of
the number of spontaneously active neurons on the contrale-
sional side of slices 2 mo after the lesion.

After unilateral labyrinthectomy, the spontaneous discharge
of contralesional MVNn recorded in vivo increases, before
returning to normal in 1 wk (Ris and Godaux 1998). At the
cellular level, the intrinsic depolarization of neurons that de-
velops with time on the side of the lesion might partially
sustain the spontaneous discharge that has been restored in
deafferented MVNn (Beraneck et al. 2003a; Him and Dutia
2001). The increased proportion of silent and slowly discharg-
ing neurons in the MVNn could be the contralesional mirror of
this phenomenon. The long-term plasticity of firing properties
on the contralesional side might contribute to the decrease of
the spontaneous discharge rate of contralesional MVNn ob-
served in vivo, which should act to maintain the new balance
of activity that is reached between both vestibular complexes 1
wk after the lesion (Ris and Godaux 1998).

The amplitude of the AHP of the whole population of
contralesional MVNn decreased compared with control MVNn
(Fig. 8), which should decrease the stability and regularity of
their resting discharge. This and the increased sensitivity to
membrane potential variations (see following text) should
render contralesional MVNn more responsive to synaptic in-
puts (Babalian et al. 1997). On the ipsilesional side in contrast,
there was an increase in the amplitude of the AHP of type B
MVNn compared with control MVN neurons, which would
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contribute to the stability of the spontaneous discharge that is
restored in the deafferented MVNn during compensation (for
discussion see Beraneck et al. 2003a). This suggests that after
1 mo of compensation, ipsilesional MVNn develop properties
that maintain stable tonic activity, whereas contralesional
MVNn become more sensitive to modulation of their activity
by external inputs.

Dynamic response properties of contralesional MVNn

In contrast with the differential changes observed for the
static membrane properties, the contralesional and ipsilesional
MVNn showed rather similar changes of their responses to
ramps of current compared with control MVNn (Fig. 8). The
overshoot, which was higher in type B than in type A MVNn
in control slices (Beraneck et al. 2003a; Ris et al. 2001),
increased for both types of contralesional as well as ipsilesional
MVNn for the ramps delivered during hyperpolarization. For
the ramps delivered from rest, the increase of the overshoot
occurred mainly in type A MVNn on the ipsilesional side, and
was restricted to them on the contralesional side. The increased
overshoot was associated with an augmentation of the slope of
firing rate increase during the ramps. Thus on both sides, the
MVNn recorded after 1 mo of compensation showed a higher
sensitivity to large-amplitude current injections. Type A
MVNn developed responses to ramp currents that resembled
those normally seen in type B neurons (Fig. 5).

Consistent with these observations, we reported an increase,
on both sides of the brain stem, in the sensitivity of the firing
rate of neurons�IF/�I to injection of sinusoidal currents (Fig.
8). On the ipsilesional side, this increased sensitivity was
associated with a slight, nonsignificant increase in the sensi-
tivity of the discharge of MVNn�IF/�V to membrane poten-
tial. However, on the contralesional side, there was a marked
and significant increase in the sensitivity of their discharge to
membrane potential�
F/�V, which was presumably attribut-
able to an increase of their voltage-dependent conductances, as
indicated by the decrease in the active impedance�V/�I.

On both sides, the increased�IF/�I was associated with a
general phase shift of the responses toward greater phase leads
and smaller phase lags, also suggesting a major involvement of
voltage-dependent conductances (Fig. 8). On the ipsilesional
side, this more active behavior might result from the fact that
the resting membrane potential of MVNn was more depolar-
ized than in control slices. However, this is not likely on the
contralesional side, where only type B neurons were slightly
depolarized. The fact that the phase shift was stronger on the
contralesional side than on the ipsilesional side correlates with
the greater dependency of the firing rate of contralesional
neurons on the membrane potential (�IF/�V).

Although the neuronal properties at rest of contralesional
type A MVNn were not different from those of control type A
MVNn, their evoked responses were strongly modified. Inter-
estingly, the amplitude of these changes depended on the level
of their membrane potential. During steady-state hyperpolar-
ization, contralesional and control type A MVNn showed very
similar responses to sinusoidal current injections, whereas the
active impedance of contralesional type B MVNn was already
lower than normal. At rest or under steady-state depolarization,
in the presence of action potentials, the sensitivity of type A
contralesional MVNn to applied current was strongly increased

and became very similar to that of type B neurons. Thus type
A contralesional MVNn displayed enhanced dynamic proper-
ties and behaved like the phasic type B MVNn as soon as they
discharged spikes. Interestingly, Uno et al. (2003) previously
observed that, although the lateral vestibular nucleus neurons
had membrane properties similar to a composite of type A and
type B MVNn, they showed very different dynamic responses.
Thus it appears that subtle changes in the membrane properties
of central neurons are sufficient to strongly modify their
dynamic responses.

When the amplitude of the firing rate modulation of con-
tralesional MVNn by sinusoidal currents to increasing stimu-
lation frequency reached the modulation limit imposed by their
essentially constant spontaneous discharge rate, they tended to
synchronize their discharge with high-frequency inputs more
than control or ipsilesional MVN neurons. Interestingly, the
control type B MVNn also show a better synchronization than
that of the control type A MVNn (Ris et al. 2001).

Altogether, these data demonstrate that long-term plasticity
after sensory deafferentation can lead to bilateral modifications
of the membrane properties of central neurons. Most of the
voltage-sensitive conductances expressed by neurons are po-
tentially subject to persistent use-dependent modulation. In a
recent review on intrinsic neuronal properties, Zhang and
Linden (2003) suggested several specific K�, Ca2�, and Na�

conductances as possible molecular substrates of long-term
plasticity. In MVNn, recent studies by Du Lac and colleagues
(Nelson et al. 2003; Smith et al. 2002) proposed that the level
of intracellular calcium and the calcium-activated potassium
conductances are major determinants of the excitability of
MVN neurons.

Functional implications of the long-term changes of the
membrane properties of contralesional MVNn during
vestibular compensation

In vivo experiments on guinea pigs demonstrated that after
unilateral labyrinthectomy, there is at first a similar decrease of
the vestibulo-ocular responses triggered by head rotations di-
rected toward either the lesioned or intact side (Gilchrist et al.
1998; Vibert et al. 1993). On the contralesional side, the
decrease arises from the loss of the disinhibition normally
coming from the deafferented side through commissural path-
ways. In guinea pigs, as in other vertebrates (Broussard et al.
1999b; Gilchrist et al. 1998; Lasker et al. 2000; Murai et al.
2003; Vibert et al. 1993), the vestibulo-ocular reflex triggered
by rotations toward the contralesional side largely recovers
within several weeks. In contrast with the behavior on the
ipsilesional side, the quality of the recovery does not decrease
with the amplitude of the movement, and high acceleration
impulses directed toward the contralesional side trigger high-
frequency responses similar to those obtained in intact animals.
Many of the modifications of the membrane properties of
contralesional MVNn reported here might be involved in this
recovery. The increased sensitivity of the firing rate of neurons
to membrane potential modulation and their smaller AHP
should lead to more efficient responses of contralesional neu-
rons to synaptic inputs. The increased sensitivity of the firing
rate of contralesional MVNn to both ramplike and sinusoidal
current stimulation was associated with a greater involvement
of active conductances, which should increase both the efficacy
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and frequency range of the neuronal responses. Altogether, the
contralesional MVNn displayed a more phasic behavior than
that of control MVNn. The proportion of the more phasic type
B neurons among MVNn was increased, and the dynamic
properties of the remaining tonic type A MVNn were strongly
modified and resembled more those of type B neurons than in
control slices. There was also an amplification of the nonlinear
properties of MVNn such as the overshoot and synchronization
capabilities. Contrary to changes on the ipsilesional side, where
the type B MVNn tended to acquire the AHP and response
dynamics of type A neurons (seeDISCUSSIONin Beraneck et al.
2003a), the ability of type B contralesional MVNn to respond
to high-frequency, high-amplitude stimuli was not impaired.

In 1999 Minor et al. proposed a mathematical model of the
vestibulo-ocular reflex dynamics where the system includes
distinct linear and nonlinear pathways that would be mediated
by different sensory vestibular afferents and central vestibular
neurons. Based on their observations in the monkey and those
of Broussard et al. (1999a,b) in the cat, Lasker et al. (2000)
suggested that an extension of the nonlinear component of
vestibular reflexes was responsible for the increase in contrale-
sional gain after unilateral labyrinthectomy or canal plugging.
This should apply to guinea pigs because the dynamics of the
vestibulo-ocular reflex and the way they are affected by laby-
rinthectomy are similar in all mammalian species (Broussard et
al. 1999b; Escudero et al. 1993; Gilchrist et al. 1998; Minor et
al. 1999; Smith and Curthoys 1989). The changes observed on
the contralesional side confirm at the cellular level the assump-
tion of Lasker et al. (2000) concerning the enhancement of
contralesional gain observed in vivo. It also strengthens the
idea that in the intact MVN the tonic type A cells show
relatively linear behavior, whereas the more phasic type B
neurons have more marked nonlinear properties.

In conclusion, this study demonstrates that after 1 mo of
vestibular compensation after unilateral labyrinthectomy, the
properties of contralesional medial vestibular nucleus neurons
(MVNn) are strongly modified. The increased proportion of
silent neurons among contralesional MVNn might be involved
in the permanent decrease of the spontaneous firing rate of
MVNn observed during vestibular compensation in vivo. The
marked improvement of vestibular related synergies observed
in vivo for rotations toward the contralesional side could be
sustained by the increased sensitivity of contralesional MVNn
to current injection and membrane potential. The general shift
of contralesional MVNn toward more B-like, phasic properties
would explain the full recovery of vestibular responses trig-
gered by high acceleration impulses directed toward the con-
tralesional side.

Altogether, these data show that long-term vestibular com-
pensation differentially affects ipsilesional and contralesional
MVN neurons. However, the 2 sides continue to work syner-
gistically. The 2 MVN switch from their normal “push–pull”
mode of action to a system where the ipsilesional nucleus is
mainly stabilizing the tonic activity responsible for normal
posture, whereas the more dynamic responses of the contrale-
sional nucleus allows more efficient modulation of this activity
by the remaining sensory vestibular afferents.
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tralatéraux a` la lésion un mois après labyrinthectomie unilatérale. Abstract
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Uno, Atsuhiko, Erwin Idoux, Mathieu Beraneck, Pierre-Paul
Vidal, Lee E. Moore, Victor J. Wilson, and Nicolas Vibert. Static
and dynamic membrane properties of lateral vestibular nucleus neurons
in guinea pig brain stem slices.J Neurophysiol90: 1689–1703, 2003.
First published May 21, 2003; 10.1152/jn.00201.2003. In vitro intra-
cellular recordings of central vestibular neurons have been restricted
so far to the medial vestibular nucleus (MVN). We performed intra-
cellular recordings of large Deiters’ neurons in the lateral vestibular
nucleus (LVN) to determine their static and dynamic membrane
properties, and compare them with those of type A and type B neurons
identified in the MVN. Unlike MVN neurons (MVNn), the giant-size
LVN neurons (LVNn) form a homogeneous population of cells char-
acterized by sharp spikes, a low-amplitude, biphasic after-hyperpo-
larization like type B MVNn, but also an A-like rectification like type
A MVNn. In accordance with their lower membrane resistance, the
sensitivity of LVNn to current injection was lower than that of MVNn
over a large range of frequencies. The main difference between LVNn
and MVNn was that the Bode plots showing the sensitivity of LVNn
as a function of stimulation frequency were flatter than those of
MVNn, and displayed a weaker resonance. Furthermore, most LVNn
did not show a gradual decrease of their firing rate modulation in the
frequency range where it was observed in MVNn. LVNn synchro-
nized their firing with the depolarizing phase of high-frequency sinu-
soidal current injections. In vivo studies have shown that the MVN
would be mainly involved in gaze control, whereas the giant LVNn
that project to the spinal cord are involved in the control of posture.
We suggest that the difference in the membrane properties of LVNn
and MVNn may reflect their specific physiological roles.

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

During the last 25 yr, in vitro electrophysiological record-
ings have demonstrated that neurons of the central nervous
system (CNS) exhibit highly variable intrinsic membrane prop-
erties. These properties allow individual neurons to transform
the afferent information they receive (Llinás 1988) before
transmitting it to their efferent target cells. To understand the
physiology of central, vestibular-related pathways, several
groups have therefore performed in vitro intracellular record-
ings of neurons in the vestibular nuclei of rats (Gallagher et al.
1985; Johnston et al. 1994), mice (Dutia and Johnston 1998),
guinea pigs (Serafin et al. 1991a,b), or chicks (Du Lac and
Lisberger 1995a) using brain stem slices. In addition Babalian

et al. (1997) characterized the membrane properties of identi-
fied, second-order vestibular neurons recorded in the isolated
whole brain of guinea pig. These recordings were all done in
the medial vestibular nucleus (MVN), where the density of
neurons is the highest and which is easier to locate on slices
than the other vestibular subnuclei (for reviews see Darlington
et al. 1995; Vidal et al. 1999).

In all species studied so far, these recordings have led to the
identification of two main types of MVN neurons (MVNn), the
type A and type B neurons, which differ in their action poten-
tial profile and membrane properties. It is generally admitted
that MVNn represent a continuum of cells whose properties are
distributed between those of type A and type B MVNn (Bab-
alian et al. 1997; Beraneck et al. 2003; Du Lac and Lisberger
1995a; Johnston et al. 1994). In the guinea pig (Serafin et al.
1991a), as in other species, type A neurons are characterized by
their single, deep after-hyperpolarization (AHP), and have on
average a wider action potential than that of type B neurons.
They display an A-like rectification when released from hy-
perpolarization, or in response to depolarizing current pulses
given from a hyperpolarized level. This rectification is also
visible as an inflection point delaying the depolarization of the
neuron during interspike intervals. Interestingly, this A-like
rectification is not blocked by 4-aminopyridine (4-AP) and is
therefore not mediated by the rectifying A potassium conduc-
tance described in other neurons of the CNS (Hagiwara et al.
1961; Llinás 1988). Type B neurons have a biphasic, signifi-
cantly smaller AHP, no sizable A-like rectification, and nar-
rower action potentials. Some of the type B neurons, the B�

LTS MVNn, display low-threshold calcium spikes when re-
leased from a strong hyperpolarization. We assume that a large
majority (�80%) of the MVNn recorded in guinea pig slices
are second-order vestibular neurons. Indeed, 80 to 85% of the
neurons recorded in the MVN area of the isolated whole brain
of guinea pig, using similar electrodes to those used in slices,
could be identified as second-order vestibular neurons (Bab-
alian et al. 1997). This high proportion of second-order cells is
in agreement with anatomic (Carleton and Carpenter 1983;
Sato and Sasaki 1993) and physiological studies (Chen-Huang
et al. 1997; Goldberg et al. 1987).

Extracellular recordings of neurons in the other vestibular
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subnuclei—the superior, lateral, and inferior (or descending)
vestibular nuclei—have been obtained in vivo, and recently in
rat brain stem slices in vitro (Sun et al. 2002). However, to our
knowledge, in vitro intracellular recordings of central vestib-
ular neurons outside the MVN have never been performed. We
have therefore decided to undertake intracellular recordings of
neurons in the lateral vestibular nucleus (LVN) to determine
their membrane properties and to see to what extent the results
obtained in the MVN generalize to another group of vestibular
neurons.

Anatomic and in vivo electrophysiological studies have
shown that the afferent and efferent connections, as well as the
functional role of LVN neurons (LVNn), were distinct from
those of MVNn (for reviews see Carleton and Carpenter 1983;
Uchino and Isu 1992; Wilson and Melvill-Jones 1979; Wilson
and Peterson 1988). The MVN receives extensive canal and
otolith input (Carleton and Carpenter 1984; Gacek 1969;
Gstoettner et al. 1992; Walberg et al. 1958) and is strongly
involved in relaying afferent signals coming from the horizon-
tal semicircular canals (Sato and Sasaki 1993; Sato et al. 1989;
Schaefer and Meyer 1992; Uchino and Isu 1992). The LVN
also appears to receive input from both the otolith receptors
and the semicircular canals (Boyle and Pompeiano 1980;
Gstoettner et al. 1992; Wilson and Schor 1999). Input to the
LVN includes strong signals from the vertical semicircular
canals (Kasper et al. 1988), but the LVN would be less in-
volved in relaying horizontal semicircular canal signals
(Uchino and Isu 1992). Whereas the whole extent of the MVN
is innervated by sensory nerve fibers coming from the ipsilat-
eral labyrinth, the dorsal part of the LVN does not receive
direct, monosynaptic vestibular input (for reviews see Carleton
and Carpenter 1983; Gacek 1969; Korte 1979; Walberg et al.
1958). Another important difference is that extensive inhibi-
tory commissural connections exist between the two MVN
(Carleton and Carpenter 1983; Shimazu and Precht 1966),
whereas there are no or only very few commissural connec-
tions at the level of the lateral vestibular nuclei (Epema et al.
1988; Uchino et al. 2001).

Axons from MVNn project both to various oculomotor
nuclei through the medial longitudinal fasciculus and to the
upper segments of the spinal cord through the medial vestib-
ulospinal tract (Wilson and Melvill-Jones 1979). In contrast,
the LVNn have mainly vestibulospinal projections through the
lateral vestibulospinal tract, which reach all levels of the spinal
cord (for reviews see Carleton and Carpenter 1983; Sarkisian
2000; Wilson and Melvill-Jones 1979). Whether the ascending
tract of Deiters, which is involved in the control of eye move-
ments, originates in the LVN is still a matter of controversy
(seeDISCUSSION). As well as projecting to the spinal cord, both
the MVN and LVN receive numerous proprioceptive afferents
from the neck, trunk, and limbs (Bankoul et al. 1995; Jian et al.
2002; Xiong and Matsushita 2001). Altogether, the MVN
would be involved in both eye and head control, particularly in
the horizontal plane. In contrast, the LVN appears to be mainly
involved in the control of posture, particularly in response to
linear displacements or gravito-inertial force variations includ-
ing roll-and-pitch movements in the vertical plane.

Are the different connectivity and functional roles of the
LVN and MVN matched by differences in the static and
dynamic intrinsic, biophysical properties of their neurons? To
answer that question, we determined some membrane proper-

ties and dynamic responses to various types of current injec-
tions of intracellularly recorded LVNn in guinea pig brain stem
slices. The results were compared with those obtained for a set
of 89 MVNn recorded under the same conditions (Beraneck et
al. 2003). The data from the LVNn and MVNn were collected
and analyzed using identical protocols (Ris et al. 2001).

M E T H O D S

Preparation and maintenance of brain stem slices

Experiments were carried out on young adult, pigmented guinea
pigs of both genders weighing 150–350 g (Elevage de la Garenne,
Saint-Pierre d’Exideuil, France). The animals were handled in accor-
dance with the European Communities Council Directive of Novem-
ber 24, 1986, and following the procedures issued by the French
Ministère de l’Agriculture.

After sodium pentobarbital anesthesia (50 mg/kg), the animals were
killed by decapitation, and thick (400–500�m), coronal brain stem
slices containing the LVN were cut and maintained using standard
techniques (Serafin et al. 1991a; Vibert et al. 1999b). However, in
most experiments, a cold (4°C) sucrose-containing artificial cerebro-
spinal fluid (sucrose ACSF) was used instead of our standard ACSF
during the dissection and preparation of the slices. The slices contain-
ing the LVN were then transferred to individually oxygenated vials
and incubated in the sucrose ACSF at room temperature for 15 min.
Then, we replaced two thirds of the liquid in each incubation vial with
the same volume of normal ACSF. This operation was repeated twice
more at 10-min intervals. After this procedure, the slices were kept at
room temperature, in what was almost exclusively normal ACSF, for
at least 1 h until they were transferred to the recording chamber.
During recordings, the slices were superfused as usual with normal
ACSF maintained at 31–32°C (Serafin et al. 1991a; Vibert et al.
1999b). Compared with the normal ACSF (composition in mM: NaCl
124, NaHCO3 26, KCl 5, KH2PO4 1.25, MgSO4 1.3, CaCl2 2.4,
glucose 10), the sucrose ACSF was obtained by replacing NaCl with
an equimolar concentration of sucrose (i.e., 124 mM), in accordance
with the method used by Devor et al. (2001). Use of the sucrose
solution during the preparation of the slices was extremely beneficial
for the viability of LVNn. The mechanism of this action of sucrose is
not clearly understood, and the concentration of sucrose added in the
ACSF to replace NaCl varies from preparation to preparation (Agha-
janian and Rasmussen 1989; Moyer and Brown 1998; Rothman 1985;
for review see Aitken et al. 1995). However, it is generally assumed
that removal of NaCl from the ACSF reduces the sodium influx
coincident with the tendency for neurons to depolarize during the
initial and unavoidable anoxia that occurs with decapitation, dissec-
tion, and slicing. Furthermore, it minimizes excitotoxic cell swelling
that results from passive chloride influx followed by cation and water
entry.

As mentioned in theINTRODUCTION, data obtained from LVNn were
compared with those obtained on a sample of previously recorded
MVNn, obtained without using sucrose ACSF (Beraneck et al. 2003;
Ris et al. 2001). Even though the LVNn were ultimately recorded in
the same normal ACSF as MVNn, the question arises whether the use
of sucrose ACSF during the dissection and first 35 min of incubation
of the slices induced significant modifications of their membrane
properties. Because we obtained a few LVNn (5 out of 42) without
using sucrose ACSF, we verified that neither the static nor the dy-
namic membrane properties were different from those of the LVNn
obtained using the sucrose ACSF. Although the use of sucrose ACSF
led to a clear increase in the number of successful penetrations of
LVNn, it did not modify the spontaneous discharge rate, resting
membrane potential, or other membrane properties of the neurons.
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Electrophysiological recordings

In a few preliminary experiments, LVNn were recorded from
extracellularly, using 2 M NaCl-containing glass microelectrodes
(resistance: 2–8 M�). During these extracellular recordings, many
silent cells were visible during the descent of the electrode within the
tissue. Indeed, the pressure of the electrode triggered firing in silent
cells. When we saw well-isolated spikes triggered by electrode move-
ments that did not persist when the electrode remained still, we
recorded examples of these spikes and considered that the correspond-
ing neuron had no spontaneous discharge and was silent at rest. In
subsequent experiments, intracellular electrophysiological recordings
were obtained with sharp, 3 M potassium acetate–containing glass
microelectrodes from neurons within the LVN. We identified this
nucleus using landmarks such as the shape of the 4th ventricle, the
acoustic stria, and the inferior cerebellar peduncle. Intracellular injec-
tions of neurobiotin were performed for 12 out of the 42 neurons we
studied (29%), to confirm that they were localized within the LVN
boundaries (see following text). All measurements were done with an
Axoclamp 2A system (Axon Instruments, Union City, CA) in either
the bridge or switching discontinuous current clamp (DCC) mode
(Moore et al. 1993). The electrode resistance varied from 80 to 150
M�. Both series resistance (bridge balance) and capacitance compen-
sation were checked throughout the recording of each individual
neuron (Ris et al. 2001). Part of the current injections and all data
acquisition were performed with a PC-compatible computer using the
“Acquis 1” program (version 4.0; Bio-logic S.A., Gif-sur-Yvette,
France). The sampling rate used for acquisition varied between 2,000
and 5,000 Hz, depending on the length of the data acquisition se-
quence. Consequently, the amplitudes of the digitized spikes were
variable. However, oscilloscopetraces verified that the size of the
action potential was constant at any given membrane potential. The
data were analyzed using program scripts working under Mathematica
4.0 (Wolfram Research, Champaign, IL), or MATLAB 6.5 (The
MathWorks, Natick, MA). The scripts used to quantify the properties
and responses of LVNn were exactly the same as those used to
analyze the data obtained from MVNn (Beraneck et al. 2003; Ris et al.
2001).

Basic membrane and firing properties of LVNn

Because the majority of LVNn are spontaneously active in slices,
the membrane potential was filtered with a 1-Hz low-pass filter to
obtain an estimate of its average “resting” level (i.e., of the mean level
of its membrane potential in the absence of any current injection
through the electrode). This was taken as the “mean resting membrane
potential” of each neuron. For each cell this membrane potential value
was corrected by measuring and subtracting the extracellular voltage
offset found after withdrawal of the electrode from the neuron. No
correction was made for the liquid junction potential, but this can be
assumed to be constant between LVNn and MVNn because they were
recorded using similar electrodes. Cells that had resting membrane
potentials more negative than�50 mV and spike amplitudes higher
than 50 mV were retained for further study. Six neurons that displayed
smaller spike height (between 45 and 50 mV), but did not show any
sign of deterioration (they exhibited normal membrane potentials and
spike widths), were also included in the sample.

Recordings of the neurons at rest (i.e., with no holding current
being injected through the recording electrode) were used to calculate
mean spontaneous firing rate, its coefficient of variation (CV) ex-
pressed as a percentage, and to measure the mean amplitude of the
spike. For each neuron, an average of the spike shape and the follow-
ing interspike interval profile was obtained by averaging successive
spontaneous spikes taken either at the resting membrane potential or
while the cell was slightly depolarized (for the neurons that were
silent at rest). The spikes (mean number about 90) were synchronized
to their thresholds, taken at the point on the rising phase of the action

potential where the slope of the potential trace reached an arbitrary
threshold of 10 V/s (Krawitz et al. 2001). The averaged spike shape
was used to determine the amplitude of the after-hyperpolarization
(AHP) and the width of the spike (taken at threshold). The AHP
amplitude was calculated as the membrane potential difference be-
tween the spike threshold and the membrane potential minimum after
the falling phase of the spike (Fig. 2A2).

The cell’sfiring threshold, that is, the membrane potential at which
the cell begins to fire action potentials (in mV), was assessed as the
potential reached at the threshold of the first spike triggered by a slow,
depolarizing current ramp (seeInjection of depolarizing ramplike
currents). The threshold of this first spike was measured in the same
way as other spike thresholds; that is, it was taken at the point on the
rising phase of the action potential where the slope of thepotential
trace reached an arbitrary threshold of 10 V/s. For each cell, we
determined whether long-lasting, subthreshold plateau potentials
could be triggered by low-amplitude (0.1–0.2 nA), short-duration (10
ms) current pulses delivered while the neuron was maintained just
below its firing threshold (Babalian et al. 1997; Serafin et al. 1991a,b).
If so, we measured their mean duration (Fig. 2A4).

For a few representative LVNn (seeRESULTS below), some of the
ionic conductances shaping the spike and AHP profile were assessed
by pharmacological studies. The following drugs, obtained from
Sigma-Aldrich (Saint-Quentin Fallavier, France), were applied in the
perfusion ACSF at known concentrations. Tetraethylammonium
(TEA) was used at 5–10 mM, 4-AP at 1–2 mM, and apamin at 0.1–
0.2 �M.

Quantitative analysis of the spike shape of central
vestibular neurons

As presented in theINTRODUCTION, MVNn were first categorized
into type A and type B using qualitative criteria. MVNn were char-
acterized as a type A, type B, or type B with low-threshold calcium
spikes (B� LTS) neurons according to their action potential profile
(Serafin et al. 1991a). Neurons that displayed intermediate properties,
or did not clearly fit into any of these two categories, were grouped as
type C MVNn.

To remove possible biases in the classification of MVNn, we
recently developed quantitative criteria to characterize them (Bera-
neck et al. 2003). For each neuron, the averaged spike profile obtained
during spontaneous firing and its first derivative were used [as already
done by Johnston et al. (1994)] to assess the presence of the A-like
rectification and double AHP, the two main criteria used previously
for the qualitative classification.

The presence of an A-like rectification characterizing type A
MVNn is visible as an inflection of thevoltage trace(V) within the
interspike interval (see Fig. 2A). This inflection is better seen on the
first derivative of thevoltage trace(dV/dt) as a transient decrease of
the rate of the depolarization leading to the next spike. In MVNn, the
A-like rectification begins�2–3 ms after the end of the spike what-
ever the spontaneous discharge rate of the cell, and the derivative of
the voltage traceremains positive. The strength of the A-like rectifi-
cation was quantified as the algebraic decrease�(dV/dt) in the rate of
the interspike depolarization (dV/dt in V/s) associated with this phe-
nomenon (Fig. 2A3). In the absence of any A-like rectification, this
parameter was set at zero. Figure 2B demonstrates that the presence of
an A-like rectification was not dependent on the rate of decay of the
double-component AHP.

The presence of an early fast AHP followed by a delayed slow one
(i.e., of the double-component AHP characterizing type B MVNn)
was assessed on the averaged spike profile, and then confirmed using
the first derivative (see Fig. 2A for the following description). Figure
A3 shows the first derivative of theA2 voltage trace(dV/dt in V/s).
The strongly negative (� �1 V/s), initial parts of the derivative,
which correspond to the falling phase of the spike, are not to scale.
When a double AHP is present, its second component is seen as a
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transient decrease of the rate of depolarization, which occurs within 2
ms of the end of the spike. During this period, the first derivative
becomes transiently negative. The strength of the double AHP was
quantified as the algebraic decrease�(dV/dt) in the rate of the inter-
spike depolarization (dV/dt in V/s) associated with the second com-
ponent of the phenomenon. As shown on Fig. 2A3, this algebraic
decrease is measured between the positive peak of the derivative,
reached while thepotential traceincreases after the first component of
the double AHP, and the minimum of the derivative reached during
the second, transient hyperpolarization of the membrane potential.
The strength of the double AHP was set at zero when no double AHP
was present.

Quantitative values describing the strength of the A-like rectifica-
tion and the strength of the double AHP were measured for the set of
89 MVNn recorded by Beraneck et al. (2003). Quantitative criteria for
classification of MVNn in type A, type B, or type C neurons were
designed (Beraneck et al. 2003). The MVNn displaying an A-like
rectification lower than 0.15 V/s (50%) were classified as type B
MVNn. The MVNn displaying an A-like rectification stronger than
0.15 V/s and no double AHP (47%) were classified as type A MVNn.
The 3 MVNn (3%) that displayed both a double AHP and an A-like
rectification greater than 0.15 V/s, which could not be unambiguously
categorized as either type A or type B MVNn, were therefore con-
sidered as type C MVNn. To compare the spike profile of LVNn with
those of type A and type B MVNn, the presence and strength of an
A-like rectification and/or double AHP were assessed in the same
way, using the very same Matlab scripts.

After the assessment of its basic membrane and firing properties,
each LVNn was submitted to the stereotyped stimulation protocol
described below. The instantaneous firing rate of the cell (IF in
spikes/s) was estimated at any time with a Mathematica script that
measured the time intervals between two successive action potentials.
The time at the end of each interval between action potentials was
used to indicate the time for each IF value.

Assessment of the passive input resistance of LVNn using
current steps

The passive input resistance of each neuron was assessed using
series of hyperpolarizing current steps of decreasing amplitudes. The
cell was maintained by steady-state hyperpolarization at a few milli-
volts (mV � 0 to 10) below its threshold for discharge, to suppress
spikes. Although the responses were multiexponential, their principal
component could be approximated by a single exponential that pro-
vided an estimate of the whole cell resistance for each LVNn (input
resistance� voltage deflection/current input).

Injection of depolarizing ramplike currents

Ramp currents of 0.3 nA amplitude were applied at five different
slopes up to a final steady-state value, as described in detail in Ris et
al. (2001), while the cell was maintained at about 10 mV below its
firing threshold (Fig. 4A). In other words, the membrane potential at
which the ramps were delivered was set relative to the firing threshold
of each cell. The five slopes corresponded to times to reach the plateau
of current of 5,000 ms (0.06 nA/s), 3,400 ms (0.09 nA/s), 1,800 ms
(0.17 nA/s), 600 ms (0.5 nA/s), and 200 ms (1.5 nA/s), respectively.
Because the whole stimulus was 5,000 ms long, there was no plateau
after the slowest ramp, which was used, as stated above, to assess the
cell’s firing threshold. For each ramp we computed the rate of increase
of the instantaneous firing rate of the cell (kIF in spikes s�1 nA�1),
which gives an indication of the sensitivity of the cell to current
injections. We also measured in each case the difference between the
firing rate reached at the end of the depolarizing current injection and
the stable discharge rate reached at the end of the plateau (overshoot
in spikes/s). This parameter gives an indication of the nonlinear,
dynamic properties of neurons. To assess how the level of polarization

of LVNn influenced their responses, the whole sequence of ramp
stimulations was repeated while the neuron was at its resting mem-
brane potential (or held slightly above its firing threshold if the neuron
was silent at rest) and spontaneously fired action potentials.

Injection of sinusoidal currents

A third series of stimuli consisted of current sine waves applied for
5,000 ms at various frequencies ranging from 0.2 to 50 Hz (Du Lac
and Lisberger 1995b; for details see Ris et al. 2001). The amplitude of
the stimulus (�I) was adjusted at the 0.2-Hz frequency to keep the
membrane potential variation between 5 and 10 mV peak-to-peak, and
was typically within the 0.05- to 0.15-nA range. The first series of
sinusoidal currents was delivered while the cell was at its resting
membrane potential (or held slightly above its firing threshold if the
neuron was silent at rest) and spontaneously fired action potentials
(Fig. 5B). For each frequency of stimulation inferior or equal to about
one third of the neuron’s background discharge, the modulation of the
IF rate of MVNn was fitted with a sine wave that was then used to
calculate the amplitude and the phase of the IF modulation (�IF, Fig.
5B). Ris et al. (2001) have shown that in this condition, the IF
modulation of MVNn was linear. When the frequency of stimulation
passed a third of the neuron’s background discharge, it was inappro-
priate to continue fitting the modulation of the IF rate of MVNn with
a sine wave because of sampling limitations. The amplitude of the IF
modulation of MVNn was calculated in an empirical way as the
difference between the minimum and maximum IF reached by the
neuron during the 5 s of thestimulation. By definition this difference
represents the raw peak-to-peak amplitude of the IF modulation
induced by the injection of sinusoidal current, and eventually reaches
a minimum as the frequency of stimulation approaches the back-
ground discharge rate. No phase measurements were obtained in this
situation. Using this method, we could evaluate�IF from 0.2 Hz to a
maximum stimulus frequency that varied from cell to cell according to
its background discharge and the sensitivity of its discharge to current
injection, but could reach 50 Hz in some cases.

The underlying mean membrane potential excursion (�V) was
computed for each stimulus frequency using a Mathematica script,
which performed a Fourier analysis of the total membrane potential
response. The magnitude of the Fourier component corresponding to
the stimulation frequency was taken as the potential response. How-
ever, this procedure was valid only when the components attributed to
the shape and frequency of the action potentials were not overlapping
those of the stimulation frequency. This requirement was true for
frequencies below 1 Hz (Fig. 5B). �IF and�I were used to evaluate at
0.4 Hz the cell sensitivity to current injection by dividing�IF by the
amplitude of the injected current (�IF/�I in spikes s�1 nA�1; Table 2).
The sensitivity of the firing rate of the cell to variations of the mean
membrane potential�IF/�V was quantified in spikes s�1 mV�1. We
calculated the “active” impedance Z of the cell as the amplitude of the
membrane potential change obtained for the 0.4-Hz stimulus divided
by the amplitude of the injected current (�V/�I in M�).

When possible, a similar series of sinusoidal stimuli was given
while the cell was maintained at a depolarized membrane potential by
a steady-state current injection of 0.15–0.25 nA, to assess how the
level of discharge of MVNn modified their responses.

Some of the cells were also submitted to the same series of
sinusoidal current injections while they were maintained at 10 to 20
mV below their threshold for discharge, so that no spike was evoked
by the stimulation (Fig. 5A). The amplitude of the membrane potential
change (�Vh) was computed for each frequency using a Mathematica
script, and was used to evaluate at each frequency the impedance Zh
of the cell maintained under a steady-state hyperpolarization (Zh�

�Vh/�I in M�).
As reported by Ris et al. (2001), the amplitude of the modulation of

the membrane potential or instantaneous firing rate of MVNn by
sinusoidal currents displayed resonant properties. For each MVNn,
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the response increased with increasing stimulation frequency to reach
a maximum at what was defined as thepeak frequency of resonance
(R-peak). Then, the modulation progressively dropped to lower levels.
The “amplitude” of the resonance(R-ratio) was defined as the ratio
between the maximum amplitude of the firing rate modulation at the
peak frequency of resonance and the amplitude obtained at the lowest
frequency we used, 0.2 Hz. The resonant properties of LVNn were
also assessed by another index: the ratio between the amplitudes of the
firing rate modulation obtained at 4 Hz and 0.4 Hz (IF 4/0.4). The two
ratios that characterized the resonance of LVNn were measured in the
same way for the membrane potential when the neurons were hyper-
polarized to suppress action potentials.

Histological procedures

In about one third of the experiments, neurobiotin tracer (Vector
Laboratories, Burlingame, CA) was dissolved at 2% in the potassium
acetate used to fill the intracellular electrodes. At the end of each
experiment, neurobiotin was injected into an intracellularly recorded
LVNn by passing depolarizing, rectangular current pulses of 1.0 nA
amplitude and 200 ms duration at 2.5 Hz, for 20 min. Brain stem slices
were then fixed by submersion in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) overnight. After several rinses with phos-
phate-buffered saline (PBS), sections were treated with 0.5% H2O2 in
PBS for 2 h, rinsed 3 times with PBS, and then incubated overnight
with 1/50 Vectorstain ABC Elite kit (Vector Laboratories) in PBS
containing 0.2% Triton X-100. The neurobiotin-injected neurons were
visualized by reaction with 0.05% diaminobenzidine (Sigma) in phos-
phate buffer for 10 min, and by further addition of 0.05% H2O2 for
5–10 min. The sections were mounted onto slides, dried, and cover-
slipped.

To precisely assess the boundaries of the LVN, two brains were
taken from guinea pigs of the same age/weight as the animals we
normally used. Transverse cryostat sections of 14�m thickness were
obtained from the brain stem at the level of the LVN, and colored with
either cresyl violet or toluidine blue. The anatomic location of each of
the neurons labeled with neurobiotin was assessed using this home-
made “atlas” of the LVN. The borders between the different subnuclei
of the vestibular nuclear complex were defined according to the
cytoarchitectonic studies performed in the guinea pig by Gstoettner
and Burian (1987) and Ris et al. (1999) (also seeDISCUSSION). The size
of each neurobiotin-labeled cell was assessed by measuring the max-
imum diameter of the soma along its long, major axis, and the
minimum width of the soma along its short, minor axis. The mean
soma diameter was then obtained by averaging these two values.
Depending on its diameter, each cell was considered as either small
(10–20 �m), medium (21–35�m), large (36–60�m), or giant
(50–80�m) (Gstoettner and Burian 1987).

Statistical analysis

Calculations of means� SDs and further processing of all results
were carried out using the Systat 8.0 software (SPSS, Chicago, IL) on
a PC-compatible computer. The data obtained from LVNn were
compared with those obtained for the set of 89 MVNn recorded in the
same conditions by Beraneck et al. (2003). Statistical comparisons
between numerical values were achieved through nonparametric tests,
with the threshold for significance set atP � 0.05. Kruskal–Wallis
ANOVA was first performed to search for significant differences
between the mean values obtained for LVNn with respect to type A
and type B MVNn (which defined 3 categories of neurons). Two by
two comparisons between the 3 cell groups were then performed using
Mann–Whitney U tests. Paired nonparametric tests (Friedman
ANOVA followed by Wilcoxon signed-rank tests) were used to
compare for each cell type the responses evoked by ramps of different
slopes. They were also used to determine how the responses to ramps
and sinusoidal currents were modified according to the level of

steady-state polarization of the cell (2 levels for the ramps and 3 levels
for the sinusoidal currents).

R E S U L T S

Data presented in this report were obtained using a database
of 42 intracellularly recorded and 30 extracellularly recorded
LVNn. Statistical comparisons with MVNn were performed
using a database of 89 previously recorded MVNn, which
included 42 type A and 44 type B neurons (Beraneck et al.
2003; Ris et al. 2001; seeMETHODS). Values are means� SD.

Histological identification of the recorded cells

Because in slices the boundaries of the LVN are less easy to
assess than those of the MVN, we injected 12 of the 42 neurons
we recorded with 2% neurobiotin to check whether they were
located in the LVN. All injected neurons were located inside
the boundaries of the LVN, as shown in Fig. 1A. The ventro-
medial portion of the most caudal part of the LVN (vL in Fig.
1A1), from which the ascending tract of Deiters originates, is a
controversial area that has been considered as part of either the
LVN or MVN, depending on the authors (seeDISCUSSION).
However, there were no injected neurons in this area; they
were all located within the main body of the LVN, clearly
separated from MVN by the acoustic stria. The other, nonin-
jected neurons were all obtained from the area where the
injected neurons had been recorded, using landmarks such as
the shape of the 4th ventricle, the acoustic stria, and the inferior
cerebellar peduncle. The soma diameter of the LVNn injected
with neurobiotin ranged from 45.0 to 74.1�m around a mean
of 61.2 � 10.3 �m, which means that they were all large or
giant cells (Fig. 1B). They were significantly larger than
MVNn, which had a mean soma diameter of 31.4� 7.9 �m
(P � 0.004, Fig. 1C).

Characterization of LVNn according to their firing and
membrane properties (Table 1)

Twenty-nine out of the 42 intracellularly recorded LVNn
(69%) spontaneously fired action potentials at rest (i.e., when
no current was injected into the cell). Altogether, the sponta-
neous firing rate of LVNn varied from 0 to 64.7 spikes/s
around a mean of 16.5� 18.9 spikes/s and a median of 10.6
spikes/s (including silent cells; second row of Table 1). When
silent cells were not considered, the mean discharge of LVNn
reached 23.9� 18.4 spikes/s for a median of 17.8 spikes/s
(third row of Table 1). Extracellular recordings of LVNn gave
quite similar results, given that 20 out of the 30 cells (67%)
were spontaneously firing at rest. Altogether, the discharge rate
of the 30 extracellularly recorded LVNn ranged from 0 to 66.0
spikes/s, with an average value of 14.8� 18.4 spikes/s and a
median of 6.0 spikes/s (including silent cells). Compared with
intracellularly recorded MVNn, the proportion of intracellu-
larly recorded LVNn that were silent at rest was much higher
(31 vs. 7%). In accordance with this difference, the spontane-
ous firing rate of LVNn was significantly lower than that of
both types of MVNn when silent cells were included (second
row of Table 1). When silent cells were not considered, the
spontaneous firing rate of LVNn still tended to be lower than
that of MVNn, but this trend did not reach significance (P �

0.14; third row of Table 1).
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The firing rate of spontaneously active LVNn tended to be
more irregular than in MVNn. The coefficient of variation
(CV) of LVNn was not significantly different from the CV of
type B MVNn, but was significantly higher than the CV of type
A MVNn (Table 1, Fig. 2,A1 andD). There was a significant,
negative relationship between the CV and spontaneous firing
rate of LVNn (correlation coefficientr � �0.43,P � 0.02). In
spite of their lower spontaneous firing rate, the average resting
membrane potential of LVNn was�59.4 � 4.6 mV and was
not significantly different from the resting membrane potential
of either type of MVNn (Table 1). In accordance with this
discrepancy, LVNn had a more depolarized firing threshold
than that of MVNn. On average, the firing threshold of LVNn

(i.e., the membrane potential at which they begin to fire action
potentials spontaneously) was only slightly more hyperpolar-
ized than their resting membrane potential.

When looking at the shape of the action potential and fol-
lowing AHP, the LVNn we recorded formed a more homoge-
neous population than MVNn did. Forty out of 42 (95%)
displayed a very sharp spike, with a width at threshold�1 ms.
Although the amplitudes of LVNn and MVNn spikes were
similar, the spikes of LVNn were significantly narrower than
the spikes of either type A or type B MVNn with a mean width
of 0.89 � 0.10 ms (Table 1). Ninety percent of the LVNn
displayed during spontaneous firing a double-component AHP
similar to the one observed in type B MVNn (Table 1, Fig. 2,

FIG. 1. Anatomic characterization of lateral vestibular nucleus (LVN) and location of neurobiotin-injected neurons.A: cresyl
violet–stained brain stem sections of guinea pig including LVN are presented from caudal to rostral levels (A1–A4). Interval
between each section is 224�m. L, lateral vestibular nucleus; vL, ventro-medial portion of caudal part of LVN; M, medial
vestibular nucleus; D, descending vestibular nucleus; S, superior vestibular nucleus; PrH, prepositus hypoglossi nucleus; icp,
inferior cerebellar peduncle; sp5, spinal trigeminal tract; as, acoustic stria; g7, genu of facial nerve; N6, abducens nucleus. Crosses
indicate approximate locations of 12 neurobiotin-injected LVN neurons (LVNn). Scale bar� 1 mm.B1andB2: high-magnification
view of two representative, intracellularly recorded LVNn filled with neurobiotin at end of experiment. Scale bar� 100 �m. C:
example of neurobiotin-injected medial vestibular nucleus neuron (MVNn) showed at same magnification as inB.

TABLE 1. Comparisons between the basic membrane and firing properties of LVN and MVN neurons

LVNn (n � 42) MVNn (n � 89) MVN-A (n � 42) MVN-B (n � 44)

VM (mV) �59.4 � 4.6 �58.7 � 8.5 �56.8 � 7.3 �60.7 � 9.4
FR (spikes/s, including

silent cells)
16.5 � 18.9 26.2 � 17.2 29.1 � 20.1 24.3 � 13.8

10.6 22.9** 30.0** 21.3**
FR (spikes/s, excluding

silent cells)
23.9 � 18.4 27.7 � 16.5 32.6 � 18.3 24.3 � 13.8

17.8 23.6 31.0 21.3
CV (%) 13.2 � 20.6 8.3 � 9.5 7.1 � 9.6* 9.5 � 9.6
Firing threshold (mV) �59.5 � 13.4 (n � 35) �67.9 � 10.5** (n � 39) �66.9 � 10.7 (n � 19) �69.8 � 10.7** (n � 18)
Spike amplitude (mV) 54.5� 5.27 55.2 � 7.5 54.6 � 7.4 55.1 � 7.3
Spike width (ms) 0.89� 0.10 1.15� 0.23*** 1.25 � 0.21*** 1.06 � 0.22***
AHP (mV) 13.9 � 2.6 16.5 � 4.4** 19.3 � 3.8*** 13.9 � 3.4
D-AHP (V/s) 0.88� 0.96 0.38� 0.84*** 0*** 0.73 � 1.07
A-like rectification (V/s) 0.09� 0.10 0.36� 0.51** 0.72� 0.54*** 0.02 � 0.04***
Resistance (M�) 58.8 � 18.4 (n � 33) 94.6 � 45.3*** (n � 50) 93.8 � 39.9*** (n � 26) 96.2 � 54.9** (n � 21)
Subthr. plateau (ms) 36.4� 39.5 (n � 34) 33.5 � 40.1 (n � 25) 15.2 � 32.9** (n � 13) 56.9 � 38.5 (n � 11)

VM: values are mean� SD of the resting membrane potential. FR: values are mean� SD and median of the spontaneous firing rate of the sample including
or excluding silent cells. CV, coefficient of variation of the spontaneous firing rate; D-AHP, strength of the double AHP; Subthr. plateau, duration of the
subthreshold plateau potentials. Statistical difference with respect to LVNn: *P � 0.05, ** P � 0.01, *** P � 0.001.
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A andD). In accordance with these results, the overall ampli-
tude of the AHP of LVNn was comparable to the value
obtained for type B MVNn, and lower than in type A MVNn
(Table 1). About one quarter of LVNn (10 out of 42) displayed
an A-like rectification stronger than 0.15 V/s, which was the
criterion used to define the type A MVNn (Fig. 2,A, B, andD).
Altogether, 25 of the LVNn (60%) showed a measurable
A-like rectification ranging from 0.05 to 0.33 V/s, and there
was a continuous distribution of the neurons in terms of the
strength of their A-like rectification. The average strength of
the A-like rectification of LVNn reached 0.09� 0.10 V/s
(Table 1) and was much lower than in type A MVNn (P �

0.001), but also significantly higher than in type B MVNn (P �

0.001). Figure 2B shows that the presence and amplitude of the
A-like rectification was independent of the rate of decay of the
double-component AHP.

Although 10% of type B MVNn displayed low-threshold
calcium spikes (LTS) and could be classified as B� LTS
MVNn, we could not find any LTS in LVNn. However, most
LVNn (30 out of 35, 86%) displayed subthreshold plateau
potentials after short-duration, small depolarizing current
pulses delivered from just below the firing threshold (Fig. 2C).

This type of plateau potential was also found in 91% of type B
MVNn, and was shown to result from the activation of tetro-
dotoxin-sensitive, persistent sodium currents (Serafin et al.
1991b). The duration of the plateau potentials triggered in
LVNn varied from 0 to 102.2 ms around a mean of 36.4� 39.5
ms and was comparable to what was observed in type B (Table 1).

The passive input resistance of LVNn was estimated from
their response to hyperpolarizing current pulses delivered from
a slightly hyperpolarized potential in the absence of spontane-
ous firing. The resistance of the LVNn ranged from 31.2 to
106.1 M�, around an average value of 58.8� 18.4 M�, and
was significantly lower than the input resistance of either type
of MVNn (Table 1).

Altogether, the 42 LVNn we recorded constituted a homo-
geneous population of cells displaying very sharp spikes,
strong double-component AHP, and often a weak A-like rec-
tification.

Ionic conductance contributing to spike repolarization
and AHP

Blockers of different potassium channels were applied to six
representative LVNn to assess their respective contribution in

FIG. 2. Characterization of intracellularly recorded LVNn compared with MVNn.A: example of spontaneous discharge of
LVNn is shown inA1. Amplitude of spike was measured between peak of spike and mean resting membrane potential.A2: averaged
spike profile of neuron shown inA1. Note presence of double-component after-hyperpolarization (AHP). Width of spike was taken
at threshold (i.e., at point on rising phase of action potential where slope of potential trace reached arbitrary threshold of 10 V/s.
AHP amplitude was calculated as membrane potential difference between spike threshold and membrane potential minimum after
falling phase of spike.A3: first derivative ofA2 voltage trace(dV/dt). Falling phase of spike is not to scale. Both double-component
AHP and A-like rectification are visible as transient decreases ofdV/dt trace. Their strengths were quantified as algebraic decrease
�(dV/dt) in rate of interspike depolarization (dV/dt in V/s) associated with each phenomenon.B, left, B1–B3 traces: spontaneous
discharge (B1), averaged spike profile (B2), and first derivative of averaged spike profile (B3) for LVNn displaying no A-like
rectification. Note characteristic thin spike and double-component AHP.Right: B1�–B3� tracesare superimposed on those obtained
for another LVNn displaying very similar thin spike and double AHP, but also a sizable A-like rectification. Superimposition of
averaged spike profiles (B2�) and their first derivatives (B3�) demonstrate that A-like rectification is independent of rate of decay
of slow AHP. A-like rectification results in decrease of spontaneous discharge rate of LVNn when present (B1�). Arrows indicate
tracescorresponding to LVNn displaying a sizable A-like rectification.C: example of subthreshold plateau potential induced in
LVNn by low-amplitude, short-duration current pulses delivered while neuron was maintained just below its firing threshold.Upper
trace: 3 superimposedvoltage tracesobtained with and without current step shown onlower trace. Spike was digitally clipped.D:
examples of spontaneous firing of type A (B1) and type B (B2) MVNn.
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shaping the spike and AHP profile, as has already been done
for MVNn (Johnston et al. 1994; Serafin et al. 1991b). 4-AP,
which antagonizes the voltage-sensitive A potassium conduc-
tance (KA) and the delayed rectifier (KV), delayed the repolar-
ization of the action potential. Consequently, the amplitude and
width of the action potential were increased, whereas the first,
early component of the double-AHP disappeared (Fig. 3A). As
in type A MVNn (seeINTRODUCTION), 4-AP did not modify the
A-like rectification observed in some LVNn during the inter-
spike interval (not shown). Tetraethylammonium, which an-
tagonizes high- and small-conductance Ca2�-sensitive K�

channels (BK and SK) in addition to the delated-rectifier KV,
delayed the repolarization of the action potential and induced
the appearance of a plateau potential after the peak of each
action potential. The amplitude and width of the action poten-
tial were increased as with 4-AP (Fig. 3B). The amplitude of
the AHP was reduced, and its latency, duration, and shape were
completely modified. The selective SK channel blocker apamin
induced a selective decrease of the second, late component of
the AHP, without modifying the shape of the action potential
(Fig. 3C). In summary, the pharmacological effects of the potas-
sium channel blocker were similar to those previously observed in
type B MVNn (Johnston et al. 1994; Peusner et al. 1998).

Responses of LVNn to the injection of depolarizing
ramplike currents

Out of the 5 ramps applied to each cell, the 600-ms (slope of
0.5 nA/s) ramp gave the most significant results and was taken
as the main index of the response of LVNn to ramplike
currents. Figure 4A shows the typical response of an LVNn to

FIG. 3. Effects of different potassium channels blockers on spike shape of
LVNn. A: example of effect of 4-aminopyridine (4-AP) on representative
LVNn. Spike tracesbefore and after drug application are superimposed. Note
increase in amplitude and width of action potential, and disappearance of early
component of double AHP.B: example of effect of tetraethylammonium on
representative LVNn. Note plateau potential after peak of action potential.C:
example of effect of apamin on representative LVNn. Note absence of mod-
ification of shape of action potential and selective decrease of second, late
component of double AHP.

FIG. 4. Responses of LVNn to 600-ms duration ramplike currents.A:
typical response of LVNn maintained under steady-state hyperpolarization.
Top: profile of ramp current of 0.3-nA amplitude injected over 600 ms up to
final steady-state value.Middle: membrane potential response to injected
current.Bottom: plot of instantaneous firing (IF) rate response obtained for
neuron displayed above, showing how overshoot was measured.B, top panels:
mean rates of increase kIF (slope) of IF vs. current obtained for LVNn (L) and
both types of MVNn (MA and MB) in response to 600-ms ramps delivered
during steady-state hyperpolarization (left) or at resting membrane potential
(right). Note absence of significant difference between LVNn and MVNn.
Bottom panels: mean overshoots obtained for LVNn and both types of MVNn
in response to600-ms ramps delivered during steady-state hyperpolarization (left) or
at resting membrane potential (right). Asterisks indicatesignificant differences
between different groups of neurons (*P � 0.05, **P � 0.01).
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a 600-ms ramp delivered from a hyperpolarized level, below
the firing threshold. In most LVNn tested (25 out of 27), the
instantaneous firing (IF) frequency reached at the end of the
ramp was higher than the one observed at the end of the current
plateau; that is, an overshoot was observed (Fig. 4A). The mean
overshoot of LVNn (6.9� 6.6 spikes/s) was similar to the one
displayed by type B MVNn, and significantly higher than the
one displayed by type A MVNn (P � 0.014, Fig. 4B). The
same was true for the ramps delivered from the resting mem-
brane potential (Fig. 4B). Whatever the level of polarization of
the neurons, the sensitivity of LVNn to steep, ramplike current
injection, given by kIF, was similar to that of both types of
MVNn, as shown in Fig. 4B (upper panels).

The slope of increase of the firing rate in response to the
injected current (kIF) and the overshoot were higher when the
slope of the ramp increased. For example, the mean values
obtained for 600-ms ramps delivered from a hyperpolarized
level (kIF � 114.9� 47.0 spikes s�1 nA�1, overshoot� 6.9�

6.6 spikes/s) were significantly higher than those obtained for
3,400-ms ramps (kIF � 98.7 � 39.6 spikes s�1 nA�1, P �

0.004; overshoot� 2.0 � 1.9 spikes/s,P � 0.001). The same
increase of the mean kIF and overshoot of LVNn with the slope
of the ramp was observed for the ramps delivered from the

resting membrane potential. However, compared with the
ramps delivered from a hyperpolarized level, the mean over-
shoots and kIF of the ramps delivered from rest tended to be
smaller for all slopes.

Responses of LVNn to injections of sinusoidal currents
delivered during steady-state hyperpolarization,
in the absence of action potentials

When sinusoidal currents were delivered in the absence of
action potentials, LVNn responded by a sinusoidal modulation
of their membrane potential (Fig. 5A). In accordance with their
lower input resistance, the impedance Zh of LVNn was signif-
icantly lower than that of both types of MVNn at all frequen-
cies tested (Fig. 5C). At 0.4 Hz, for instance, Zh was 58.7�
20.2 M� for LVNn versus 131.2� 58.7 M� for MVNn (P �

0.001, Table 2 HP level). As was the case for MVNn, the
membrane potential modulation�Vh of LVNn displayed a
small resonance at a median peak frequency of 0.7 Hz. This
median peak frequency was comparable to the one obtained for
type A and type B MVNn (Fig. 5C, Table 2). Although the Zh
4/0.4 ratio was not significantly different between LVNn and
MVNn, the amplitude of the resonance of LVNn (1.08� 0.08)

FIG. 5. Responses of LVNn to injection of sinusoidal currents: methods and results obtained during steady-state hyperpolar-
ization, in absence of action potentials.A: measurement of membrane potential modulation induced by sinusoidal current injection
during steady-state hyperpolarization, in absence of action potentials.Top: profile of 0.4-Hz sinusoidal current injected into neuron;
�I, amplitude of current modulation.Bottom: typical membrane potential response of LVNn.�Vh, amplitude of modulation of
membrane potential. Bars onright show how�I and �Vh were measured.B: measurement of instantaneous spike frequency
modulation induced by sinusoidal current.Top trace: profile of 0.4-Hz sinusoidal current injected into neuron;�I, amplitude of
current modulation.Middle: membrane potential response of LVNn.�V, amplitude of modulation of mean membrane potential
underlying firing rate response.Bottom trace: corresponding instantaneous firing rate modulation (�IF) calculated and fitted with
sine wave to obtain magnitude and phase shifts of firing rate response at different stimulating frequencies. All spikes are shown
digitally clipped at 0 mV. Bars onright show how�I, �IF, and�V were measured.C: magnitude and phase of responses of LVNn
to injection of sinusoidal currents during steady-state hyperpolarization.Top graph: mean magnitude of membrane potential
modulation displayed by LVNn and whole sample of MVNn as function of stimulation frequency. Because amplitude of injected
current was constant for any given neuron, modulation is given as impedance Zh of cell (�Vh/�I) as function of frequency. Mean
values shown with SE, but many of error bars are not visible because of their short length. Asterisks indicate values significantly
different from those obtained on MVNn (P � 0.05).Bottom graph: mean phase of membrane potential modulation displayed by
LVNn and MVNn recorded under steady-state hyperpolarization as function of stimulation frequency. Values are means� SE;
asterisks indicate values significantly different from those obtained on MVNn (P � 0.05).
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was significantly lower than the amplitude of the resonance
obtained for the whole sample of MVNn (P � 0.006, Table 2).
However, these results demonstrate that the membrane of
LVNn as well as MVNn does not behave in a purely passive
way at moderately hyperpolarized levels. In accordance with
its slight resonance, the membrane potential response of LVNn
displayed a small, nonsignificant phase lead with regard to the
injected current at the lowest frequencies of stimulation, which
became a phase lag at higher frequencies (Fig. 5C). The phase
lags obtained for LVNn were significantly lower than those
measured for the whole sample of MVNn at intermediate
frequencies (from 2 to 14 Hz), which is mainly attributed to the
lower impedance of LVNn. Indeed, independently of the am-
plitude of the resonance, the lower impedance of LVNn re-
sulted in higher “corner frequencies” and in a shift of the phase
lags to higher frequencies compared with those of MVNn.

Responses of LVNn to injections of sinusoidal currents
delivered at (or just above) the resting membrane potential

When sinusoidal currents were delivered in the presence of
action potentials, LVNn responded by a sinusoidal modulation
of their membrane potential and firing rate (Fig. 5B). As
pointed out inMETHODS, the mean membrane potential excur-
sion could be reliably estimated for frequencies�1 Hz. In
accordance with the lower input resistance of LVNn, their
active impedance Z (�V/�I) measured at 0.4 Hz was signifi-
cantly lower than the one obtained for either type of MVNn
(P � 0.001 for type A andP � 0.002 for type B MVNn, Table
2). In terms of instantaneous firing rate, the sensitivity of
LVNn to sinusoidal current injection was 105.4� 39.2 spikes
s�1 nA�1 at 0.4 Hz, which was significantly lower than that for
type B MVNn (P � 0.006), but comparable to the value
obtained for type A MVNn (Table 2). Indeed, compared with
type A MVNn, the lower active impedance of LVNn was
compensated by a higher sensitivity of their discharge to mem-
brane potential variations (�IF/�V, P � 0.007, Table 2).

The sensitivity to sinusoidal current�IF/�I of LVNn was
significantly lower than that of the whole sample of MVNn for

all frequencies below 10 Hz (Fig. 6A2). Over this range of
frequencies, the sensitivity to sinusoidal current of LVNn was
always significantly lower than that of type B MVNn, but only
tended to be lower than that of type A MVNn, except at 4 and
8 Hz. However, the main difference between LVNn and
MVNn was that the sensitivity of LVNn did not vary as much
over the whole range of frequencies tested. In other words,
compared with both type A and type B MVNn, the Bode plot
showing the variation of�IF/�I with frequency was flatter (Fig.
6, A1 andA2). The ratio between�IF at 4 Hz and 0.4 Hz (IF
4/04) was significantly lower for LVNn than that for either type
A or type B MVNn (P values of 0.025 and 0.006, respectively;
Table 2). The amplitude of the resonance (R-ratio) was also
significantly lower for LVNn than for the whole sample of
MVNn (P � 0.039, Table 2). Furthermore, data from individ-
ual neurons (Fig. 6A1) showed that most LVNn did not show
the gradual decrease of their firing rate modulation by current
injection usually observed for MVNn after the peak frequency
of resonance (Fig. 6A2). This sudden stop of the modulation of
spontaneous firing arose from the fact that LVNn tended to
completely synchronize their firing with the depolarizing phase
of sinusoidal current injections as soon as the frequency of
stimulation became higher than about half of their spontaneous
firing rate. The peak frequency of resonance (R-peak) of LVNn
was extremely variable around a median of 0.8 Hz (see the data
for individual neurons on Fig. 6A1), but was nonetheless lower
than that of type A and type B MVNn (P values of 0.009 and
0.013, respectively; Table 2).

The firing rate modulation of LVNn displayed a small, but
significant phase lead with regard to the injected current at 0.2
Hz (P � 0.002, one-samplet-test) and 0.4 Hz (P � 0.01). This
phase lead decreased to zero and became a phase lag at higher
frequencies (Fig. 6A3). Compared with the phase values ob-
tained for the membrane potential modulation during steady-
state hyperpolarization, both the phase lead observed at low
frequency and the phase lag obtained at high frequency tended
to be greater. In accordance with their lower peak frequency of
resonance, LVNn displayed a larger phase lag than that of
MVNn at 0.8, 1, and 2 Hz (Fig. 6A3). At 2 Hz, for instance, the

TABLE 2. Comparisons between the responses to sinusoidal currents of LVN and MVN neurons

LVNn MVNn MVN-A MVN-B

Hyperpol level Zh at 0.4 Hz (M�) 58.7� 20.2 131.2 � 58.7*** 127.9� 49.6*** 140.7 � 71.5**
(n � 28) (n � 24) (n � 13) (n � 10)

Zh 4/04 (ratio) 0.98� 0.09 0.97� 0.13 0.97� 0.11 0.96� 0.16
Median R-peak frequency (Hz) 0.7 1.0 1.0 0.7
R-ratio 1.08� 0.08 1.18� 0.13** 1.19� 0.11** 1.17� 0.15

Rest level Z at 0.4 Hz (M�) 29.8� 17.8 58.5 � 33.9*** 57.5 � 20.9*** 62.4 � 43.6**
(n � 48) (n � 23) (n � 23)

�IF/�V at 0.4 Hz (spikes s�1 mV�1) 5.29� 5.12 3.08� 2.05* 2.48� 1.35** 3.34� 1.82
�IF/�I at 0.4 Hz (spikes s�1 nA�1) 105.4� 39.2 130.5 � 48.1* 116.2� 43.8 145.1 � 50.7**
IF 4/04 0.94� 0.19 1.10� 0.16** 1.08� 0.17* 1.12� 0.15**
Median R-peak frequency (Hz) 0.8 6.0** 8.0** 4.0*
R-ratio 1.20� 0.21 1.31� 0.23* 1.28� 0.22 1.35� 0.24*

Depo level Z at 0.4 Hz (M�) 19.1� 15.8 47.9 � 36.4** 46.8� 39.0* 49.7 � 37.1**
(n � 21) (n � 24) (n � 11) (n � 12)

�IF/�V at 0.4 Hz (spikes s�1 mV�1) 9.59� 10.05 3.96� 2.65** 4.44� 3.41* 3.64� 1.89**
�IF/�I at 0.4 Hz (spikes s�1 nA�1) 99.7� 36.5 119.0 � 38.1 113.2� 34.2 125.8 � 43.2
IF 4/04 1.04� 0.14 1.18� 0.07*** 1.18 � 0.07** 1.18� 0.07**
Median R-peak frequency (Hz) 8.0 10.0 12.0* 8.0
R-ratio 1.29� 0.23 1.38� 0.15* 1.42� 0.18* 1.35� 0.11

Values are means� SD; n � number of neurons. Statistical difference with respect to LVNn: *P � 0.05, ** P � 0.01, *** P � 0.001.
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phase lag of LVNn reached�11.3� 13.3° versus�1.8� 7.0°
for type A MVNn (P � 0.003) and�4.7 � 9.9° for type B
MVNn (P � 0.076).

Responses of LVNn to injections of sinusoidal currents
during steady-state depolarization

The LVNn maintained under steady-state depolarization dis-
played a significantly higher spontaneous discharge than that at
their resting membrane potential. Thus sinusoidal modulation
of this spontaneous discharge was maintained up to higher
frequencies of sinusoidal current injection (Fig. 6B). As at rest,
the active impedance (�V/�I) of LVNn measured at 0.4 Hz was
significantly lower than that obtained for either type of MVNn
(P � 0.013 for type A andP � 0.003 for type B MVNn, Table

2 Depo level). In terms of instantaneous firing rate, the sensi-
tivity of LVNn to sinusoidal current injection tended to be
lower than that for type B MVNn (P � 0.072), and was
comparable to the value obtained for type A MVNn (Table 2).
Compared with both type A and type B MVNn, the lower
active impedance of LVNn was compensated by a higher
sensitivity of their discharge to membrane potential variations
(�IF/�V, P values of 0.041 and 0.009, respectively; Table 2).

The sensitivity to sinusoidal current�IF/�I of LVNn was
significantly lower than that of the whole sample of MVNn for
all frequencies between 1 and 14 Hz (Fig. 6B2). Over this
range of frequencies, the sensitivity to sinusoidal current of
LVNn was significantly lower than that of type B MVNn from
2 to 10 Hz, but significantly lower than that of type A MVNn
only at 4 and 6 Hz. As at rest, the Bode plot showing the

FIG. 6. Responses of LVNn to injection of sinusoidal currents in presence of action potentials.A: superimposed curves in A1
show amplitude of firing rate modulation (�IF/�I) displayed at their resting membrane potential by individual LVNn as function
of stimulation frequency. Note general flatness of curves and sudden stop of their modulation at high frequency.A2: mean
amplitude of firing rate modulation displayed by LVNn and whole sample of MVNn at their resting membrane potential as function
of stimulation frequency.A3: mean phase of firing rate modulation (�IF/�I) displayed by LVNn and MVNn recorded at their resting
membrane potential as function of stimulation frequency. Error bars and asterisks have same meaning as in Fig. 5C. B: B1– B3 plots
are similar toA1–A3 plots, but show firing rate modulations obtained for LVNn and whole sample of MVNn during steady-state
depolarization.
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variation of�IF/�I with frequency was flatter for LVNn than
that for either type of MVNn (Fig. 6,B1 andB2). The IF 4/04
ratio was significantly lower for LVNn than that for type A or
type B MVNn (P � 0.002 in both cases; Table 2). The
amplitude of the resonance (R-ratio) was also significantly
lower for LVNn than that for the whole sample of MVNn (P �

0.019, Table 2). As at the resting membrane potential, data
from individual neurons (Fig. 6B1) showed that most LVNn
did not show the gradual decrease of their firing rate modula-
tion observed for MVNn after the peak frequency of resonance
(Fig. 6B2). The peak frequency of resonance (R-peak) of
LVNn was again very variable, but significantly higher than at
the resting membrane potential, with a median value of 8 Hz.
The median peak frequency of resonance of LVNn was sig-
nificantly lower than that of type A MVNn (P � 0.046), but
similar to that of type B MVNn (P � 0.30, Table 2).

Compared with the phase values obtained at the resting
membrane potential, LVNn displayed a significant phase lead
�0.6 Hz (P � 0.001, one samplet-test) instead of 0.4 Hz. In
addition, LVNn had a smaller phase lag at intermediate fre-
quencies (Fig. 6B3), in accordance with their higher frequency
of resonance. As a consequence, the significant difference
observed at rest between the phase lag displayed by LVNn and
MVNn at 2 Hz disappeared (P � 0.23; Fig. 6B3).

D I S C U S S I O N

Compared with MVNn, LVNn form a more homogeneous
population of cells characterized by very sharp spikes, and a
low-amplitude, biphasic AHP similar to the double AHP of
type B MVNn. They are, however, often endowed with a
low-strength A-like rectification resembling the one character-
izing type A MVNn. Although their input membrane resistance
was half that of MVNn, the sensitivity of their firing rate to
large ramplike current injection was not significantly different.
The overshoot induced in LVNn by steep ramps was similar to
that of type B MVNn, and greater than that of type A MVNn.
The sensitivity of LVNn tosmall-amplitude, sinusoidal current
injection was significantly lower than that of the whole sample
of MVNn over a wide range of frequencies. The difference was
more significant with type B MVNn than with type A MVNn.
The main difference between LVNn and MVNn was that the
Bode plots showing their sensitivity as a function of the fre-
quency of stimulation were flatter than those of MVNn, and
displayed a much weaker resonance. Furthermore, in most
LVNn it was not possible to measure the gradual decrease of
the firing rate modulation observed in MVNn past their peak
frequency of resonance because they synchronized their firing
with the depolarizing phase of high-frequency sinusoidal cur-
rent injections. The answer to the first question posed in the
INTRODUCTION, therefore, is that the properties observed in nu-
merous studies of MVNn in slices do not necessarily generalize
to other cell groups in the vestibular nuclei.

Location and identification of the recorded neurons

Before addressing the static and dynamic membrane prop-
erties of LVNn in more detail, we need to discuss whether the
neurons we recorded from were in the LVN, and whether they
can be more precisely identified. In cytoarchitectonic studies of
the mammalian vestibular nuclei, the LVN has been classically

defined as that part of the vestibular complex that contains a
large number of multipolar, giant-size cells, that is, the Deiters’
neurons (Brodal and Pompeiano 1957). In general, the bound-
aries of the LVN are quite easy to define, but there is a
controversy concerning the border between the ventro-lateral
part of the MVN and the ventro-medial part of the caudal LVN
(for review see Ris et al. 1999). Indeed, the area denoted vL in
Fig. 1A1has been reported to belong either to the LVN (Brodal
and Pompeiano 1957; Mehler and Rubertone 1985) or to the
magnocellular part of the MVN (Epema et al. 1988; Gerrits et
al. 1985) in the rabbit, cat, and rat. Two cytoarchitectonic
studies performed in the guinea pig have concluded that this vL
area was part of the LVN (Gstoettner and Burian 1987; Ris et
al. 1999), but other authors disagree (Graf et al. 2002). Al-
though we agree that, in the guinea pig, vL cannot be incor-
porated into the MVN on cytoarchitectonic criteria, this area
appears to be the origin of the ascending tract of Deiters, which
is involved in the control of eye movements (Graf et al. 2002;
Nguyen et al. 1999). In this respect, then, it belongs more to the
MVN, which has both oculomotor and spinal projections, than
to the LVN, whose neurons project almost exclusively to the
spinal cord (Carleton and Carpenter 1983; Sarkisian 2000).

The 12 representative neurons that were injected with neu-
robiotin were all localized within the boundaries of the LVN,
and none of them was in the controversial vL area. Indeed, they
were all recorded more rostrally, at a level where the LVN and
MVN are clearly separated from one another by the acoustic
stria (Fig. 1,A2andA3). Because all neurons we recorded were
localized using the same landmarks, this suggests that most of
them were LVNn, and were not involved in the control of eye
movements by the ascending tract of Deiters.

All LVNn injected with neurobiotin were large or giant
neurons, with a mean soma diameter of�45 �m. Together
with the strong homogeneity of their membrane properties, this
suggests that most of the LVNn we recorded had a similar size
and were Deiters’ neurons much bigger than the usual MVNn
(compare Fig. 1B and 1C). In the guinea pig as in other
vertebrates, however, the LVN is characterized by a morpho-
logical variety of cells (Gstoettner and Burian 1987; Mehler
and Rubertone 1985; Pompeiano 1991; Ris et al. 1999). In
addition to the typical giant cells (Deiters’ cells), the nucleus
also contains small and medium-size cells that were apparently
not recorded in this study. This sampling bias was probably
attributable to the fact that bigger neurons were much easier to
penetrate with intracellular recording electrodes than the
smaller cells. This bias was not a problem in the MVN, given
that MVNn are all densely packed, small to medium-size cells
(Gstoettner and Burian 1987).

Basic membrane and firing properties of LVNn compared
with those of MVNn

As mentioned above, the homogeneity of the membrane
properties of LVNn we recorded contrasts with the heteroge-
neity of MVNn. Considering together the spike shape, mem-
brane resistance, and spontaneous firing properties of LVNn,
they were different from those of either type A or type B
MVNn. In a sense, the large LVNn, which tended to display
both the double AHP of type B MVNn and the A-like rectifi-
cation of type A MVNn, looked like a composite of type A and
type B MVNn. Although LVNn express the same strong per-

1700 UNO ET AL

J Neurophysiol• VOL 90 • SEPTEMBER 2003• www.jn.org



sistent sodium currents as type B MVNn, none of the LVNn
displayed the LTS that characterize the B� LTS MVNn. The
homogeneity of LVNn may reflect the fact that most of the
neurons we penetrated were probably large or giant Deiters’
neurons.

LVNn have the same mean membrane potential as that of
MVNn, but their average discharge rate tends to be lower. This
difference has been observed by others authors in vitro (Sun et
al. 2002). Furthermore, both extracellular and intracellular
recordings show that about one third of LVNn are silent at rest
in vitro. This proportion is higher than the proportion of silent
neurons found among intracellularly recorded MVNn (7%), as
well as among MVNn recorded extracellularly in an in vitro
whole brain preparation (12%; Vibert et al. 1999a). In accor-
dance with their lower discharge rate, the spontaneous dis-
charge of LVNn was more irregular than that of MVNn.
Actually, there was a significant negative relationship between
the coefficient of variation of the LVNn we recorded and their
spontaneous firing rate. Surprisingly, in vivo recordings sug-
gest the average resting frequency of neurons in LVN is similar
to, or higher than, that of neurons in the MVN (Ris et al. 1995;
Ryu and McCabe 1971). This discrepancy suggests that the
resting activity of LVNn in vivo may depend more than that of
MVNn on the excitatory inputs they receive from the vestibular
nerve, and from other structures like the medullary reticular
formation and cerebellar fastigial nucleus. Alternatively, the
discrepancy between in vivo and in vitro data may be explained
by the fact that we recorded large Deiters’ neurons among
LVN cells. Indeed, extracellular recordings in the cat have
shown that in the LVN, the spontaneous firing rate of identified
vestibulospinal neurons was inversely related to their conduc-
tion velocity, and hence presumably to their size (Pompeiano
1991). In other words, the largest LVNn would have signifi-
cantly lower spontaneous discharge rates than those of the
other vestibulospinal neurons within the LVN. Similarly, the
low input membrane resistance and active membrane imped-
ance displayed by LVNn compared with MVNn must corre-
spond to their bigger size.

According to the results obtained with potassium channel
antagonists, the pharmacology of giant LVNn is completely in
agreement with what has been found in MVNn (Johnston et al.
1994; Peusner et al. 1998). No fundamental difference was
found in the types of potassium currents that shape the action
potential and interspike interval.

Responses of LVNn to ramplike and sinusoidal currents

In accordance with their much lower input resistance and
active impedance, the sensitivity of the firing rate of large-size
LVNn to small-amplitude sinusoidal current injections was
significantly lower than that of the whole sample of MVNn.
Separate comparisons with each type of MVNn demonstrated
that there was a significant difference between LVNn and type
B MVNn, but that the trend for LVNn to display a lower
sensitivity than that of type A MVNn was often not significant.
This means that, at least compared with type A MVNn, the
lower active impedance of LVNn was compensated by a higher
sensitivity of their discharge to membrane potential variations
(�IF/�V). This looks even truer for large-amplitude, ramplike
current injections, given that the trend for the sensitivity of the
firing rate of LVNn to be lower than that of MVNn disappeared

for such stimuli. In addition, the overshoot displayed by LVNn
in response to steep ramps was similar to that of type B MVNn,
and significantly higher than that of type A MVNn.

The amplitude of the response of LVNn to current injections
was pretty flat over a large range of frequency, with a smaller
resonance than that in both types of MVNn. This was not
attributed to the lower mean spontaneous discharge rate of
LVNn, given that the shape of the Bode plot was not modified
when the LVNn were maintained continuously depolarized and
therefore had a much higher spontaneous firing rate. As
pointed out above, the LVNn we recorded looked like a com-
posite of type A and type B MVNn but were not endowed with
radically different membrane properties. This means that just
subtle changes in the membrane properties of central neurons
are sufficient to modify the profile of their dynamic responses.
This is in accordance with results obtained using realistic
neuronal models of each type of MVNn (Av-Ron and Vidal
1999; Ris et al. 2001), which show that the dynamics of their
responses to current injection can be strongly modified by
small changes in one or two of their ionic conductances. In
addition, the amplitude of the firing rate modulation of LVNn
by sinusoidal currents was limited to a certain cutoff fre-
quency, above which there was no indication of a progressive
fall as seen in MVNn past their peak frequency of resonance.
This suggests that LVNn tend to synchronize their discharge
very efficiently with high-frequency inputs (more than both
types of MVNn). Interestingly, the type B MVNn, with their
sharper spikes and larger overshoot, already tended to show a
better synchronization than did type A neurons (Ris et al.
2001).

Do the different membrane properties displayed by LVNn
and MVNn reflect their distinct functional role?

In many respects, and despite their lower sensitivity to
current injections, LVNn resemble more type B MVNn than
type A MVNn. Indeed, both groups of neurons display similar
spike shapes, a high sensitivity of the firing rate to membrane
potential variation, and strong nonlinear properties like the
overshoot and persistent sodium current. Because the LVNn
we recorded are probably mainly vestibulospinal neurons, it is
tempting to speculate that among MVNn, type B neurons
might correspond to vestibulospinal neurons, whereas type A
neurons might be vestibuloocular neurons. However, this is
probably not the case because in data from the isolated whole
brain, a similar proportion of type A and type B MVNn have
been identified as vestibulospinal neurons (Vibert et al. 1997;
and unpublished data). In addition, the picture is complicated
by the fact that the MVN includes a nonnegligible proportion
of vestibulo-oculo-spinal neurons that project both to the ocu-
lomotor system and the spinal cord (for reviews see Uchino
and Isu 1992; Vibert et al. 1997). We think more of the type A
and type B MVNn as mediating parallel pathways going both
to the oculomotor and postural systems, but having different
dynamic properties (Ris et al. 2001).

Although some of the differences between LVNn and
MVNn (such as the different membrane resistance) probably
result from their very different sizes, the distinct dynamics
displayed by LVNn in response to current injections cannot be
directly inferred from their anatomy. Indeed, as mentioned
above, realistic neuronal models of MVNn show that the
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resonant properties of neurons can be modified by slight
changes of specific ion conductance (Av-Ron and Vidal 1999;
Ris et al. 2001). This suggests that the difference between the
resonance displayed by MVNn and LVNn might reflect their
distinct functional roles, that is, LVNn are mainly involved in
the control of posture, whereas MVNn are rather involved in
eye–head coordination and gaze control.

The LVNn we recorded presumably constitute a specific
subset of the neurons present in the LVN. According to Boyle
and Pompeiano (1980), and Kasper et al. (1988), neurons of the
cat LVN contain in vivo a population of cells whose responses
to whole body rotations in the vertical plane (i.e., amplitude of
the modulation of the firing rate and phase with regard to
position) remain relatively unmodified with changes in fre-
quency. These positional responses were attributed to stimula-
tion of macular receptors. Recently Angelaki and Dickman
(2000) studied, in monkeys, properties of central otolith neu-
rons that respond to linear accelerations of the head. Among
these neurons recorded in the rostral vestibular nuclei, at least
3 groups of central response dynamics were described.1)
“High-pass” neurons exhibited increasing gains and phase val-
ues as a function of frequency.2) “Flat” neurons were char-
acterized by relatively flat gains and constant phase lags (20–
55°). 3) A few neurons (“low-pass”) were characterized by
decreasing gain and phase as a function of frequency. Because
the response dynamics of the large LVNn we recorded appears
very similar to that of the so-called flat neurons, it is tempting
to speculate that the latter might correspond to the giant ves-
tibulospinal Deiters’ cells of the LVN.
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Straka, H., M. Beraneck, M. Rohregger, L. E. Moore, P.-P, Vidal,
and N. Vibert. Second-order vestibular neurons form separate pop-
ulations with different membrane and discharge properties.J Neuro-
physiol92: 845–861, 2004. First published March 24, 2004; 10.1152/
jn.00107.2004. Membrane and discharge properties were determined
in second-order vestibular neurons (2°VN) in the isolated brain of
grass frogs. 2°VN were identified by monosynaptic excitatory
postsynaptic potentials after separate electrical stimulation of the
utricular nerve, the lagenar nerve, or individual semicircular canal
nerves. 2°VN were classified as vestibulo-ocular or -spinal neurons by
the presence of antidromic spikes evoked by electrical stimulation of
the spinal cord or the oculomotor nuclei. Differences in passive
membrane properties, spike shape, and discharge pattern in response
to current steps and ramp-like currents allowed a differentiation of
frog 2°VN into two separate, nonoverlapping types of vestibular
neurons. A larger subgroup of 2°VN (78%) was characterized by
brief, high-frequency bursts of up to five spikes and the absence of a
subsequent continuous discharge in response to positive current steps.
In contrast, the smaller subgroup of 2°VN (22%) exhibited a contin-
uous discharge with moderate adaptation in response to positive
current steps. The differences in the evoked spike discharge pattern
were paralleled by differences in passive membrane properties and
spike shapes. Despite these differences in membrane properties, both
types, i.e., phasic and tonic 2°VN, occupied similar anatomical loca-
tions and displayed similar afferent and efferent connectivities. Dif-
ferences in response dynamics of the two types of 2°VN match those
of their pre- and postsynaptic neurons. The existence of distinct
populations of 2°VN that differ in response dynamics but not in the
spatial organization of their afferent inputs and efferent connectivity
to motor targets suggests that frog 2°VN form one part of parallel
vestibulomotor pathways.

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

In mammals, the medial vestibular nucleus (MVN) and lateral
vestibular nucleus neurons are endowed with different sets of
membrane properties (Gallagher et al. 1985; Johnston et al. 1994;
Serafin et al. 1991a,b; Uno et al. 2003). In particular, MVN
neurons of rats (Gallagher et al. 1985; Johnston et al. 1994) and
guinea pigs (Serafin et al. 1991a,b) have been segregated in type
A and type B cells that differ from each other in a number of
interrelated membrane and discharge properties (see Vidal et al.
1999). Type A vestibular neurons have a more regular resting
discharge and more tonic response dynamics and might form a
specific channel for lower-frequency, low- and medium-ampli-
tude linear signals. In contrast, type B vestibular neurons have a
more irregular resting discharge and more phasic response dy-

namics that is well-suited for the transmission of higher-fre-
quency, high-amplitude nonlinear signals (Beraneck et al. 2003a;
Ris et al. 2001). These two types of MVN neurons, however,
might in fact represent extreme endpoints of a continuum as
suggested by du Lac and Lisberger (1995) for avian MVN
neurons rather than two distinct populations. The separation of
vestibular neurons into populations with different response dy-
namics is also mirrored at the level of their presynaptic input (see
Goldberg 2000 for review). Hence, it was suggested that the
various profiles of membrane properties found in vestibular net-
works could be the substrate for their partition in frequency and
amplitude-tuned channels. However, the dynamic processing of
vestibular information throughout the vestibulo-ocular and -spinal
pathways remains elusive because of the complex organization of
these motor responses in mammals. Frogs offer an attractive
model to investigate this problem because the isolated whole brain
preparation allows stable intracellular recordings together with
selective activation of the nerve branches innnervating the differ-
ent labyrinthine end organs.

In frog, vestibular hair cells as well as vestibular nerve
afferent fibers segregate with respect to a number of interre-
lated morphological and physiological properties (Baird
1994a,b; Blanks and Precht 1976; Flock and Orman 1983;
Honrubia et al. 1981, 1989; Lewis and Li 1975; Lewis et al.
1982; Myers and Lewis 1990). In particular, utricular hair cells
subdivide according to their frequency sensitivity and response
dynamics as well as active and passive membrane properties
(Baird 1994a,b; Baird and Lewis 1986; Lewis and Li 1975).
These distinct physiological properties correlate with different
hair bundle morphologies and different locations in the utric-
ular macula (Baird 1994a,b; Baird and Lewis 1986; Lewis et al.
1982). Similar morphological differences exist among the hair
cells in the semicircular canal cristae (Baird and Lewis 1986;
Gioglio et al. 1995; Guth et al. 1994; Lewis and Li 1975;
Myers and Lewis 1990) and are associated with distinct mi-
cromechanics of the hair bundles (Flock and Orman 1983).
Assuming that these morphological variations reflect the same
differences in physiological properties as in the utricular mac-
ula, the segregation of vestibular hair cells according to their
frequency sensitivity and response dynamics is likely to be a
general property of all labyrinthine end organs.

A similar segregation is found in vestibular nerve afferent
fibers that contact these hair cells and is correlated with a
number of interrelated properties as fiber diameter, origin in
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Cédex 06, France (E-mail: hans.straka@univ-paris5.fr).

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

J Neurophysiol92: 845–861, 2004.
First published March 24, 2004; 10.1152/jn.00107.2004.

8450022-3077/04 $5.00 Copyright © 2004 The American Physiological Societywww.jn.org



the sensory epithelium, discharge regularity, and response
dynamics (Baird and Schuff 1994; Honrubia et al. 1981, 1989).
In particular, thick afferent nerve fibers tend to have a more
irregular resting activity, respond with a more phasic discharge
to step-like accelerations, larger gains and smaller phase shifts.
In contrast, thin afferent nerve fibers tend to have a more
regular resting activity, a more tonic discharge to step-like
accelerations, lower gains, and larger phase shifts (Honrubia et
al. 1981, 1989). The putative separation into different channels
on the sensory side is mirrored on the motor side of the
vestibulo-ocular network. Abducens motoneurons in frogs
have been shown to fall into several subgroups that differ in
their response dynamics (Dieringer and Precht 1986). Two
groups of large- and medium-sized, phasic abducens motoneu-
rons are complemented by a group of small, particularly tonic
motoneurons with a very long time constant for evoked re-
sponses (Dieringer and Precht 1986).

Altogether then, frog vestibular hair cells, as vestibular
nerve afferent fibers and abducens motoneurons, form sub-
populations of neurons with heterogeneous membrane proper-
ties. This confers to these cells distinct dynamic properties,
which suggests that as in rodents, the vestibulo-ocular path-
ways of frogs may be organized in parallel frequency-tuned
channels. However, a crucial step to validate that hypothesis is
the description of the membrane properties of 2°VN, which
have not been investigated so far in these animals. In addition,
the frog model offers the unique opportunity to link the
membrane properties of 2°VN with their anatomical location
and their afferent and efferent connectivity. In particular, the
spatial convergence pattern of semicircular canal and macular
signals on 2°VN has been well described (Straka et al. 1997,
2002). Almost half of the 2°VN receive convergent afferent
nerve input from one macula and one canal organ in a spatially
specific manner (Straka et al. 2002). Utricular (UT) signals
converge mainly with horizontal canal (HC) signals, whereas
lagenar (LA) signals converge only with anterior vertical (AC)
or posterior vertical canal (PC) signals. The remaining half of
2°VN receives afferent nerve signals from only one canal or
one macula organ.

The passive membrane properties and discharge dynamics of
frog 2°VN were determined by intracellular injection of cur-
rent steps and ramp-like currents. Vestibular neurons were
recorded in the isolated frog brain and identified as 2°VN by
the presence of monosynaptic EPSPs after stimulation of the
utricular nerve, the lagenar nerve, or one of the nerve branches
innervating an individual semicircular canal. Part of the iden-
tified 2°VN were classified as projection neurons by the pres-
ence of antidromic spikes evoked by stimulation of the upper
spinal cord and/or of the oculomotor nuclei in the midbrain.
Differences in spike shape, spike discharge and passive mem-
brane properties allowed a subdivision of frog 2°VN into two
distinct functional types of neurons. Possible correlation of
labyrinthine nerve inputs, projection patterns and spatial loca-
tion with the two different functional types of 2°VN were
investigated. Preliminary results were published in abstract
form (Straka et al. 2003b).

M E T H O D S

In vitro experiments were performed on the isolated brains of 33
grass frogs (Rana temporaria) and complied with the “Principles of

Animal Care,” Publication No. 86-23, revised 1985 by the National
Institutes of Health. The government of Oberbayern (211-2531-31/95)
granted permission for these experiments. As described in previous
studies (Cochran et al. 1987; Straka and Dieringer 1993), the animals
were deeply anesthetized with 0.1% 3-aminobenzoic acid ethyl ester
(MS-222) and perfused transcardially with iced Ringer solution
[which contained (in mM) 75 NaCl, 25 NaHCO3, 2 CaCl2, 2 KCl, 0.5
mM MgCl2, and 11 glucose; pH 7.4). Thereafter, the skull and the
bony labyrinth were opened by a ventral approach. After dissecting
the three semicircular canals on each side, the brain was removed with
all labyrinthine end organs attached to the VIIIth nerve. Subsequently,
the brain was submerged in iced Ringer, and the dura, the labyrinthine
end organs, and the choroid plexus covering the IVth ventricle were
removed. In all experiments, the cerebellum remained attached to the
brain stem while the forebrain was removed. Brains were used�4
days after their isolation and were stored overnight at 6°C in contin-
uously oxygenated Ringer solution with a pH of 7.5� 0.1. For the
experiments, the brain stem was fixed with insect pins to the silicone
elastomer (Sylgard) floor of a chamber (volume: 2.4 ml), which was
continuously perfused with oxygenated Ringer solution at a rate of
1.3–2.1 ml/min. The temperature was electronically controlled and
maintained at 14� 0.1°C.

The recorded neurons were identified as second-order vestibular
neurons by their monosynaptic response to electrical stimulation of at
least one of the individual labyrinthine nerve branches. For this
purpose, all three semicircular canal nerves were stimulated sepa-
rately. In some experiments, either the utricular or the lagenar nerve
was stimulated in addition to the canal nerves. Single constant current
pulses (0.2 ms; 1–15�A) applied across suction electrodes (diameter:
120–150�m) were used for electrical stimulation. The use of suction
electrodes facilitated the isolation of an individual nerve branch and
allowed separate stimulation of each of the canal and otolith nerves
(see Straka et al. 1997, 2002, 2003a). For the antidromic identification
of 2°VN with ascending axons, a concentric bipolar electrode (tip
diameter: 25�m; Science Products GmbH) was placed in the midline
between the two oculomotor nuclei in the midbrain. For the anti-
dromic identification of 2°VN with descending axons, a pair of
Teflon-coated silver wires with chlorided tips (diameter: 250�m) was
inserted into the ventrolateral spinal cord on the left and right side at
the C1/C2 level. Single constant current pulses (0.2 ms; 30–150�A)
were used for all stimuli. Thus depending on the origin of the
antidromic spike, 2°VN were classified either as vestibulo-ocular or
vestibulo-spinal neurons. Pulses were produced by a stimulus isola-
tion unit (WPI A 360) at a rate of 0.5 Hz. Glass microelectrodes used
for extra- and intracellular recordings were made with a horizontal
puller (P-87 Brown/Flaming). Electrodes for extracellular field poten-
tial recordings were beveled (30°, 20�m tip diameter) and filled with
a 2 M solution of sodium chloride (�1 M�). Electrodes for intracel-
lular recordings were filled with a 3 Msolution of potassium chloride
which gave a final resistance of�70–90 M�.

At the beginning of each experiment, field potentials evoked by
separate stimulation of the labyrinthine nerve branches were recorded
at a reference recording site to optimize the positions of the stimulus
electrodes and to determine the stimulus threshold for each branch
(see Straka et al. 1997, 2002). This reference recording site was
located 0.4 mm caudal to the VIIIth nerve root at a depth of 0.4 mm
below the top of the brain stem. The stimulus threshold for the
postsynaptic N1 field potential component (Precht et al. 1974) was
similar for each of the canal and macular nerve branches and ranged
from 1.5 to 3.1�A. Stimulus intensities were indicated as multiples of
these threshold values (�T). Intracellular single-cell recordings were
not started unless the semicircular canal or otolith nerve-evoked N1

component exceeded 0.15 mV. The position of the stimulation elec-
trode in the midbrain and spinal cord was optimized by maximizing
the amplitude of the short-latency, antidromic field potentials recorded
at the standard recording site in the vestibular nuclei. Maximum
amplitudes usually ranged from 0.3 to 0.5 mV. The stimulus threshold
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intensity (T) for these antidromic field potentials was�10–20�A and
was similar for the spinal and midbrain stimulation electrodes. During
intracellular recordings the stimulation intensity to evoke an anti-
dromic spike was limited to 5�T. Action potentials were considered
antidromic if there was an all or nothing response in the absence of an
underlying prepotential at threshold stimulus intensity (see Straka et
al. 2002). Vestibular neurons were recorded between 0.4 mm rostral
and 0.7 mm caudal to the entry of the VIIIth nerve at a depth between
0.05 and 0.8 mm below the dorsal surface of the brain stem. This
recording area included all four vestibular subnuclei (lateral, superior,
descending, and medial) except the most medial parts of the medial
vestibular nucleus. The position of the recorded vestibular neurons
was mapped rostrocaudally with respect to the entry of the VIIIth
nerve in the brain stem and dorsoventrally with respect to the dorsal
surface of the hindbrain as in earlier studies (Straka et al. 2000,
2003a). As reported in earlier studies, most of the vestibular neurons
recorded in the isolated frog brain had no spontaneous discharge at
their resting membrane potential (Straka and Dieringer 1996, 2000;
Straka et al. 1997, 2002, 2003a). Only neurons with a membrane
potential more negtive than�55 mV were included in this study.

Membrane properties of second-order vestibular neurons identified
by their monosynaptic input from a particular canal and/or macular
nerve branch were determined by intracellular current injection. Time
constants, input resistance, current-voltage relationships as well as
firing properties in response to long, positive current steps (1 s) and to
ramp-like currents were used to classify the recorded neurons as
phasic or tonic 2°VN. Spike parameters were analyzed by determining
firing threshold, spike amplitude, width, rise time, and fall time of the
evoked spikes. Firing threshold was determined as the point at the
beginning of each spike where the voltage trace reached 10 mV/ms.
The time constant and input resistance were obtained from responses
to small negative current pulses of 200-ms duration. The membrane
hyperpolarization was fitted with a double-exponentialEq. 1 that
allowed a determination of the first (�0) and second (�1) time constant

y � rmp� a1 � �1 � exp�t/�0�	 � a2 � �1 � exp�t/�1�	 (1)

Synaptic transmission was blocked in some 2°VN (n 
 10) by
increasing the concentration of Mg2� (4 mM) and decreasing the
concentration of Ca2� (0.4 mM) in the Ringer solution. With these
concentrations, the monosynaptic EPSPs evoked in vestibular neurons
by stimulation of individual vestibular nerve branches were com-
pletely blocked within 12–15 min. Single sweeps of the responses
were digitized (CED 1401, Cambridge Electronic Design), stored on
computer and analyzed off-line (SIGNAL, Cambridge Electronic
Design). Synaptic potentials were analyzed from averages of 20–30
single sweeps after electronic subtraction of the extracellular field
potential recorded in the vicinity. Statistical differences in parameters
were calculated according to the Mann-WhitneyU test (unpaired
parameters) and the Wilcoxon signed-rank test (paired parameters;
Prism, Graphpad Software). All averaged results were expressed as
means� SD. Graphical presentations were made with the aid of
commercially available computer software (Origin, Microcal Soft-
ware; Corel Draw, Corel).

R E S U L T S

Identification of second-order vestibular neurons

Intracellular recordings were obtained from 249 vestibular
neurons in 33 isolated in vitro frog brain preparations with 0.5
mM Mg2� present in the bath solution except otherwise stated.
Recordings were obtained from all vestibular nuclei. Only
those neurons that were identified as second-order vestibular
neurons (2°VN) by the presence of a monosynaptic EPSP (HC
in Fig. 1A1; PC in B1) after separate electrical stimulation of
the utricular nerve, the lagenar nerve or of one of the three

ipsilateral semicircular canal nerves were taken into account
for further analysis. As in an earlier study (Straka et al. 2002),
intracellular EPSPs triggered by semicircular canal or utricular
(UT) nerve stimulation were considered as monosynaptic if
their latency ranged between 3.4 ms (average onset of the
postsynaptic N1 field potential) and 5.2 ms (earliest possible
onset of disynaptic EPSPs after adding another synaptic delay
of 1.8 ms). These values were slightly shorter for lagenar (LA)
nerve-evoked responses (between 2.9 and 4.7 ms) due to the
shorter distance between the stimulation electrode and the
recording site (Straka et al. 2002). Differences in the diameter
of the fibers supplying the different equilibrium organs can be
ruled out as an explanation for the difference in onset latencies.
In fact, Dunn (1978) has shown in the frog that the number of
the thickest fibers (�10�m) as well as the average diameter of
fibers is similar for all vestibular nerve branches. The chemi-
cally mediated monosynaptic EPSP increased in amplitude
with stimulus intensity, whereas the onset latency remained
constant (Fig. 1A2; c in B2). Corresponding to the N1 field
potential components, the latency of monosynaptic EPSPs was
similar for responses evoked by horizontal (HC), anterior
vertical (AC), posterior vertical canal (PC), or UT nerve
stimulation (mean: 3.8� 0.5 ms;n 
 269), whereas the EPSPs
evoked by lagenar nerve stimulation (mean: 3.4� 0.6 ms;n 

38) had significantly shorter latencies (P � 0.001).

The chemically mediated EPSPs were preceded in 15% of
the neurons (37 of 249) by an early depolarization (e in Fig.
1B2), similar to earlier findings (Babalian and Shapovalov
1984; Straka and Dieringer 1996; Straka et al. 1997). The
latency of this early depolarization (mean: 1.7� 0.3 ms;n 

37) was independent of the stimulus intensity (Fig. 1B2) and
reflected an electrically mediated EPSP component. The
threshold of this electrical EPSP was as low as the threshold of
the chemical EPSP in a given neuron. In contrast with the latter
one, however, the electrical EPSP increased only slightly with
stronger stimulus intensity and saturated at amplitudes ranging
from 1.0 to 2.5 mV (Fig. 1B2). The low threshold and the
relatively early saturation suggest a preferred activation of
these electrical EPSPs by thick vestibular nerve afferent fibers,
a finding compatible with earlier results (Straka and Dieringer
1996; Straka et al. 1997).

According to the presence of monosynaptic EPSPs from a
particular canal or macular nerve branch, recorded neurons
were categorized as particular 2° canal, 2°UT, or 2°LA neurons
or as particular 2° macula� canal or 2° canal� canal neurons
if monosynaptic EPSPs were evoked from more than one
vestibular nerve branch (Table 1). In 2° canal neurons that
received a monosynaptic EPSP from only one canal nerve
branch, the remaining two semicircular canal nerves, respec-
tively, evoked either EPSPs with a di- or polysynaptic onset
(Fig. 1,A, 3 and4, andB5) or no response (B4). The presence
of many 2°AC, 2°HC, or 2°PC neurons and few 2° macula
neurons or convergent 2° canal� macula neurons (Table 1)
was due to the fact that the UT or LA nerve branches were
stimulated in addition to the three semicircular canal nerve
branches only in some experiments. Therefore 2° macula
neurons were less numerous and thus the convergence pattern
of canal and macular signals observed in this study differs from
that of a detailed, systematic earlier study (Straka et al. 2002).
However, independent of the relatively small number of con-
vergent neurons, UT nerve afferent signals converged predom-
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FIG. 1. Classification of identified 2nd-order (2°) vestibular projection neurons as phasic and tonic neurons.A andB: phasic 2°
horizontal canal (HC) vestibulo-ocular neuron (A) and tonic 2° posterior vertical canal (PC) vestibulo-spinal neuron (B) based on
responses to electrical stimulation of individual canal nerve branches (A, 1–4,andB, 1–5), of the oculomotor nuclei (A5) and the
spinal cord (B6) and on responses to intracellular injected positive current steps (A6 and B7). A, 1–4: HC nerve-evoked
monosynaptic (A, 1 and 2) and anterior vertical canal (AC,A3) and PC nerve-evoked oligosynaptic excitatory postsynaptic
potentials (EPSPs,A4) in a 2°HC neuron. Extended time scale of the monosynaptic onset inA2. A5: overlay of antidromic spikes
evoked by stimulation of the oculomotor nuclei at threshold intensity.A6: high-frequency burst of spikes in response to a positive
current step.Inset: extended time scale of the high-frequency burst.B, 1–5: PC nerve-evoked monosynaptic EPSPs (B, 1–3) and
HC nerve-evoked oligosynaptic EPSPs (B5), and no response after stimulation of the AC nerve (B4) in a 2°PC neuron.
Short-latency EPSP components (e) preceding the monosynaptic chemical EPSPs (c) indicate electrical coupling with PC nerve
afferent nerve fibers (B2). High-intensity stimuli to the PC nerve evoked action potentials superimposed on the monosynaptic
EPSPs (B3). B6: overlay of antidromic spikes evoked by stimulation of the spinal cord at threshold intensity.B7: continuous
discharge in response to a positive current step. Stimulus intensity is indicated in multiples of the stimulus threshold intensity (�T)
of the N1 field potential component. Shaded vertical bars, the means� SD of the onset latency of the N1 field potential component.
Dashed lines, baselines and arrowheads stimulus onset. Records inA, 1–4, and B, 1,2,4, and 5,represent the average of 24
responses. Records inA5 andB, 3 and 6, are 4 (A5), 9 (B3), and 6 (B6) superimposed single sweeps, respectively. Calibration bars
in A1 andB1 apply for A, 3 and4, andB, 4 and5, respectively. Calibration bars inA6 applies also forB7.

848 STRAKA ET AL.

J Neurophysiol• VOL 92 • AUGUST 2004• www.jn.org



inantly with HC nerve signals, whereas LA nerve afferent
signals converged mainly with AC and to a minor extent with
PC nerve afferent signals as reported earlier (Straka et al.
2002).

Axonal projections to brain stem and spinal targets were
investigated for part of the recorded 2°VN (n 
 146). The
presence of antidromic spikes evoked by electrical stimulation
of the oculomotor nuclei and/or the upper spinal cord, respec-
tively, classified�50% of the 2°VN (n 
 79) as vestibulo-
ocular (Fig. 1A5; n 
 22), vestibulo-spinal (B6; n 
 50), or
vestibulo-oculo-spinal neurons (n 
 7). The antidromic spikes
had onset latencies that ranged from 0.7 to 1.5 ms for those
evoked by stimulation of the oculomotor nuclei and from 0.9 to
2.1 ms for those evoked by stimulation of the spinal cord.
Considering the respective distances between the recording and
stimulation electrodes, the conduction velocity was low but
rather homogeneous for vestibulo-ocular neurons (range: 0.9–
5.3 m/s; mean: 2.5� 1.4 m/s;n 
 22), and higher but more
heterogeneous for vestibulospinal neurons (range: 0.9–22.3
m/s; mean: 10.2� 7.4 m/s;n 
 50). No predominance of a
projection to a particular target area was encountered for 2°VN
with a monosynaptic input from a particular labyrinthine nerve
branch except for 2°LA neurons that did not project to the
oculomotor nuclei.

Classification of frog vestibular neurons according to their
discharge patterns

Because of the lack of a spontaneous discharge in vestibular
neurons recorded in the isolated in vitro frog whole brain (see
Straka et al. 2002), the classification of vestibular neurons was
performed using long (1s duration) positive current steps that
evoked spikes in identified frog 2°VN (Fig. 1,A6andB7). This
contrasts with the situation in guinea pigs or rats (Gallagher et
al. 1985; Johnston et al. 1994; Serafin et al. 1991a), where the
different types of vestibular neurons were identified from
spikes during spontaneous activity. Using positive current
steps, the evoked spike discharge of frog 2°VN fell into two
categories that differed in their discharge behavior (Fig. 1,A6
and B7). Above spike threshold, the majority of 2°VN (n 

194; 78%) exhibited a phasic discharge pattern that was char-
acterized by a high-frequency burst of up to five spikes and the
absence of a subsequent continuous discharge (Fig. 1A6, inset).
This phasic discharge pattern did not change after inhibition of
the chemical synaptic transmission by perfusion of a high-
Mg2�/low-Ca2� Ringer solution. Under this condition, the
afferent EPSPs in these neurons were completely blocked.
Hence, a recurrent inhibition as the responsible mechanism for

the absence of a tonic discharge in these neurons can be ruled
out. In a second, smaller group of 2°VN (n 
 55; 22%),
positive current steps well above spike threshold evoked a
continuous, tonic discharge (Fig. 1B7). According to these two
clearly different discharge patterns, frog 2°VN were subdi-
vided and classified as “phasic” or “tonic” vestibular neurons.

This categorization of 2°VN into phasic or tonic vestibular
neurons was not correlated with an origin of the monosynaptic
labyrinthine response from a particular canal and/or macular
nerve branch (Table 1). In fact, similar percentages of 2°VN
with monosynaptic inputs from particular labyrinthine nerve
branches were encountered among phasic as well as among
tonic vestibular neurons (Table 1). This included nonconver-
gent 2° canal and 2° macula neurons as well as convergent 2°
canal� macula neurons and 2°VN with multiple canal and
macular nerve inputs.

A possible differential contribution of thicker and thinner
vestibular nerve afferent fibers to monosynaptic canal or mac-
ular inputs in phasic and tonic vestibular neurons was studied
by determining the threshold and saturation of the monosyn-
aptic EPSP amplitude with increasing stimulus intensity. This
test is based on the fact that thick vestibular nerve afferent
fibers are recruited at lower stimulus intensities, whereas thin-
ner afferent fibers have higher thresholds for their activation
(Straka and Dieringer 2000; see Goldberg 2000 for a discus-
sion of this issue). The threshold of monosynaptic EPSPs with
respect to the stimulus intensity was evaluated in a subset of
recorded 2°VN (n 
 29). It was found to be close to the
threshold of the monosynaptic N1 field potential component,
and was very similar in phasic (1.2� 0.2�T; n 
 20) and in
tonic vestibular neurons (1.3� 0.2�T; n 
 9). This low
threshold indicated that monosynaptic EPSPs in phasic as well
as in tonic vestibular neurons were mediated at least in part by
thick vestibular nerve afferent fibers. Such a contribution was
further supported by the presence of short-latency electrical
EPSP components preceding the monosynaptic chemical EPSP
in both types of vestibular neurons. An electrical coupling
between vestibular nerve afferent fibers and 2°VN occurred in
about similar proportions in phasic (28 of 194 neurons; 14%)
and tonic (9 of 55 neurons; 16%) vestibular neurons. Thus both
types of vestibular neurons received afferent inputs from thick
vestibular nerve afferent fibers.

The monosynaptic EPSPs increased in amplitude with stim-
ulus intensity (Fig. 1,A1 andB1) at a similar rate for phasic
and tonic 2°VN. Amplitudes started to saturate at current
intensities that ranged between�5�T and 7.5�T for different
neurons. At even higher stimulus intensities action potentials

TABLE 1. Distribution of vestibular nerve branch-evoked monosynaptic inputs in phasic and tonic second-order vestibular neurons

Neurons

2°AC 2°HC 2°PC 2°LA 2°UT 2°LA�Canal 2°UT�Canal
2°Mult.
Canal

2°Mult.
Canal�Macula Total

Phasic 2°VN 48 (25) 36 (19) 57 (29) 9 (5) 4 (2) 15 (8) 8 (4) 15 (7) 2 (1) 194(100)
Tonic 2°VN 15 (27) 7 (13) 14 (26) 3 (5) 2 (4) 9 (16) 3 (5) 2 (4) 0 (0) 55 (100)
All 2°VN 63 (25) 43 (17) 71 (29) 12 (5) 6 (2) 24 (10) 11 (4) 17 (7) 2 (1) 249(100)

Recorded neurons (n 
 249) were classified as phasic (n 
 194) or tonic (n 
 55) second-order vestibular neurons (2°VN) and were subdivided, according
to the presence of monosynaptic inputs after electrical stimulation of particular labyrinthine nerve branche(s). Number of neurons in bold; number in parenthesis
indicates percentage of this type with respect to phasic, tonic or all recorded 2°VN, respectively. AC, anterior vertical canal, HC, horizontal canal, LA, lagena,
PC, posterior vertical canal, UT, utricle.
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were triggered that were superimposed on the EPSPs (Fig.
1B3).

The projection of phasic and tonic 2°VN to oculomotor
and spinal targets was determined in a subset of 2°VN (n 

79). According to the origin of the antidromic spike(s),

phasic 2°VN (n 
 62) were subdivided into vestibulo-ocular
(n 
 15), vestibulo-spinal (n 
 40), and vestibulo-oculo-
spinal neurons (n 
 7). Correspondingly, tonic 2°VN (n 

17) were subdivided into vestibulo-ocular (n 
 7) and
vestibulo-spinal neurons (n 
 10). Although, no predomi-
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nance for a particular projection of one or the other type was
observed, tonic neurons (41%) tended to have a relatively
larger proportion of ascending projections than phasic neu-
rons (32%).

The location of phasic and tonic 2°VN in the vestibular
nuclei was determined by systematically mapping the rostro-
caudal and dorsoventral position of each recorded 2°VN as in
earlier studies (Straka et al. 2000, 2003a). Plotting the stereo-
tactic position of phasic and tonic 2°VN indicated that both
types were intermingled, and no particular vestibular area with
a predominance or an absence of one or the other type was
observed (Fig. 2E). Because the recordings covered all vestib-
ular nuclei, the two vestibular cell types were not restricted to
a particular nucleus but were present throughout the whole frog
vestibular nuclear complex. The smaller numbers of both types
of neurons around the entry of the VIIIth nerve (zero in Fig.
2E) is due to the presence of the large bundle of afferent axons
entering the brain stem and the general paucity of vestibular
neurons at that level (see Straka et al. 2003a).

Firing behavior of phasic and tonic second-order vestibular
neurons during current steps

The response of phasic 2°VN to positive current steps
consisted of a transient discharge that increased from one spike
just above threshold to a short, high-frequency burst of�5
spikes (2.7� 0.8; n 
 194; Figs. 1A6 and 2A). The first spike
after injection of a positive current step that reached spike
threshold occurred in all phasic neurons within the first 4 ms
after the onset of the current step. After the spike or the brief
burst of spikes, neurons stopped firing until the end of the
current step, indicating a rapid adaptation (Fig. 2C, F, �, Œ).
The frequency of the discharge within the burst was the highest
for the first interspike interval and decreased by almost 50%,
respectively, for the following interval(s) (Fig. 2C, Œ, �, F).
The spike rate for the first interspike interval increased with
intensity of the current step (see Fig. 2A, inset,andC andD, Œ,
�, F) to reach a maximal rate of almost 300 spikes/s (mean:
176.5� 42.5 spikes/s;n 
 56; Fig. 3C).

In response to positive current steps that exceeded spike
threshold, a sequence of spikes was evoked in tonic 2°VN (Fig.
2B). The firing rate increased with current intensity and the
neurons exhibited a tonic discharge with stronger current steps
(Fig. 2B). Above spike threshold, the first spike in tonic 2°VN
occurred always with a long delay (�50 ms) after the onset of
the positive current step. This delay differed considerably for
different tonic 2°VN (mean: 156. 4� 135.5 ms;n 
 55) but
was always much longer than for phasic 2°VN. Although in
response to small current steps, only one or two spikes were
triggered, the spike discharge pattern evoked by small as well
as by large current steps in tonic 2°VN clearly differed from

that in phasic 2°VN. Saturation was reached at a maximum rate
that averaged to 51.5� 17.3 spikes/s (n 
 17, Figs. 2,C, E, �,
‚, ƒ, �, {, andD, E, and 3C). With larger current steps, a brief,
rapidly adapting burst that usually was limited to the first two
spikes preceded the constant tonic discharge (Fig. 2C, ƒ, �, {).
The spike rate of the first interspike interval increased with
current intensity and saturated at maximum rates that varied
between 90 and 190 spikes/s in different neurons (mean:
144.3� 30.1 spikes/s;n 
 17; Figs. 2D, ‚, and 3C). However,
this value was significantly lower (P � 0.01; Mann Whitney
test) than the discharge rate of the first two spikes within the
burst evoked in phasic 2°VN.

The increase in frequency of the constant discharge with
current intensity in tonic 2°VN was fairly linear over a wide
range of injected current (Fig. 3A). However, the rate of the
increase varied between different neurons as indicated by the
different slopes of the curves in Fig. 3A. Part of this variation
is most likely due to differences in passive impedance between
individual tonic 2°VN. Taking these differences into account
and to obtain the rate of increase with respect to voltage, the
spike rate within the linear part was fitted with a linear
regression and plotted with respect to the calculated voltage
(Fig. 3B). A calculation of the voltage rather than obtaining it
from the evoked depolarization was necessary because deter-
mination of the actual membrane potential in the presence of
action potentials, in particular at higher discharge rates is very
difficult. This approach is justified because theI-V curve of
tonic 2°VN was linear. After this procedure, an increase of the
discharge of tonic 2°VN at an average rate of 3.4� 1.9
spikes�s�1

�mV�1 after reaching spike threshold (Fig. 3B, - - -)
was obtained. No relation between threshold and slope of the
discharge was found.

Among a number of parameters, type A and type B vestib-
ular neurons in guinea pig can be differentiated in the in vitro
whole brain by their spontaneous discharge regularity (Bab-
alian et al. 1997). Although, the discharge regularity could not
be obtained at rest in 2°VN recorded in the in vitro frog brain,
it was possible to determine the regularity of the spike dis-
charge in tonic (but not in phasic) 2°VN during persistent firing
evoked by positive current steps. The discharge regularity,
indicated by the coefficient of variation (CV), depended on the
firing rate as shown in Fig. 3D. The CV decreased with
increasing spike rate, reached 0.34 at�10 Hz and was constant
at firing rates�40 Hz with a value of�0.15 (Fig. 3D).

Dynamics of the spike discharge during ramp-like
current injection

To reveal the discharge dynamics of phasic and tonic 2°VN,
slow-rising (2 s) ramp-like currents were injected (Fig. 4). In
all phasic 2°VN, these ramp-like currents, however, failed to

FIG. 2. Spike discharge patterns in 2 2°VN in response to increasing positive current steps and spatial location of phasic and
tonic 2°VN.A andB: the short burst-like spike discharge (A) and the continuous discharge (B) in response to injected current steps
differentiated phasic (A) from tonic 2°VN (B). A, insets: extended time scale of the brief bursts of spikes. Thebottom tracein A
andB shows the current steps. Calibration bars of thetop tracein A andB apply for all other traces in the same row, respectively.
The calibration bar of theinset in the top tracein A applies for all otherinsetsin A. C: firing rates of the phasic (F, Œ, �) and the
tonic 2°VN (E, �, ‚, ƒ, �, {) shown inA andB as a function of the interspike intervals. The different open symbols inC represent
the discharge of the tonic 2°VN at increasing current steps. Note the rapidly adapting burst of the 1st 2 spikes in the tonic 2°VN
at stronger current steps.C, inset: spike rate for the 1st 5 spikes at an extended scale.D: firing rates of the phasic 2°VN inA (Œ)
and the tonic 2°VN inB (E, ‚) as a function of the current intensity.E: stereotactic position of phasic and tonic 2°VN plotted in
a parasagittal coordinate system. Zero rostrocaudal position and depth refers to the caudal end of the entry of the VIIIth nerve and
the surface of the brain stem, respectively.
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evoke a spike discharge (Fig. 4A1). Instead, the membrane
potential slowly depolarized during the current ramps and
exceeded spike threshold without triggering a spike in any of
the phasic 2°VN. However, action potentials could be triggered
in the same neurons when faster rising current ramps were
applied (Fig. 4A2, 2). Because current ramps with a slightly
slower (critical) slope failed to trigger a spike (Fig. 4A2, 1), a
threshold rate of membrane depolarization that was necessary
to evoke an action potential could be defined for each phasic
2°VN. This threshold rate was determined for each phasic
2°VN by applying a series of current ramps that changed the
slope of the membrane potential around the critical slope in
intervals of 0.2–0.3 mV/ms. Accordingly, the rate of the
change of the membrane potential must exceed on the average
1.4 � 0.7 mV/ms (n 
 33; Fig. 4A3), and the membrane
potential must reach spike threshold to trigger a spike. Thus the
failure of evoking a discharge with slow but not with fast
ramp-like currents is in accordance with the particularly fast
adapting responses to positive current steps.

In contrast, tonic 2°VN slowly depolarized during the injec-
tion of slow ramp-like currents, and after reaching spike
threshold between –57 and�53 mV started to discharge. Spike
frequency increased with increasing current and continued to
discharge throughout the extent of the applied current (Fig. 4B,
top). However, in all tonic 2°VN tested with ramp-like currents
the peak discharge rate (Fig. 4B, asterisk; mean: 49.6� 5.3
spikes/s;n 
 10) decreased to lower values during the subse-
quent plateau discharge (Fig. 4B, double asterisk; mean:

39.4 � 8.1 spikes/s). As indicated by this difference in the
discharge rate (overshoot: 10.2� 4.3 spikes/s), the spike rate
at the peak of the ramp adapts to a certain extent to reach lower
discharge rates during the sustained plateau phase.

Spike parameters of phasic and tonic second-order
vestibular neurons

Second-order vestibular neurons in the in vitro frog brain
were not spontaneously discharging at rest in this as in earlier
studies (Straka and Dieringer 1996; Straka et al. 1997, 2002).
To characterize the shapes of the action potentials in phasic and
tonic 2°VN and to determine various spike parameters, action
potentials were evoked by positive current steps. Comparison
of the action potentials in phasic and tonic 2°VN revealed that
both types of neurons not only differed in their particular
characteristic spike discharge pattern but also in the shape of
their evoked action potentials. Phasic 2°VN were characterized
by action potentials with a small monophasic afterhyperpolar-
ization (e.g., 5A1,arrow) followed by a small after-depolariza-
tion (Fig. 5A1,1 in A3). During current steps that evoked bursts
in phasic 2°VN, the second spike followed the first spike
without changing the time course and size of the monophasic
afterhyperpolarization (Fig. 5A2, 2–5 in Fig. 5A3). At current
intensities that were just above threshold for a second spike,
this spike was evoked on top of the small afterdepolarization (2
in Fig. 5A3). At even higher current intensities, this second

FIG. 3. Discharge rates in phasic and tonic 2°VN.A andB: spike rate of the continuous discharge in response to positive current
steps in tonic 2°VN (n 
 30) as a function of the injected current (A) and the calculated voltage (B). In B, the voltage was calculated
by taking into account the individual input resistance of each of the tonic 2°VN, respectively; the rate of increase inB was obtained
by fitting a linear regression through the linear part of the spike rate increase of each neuron. - - -, the average increase in spike
rate (mean: 3.4� 1.9 spikes�s�1

�mV�1; n 
 30). C: histogram showing the maximal discharge rate of the continuous discharge
in tonic 2°VN (n 
 17) and of the 1st interspike interval (burst) in tonic (n 
 17) and in phasic 2°VN (n 
 56);2, the average
maximal rate, respectively.D: spike discharge regularity of the continuous discharge in tonic 2°VN indicated by the coefficient of
variation (CV) as a function of the discharge rate. The CV decreased with spike rate and was constant�40 Hz at values of�0.15.
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spike was evoked at a progressively shorter delay with respect
to the first spike (2–5 in Fig. 5A3).

Action potentials in tonic 2°VN were characterized by a
biphasic afterhyperpolarization (Fig. 5B, 1–3). The biphasic
afterhyperpolarization consisted of a first, fast and large com-
ponent (Fig. 5,B1 andB2, arrow) and of a delayed second,
slower and smaller component (B1 and B2, double arrow).
However, the second component was present only at lower but
absent at higher spike rates (1–5 in B3) because the subsequent
spike was triggered before or just at the potential onset of the
second, slow component (B3, inset,double arrow). During
depolarization of the membrane potential, the delayed second
component usually tended to disappear even at low discharge
rates. Furthermore, the first, fast component of the afterhyper-
polarizaton in tonic 2°VN had a significantly larger amplitude
(P � 0.05; Mann WhitneyU test) compared with the corre-

sponding single afterhyperpolarizaton in phasic 2°VN, al-
though the distributions overlapped to a large extent (Figs. 5,
A1 andB1, compare single arrows, and 7B; Table 2A). Apart
from these differences in the shape of the action potentials, and
in particular the size of the afterhyperpolarization between
phasic and tonic 2°VN, other parameters as spike threshold
(see arrow in Fig. 5,A1 andB1) spike amplitude, width, and
rise and fall times were not significantly different (see Table
2A).

Membrane properties of phasic and tonic second-order
vestibular neurons

The differences in the shape of the action potentials and in
the discharge properties of phasic and tonic 2°VN were corre-
lated with their passive membrane properties. These passive

FIG. 4. Discharge behavior in response to ramp-like currents in a phasic and a tonic 2°VN.A1: injection of a slow ramp-like
current gradually depolarized a phasic 2°VN above spike threshold without triggering action potentials.A2: injection of a fast
ramp-like current in the same phasic 2°VN triggers a spike as soon as a particular rate of change in the membrane potential as well
as spike threshold were reached (2 inA2); slightly slower rates but same voltage (1 inA2) failed to trigger spikes.A3: distribution
of the threshold rates of change in the membrane potential necessary to evoke spikes in different phasic 2°VN (n 
 33). Arrow
and number indicate mean� SD; the distributions was normal according to the Kolmogorov-Smirnov one-sample test.B, top:
injection of a slow ramp-like current gradually depolarized a tonic 2°VN and triggered action potentials above spike threshold (at
�54 mV) which increased in frequency with increasing depolarization.Bottom: instantaneous discharge frequency; the spike rate
at the peak of the ramp adapts to lower discharge rates during the sustained plateau phase. Single and double asterisks, peak and
plateau discharge rates, respectively. The record inA1 represents the average of 4 responses; records inA2andB are single sweeps.
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membrane properties differed even though the average resting
membrane potential of the two types of 2°VN (mean:�69.4�
8.9 mV;n 
 249) were essentially identical (see Table 2B). To
determine the input resistance and time constants of phasic and
tonic 2°VN small negative current pulses were applied (Fig. 6,
A, 1and2, andB, 1and2). The passive input resistance and the
first two time constants (�0 and�1) were determined by fitting
responses to hyperpolarizing voltage steps with a double-
exponential equation (seeEq. 1 in METHODS).

Phasic 2°VN differed from tonic 2°VN by a significantly
lower input resistance and smaller time constants, although
the respective distributions of these parameters overlapped
considerably (Figs. 6,A, 1and2, B, 1and2, and 7,A, C,and
D; see Table 2B). In fact, the input resistance of phasic
2°VN was almost 50% lower than that of tonic 2°VN (Fig.
7A; Table 2B). However, in the latter neurons this input
resistance was very heterogeneous as indicated by the large
SD (Fig. 7A; Table 2B). Separating tonic 2°VN according to

FIG. 5. Shape and parameters of action potentials evoked by injection of postitive current pulses in a phasic and a tonic 2°VN.
A andB: phasic 2°VN have a single small afterhyperpolarization (AHP; single arrow inA1), tonic 2°VN have a biphasic AHP with
a fast, large (single arrow inB, 1 and2) and a delayed, smaller component (double arrow inB, 1 and2). B2, inset: magnification
of the biphasic AHP. Single spikes were used to determine spike parameters; open triangle and vertical dashed lines inA1 andB1
indicate spike threshold (point at the beginning of the spike where the voltage trace reached 10 mV/ms); spike and AHP amplitude,
width, and rise and fall time were determined from this level.A, 2 and 3, and B3: superimposed traces (1–5 in A3 and B3) in
response to increasing positive currents steps that triggered spikes at increasingly shorter intervals. All traces were aligned at the
peak of the 1st spike, respectively.B3, inset: extended time scale of the onset of the biphasic AHP in a tonic 2°VN. Note that the
delayed small AHP (double arrow inB3, inset) is present only at the long interspike intervals (1 inB3). Solid arrowhead inA1
indicates stimulus artifact at the onset of the positive current step. Dashed horizontal lines indicate baselines. Calibration bars in
B1 apply also forA1.
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the presence or absence of an electrical EPSP component
that precedes the afferent vestibular nerve branch-evoked
monosynaptic chemical EPSP in some neurons (see preced-
ing text) gave two distinct subpopulations that differed
significantly in their respective passive membrane proper-
ties (Table 2B). Tonic 2°VN that were electrically coupled
to vestibular nerve afferentfibers had a significantly lower
input resistance and smaller time constants than those tonic
2°VN that were not electrically coupled (Table 2B). A
similar but less distinct difference was observed for phasic
2°VN that could be also subdivided according to the pres-
ence or absence of an electrical EPSP preceding the mono-
synaptic chemical EPSP evoked by vestibular nerve afferent
fibers (Table 2B).

The current-voltage relationship (I-V curve) in phasic and
tonic 2°VN was determined by injection of a series of long
hyper- and depolarizing current steps of different intensities
(Fig. 6,A3 andB3). The responses of phasic and tonic 2°VN
to hyperpolarizing and subthreshold depolarizing current
pulses differed in their current dependency as indicated by
the slopes of theirI-V curves (Figs. 6,A4 andB4, and 7E).
In addition, a sharp initial transient (Fig. 6A3, E) that
decreased to lower values during the subsequent plateau
phase (Fig. 6A3, F) was present in phasic but not in tonic
2°VN (seeB3, � and ■ ). This distinct initial transient and
the subsequent rectification are compatible with the burst-
like discharge of these neurons and the absence of a con-
tinuousfiring evoked by positive current steps. In contrast,
such a sharp initial depolarizing transient was absent in
tonic 2°VN and both the initial (Fig. 6B3, �) as well as the
plateau component (B3, ■ ) exhibited a similar current volt-
age relation during the depolarizing current steps (Fig. 6B4).
Because the sharp, initial depolarizing transient was re-
stricted to phasic 2°VN, this parameter was quantified by
calculating the ratio of the amplitudes of the initial transient
response/plateau response of phasic 2°VN to depolarizing
steps at current intensities just subthreshold to spike gener-

ation. The presence of an initial transient in phasic 2°VN in
response to positive current steps is also indicated by the
significantly different slopes (P � 0.0001; Wilcoxon
signed-rank test) of theI-V curve for the initial transient and
the plateau component during positive current steps (Fig.
7E). Because tonic 2°VN did not exhibit such a transient
peak, the ratio between the largest response obtained within
a window of 100 ms after the onset of the current pulse and
the final plateau response was calculated for these neurons.
After this procedure, the ratio was found to be well�1
(mean: 1.87� 0.46) in phasic 2°VN (Fig. 7F, 1). In
contrast, this ratio was centered around 1 (mean: 0.97�
0.09) in tonic 2°VN (Fig. 7F, ■ ) because the early and the
late component in these neurons had always similar ampli-
tudes. The two values were significantly different (P �

0.0001; Mann-WhitneyU test). The absence of overlap of
these values for phasic and tonic 2°VN implies that this
parameter can serve as a decisive property to separate phasic
and tonic 2°VN using subthreshold depolarizing current
pulses. Thus frog 2°VN can be classified as phasic and tonic
2°VN even in the absence of action potentials. The re-
sponses of individual phasic and tonic 2°VN to current
pulses were used to calculate the averageI-V curves of the
two types of neurons (Fig. 7E). The average slope of theI-V
curve for tonic 2°VN (mean: 25.1� 14.8 mV/nA; n 
 22)
was significantly steeper (P � 0.001; Mann-WhitneyU test)
than for phasic 2°VN (mean: 13.0� 7.7 mV/nA; n 
 44;
Fig. 7E), which corroborated the significant difference in
input resistance between the two types of neurons using
small hyperpolarizing current pulses.

D I S C U S S I O N

According to differences in the spike discharge pattern
evoked by positive current steps and ramp-like currents, frog
2°VN could be differentiated into two distinct subgroups. The
2°VN of the larger subgroup displayed a brief, high-frequency

TABLE 2. Phasic and tonic second-order vestibular neurons

A. Parameters of action potentials

Spike Threshold,
mV

Spike Amplitude,
mV

Spike Width,
ms

Spike Rise
Time, ms

Spike Fall
Time, ms

AHP Amplitude,
mV

Phasic 2°VN �55.3� 4.4 (175) 58.9� 11.7 (175) 1.8� 0.4 (175) 0.8� 0.2 (175) 1.0� 0.3 (175) 9.7� 5.9 (175)
Tonic 2°VN �55.6� 4.9 (48) 56.5� 6.4 (48) 1.7� 0.4 (48) 0.8� 0.2 (48) 0.9� 0.2 (48) 13.0� 6.5* (48)

B. Passive membrane properties

Resting
Membrane

Potential, mV
Input

Resistance, M�
Time Constant�0,

ms
Time Constant�1,

ms

Phasic 2°VN �69.7� 8.7 (194) 13.9� 8.7 (133) 2.1� 0.9 (133) 19.6� 12.9 (133)
Electrically coupled — 10.0� 4.1 (17) 2.0� 0.7 (17) 19.5� 9.4 (17)
Not electrically coupled — 14.5� 8.0# (116) 2.3� 0.9 (116) 20.7� 12.2 (116)

Tonic 2°VN �68.6� 9.9 (55) 25.1� 17.1*** (27) 2.0� 0.8 (27) 24.7� 15.5* (27)
Electrically coupled — 12.9� 6.1 (8) 1.7� 0.6 (8) 14.3� 7.2 (8)
Not electrically coupled — 30.1� 14.5## (19) 2.4� 0.8# (19) 29.5� 13.6## (19)

Phasic and tonic second-order vestibular neurons (2°VN) were subdivided according to the presence or absence of electrical excitatory postsynaptic potentials
(EPSPs) preceding the monosynaptic chemical EPSP. Parentheses enclose number of neurons; significance of difference (Mann-WhitneyU test) between phasic
and tonic 2°VN: *P � 0.05; ***P � 0.0001; significance of difference (Mann-WhitneyU test) between 2°VN that were electrically coupled or uncoupled:#P
� 0.05; ##P � 0.01.
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burst of spikes but no continuous discharge in response to
positive current steps and were accordingly named “phasic
neurons.” In contrast, the 2°VN of a smaller subgroup exhib-
ited a continuous discharge with moderate adaptation in re-
sponse to positive current steps and were named “tonic neu-
rons.”

Second-order vestibular neurons with different response
dynamics in the frog

In comparison to mammals, the absence of a spontaneous
resting discharge in 2°VN recorded in the in vitro frog whole
brain (Straka and Dieringer 1996, 2000; Straka et al. 1997,

2002) appears largely due to the very hyperpolarized resting
membrane potential of these neurons (about�69 mV). This is
likely to result from the loss of excitatory inputs from vestib-
ular nerve afferent fibers, which discharge at low spontaneous
rates of 1–10 spikes/s in vivo in frog (Blanks and Precht 1976).
Thus the average in vivo resting firing rate of 2°VN, which also
ranges from 1 to 10 spikes/s (Dieringer and Precht 1977),
might largely depend on the spontaneous activity of vestibular
nerve afferent fibers. As in the frog, guinea pig 2°VN recorded
in slices or in the in vitro whole brain have significantly lower
resting activities (�10–15 spikes/s) (Babalian et al. 1997) than
in vivo (�40 spikes/s) (Ris and Godaux 1998; Ris et al. 1995).

FIG. 6. Passive membrane properties of a phasic and a tonic 2°VN.A, 1and2, andB, 1and2: responses to injections of small
negative current steps were used to calculate the input resistance and the 1st 2 time constants (�0 and�1) in a phasic (A) and a tonic
2°VN (B). Time constants were obtained by fitting a double-exponential equation (seeEq. 1 in METHODS) through the voltage
responses ofA1 andB1 shown at an extended time scale inA2 andB2, respectively.A, 3and4, andB, 3and4: responses to series
of hyper- and depolarizing current steps (A3 andB3) of the same phasic and tonic 2°VN shown inA, 1 and2, andB, 1 and2,
respectively, were used to determine the current-voltage relationship (I-V curve,A4 andB4). Phasic but not tonic 2°VN exhibit a
sharp initial transient in response to positive current steps (A, 3and4, andB, 3and4, E and�) that decreases to lower values during
the subsequent plateau phase (A, 3 and4, andB, 3 and4, F and■ ). Records inA, 1 and2, andB, 1 and2 represent the average
of 40 responses, respectively. Records inA, 3and4, andB, 3and4 represent the average of 3 responses, respectively. Calibration
bars inA3 apply also forB3.
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However, the absence of a spontaneous resting activity in
2°VN in the in vitro experiments in frog might be explained, at
least in part, by the lower temperature (14°C) at which the
experiments on the isolated frog brain were preformed in
comparison to most in vivo recordings at room temperature

(about 20–22°C) (see Blanks and Precht 1976). This is based
on the fact that the spontaneous activity is reduced at lower
temperatures. In fact, it has been shown for frog auditory nerve
fibers recorded in vivo that the spontaneous activity is reduced
by a factor of 1.6 (Q10) for a reduction in temperature by 10°C

FIG. 7. Distribution of membrane parameters of phasic and tonic 2°VN.A–D: histograms showing the distributions of input
resistance (A), amplitude of the spike afterhyperpolarization (AHP,B), time constant�1 (C), and slope of the current-voltage
relation (I-V curve;D) in phasic (1) and tonic 2°VN (■ ), respectively. Exept for the input resistance, distributions were normal
according to the Kolmogorov-Smirnov one sample test.2 in A–D, the means� SD (see Table 2,A andB). E: means� SD of
the I-V curve of phasic (n 
 44) and tonic 2°VN (n 
 22). E andF, the initial transient and the plateau phase in phasic 2°VN;�

and■ , the equivalent values in tonic 2°VN as shown in Fig. 6,A3 andB3. Note that theI-V curve for the initial transient and the
plateau phase in phasic 2°VN dissociates for positive current steps.F: histogram showing the distribution of the ratio of the
early/late depolarization components in phasic (n 
 44; 1) and tonic 2°VN (n 
 22; ■ ), respectively. Because a sharp early
transient with a large amplitude is always present in phasic but not in tonic neurons, this ratio is well�1 in phasic 2°VN and
centered�1 in tonic 2°VN.2, means� SD.
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(van Dijk et al. 1990). According to this result, a resting
activity of 10 Hz in 2°VN should decrease to�7.5 Hz when
the temperature is lowered from 21 to 14°C. This is only minor
compared with the complete absence of a resting activity in the
isolated in vitro frog brain. Hence, the lower recording tem-
perature cannot solely explain the absence of the spontaneous
activity of 2°VN in the in vitro frog brain. Because frogs are
poikilothermic vertebrates and are functional at a range of
temperatures, a comparison of neuronal resting activities be-
tween frogs and mammalian species must be always accom-
panied by the temperature at which the recordings were ob-
tained.

The absence of a resting discharge in frog 2°VN in vitro
prohibited a classification of these neurons according to their
spontaneous firing pattern. The 2°VN were therefore segre-
gated into two distinct subtypes, phasic and tonic neurons,
using injection of long positive current steps to evoke spikes.
Because no neurons with intermediate response patterns were
encountered, phasic and tonic 2°VN in frog represent two
separate populations rather than a continuum. This classifica-
tion of frog 2°VN does not seem to be restricted to a particular
vestibular nucleus because the 249 2°VN were recorded
throughout all vestibular nuclei without any noticeable differ-
ence in the topography of the two cell types.

The distinction between phasic and tonic neurons was cor-
roborated by differences in other active and passive membrane
properties. The transient response of phasic 2°VN was associ-
ated with the existence of a threshold for the rate of voltage
change to evoke spikes during ramp-like currents (Fig. 4A2).
When current steps did not reach the spike threshold, a sharp
initial voltage transient was visible at the beginning of the
membrane potential response (Fig. 6A3). In contrast, the con-
tinuous discharge of tonic 2°VN was associated with a linear
increase of the spiking rate over a wide range as soon as the
spike threshold was reached.

The rapidly adapting, transient responses of phasic 2°VN
could be due either to particular membrane properties and/or to
a synaptic circuitry involving a recurrent inhibition. In fact, a
combination of both mechanisms has been shown to be respon-
sible for the phasic responses to current steps displayed by the
goldfish Mauthner cell (Nakayama and Oda 2003). In the
isolated whole brain, a recurrent inhibition can be ruled out for
phasic frog 2°VN because the phasic discharge pattern was not
modified by a blockade of the chemical synaptic transmission.
Thus it is likely that the phasic response properties of these
neurons are mainly due to particular membrane properties.
However, a recurrent inhibition might still contribute to shape
the burst response of phasic 2°VN in vivo because an inhibi-
tory feedback loop has been demonstrated in frog vestibular
nuclei (Straka and Dieringer 1996, 2000; Straka et al. 1997).
One of the important implications of the rapid and prominent
adaptation capabilities of phasic neurons is that these 2°VN are
silent in the absence of fast synaptic inputs even at membrane
potentials above spike threshold. This is compatible with and
might in fact explain the presence of spontaneously inactive
frog 2°VN in vivo (Dieringer and Precht 1977).

Considerably more phasic than tonic 2°VN were recorded in
the course of this study. This suggests an important role of
phasic signals in the stabilization of gaze and posture in the
frog. However, the larger number of phasic 2°VN might
simply result from a sampling bias. Because the average input

resistance of phasic 2°VN was significantly lower than that of
tonic 2°VN, the latter neurons are likely to be smaller and thus
more difficult to record. Both phasic and tonic 2°VN with a
vestibular nerve branch-evoked electrical EPSP had a lower
input resistance than the neurons where such an electrical
component was absent. This suggests that in those 2°VN that
are electrically coupled to presynaptic vestibular nerve afferent
fibers, the input resistance is shunted by the presence of
gap-junctions between the two cells.

Phasic and tonic 2°VN exhibited a similar convergence of
labyrinthine nerve afferent input (Table 1), indicating that none
of the two types was restricted to either canal or macular
pathways. Rather both types of vestibular neurons are part of
the network that mediates angular and linear head acceleration
signals. However, a particular correlation of one or the other
type of 2°VN with macular signals might have been underes-
timated by the fact that the lagenar and the utricular nerve
branch were not stimulated in all experiments in addition to the
canal nerve branches. Although tonic 2°VN tended to have
more ascending projections and phasic 2° VN more descending
projections, both types projected to spinal and/or to ocular
motor target areas. Altogether, the presence of phasic and tonic
2°VN with similar afferent inputs and efferent targets suggests
the presence of parallel pathways within the vestibulo-ocular
and -spinal networks.

Parallel frequency-tuned channels underlying vestibulo-
ocular responses in frogs

In the vestibular sensory organs of frogs, low- and high-
frequency linear and angular head acceleration components are
discriminated by different types of hair cells that differ in their
response properties (Baird 1994a,b; Baird and Lewis 1986;
Flock and Orman 1983; Lewis and Li 1975; Lewis et al. 1982;
Myers and Lewis 1990). For the utricular hair cells, it has been
shown that nonadapting hair cells display largely passive
voltage responses, whereas others are endowed with rapidly
adapting responses mediated by fast ionic currents (Baird
1994a,b). These different hair cells would be best suited to
code either tonic (nonadapting cells) or phasic (adapting cells)
components of head movements (Baird 1994a,b). Assuming
that similar morphological differences among canal as among
macular hair cells, respectively, (Baird and Lewis 1986; Gio-
glio et al. 1995; Guth et al. 1994; Lewis and Li 1975; Myers
and Lewis 1990) are paralleled by similar differences in phys-
iological properties, a general functional segregation of hair
cells in all labyrinthine end organs is likely.

A separation into pathways that differ in their signal content
and response dynamics is also found at the level of vestibular
nerve afferent fibers (see Goldberg 2000). However, the seg-
regation of afferent fibers might be less clear than for hair cells.
In fact, afferent fibers might rather form a broad spectrum of
parallel pathways between two extremes. Nonetheless, thick
utricular afferent fibers tend to innervate hair cells character-
ized by fast dynamics, whereas thin afferent fibers innervate
hair cells that are nonadapting and have a low-frequency
sensitivity (Baird and Schuff 1994). This suggests that the
response dynamics of afferent fibers might be determined by
the rate of adaptation of the innervated hair cells. It is also
compatible with the idea that these parallel pathways originat-
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ing in multiple types of hair cells are prolonged at the level of
the vestibular nerve fibers (Honrubia et al. 1981 1989).

A similar distinction into separate pathways that differ in
response dynamics is also found on the motor side of the frog
vestibulo-ocular reflex (Dieringer and Precht 1986; Dieringer
and Rowlerson 1984). Abducens motoneurons can be subdi-
vided into different types that differ in size and discharge
dynamics. Moreover, extraocular muscles include both slow-
tonic and fast-twitch muscle fibers (Dieringer and Rowlerson
1984). The slow-tonic muscle fibers would be innervated by
the small motoneurons that carry eye position-related signals,
whereas the large twitch muscle fibers would be innervated by
large motoneurons that carry eye velocity-related signals
(Dieringer and Precht 1986).

In this context, the separation of 2°VN into phasic and
tonic neurons that differ in membrane properties and re-
sponse dynamics (Beraneck et al. 2003b) suggests the pres-
ence of neurons with different dynamics at each level of the
gaze and posture stabilization network. These parallel path-
ways, from the hair cells to the extraocular muscles, how-
ever, are not completely separated because there is some
convergence of signals along the pathway. First, single
vestibular afferentfibers have an overlapping innervation of
hair cells that differ from each other in their response
dynamics (see Baird and Schuff 1994 for utricular afferent
fibers). Second, both types of 2°VN receive inputs from
vestibular nerve afferentfibers with phasic response dynam-
ics (this study; see also Goldberg 2000). The latter is
corroborated by the presence of electrical coupling to affer-
ent nervefibers in both tonic (see Fig. 1B2) and phasic
2°VN that occurs between the thickest afferentfibers that
carry phasic signal components and 2°VN (Straka and
Dieringer 1996, 2000; Straka et al. 1997).

The computation of the discharge of semicircular canal
afferent fibers as state-space receptive fields is a new method to
describe the dynamic activity of these first-order vestibular
neurons (Paulin and Hoffman 1999, 2001). These state-space
receptive fields quantify what the brain can deduce from the
dynamical state of the head when a single spike arrives from
the periphery. Such a computational principle could also be
valid for 2°VN and might explain the convergence and diver-
gence of signals in the vestibular pathways between cells
endowed with different subsets of membrane properties. How-
ever, further physiological and computational studies are nec-
essary to elucidate this question.

Whatever the details, this type of organization is not
specific to frogs because it has also been described for the
vestibulo-ocular network of mammals (see Vidal et al.
1999). Different hair cells and vestibular nerve afferent
fibers have differential response dynamics (Goldberg 2000).
Separate subgroups of vestibular neurons with different
dynamic properties can be encountered in the MVN (Gal-
lagher et al. 1985; Johnston et al. 1994; Serafin et al.
1991a,b). Furthermore, distinct populations of extraocular
motoneurons innervating slow-tonic and fast-twitch muscle
fibers, respectively, are present on the motor side (Bu¨ttner-
Ennever et al. 2001). As in frogs, the different channels of
the network, however, are not strictly separated but overlap
to a certain extent at each synaptic level. If such an arrange-
ment represents a true organization into parallel channels,
however, depends on the definition of “parallel” as dis-

cussed for vestibular nerve afferentfibers (Peterson 1998).
For the latter neurons, not all parameters used for the
definition by Peterson are met compared with the organiza-
tion of the respective neurons in other sensory systems.
Although this is a reasonable approach, it is one point of
view and strongly depends on particular criteria of the
definition.

Comparison of active and passive membrane properties in
second-order vestibular neurons of frogs and
other vertebrates

Vestibular neurons in the MVN neurons of rodents can be
subdivided into type A and B neurons according to spike
shape, discharge regularity, and response dynamics (Babalian
et al. 1997; Gallagher et al. 1985; Johnston et al. 1994; Serafin
et al. 1991a,b; Vidal et al. 1999). Rodent type A and B cells as
well as avian MVN neurons, however, might form a continuum
of neurons with different properties rather than two separate
populations (du Lac and Lisberger 1995). In contrast, phasic
and tonic 2°VN of frog form two nonoverlapping populations
with respect to their discharge behavior in response to positive
current steps. However, the membrane properties such as input
resistance, time constants or the size of the afterhyperpolariza-
ton, which differ significantly between the two types of neu-
rons, overlap in their distributions. The particular contribution
of these latter properties to the distinct discharge behavior of
the two types of frog 2°VN is unknown so far. Even though, a
number of membrane properties overlap, phasic and tonic
2°VN form two functionally separate populations.

A comparison of the passive and active membrane properties
of frog tonic and phasic 2°VN with those of rodent type A and
B MVN neurons indicates similarities as well as differences.
Particularly intriguing are the similarities between frog tonic
2°VN and rodent type B vestibular neurons. Both display
comparableI-V curves, shapes of action potential with a
biphasic afterhyperpolarization (Johnston et al. 1994; Serafin et
al. 1991a), and similar degrees of discharge adaptation during
ramp-like currents (Ris et al. 2001). From a functional point of
view, however, the two types seem to play different roles in
rodents and frogs. In rodents, type B neurons represent a
population of MVN neurons with stronger nonlinear responses
and more phasic response dynamics, whereas the complement-
ing type A neurons have more tonic response dynamics (Ris et
al. 2001; Vidal et al. 1999). In contrast, tonic 2°VN in frogs
represent a population of neurons that complements the very
phasic 2°VN, which in turn exhibit highly nonlinear responses.

Vestibular neurons with a purely phasic discharge pattern
and no continuous discharge in response to positive current
steps as found in the frog are apparently absent in the adult
chicken (du Lac and Lisberger 1995), rat (Johnston et al.
1994), or guinea pig (Gallagher et al. 1985; Serafin et al.
1991a,b). This difference could be due to the fact that in the
frog, recordings were obtained from all vestibular nuclei,
whereas the vestibular neurons in chicken and rodents were
recorded in the MVN only. However, the large Deiter
s neu-
rons of the lateral vestibular nucleus exhibit in guinea pig a
tonic discharge that is similar to that of type A and B MVN
neurons (Uno et al. 2003). Thus frog phasic 2°VN represents a
cell type that is not present in the vestibular nuclei of adult
birds or rodents. On the other hand, there seems to be no frog
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2°VN that corresponds to the very tonic type A vestibular
neurons found in rodents. This is in accordance with the larger
proportion of adapting vestibular nerve afferent fibers in frogs
compared with mammals (Lowenstein and Saunders 1975;
Precht et al. 1971). In fact, all vestibular nerve afferents and
vestibular neurons in mammals are characterized by phasic-
tonic signals, whereas in frog phasic and tonic signals in the
respective neurons remain to a large extent separate (see
DISCUSSION in Blanks and Precht 1976), as indicated and sup-
ported by the absence of a tonic discharge in phasic 2°VN.

The presence of very phasic neurons in frog is not a
particularity of “lower” vertebrates because neurons with a
close to phasic response pattern were encountered in the
nucleus prepositus hypoglossi of guinea pigs (E. Idoux, N.
Vibert, M. Beraneck, P.-P. Vidal, and L. E. Moore, personal
communication). The presence in frogs of large numbers of
very phasic vestibular afferent fibers (Lowenstein and Saun-
ders 1975; Precht et al. 1971) and vestibular neurons (this
study) suggests that the network that analyses body movements
is tuned to more phasic dynamics in these animals. In fact, the
difference might be related to differences in movement strat-
egies of frogs versus mammals, e.g., rats or guinea pigs. Frogs
can spend long periods of time without moving, e.g., during
prey catching. This prey catching behavior consists of discon-
tinuous sequences of brief, rapid orienting movements inter-
rupted by long periods of immobility (Schneider 1954). For
this “wait-and-catch” strategy (seeDISCUSSIONin Dieringer and
Precht 1986), a self-motion-detection system with particularly
phasic neurons that serves as an event detector appears suit-
able. The absence of a tonic discharge in these phasic neurons
is consistent with this movement strategy and can be viewed as
an energy-saving mechanism. In addition to the phasic neu-
rons, the small number of tonic neurons would be used to
stabilize gaze and posture in absence of motion or during
slower types of motor behavior. Thus differences in the re-
sponse dynamics of neurons in the frog and guinea pig vestib-
ular network, including 2°VN, are likely to reflect ecophysi-
ological adaptations related to particular movement strategies
of the two species rather than fundamental phylogenetic dif-
ferences.
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