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Ris, L., M. Hachemaoui, N. Vibert, E. Godaux, P. P. Vidal, and properties of intact neurons in a functioning network. T
L. E. Moore. Resonance o_f spike discharge modul_atlon in neurons Bfophysical properties of neurons in their normal netwo
the guinea pig medial vestibular nucledNeurophysioB6: 703-716, onvironment are difficult to assess when action potentials

2001. The modulation of action potential discharge rates is an impQr- - S - . )
ontaneously firing. This situation especially applies to

tant aspect of neuronal information processing. In these experimeﬁh@s ibul h h i f h b
we have attempted to determine how effectively spike dischary&Stioular system where the normal input from the vestibu
ir cells causes a modulation of a spontaneous carrier

modulation reflects changes in the membrane potential in cen . ! !
vestibular neurons. We have measured how their spike discharge ffl@rge present in most vestibular neurons at “rest.” This m
was modulated by various current inputs to obtain neuronal transtdation is responsible for the vestibulospinal and vestibuloo
functions. Differences in the modulation of spiking rates were oftar reflex, VOR (Babalian et al. 1997; Curthoys 1982; Seraf
served between neurons with a single, prominent after hyperpolariga-al. 1999; Vibert et al. 1997).

tion (AHP, type A neurons) and cells with more complex AHPs (type Since sensory vestibular input acts as a modulating stimu
B neurons). The spike discharge modulation amplitudes increasegk reasonable to simulate it by DC input to medial vestibul

with the frequency of the current stimulus, which was quantitative ; :
. ' ucleus neurons (MVNnN) to more precisely characterize
r neuronal m | that sh resonan . . 2 .
described by a neuronal model that showed a resonancexieakiz onses of central neurons. Our rationale is to determine

Modeling of the resonance peak required two putative potassi P h dulati f | ; .
conductances whose properties had to be markedly dependent 03@@ \n use the modulation of spontaneously occurring acti

level of the membrane potential. At low frequenciesd(4 Hz), the Potentials compared with simply responding as some type @f
gain or magnitude functions of type A and B discharge rates wegégnal detector or threshold device. Clearly the most relev
similar relative to the current input. However, resting input resistancsignals for network properties are action potentials and synpg-
obtained from the ratio of the membrane potential and current wetie events, both of which are dependent on the entire neurdnal
lower in type B compared with type A cells, presumably due to gtructure. Since continuously firing neurons are likely to h
higher level of active potassium conductances at rest. The lower ingjifferent properties than those at rest, it is important to mea
resistance of type B neurons was compensated by a twofold gregfesmy, during activity. This is a problem because most qua
sensitivity of their firing rate to changes in membrane potential, whigh;y e stydies involve experimental conditions in which acti
suggests that synaptic inputs on their dendritic processes would. é)etentials are either pharmacologically abolished or control

more efficacious. This increased sensitivity is also reflected in | I h h ; d ibed in th
greater ability of type B neurons to synchronize with Iow—amplitudl@ a voltage clamp. Thus the experiments described in t

sinusoidal current inputs, and in addition, their responses to std@Per involve the development of quantitative techniques
slope ramp stimulation are enhanced over the more linear behaviotise spike discharge rate as a measure of membrane propgF¥
type A neurons. This behavior suggests that the type B MVNn at@ describe neuronal behavior in situ.
moderately tuned active filters that promote high-frequency responsedleasurements from guinea pig slices of MVNn have led [t
and that type A neurons are like low-pass filters that are well suited f@rclassification of neurons based on membrane propertieg
the resting tonic activity of the vestibular system. However, the moggpressed by their action potential profiles (Gallagher et |al.
sensitive and phasic type B neurons contribute to both low- a%@g& Johnston et al. 1994; Serafin et al. 1991a). MVNn
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high-frequency control as well as signal detection and would amplify it te a continuum of cells (du Lac and Lisberger 1995b;
the contribution of both irregular and regular primary afferents at hig . .
f : ohnston et al. 1994) in between two canonical classes that|can
requencies. .. . . ..
be distinguished by the following characteristics: type A, hgv-
ing single large afterpotentials, and type B, which show mqre
complex afterpotentials including fast and slow components] In
slices, the firing frequencies are reasonably constant for both A
Although many experimental and modeling studies hawand B neurons (see TableQ@,%) in contrast to their presumeg
been done to characterize the membrane properties of cenethavior in intact preparations where B units are thought to|be
neurons, there is very little information on the biophysicahuch more irregular (Babalian et al. 1997). Typically, thege
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TABLE 1. Spike discharge modulation parameters for type A and B neurons

Type A Type B P Types A and B
R, MQ 67 + 42 (21) 63+ 28 (20) 1.0 65+ 36 (41)
IF,, spikes/s 28 + 21 (28) 29+ 17 (27) 0.8 28+ 19 (53)
C,, % 10+ 12 (20) 11+ 12 (25) 0.8 10 + 11 (45)
IFNF, 4.1+ 3.1(14) 3.6+ 0.2 (18) 0.9 3.8 2.2(32)
SIF(4 Hz)/8IF(0.4 Hz) 1.20+ 0.1 (10) 1.4+ 0.2 (17) 0.1 1.3+ 0.2(27)
Overshoot, spikes/s 1.9+1.8(9) 5.6+ 5.6 (10) 0.08 3.8+ 4.5(19)
Raciive (0.4 HZ), MQ 50 =+ 28 (15) 23+ 16 (19) 0.006 35+ 25 (34)
8IF/81(0.4 Hz), spikes s *-nA~t 128+ 58 (13) 140+ 48 (19) 0.4 131+ 54 (32)
8IF/8V(0.4 Hz), spikes s™* - mv~? 3.3+ 2.4(13) 6.8+ 3.8 (19) 0.007 5.4+ 3.7 (32)

Mean values with their SDs, number of neurons (in parentheses) and unptastB values are given for the type A and B neuroRg; the input resistance
measured with a 500-ms pulse during a maintained hyperpolarization of the neurons I M@sting action potential firing rate in spikesl; the coefficient
of per cent variation of the resting firing ratd; /IF,,, ratio of the resting firing rate vs. the maximum frequency of modulation of this firing 8#t€4

Hz)/81F(0.4 Hz), ratio between the amplitudes of the modulations of the action potential firing rate for the same amplitude current input at 4 and|0.4

Overshoot is the difference between the peak instantaneous frequency at the end of a 600-ms ramp current and the fingl aiaibe séme current applied

for 2 s. Reive (0.4 Hz), the input resistance in Mfdeasured during the sinusoidal modulation at 0.4 Hz of action potential disclé#fg&l{0.4 Hz), ratio of

the modulation of the spike discharge in spikes/s vs. the injected current in nA at BG¥H¥/(0.4 Hz), ratio of the modulation of the spike discharge in spike /%

vs. the membrane potential change induced by sinusoidal stimulation at 0.4 Hz. g

=1

. . . . . . . O

neurons are spontaneously active and appear to function ak is indeed important to emphasize the difference b%

frequency modulators in response to vestibular input (Serafineeen passive and activénear responses. Passive re=

al. 1991a). In addition, empirical models of type A and Bponses always show decreasing amplitudes as the [f&

neurons (Av-Ron and Vidal 1999; Quadroni and Knopfejuency is increased; however, active linear responses ay

1994) suggest that these two classes of cells should showhaw an increase in amplitude to a peak resonant value
difference in their experimentally measured frequency modthen decrease with frequency. We have found that mps
lation (FM) (Ris et al. 1998) corresponding to a specific relareurons show an increase in the amplitude of spike di
tion between intrinsic membrane properties and network fungharge modulation as the stimulating frequency is increa
tion. For instance, a particular type B model, but not Aynich is likely to be the consequence of an enhan
simulated a resonant behavior above 10 Hz (Av-Ron and Vi derlying sinusoidal membrane potential response. At
1999). The membrane properties required for type B neuror@uaﬂ spontaneous discharge rates of 30 Hz and above,

behavior, and the results obtained on the isolated whole brggie,it'1 determine the potential response since it is mix¢&.
preparation are consistent with the hypothesis that the irre th the components of the afterpotentials following ea¢

lar, phasic firing behavior observed in vivo (Shimazu and_. .
Precht 1965) is likely to be associated with type B neurons ar B'ke'nAt Iovr\:etr) sgo?t?r:?nouds dlacharget:a;[esn trlme ipotg rg
regular tonic activity with type A cells (Babalian et al. 1997 résponse can be dete ed using spectral analysis (

Previous intracellular measurements on vestibular neuroq'lg" et_al. 1996) _becau_se the dominant frequenc_y .Of
of chick slices (du Lac and Lisberger 1995a) showed gogt@nal is at the stimulating frequency; however, this is
sinusoidal modulation of spiking rates in response to sinusoiddf case at higher discharge rates. Therefore we have| &
current injections and essentially linear behavior. In additiofitricted our analysis to instantaneous frequencies since| 8¢
the spike discharge modulation of vestibular neurons show@ig only considering responses that show FM for both
increasing amplitudes with increasing stimulating frequencgepolarizing and hyperpolarizing phases of the stimulati
Similarly, increasing peak discharge rates have been obserggérent inputs.
in visual cortical neurons (Carandini et al. 1996) for neurons In this paper, we have characterized vestibular neurons
that only fire during the depolarizing part of current sinéheir responses to step, ramp, and small sinusoidal inputs ¢
waves. Thus these latter neurons rectify and do not show gaodange of different steady-state conditions that are similaf to
modulation of a spontaneous discharge rate, which is eitibose encountered in normal network behavior. This approfich
very low or nonexistent. Nevertheless, whether or not theredlcits both linear and nonlinear responses that can be used tg
a good modulation of a spontaneous firing rate, virtually adivaluate models of intact neurons. In particular, we can qupn-
resting neurons show an increase in their peak, instantanetitagively describe the linear modulation of spike dischar@e
discharge rates as the current stimulation frequency increagages by small signals using the linear form of voltage-depén-
These results strongly suggest that the underlying membratent neuronal models if we assume that the spike discharde is
potential response must also be increasing, since higher pdakctly proportional to the membrane potential. Larger currgnt
discharge rates generally occur with membrane depolarizatiarputs cannot be described by linear analysis and would reqgire
These findings are completely different from the passive mem-complete nonlinear description using essentially all the vglt-
brane potential responses that are obtained from the same calig-dependent conductances present in the neuron. We|wil
both vestibular and cortical, during a maintained hyperpolashow that the sinusoidal linear responses of type B neurpns
ization that abolishes spontaneous activity. Therefore it seeh@se a greater increase in their modulation amplitude wjth
likely that the increase in peak spike discharge with an incredsequency than the type A neurons. At higher frequencies the
in sinusoidal stimulating frequency is due to active voltageype B neurons behave like signal detectors that fire only
dependent properties of the membrane channels. during depolarization.

BE@ 1138
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METHODS below the spontaneous or carrier frequency, which imposed the li

The experiments reported here were done with sharp microel Lour measurement C.)f. the modulated responses. In addition, ds
trodes on thick (50Qu) brain stem slices (Lewis et al. 1987, 1989 arizing or hyperpolarizing d.c. currents were superimposed on

from adult guinea pigs. The experimental procedures were identical{ge Waves to measure responses at different steady state mem
those described by Serafin et al. (1991a) and were in accordance RRENtials. Finally, increasing ramp currents were applied at differ
the European Communities Council directive of November 24, 19 ,O_If’ﬁs up to Ia final stead)]i srt]ate value. h . N
and the procedures issued by the French Ministére de I'Agriculture.' € tyéalpaFrespione ort e;e neuronsh ek restlnlt_;) p(éten.tlﬁ
Only neurons from the medial vestibular nucleus were measurég/Strated in Fig. 1 by a typel Hnell:J_ron@t.SElt was fs_tm:ju ated wit

taking the border of the IVth ventricle as a reference point (see Serdffistant current sine wave at 1 Hz. Figu ows a fitted sine wave
et al. 1991a). All measurements were done with an Axoclamp 2R € instantaneous firing raté( spikes/s) that was calculated as th
system in either the bridge or switching discontinuous current clarffpciProcal of the interval between two successive action potenti
(DCC) mode (Moore et al. 1999). The electrode resistance w elF was determined for all stimulus protocols with a Mathemati
80120 MQ. Both series resistance (bridge balance) and capacitafe/ram 19992 sgrlpt dthat ehstlmated gheh time |n|£erva|tls beéwe
compensation were used. The bridge balance was verified by dem -'o?l ;?é)tenltla S f_ige 0 oth 'I?h t|rtr_1e Ot tL e nga Vi Qet a OIV
strating no change in the potential recording when switching betwe eshold value o N | mv. fhe (ljmea' d'e en h eac '? erg/_: 1
the continuous and discontinuous modes. Each neuron was chara&@FNeephaCt'on lpoéentl?srlwfzgs L(ste. toin |catedtl € tlrr]ne or I C

ized as type A or B according to their action potential profiles (see Fiffu€- 'ne amp ||tu eo t_de gte sine wave I?nd Its p _asg fre ativg
1A) as previously described (Serafin et al. 1991a). Figure 1 illustrai g current stimulus provide the experimentally determined freque

mit
PO
he
brarje
el

is

NC

<

the traditional method of stimulating with a constant current arffPmain functions discussed in the following text.
recording a membrane potential response. The constant current stimuﬁ(’”ce the maximum stimulus frequency that will modulate t
(Fig. 1D) consisted of sine waves from 0.2 to 20 Hz, which gave

underlying sinusoidal potential response that was less than 10

peak to peak. This frequency range was used in order to remain

ich in turn can be modified by the level of membrane depolari
an. it is necessary to experimentally determine the maximum f
quency (IR,) at which modulation is still observed. It should b
type A type B emphasized that all the analyses of spike discharge respons

A sinusoidal stimulation that are discussed in this paper were done
for those cases where instantaneous firing rdf§ points were
obtained for both the depolarizing and hyperpolarizing parts of ea
cycle of stimulation, i.e., the neuron never stopped firing, even dur|
the hyperpolarizing phases of the current modulation. TRygs the
maximum frequency that fits these criteria. The average spontang

15mv firing rates (IF) for type A and B neurons were not different in th

slice preparation nor their coefficients of variatidd ) expressed as
01s percentage (Table 1). A good indication of the modulation capabilit]

of each neuron is the ratio between its spontaneous discharyeutiF

membrane potential its maximum modulation frequencyH,,). A ratio of ~3—4 was found
for both type A and B neurons (Table 1). Thus this ratio is a reflecti

of the sampling rate showing that each instantaneous firing rate c

is determined by three to four points (of spontaneous frequen
which seems reasonable since the sampling intervals cannot be e
If the sampling intervals could have been equal, the theoreti

Nyquist sampling limit would require a minimum of two sampl
points per cycle at the maximum frequency of the analysis (Marma
lis and Marmarelis 1978).
spike frequency modulation The data analysis consisted of an estimation of the spontaneod
carrier frequency and its modulation from 0.2 Hz to a maximu
modulation frequency that varied from cell to cell, having a ran

from 3 to 15 Hz. The ratiolF(4 Hz)/8IF(0.4 Hz) (Table 1), of the
amplitudes of the spike discharge modulations at high (4 Hz) and |

(0.4 Hz) frequencies were determined for each neuron. Sele
o parameters from the analysis are given in Table 1, which incléde
injected current y/ayes from unpairedests (SYSTAT, SPSS, Chicago, IL) to eval

uate the differences between type A and B neurons.
The range of mean membrane potentials and the maximum
quency for which vestibular neurons show modulation is quite v3

- able. Neurons with spontaneous firing rates above 30 Hz sho
1 sec reasonable FM up te-10 Hz. Because frequency versus currét)(

Fic. 1. Measurement of spike discharge modulation for type A and Besponses are relatively linear for limited displacements, it is reag
neurons. The recorded action potentials were used to classify type A andaBle to assume that spiking rates are proportional to small change
neurons as illustrated iA by differences in negative afterpotentials. A sinuthe membrane potential. This simple assumption provides a metho
soidal current (D) was injected into the neurons to modulate the rate of impulsgasure the impedance of a neuron in its natural state, for &
di_scharg_e (B). Instantaneous f_iring rates m_odulations were calc_ulated a_nd fif uency of sinusoidal stimulation, by monitoring the changes
with a sine wave (C) to obtain the magnitude and phase shifts at differen tantaneous firing rates. In additioﬁ, our analysis has been restri

stimulating frequencies, which were then fitted to a neuronal model. The sp . S ) .
discharge modulation amplitude (spikes/s) was expressed as an impeddRd&€ linear range by limiting the current input to give a peak to pe

magnitude (MQ) by estimating the sinusoidal potential (B) excursion (~embrane potential responsel0 mV. The extent of this linea
mV), which provided a measure of the input resistance (50 MQ = 4 mVv/0.08nge was verified by measuring its limits during current stimulati
nA) that was equivalent to the modulation amplitude of 25 spikes/sG@3ee ramps having different slopes (see Fig. 8).

w

millivolts
] 1
w =
S o

]
N
(6]

1
(o2
[e]

spikes/sec
N W D
o O O
T

O

+
o
o
53]

1
e
o
&

nanoamperes
Q

J Neurophysiol VOL 86 « AUGUST 2001 WWW.jN.0rg

Iking rate is dependent on the level of the spontaneous dischgr

8a

B

&l papey|
s

g

T

q /B10%KBojo1Ryd-@//Rmy

2 GT

=

ot B

%uﬁ;c

=
‘

S0
) %0z

S0
d to)
achi
n
Cted
ak

DN



http://jn.physiology.org/

706 RIS, HACHEMAOUI, VIBERT, GODAUX, VIDAL, AND MOORE

The calibration of the fittedF responses versus the associated Type A
membrane potential changes requires an estimate of the peak-to-peak , )
change in membrane potential associated with the charlffe 8ince A Resting level B Depolarized level
the instantaneous firing rate is assumed to reflect the membrahe
potential, this relationship between the changeslRn(8IF) and
membrane potentiab{/) was assumed constant. The calibration fact
was estimated at 0.2—0.4 Hz by measuring the amplitude of the p ‘
to peak excursion of both parameters during one stimulus cyc@v ‘ww ‘\Hw\ I
beginning at the minimum of the negative afterpotential (FB). The & -80 ‘ ‘
stimulus strength was limited to assure that the form of the action Stim: 1 Hz Stim: 1 Hz
potential did not change during the cycle. Only low stimulating, =
frequencies were suitable for estimating underlying membrane poten#
tial changes because of the difficulty in determining the form of thg’ﬁ
sinusoidal response as the stimulating frequency approached the spiks
ing rate. The ratio at low frequencies between the membrane potential 20
variation @V) in the presence of action potentials and the injected
current ¢l) was defined as the active input resistariRey;, (0.4 Hz
in Table 1). The example of Fig. 1 indicates that the measured spike
modulation amplitudedF) was 25 spikes/s (Fig. 1C), which corre-
sponded to a membrane potential sinusoidal deflectior-4fmV
(Fig. 1B). With a peak-to-peak current of 0.08 nA (Fig. 1D), these C
values (25/4) would give a calibration factor of 6.25 spikes™® -
mV~* (8IF/8V) that converts a modulation of 25 spikes/s to an inpug J
resistance of 4 mVv/0.08 nA 50 M. As the peak-to-peak current & - 0
underlying the sinusoidal stimulation at each frequency is constarits
any difference in the amplitude of the action potential modulation & =
various frequencies will reflect a change in the natural impedance "fiE(
the neuron. If the spike discharge modulation is assumed to
proportional to the membrane potential modulation, one can directly Stim: 12 Hz Stim: 12 Hz
infer the impedance of the cell at each given frequency using the gq 709
constant calibration factoglF/8V(0.4 Hz). In addition tdR, ;e an
input resistance at hyperpolarized leve®s, was obtained by super
imposing a long duration (500 ms) current pulse on a steady-stagex 50
hyperpolarization that had abolished action potentials (see Table 1)
The associated membrane potential change was measutiee end . . T . T . T
of the pulse. 200 400 0 200

Thus the amplitude of the spike discharge modulatidifr)( in- time (msec) time (msec)

[}

o

0 65 1

50

5

o4

o -

T 1 T 1
1000 2000 1000 2000
time (msec) time (msec)

Resting level D Depolarized level

04

3

60 - - 45 -

g rate
es/sec)

E

aé?a[ Aq /610°ABojoisAyd-uly/:dny woly papeojumoq

T
400

o

duced at any frequency is divided by the calibration fadits#/6V(0.4 ~ ric. 2. Spike discharge modulation of a resting and depolarized type

Hz) (see Table 1), and then by the constant curr@into obtain the neuron. Modulated action potential responses to sinusoidal current sti
impedanceZ(8V/dl), as a function of frequency. The measurement dgine amplitude of 0.09 nA) are shown for the indicated frequency ranges

Z involves both magnitude (gain) and phase functions, which a®galyzed by superimposing a fitted sine wave (smooth lines) on the instd

necessary for a complete description of the data that can then be URQ¥s firing rate (spikes/s) derived from the spike records. The disch

to indicate the presence or absence of active conductances. fidulation at rest (A) was effective up to 6 Hz in this type A cell; howeve

- - - - . . aintained depolarization of 0.3 nA (B) increased the steady-state disch|
calibration of the spike discharge data are required to allow a dqua&g]n 30 (AandC) to 57 Hz B andD) and increased the range of adequa

comparison with linearized neuronal models. This type of analysis quiation=12 Hz ).
provides estimates of both the active and passive parameters of the

analysis for this data. resent and regularly firing in the slice preparation. To si
Linearity of the spiking rate modulation was tested by superimpog:. g y 9 prep )

) - . : . , te the effect of afferent input, sinusoidal current was injec
ing responses to different levels of sinusoidal current stimulation &

the same frequency (du Lac and Lisberger 1995a; Marmarelis dh these cells to observe possible response differences| bey

Marmarelis 1978). In general, current levels that evoked peak mefi€€Nn type A and B neurons. Figur® lllustrates a type B
brane potential changes5-10 mV were in a linear range. ThenN€uron response to a 1-Hz current input. Figuteshows a fit
NonLinearFit package of Mathematica (Wolfram Research, Cha@f the sinusoidal instantaneous frequentfy) (demonstrating

paign, IL) was used for fitting th&~ data to single frequency sine excellent modulation for both the depolarizing and hypergdo-

waves. larizing portions of the response.

Figure 2Ashows a corresponding type A neuron that mog-

ulates its spontaneous (carrier) frequency~-&0 Hz from 20

RESULTS to 40 Hz for a displacement of the membrane potential of |

Modulation properties of type A and B neurons a few millivolts. This modulation response is limited by the

carrier frequency as is indicated by the imperfect modulat
Neurons of the medial vestibular nucleus show spontarghown in Fig. 2Cfor a 12-Hz stimulus. Figure 2Blustrates

ously firing behavior in a slice preparation despite the obviotisat the dynamic range of this modulation can be significantly

reduction of afferent input. These neurons can be distinguishiadreased by a maintained depolarization, which nearly d
from each other by the shape of their hyperpolarizing afterpbles the average steady state frequency- 5 Hz. The prac-
tentials. Figure 1lAllustrates examples of the two extremdical advantage of this increased frequency is seen by
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Type B tion that increased the carrier frequency (Fi@)4Thus al-
A Resting level B Depolarized level though type B neurons show good modulation at low frequgn-
_ cies, they tend to fire in synchrony with the depolarizing phgdse
£ 607 of the stimulus when the stimulating frequency increases.
37 In contrast, at stimulation frequencies approaching the sppn-
ZE?_S taneous firing rate, type A neurons showed a maintained fut
SE-50 - unsynchronized, relatively constant discharge. The neuror] il-
5 lustrated in Fig. 5 shows that the spontaneous discharge [rate
E Stim: 0.8 Hz stim: 0.8Hz  can be below high stimulating frequencies at its resting potgn-
60 - tial (Fig. 5A) or above it during a depolarization (FigB)5
2 Tg 30 50 4 Figure 5,C andD, shows the usual type B neuronal responge
58 20 of marked action potential synchronization to small sinusoidal
£ 0 40 + currents both at resting and depolarized levels. Figuse [5
= T : , . ¥ T . . shows that at a resting discharge level~-a?5 Hz, the action
0 - 1000 2000 0 ! 2 potential responses were one for one with the 25-Hz stimulus,
time (msec) time (sec) and at depolarized levels, the responses to each sine wave e
doublet action potentials (FigDy. In type A neurons, the lack
G Restiglevel Depolarized level of synchronization occurs above one-half of the spontanepfs
D frequency; however, type B neurons remain synchronized at &l
K o stimulating frequencies. Thus the transition between mod
[T
g2 Type B
§ % -50 1 A Resting level B Depolarized level
é - 80 -60

Stim: 7.3 Hz Stim: 7.3 Hz

60

- 40
50 -

Stim: 1 Hz Stim: 1 Hz

firing rate
(spikes/sec)
N w
[w] o
1 1
membrane potential
. (millivoits),
~ N
o o
1 1
o
1

10 A 40 A 18 A
29 36
T T T T T T T 0
o] 500 1000 0 500 1000 é, ﬁ
time (msec) time (sec) = ';-.)
Fic. 3. Limits of spike discharge modulation of a resting and depolarized 1831 32 1
. 1 1 H H T 1 T T T 1
type B neuronA. action potentlal responses to a 0.8—H_z s_lr_1u50|dal current (') 1000 2000 0 1000 2000
stimulus that invoked a modulation of the action potential firing rate. Instan- i time (msec)
taneous firing rate (spikes/s) analysisAftop, and superimposed fitted sine ime (msec)
wave (smooth lines)B: spike discharge modulation as & but during a
maintained depolarizing current of 0.5 n@: spike discharge modulation to a
7.3-Hz current stimulus. Instantaneous firing rate (spikes/s) analy§isaofi . )
superimposed fitted sine wave (smooth lined). the depolarized type B C  Resting level D Depolarized level
neuron shows significantly better modulation at 7.3 Hz. The stimulatin
current amplitude was 0.13 nA. £ -20 1 0
c i
o
relatively good modulation response at a 12-Hz current input i@g
Fig. 2D. SE
Figure 3,A and B, illustrates a type B neuron that shows§ -70 -40 1
good modulation at low frequencies; however, at 7.3 Hz, the Stim: 10 Hz Stim: 10 Hz
modulation is insufficient even though the spontaneous carrier_ -, | 36 -
discharge was about threefold greater (Fig).3The modula- £ g
tion is clearly restored if the spontaneous frequency is ingg %
creased by a depolarization (Fid>B Although the modulation =%
at rest was inadequate, the instantaneous firing rates could be 1 __ V" VW V. I S
fitted with a sine wave that was synchronized with the stimulus 0 200 400 0 200 400
current at 7.3 Hz (Fig. 3C). This illustrates an example where time (msec) time (msec)

the am_p“tUde of the fitted sine wave (7.3 HZ)_ 1S _comple_tely FiIG. 4. Spike discharge modulation of a resting and depolarized typsg

determmeq by theF at the peak _Of the dep0|ar|2at_|0n, Wthf_’heuronA: spike discharge modulation to a 1-Hz stimulus with an amplitude

thus limits its accuracy. In these instances, the action potenti@s nA. B: modulation during a maintained depolarization with 0.5 nA

tend to occur on rising phase of the stimulating sine wave aﬁdafyDStieOCgfLeAmtﬁgg Ogmr?g#t'agggggr_aelg-mé S;';nurlcl:: 2;?%35;2‘
: . D: 5-nA s y cu iz u

thus show a phase lead. In anOther type B cell, syncmomzat‘ﬁrfeased discharge rate from 16 to 34 Hz. The higher steady-state a

on alternate cycles of a 10-Hz stimulus was observed (R3g. 4 potential firing rate allowed significantly better modulation in the 5- to 10-

In this neuron, modulation was also restored by a depolarizange compared with the resting neuron.
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Type A neurons, théF data were plotted relative to current rather than
ing level Depolarized level frequency in Fig. 6C andD. The plots were done for different
A FRestnoleve B P ) frequencies showing that the typed\s are nearly superim-
Stim: 30 Hz Stim: 30 Hz

posed for low current levels; however, at current leveld.3
20 20 nA, there is a nonlinear increase BF as the stimulating
frequency is increased (Fig.C§. Alternatively, the type B
A neuron of Fig. 6Dshows an increase iBlF with stimulating
0 40 frequencies>1 Hz at all levels of current amplitude. Both typ

membrane potential
(millivolts)
A1”J

T T T
o 100 200 300 0 100 200 300
time (msec) time (msec)

. levels >0.3 nA, as illustrated in Fig.® by the lack of points
C Restinglevel D Deolarized level past 0.2 nA at 4 and 8 Hz. Under these conditions, Ithe
Stim:25Hz o4 Stim: 25Hz  rasponse is nonlinear because of rectification. In these|i

- 40 stances, increasing the spontaneous frequency by depolar
the neuron extended the linear range.
.55 Thus in neuronal systems, linear versus nonlinear respor
cannot be separated simply as a dependence of gain on

[
0

-65 guency. However, an increase of gain with frequency is (

membrane potential
(millivolts)
o}
o

f T T T T 1 i -
o a0 a0 a0 0 100 200 300 400 pendent on the activation of voltage-dependent conductar

ime (msec) time (msec) that can be linear or nonlinear depending on the size of

o _ , stimulus. In general, linearity can be evaluated by the us
FIG. 5. Synchronization of type A and B neurons to stimulation frequerE

cies.A: the type A response at 30 Hz indicates that this neuron was unable {dte”a of superposn!on or Scalmg of responses relative
synchronize with the 30-Hz stimulus frequency, as indicated by lth@he ~ Stimulus amplitude. Figure 6 shows that type A and B neurq
measured instantaneous firing rate was 28 Hz, just below the 30-Hz stimulat@ieé clearly different in their linear responses and that {
frequency.B: although an improvement in the discharge modulation at intefronlinear responses evoked in type A neurons at current le

mediate frequencies was observed for this and other type A neurons, synchu ; q
nization did not occur at higher frequencies. The illustrated depolarized type A(O'5 nA resemble the linear response of type B neurons

neuron had an instantaneous firing rate above the 30-Hz stimulus, which \ﬁékrrent levels<0.3 nA.
clearly not in synchrony with the sine wave stimul@andD: the type B

neuron shows very poor discharge modulation past 7 Hz (see Fig. 3); however, Type A Type B
good synchronization of the response was seen at 25 Hz for both the resting (C)
and depolarized conditions (D). In the latter instance, action potential doublets

=

U

0.3 nA

were observed. . X ] e 409 .
£ 40 0.2 nA

lated and unmodulated responses are different for the twég 30 -
neuronal types. g8 %07 Vi =58 mv 0.1nA

Spike FM at low frequencies{(10 Hz) is clearly present in o %_; 20 A 05 A 20 4
both type A and B neurons; however, type A neurons appear tg2 104 ¢+
have a more stable intrinsic firing pattern, which is controlled:g o — 10 4 /\{m:
by the steady-state value of the membrane potential. Although e 5 12 16 T o A & 8 10
type B neurons are reasonably regular in the slice preparation, stimulation frequency (Hz) stimulation frequency (Hz)

they tend to have a lower amplitude after hyperpolarization
potential with a greater sensitivity to external stimuli, which C
can lead to more irregular behavior (Av-Ron and Vidal 1999;
Babalian et al. 1997). This increased sensitivity provides a& 301
means to synchronize responses with small stimuli and dete
input signals at relatively high frequencies.

To compare type A and B neurons, the amplitude of the
spike FM @IF) was plotted as a function of frequency and
current. Figure 6Allustrates that the amplitude of the spike
discharge modulation of this type A neuron has a nearly o I, M
constant response for frequencies from 0.2 to 14 Hz at current 01 03 05 07 0.9 1.1 0.1 0.2 0.3
amplitude levels=0.5 nA. Above this current level, the type A current amplitude (nA) current amplitude (nA)
response is nonlinear as indicated by an enhancement of the, ¢ Tests of linearity of type A and B neurons. the amplitude of a

dufit

kes/sec

20 4

spi

10

(

firing rate mo

modulated response with an increase in frequency. By contragie A response in spikes/s of the modulated spiking rate is plotted gs a
the type B neuron, illustrated in FigBg showed a significant function of the stimulating frequency for 3 current levels (0.1, 0.5, and 1.3 np\).
enhancement of its amplitude responses with frequency at Byj|type B spike discharge modulation amplitude responses to 3 sinusdidal

current levels (=0.3 nA). At these current levels the responstc#érent levels (0.1, 0.2, and 0.3 nA) are shown as a function of frequéncy

could be supe_rimposed and were therefore linear. amplitude for 4 frequencies (0.4, 1, 5, and 10 HX)similar type B responses
To further illustrate the contrast between type A and Bre shown as a function of sinusoidal current amplitude.
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A and B neurons show modulation and linear responses at Jow
' ' ' — current levels (<0.3 nA). At higher current levels, type A
neurons may continue to show modulated responses; howgvert,
they are clearly nonlinear. In many B neurons, it was rfot
Type B possible to obtain good modulation responses at high curient

N =
57
=

@J%e@eg’l@\oa
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amplitude of the type A response is plotted as a function of the curfent
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Type A from the resting potential and appear to approximate linearjty.
= A The lack of an overshoot for ramps with different slopgs
BE+024 suggests that the spike discharge response is not enhancg¢d ¢r
§§ 08 - diminished by rapid changes in the current and is thus congis-
=3 tent with a sinusoidal response whose amplitude is relatively
< constant with frequency. Table 1 indicates that type A neurgns
2E O ﬂ show an average overshoot® spikes/s for a ramp duratior]
‘g.ﬁg of 600 ms.
g§ 60 | The type B neuron of Fig. 8A and B, shows a greater
2 decrease in the slop&(l,,,) for depolarizing versus hyperpo
larizing currents and an overshoot in the instantaneous fre-
g5 100 guency compared with the final steady-state value that| is
58 60 achieved during the maintained maximum current. This ovpr-
£8 20 shoot is significantly enhanced at steep slopes (B, &hich
. | | . reflects the augmentation in amplitude of spike discharge mpd-
0 500 1000 1500 ulation observed with an increase (resonance) in sinusol|dal
time (msec) stimulation frequencies. Thus during a steep ramp stimulatipn,
~ B A Type B
i €402+ <
gt -08-—"-----mm e )
3 =3
>
£E 01 oS
22 5

100
904

firing rate
(spikes/s)
(2}
o
1

20

firing rate
(spikes/s)

T T T 40-
0 500 1000 1500 T T
time (msec) 0 2 4 6
time (sec)

FIG. 7. Type A neuronal responses to ramp stim@illia ramp current was
given from a hyperpolarized level 6f0.8 nA for 1 s to reach-0.2 nA. Action
potential and instantaneous firing rates are given in the 2nd and 3rd traces, B

respectively, which show that the instantaneous firing rate follows the current 2 é +0.5
without any overshooting respond®: a ramp current with a steeper slope Bk
. o . . [0
ending at 0.5 s showed a similar response. In both cases, a slight decrease can EE -04-/-===--=-==-=--=-=-—-----——-—=--------
Q

be observed in the firing rate slopes during the positive depolarizing current,
which is indicative of an activation of a potassium conductance. The final

current level in each case was 0.2 nA, which induced a firing rate in excess of
100 spikes's.

Ramp stimulation

membrane
potential (mV)

The contrast in spike discharge responséy (o high-
frequency sinusoidal stimulation between type A and B neu-
rons can be dramatically illustrated by responses to ramp
current (J,,) stimuli. Figure 7 A andB, illustrates that type A
neurons in a hyperpolarizing range have a nearly lin€ar : 40-
response with time to a ramp current stimula9(8—0 nA) for
both high and low slopes. Thi& response during the depo-
larizing part of the ramp starting at the resting membrane o
potential (0_02 nA) haS a S“ghtly |0Wer S|Ope Compared W|th FIG. 8. Type B neuronal responses to ramp stimidlia ramp current was

. given from a hyperpolarized level 6f0.4 nA for 4.24 s to reach-0.5 nA.
the hyp_erpolarlzed part of _the raml}@-S_—O nA) but Was - Action potential and instantaneous firing rates are given in the 2nd and
nearly linear up to the maximal current with no overshootingaces respectively, which show that the instantaneous firing rate follows
response. The slightly lower slope of the spiking rate increagerent with a small overshooting responBe.a ramp current with a steepe
most likely represents the activation of a potassium condutepe ending at 0.5 s showed a pronounced overshooting response in the
tance as the neuron is depolarized. Even though the instarﬁil

904

firing rate
(spikes/s)

T

0 2 4 6
time (sec)

“positive depolarizing current, which is indicative of an activation of

neous firing rate increased from 20 to 100 Hz, the currepdtassium conductance. The final current level in each case was 0.5 nA, which

levels produced<20 mV membrane potential displacement@duced a firing rate near 100 spikes/s.
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the instantaneous firing rate is significantly enhanced over its Type A Type B
steady-state value at any given potential. At the moment tl%e B
dynamic stimulus stops and becomes constant, the firing rate resting (-62 mV)

(IF) is higher because of the high-frequency stimulus (steep
slope), which then relaxes back to its steady state (DC) valug. 2°
These results support the hypothesis that type B neurons ére15 =
more sensitive to dynamic changes than type A neurons. Talge depolarized (-50 mV)
1 shows that the average overshoot for a 600-ms ramp was

about threefold greater in type B neurons compared with '° 107 .- depolarized (57 mY)
type A. = 05 1 2 5 1020 05 1 2 5 10 20
Spike discharge modulation . C hyperpolarized (76 m¥) D _
g 70 70 hyperpolarized (-74 mV)
The low-frequency (0.4 Hz) hyperpolarized input resisﬁ, 50 50 . -
tancesR(0.4 Hz), of type A and B neurons are only slightlye ., 047

different (Table 1); however, at rest during the spontaneods ,,

firing of action potentials, the input resistanég,;, (0.4 Hz), %t
of type B cells was 60% of type A. This suggests that th@ 10
voltage dependent conductances of type B neurons are more

open during spontaneous activity than in type A cells, which

depolarized (-57 mV)

T T
05 1 2 5 10 20

will lead to smaller potential excursions during spike discharge g F
modulation by current input to the soma. - depolarized (50 mV) depatarized (-57 mV)
Although the spike discharge sensitivity to current input of o (jg;t::g/) R P I Y PR

type A and B neurons is about the same [see Tabl8lR, = _,,
61(0.4 Hz)], the sensitivity of type B neurons with respect to% >
/ 1 - 40

changes in the membrane potential is enhanced nearly twofdd
[seedlF/8V(0.4 Hz), Table 1]. This is an important effect forg -&°
synaptic inputs on small dendrites and should cause an overall e ————— . —
increased sensitivity in type B neurons to afferent synaptic 051 2 51020 051 2 510 20
input. Furthermore, the higher sensitivity of type B neurons stimulation frequency (Hz) stimulation frequency (Hz)
means that in these neurons, changes in firing rate are highIEIG- 9. Neuronal model description of spike discharge modulatoand

; "2 superimposed magnitude functions (—) are shown for type A and
dependent on the membrane potential and thus tend to S?Qurons (AandB) with model fits (- - -) that were based on the calibration fro

chronize W_'th an 'mpOSEd sinusoidal stimulus. spikes/s to M{shown inC andD. The resting and depolarized spike dischard
~ Table 1 illustrates that type A neurons at rest show a 20pike/s) amplitude modulations show a greater increase in amplitude for
increase in their modulation amplitudeélff) between 0.4 Type B (B) compared with the type A neuron. The model fits for the type
[8IF(0.4 Hz)] and 4 Hz §IF(4 Hz)]. By contrast type B neuroninAwere done with 1 potassium conductange= 1.5 nS,u, = —50

: V., s, = 0.02, and,, = 0.03 s. The remaining parameters and type B fits g

0, n

neurons S.how a 40% increase oye( the same frequency ra@ggcﬁbed in the following tex€ andD: hyperpolarized impedance amplitude
Our Con3|dera;t|0ns haVEf been |_|m|ted to neurons that Sh@Wnoth type A and B neurons are shown along with calibrated spike discha
good modulation at relative low input frequencieslQ Hz); AM at resting and depolarized levels. - - -, model fits with the followin
however, in the absence of modulation due to low firing rat@grameters: type Aoma= 11 pF,A = 26.8,L = 0.55,050ma= 0.3 NS gy, =

or larger nonmodulating current inputs, the maximum spiking "S%a 44 MV, = 00350, = 3.4 81 = 0/ = 50NS.1, = 34

- S ,S, = 0.06,t, = 0.34 s,r,, = 0; type B,Csoma= 15 pF, a4 = 14,L =
rates were also shown to increase with input frequency. Unggy; G = 11 18,0, = —58'MV, 8, = 0.17,1, = 0.03 S,gps = 14 NS 1, =
these nonm_odulatmg conditions, action potenne}l responses bai mV,s, = 0.02,t, = 1.1 5,1, = 0. These parameters were useBinE
have more like signal detectors and do not provide informati@ndF: corresponding phase functions férand D. The most hyperpolarized

relative to a mean input that would be needed for a "push_purpsponse was measured directly from the membrane potential deflectio
type of equilibrium control sponses free of action potentials. The resting and depolarized cases

f . . . . measured with spike discharge modulation. Note that the low-frequency

Since the action potential discharge rate is dependent on §agance decreases with depolarization, however, as the frequency incre
membrane potential, the activation of ionic conductances byha magnitude of the impedance approaches a maximum resonance freq
membrane depolarization would be expected to alter the sp_tk@t is dependent on the membrane potential. The phase functions corresy

discharge modulation. Figure 9 (data _) illustrates that boffly t© the resonating amplitudes show a phase Iead_ at low frequencies
’ rosses 0 and becomes a phase lag at high frequencies. At the most hyp

pre A and B neurons are SGI’)SIIIVE toa Steady'State depor%ied levels, the resonance and phase lead disappear. The decrease
izing current. At low frequencies, the constant current dep@mpedance magnitude observed with depolarization has been modeled w
larization of the membrane potential decreases the amplitudeof potassium conductances. See text for further detalils.

hyperpolarized

<
hyperpolarized\\\ 74 mV)

(-76 mV)

?o'g')("q 76m'A60|o!sAud'u[//:dnq wioJ} papeojumod
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the spike discharge modulation of type A neurons, which then

increases to approach the resting response at frequenties tude of a representative type B neuron that has a gre
Hz (Fig. 9A, —). In addition Fig. 9 andF (—), shows that amplitude increase with frequency than observed in
the phase functions of the modulated responses shift to highgpical type A neuron of Fig. 8, both at rest (see Table 1

frequencies with depolarization. This can be easily seen in Fand during a depolarization. The type B phase functions|of
9E by comparing the phase at20°, which changes from5 Fig. 9F also show positive values that are shifted to higher
Hz at rest to>10 Hz during a depolarization. frequencies than the corresponding phases of the typg¢ A

Figure 9Bshows the spike discharge modulation amplireuron of Fig. 9EFor example, in Fig. B a phase of-20°
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at rest occurred at+10 Hz, which shifted to~20 Hz during This method of calibration was chosen to test the hypothgsis
a depolarization. that spike discharge modulation can be interpreted with lingar
analysis if the stimulating current evokes membrane potential
Hyperpolarized neurons changes that are’10 mV. The sinusoidal data were fitted Wit'T/
a single sine function at each stimulation frequency to give
The hypothesis that spike discharge modulation is a measegtimated gain and phase functions, namely an experimentally
of the membrane potential variation is supported by the préetermined neuronal impedance over the frequency range{0.4
ceding findings showing that the spike discharge modulationtés ~10 Hz. It is this latter estimated impedance function that
altered in the same manner as the impedance when neuronsarebe interpreted with a theoretical modetrEnpix).
depolarized, namely there is a decrease in amplitude due to th&hus the experimentally estimated impedance was fitfed
activation of ionic conductances and a tendency to show somith a linearized neuronal model (theory, Fig. 9, - - -) to obtajn
type of resonance phenomena (Moore et al. 1999). Similarlyestimates of biophysical parameters (seeenbix). The fitting
hyperpolarization should increase the input resistance and pn@s done with the nonlinear fitting procedures using Ma

mean level of active conductances during resting spontaneceisnine the linear versus nonlinear contributions of MVNn (§
activity are more prominent in type B compared with A neuthe overall gain functions of vestibular networks.
rons. A major difficulty in this analysis was the inability to de
To test our use of spike discharge modulation as a meastgemine the peak resonant frequency due to the freque
of the membrane potential, we hyperpolarized neurons to abliritation of the measurement. Nevertheless increasing am
ish action potential firing and measure directly the sinusoidaldes are indicative of resonant phenomena and consistent
membrane potential responses without relying on spike digodels of vestibular neurons (Av-Ron and Vidal 1999). Th&
charge modulation. Under these conditions, a moderate peaklina of Fig. 9 were fitted with a neuronal model having
the magnitude of the hyperpolarized impedance was obseryerlassium conductancegyf and gg,) that were uniformly
at~5Hz or below as illustrated in Fig. € andD. Thus since distributed throughout the surface area of the neuron (Figs|

active conductances turned off and it was possible to obsepresence of TTX to abolish action potentials and measure tlge
nonpassive resonant behavior (Moore et al. 1999) in the ahembrane potential directly at depolarized membrane poteg-
sence of action potentlals This occurred because the hyperals. These data showed behaV|or similar to splke disch

action potent|als A further manifestation of resonant behaviiation and a shift of a resonant peak to higher frequencie$.J
can be seen in the phase functions that are slightly positive afhe ability of the preceding analysis to quantitatively d
low frequencies and have a zero crossing near the peak of eeibe the resting and depolarized spike discharge data, hypgr
resonance after which they become more negative as the fsetarized responses, and results in TTX, supports the hyp Iijg-
guency increases. esis that modulation of the discharge rate can be interprdted

The gain and phase functions (data, —) shown in FigC 9, with a linearized neuronal model. As pointed outvierHops, | S
andD, from neurons that were hyperpolarized to abolish actiahis comparison with the model requires a calibration betwgdn
potentials show a magnitude that begins to decrease at lowes firing rate and the membrane potential. Our calibrati ‘ﬁ
frequencies than measured by spike discharge modulatiorpaicedure requires that the hyperpolarized sinusoidal m o
the resting potentials. This result is a manifestation of increalseane potential and spike discharge data should asymptoti
in membrane impedance due to a decrease in active condagree at high frequencies, as illustrated in Fig. 9. Neverthe
tances caused by the hyperpolarization. Finally, these finding# calibration is difficult to evaluate at all frequencies anfd
indicate that both the modulation of the spike discharge frehould be taken as an assumption of the model. This fixed
quency and the membrane potential data show similar behawilibration factor leads to a resting membrane impedance af
ior, namely an increase in the magnitude of the response aslthe frequencies that was about one-half of that determined at
stimulating frequency is increased. Therefore it is reasonablenb@re hyperpolarized levels.
interpret the spike discharge modulation as an approximationThe parameters used in the hyperpolarized impedance mpde
of changes in the membrane potential. fits of Fig. 9, C and D, for both type A and B neurons
adequately describe the calibrated resting spike discharge mod}
ulation data. The resting and depolarized data of the typg A
neuron were fitted separately with a single potassium conduc-

We have presented spike discharge modulation data (Figt&ce having a different set of parameters (Figy); however,
—) for a range of stimulating frequencies and membraribe type B data were fitted with a model having two potassiyim
potential levels. Furthermore the spike discharge modulatioanductances that had the same parameters at all three ppten-
amplitude was assumed to have a constant relationship attialls. Thus in both type A and B neurons, two potassiym
measured frequencies with membrane potential deflections, doaductances were required to quantitatively fit the data atfall
value of which was based on an estimation made at 0.4 Hmzembrane potentials. Although the magnitude functions

Quantitative interpretation of spike discharge modulation
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~

shown in these fits are reasonable descriptions, it is clear thattage-dependent conductances, that increases with frequénc
the phase functions for spike discharge modulation (Fide 9,before decreasing, i.e., a resonance response or active dynpmic
and F) are not adequately described. This inadequacy of tfiker. The experiments in this paper show that the resonpnt
phase estimates is most likely due the variable sampling thatésponses of individual medial vestibular nucleus neurgns
inherent when using instantaneous firing rates feemssioy. (MVNnN) could be responsible for a large part of thege
frequency-dependent gain variations. In the case of typq B
neurons, the increase in the gain of the spike FM from 0.4 to
4 Hz is ~40%. This behavior suggests that the type B MVNIn
These results suggest that both type A and B neurons of #re moderately tuned active filters that promote high-freque
medial vestibular nucleus are able to modulate action potentiasponses. The marked increase in VOR gain with increaging
firing rates in a way that is dependent on their level of depstimulus velocity that occurs at 4 Hz, in contrast to a constant
larization. Many type B neurons were not able to moduladOR gain at 0.5 Hz (Minor et al. 1999), can be compared with
well because of low firing rates as well as a tendency to shawr ramp experiments where increasing current levels wgre
complicated plateau like action potentials. If type B neurorapplied. In these experiments, the type B neurons showed
are to be identified with the irregular phasic neurons seendneater nonlinear increases in spike discharge at high frequen
vivo, then their ability to modulate would be limited by thiscies, namely with steep ramps, than for slow ramps that wolld
variability. Thus type A neurons could be identified with tonievoke low-frequency responses. Interestingly most type A npu-
neurons and, as such, would be better suited as modulatorsanfs did not show this type of nonlinearity.
a firing rate. On the other hand, type B neurons respond moreThe spike discharge modulation results (Fig. 9) show t @
reliably at hlgh frequencies. Thus they act as excellent sigribe activation of voltage-dependent conductances with dep&-
detectors, in part due to their complex repertoire of nonlinekarization decreases the low-frequency impedance and s @s
voltage dependent channels (Serafin et al. 1990, 1991b). Sesonant behavior to higher frequencies. Correspondingly, [te
sitivity of modulation varies with neurons, and there is no cleapike discharge modulation also shows a shift of the posﬂv&
relation between the spontaneous discharge and the higlpsise functions to higher frequencies. By comparison,
modulation frequency, although it must limit it. membrane potential responses of hyperpolarized neurons o
The most significant differences between the type A and $how increased amplitudes, but phase functions that have Ijtie]
neurons (Table 1) were found for the active membrane inpoit no positive component. The values of the hyperpolariZeg
resistances at 0.4 Hz and the sensitivity of the spike dischargembrane resistances (Table 1) are lower than previm%/
o
P

DISCUSSION

modulation relative to the membrane potent@F{8V) but not reported values 0100 M) for both type A and B neurons
the current §IF/38l1). An additional difference was found for the(Serafin et al. 1991a). Part of this difference may be due tp
effect of stimulation frequency on spike discharge modulatioremaining active potassium conductance as is suggested byfhe
8IF(4 Hz)/8IF(0.4 Hz); however, this effect was not as signifslight resonance observed for the hyperpolarized neurong®
icant as the low-frequency findings (Table 1). This lack dfig. 9, C and D. Our measurements were not done at &
significance was partly due to an inability to compare the twaufficient hyperpolarization to turn off all of the active cor-~
cell types at higher frequencies. ductances, which could have given a larger value for
The preceding analysis of instantaneous firing rate modutaembrane resistance, i.e., the passive impedance of the pgy-
tion lends support to the hypothesis that some vestibular nean. The type B active input resistance values at rest wgge
rons behave like moderately tuned filters, which resonate lawer than type A (R.ive Table 1), which is consistent with N
varying degrees dependent on individual membrane propertiggeater number of active ionic channels in type B cells. It m
This tuned or resonant behavior is directly determined by tlas well be linked with the reported difference in dendritjcs
linearized voltage-dependent membrane properties, which ateicture, namely that type B neurons have a larger cell bpgy
correspondingly responsible for the gain enhancement of and greater number of branching dendrites compared with t ‘ggz
tion potential firing rates with the stimulus frequency. Interest& neurons (Serafin et al. 1993).
ingly, although action potentials themselves are clearly non-The tests of linearity displayed in Fig. 6 show that t
linear responses, the modulation of their discharge rate appemrgplitude of spike modulation for increasing currents w
to be a linear process. It should be emphasized that the lindarear for currents<0.3 nA. The finding that the increase i

—

way had a constant gain across input frequencies; howeuagberger 1995a), which generally show a linear increas
other inputs had a gain that increased with frequency and wepgke modulation amplitudes as the stimulating frequenc

processes, one linear and decreasing with frequency likehat the modulated spike discharge responses with small signa
simple linear passive filter and another that is based on actimputs require a nonlinear analysis. Since the linearization| of
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Hodgkin-Huxley type neuronal models generally show highlig taken as the time point, there is a phase advance that pls¢

resonant behavior, it is not surprising that the data obtainedimtreases in frequency. This latter behavior is apparently the
this paper can be described in this manner, namely a piece-wissis of the phase advance shown by some simple oscillator
linear analysis. models (du Lac and Lisberger 1995a), which we have dupli-

If linear analysis provides an adequate description of tlwated by using the latter procedure. Interestingly, a phase
modulation of instantaneous firing rate, then the underlyiraglvance remains if the midpoint of the interval is used. In all
membrane potential would be expected to show a similrese cases, the estimated phase does not accurately repiess

result. It is difficult to rigorously verify this point because théhe response of a linear system; however, the standard prpcet

presence of action potentials prevents the accurate measdrege of taking the second time point appears to better reflect|the
ment of sinusoidal membrane potential responses to snmlialitative behavior of neuronal transfer functions up to mqd-
current inputs. However, membrane potential responses in #rate frequencies.
presence of few action potentials have been estimated byt is interesting to compare the dynamical properties
Fourier analysis in cortical neurons during sinusoidal analysisgular versus irregular discharging canal afferents (Goldbgrg
(Carandini et al. 1996). These data show a small but clezB00) with those of type A and B neurons. Rotational sti
increase in amplitude with frequency (see Figs. 7 and Btion has been used to obtain transfer functions (Anastasio and
(Carandini et al. 1996) that actually passes through a maxim@orreia 1988; Anastasio et al. 1985) showing that regujar
resonant value between 2 and 5 Hz. This resonance requiresdtierents have less phase difference referenced to head velgcit
presence of voltage-dependent conductances and cannothiaa irregular afferents (Fernandez and Goldberg 1971). It
guantitatively described by a passive model; however, contrdrgen suggested that the VOR needs a phase lead that incr
to what happens in our case, it is not quantitatively identical teith frequency to compensate for the phase lag caused b
the nonmodulated peak instantaneous firing rates measutethy in the reflex (Minor et al. 1999; Tabak et al. 199 )g
from the same records (Carandini et al. 1996). Thus the dSempensatory phase advances between 1 and 10 Hz hav¢ ®q
crepancy observed in cortical neurons between the membréeen consistently observed (Dickman and Correia 1989 B
potential response and instantaneous firing rate is quantitatidighstein et al. 1996; Rabbitt et al. 1995); however, galvani
and appears to be a consequence of the nonlinearities asssiginulation in squirrel monkeys (Goldberg et al. 1982) an
ated with a lack of uniform modulation. recent study of regular afferents in chinchillas (Hullar a
A nonlinear relationship between spiking rate and injectédinor 1999) have shown such phase leads. In this latter st

Silf:dn

membrane current has been observed in many neurons tfer time of the instantaneous firing rate was the midpoj&
current levels that clearly increase the total membrane condbetween impulses, which might exaggerate the phase advjug
tance, which in turn leads to membrane potential responses tfs&e preceding discussion of simple oscillator models usedi$n
decrease nonlinearly with depolarization. Thus the relationsidp Lac and Lisberger 1995a). Nevertheless, it would appEgr
between spike firing rate and membrane potential cannot that the MVNn will increase the phase lead up to the resonpat
linear over wide ranges of membrane potential, which woufteak, and this effect is more pronounced in type B versus é:
suggest that the calibration between spike discharge modulaurons. =
tion and membrane potential could be potential dependentDespite the limitations in the phase functions, a relative If@
Nevertheless linear approximations are probably valid for tlsgmple linear model quantitatively describes the effect |08
limited changes in the membrane potential that were useddnanges in the resting membrane potential on the spike fi{g-
these experiments. Although spike train encoding is likely wharge modulation, which generally is greater in type B cofre
be nonlinear for large stimulus inputs, it seems likely that sonpared with A neurons. It would appear that the potent$
vestibular neurons operate in a stimulus range (Figs. 6—8) tdapendence of the voltage-dependent conductances is such th
allows modulated linear responses. Nevertheless it shouldthey are more activated at resting levels in B neurons than in&
pointed out that the slice preparation has significantly lesgurons. Both types of neurons show an enhancement of f&s

synaptic input than present in intact systems, where badwrant behavior during a maintained depolarization, which pfo~
ground activity may depolarize neurons to membrane poterides a method to enhance the high-frequency responses of ¥
tials that could lead to more nonlinear behavior. overall network behavior. This range of dynamic filterin

The model fits of Fig. 9 show that the amplitude but not thgroperties could compensate in part for the apparent input
higher frequency phase response can be reasonably well digergence of regular and irregular afferents to different s¢c-
scribed by the linear response. The low-frequency phase omd-order vestibular neurons (Chen-Huang et al. 1997; Gqld-
sponses do indicate a phase lead that crosses zero and becteres 1991, 2000; Goldberg et al. 1984, 1987) since the piin-
negative (phase lag) as the frequency increases. After the zeigal determinant of the high-frequency responses would thus
crossing, there is serious deviation from the model behavioe the MVNns that would be capable of responding to bath
(Fig. 9, E andF). The most likely reason for the phase distypes of afferents. Type B neurons could enhance the flat
crepancy is insufficient and variable sampling intervals inheresponse of regular afferents at high frequencies while typg A
ent in the instantaneous firing rate measurement. The standagliis could receive additional input from the more sensitiye
procedure of taking the second action potential as the pointiiregular inputs allowing more accurate control signals at Igw
time for instantaneous firing rates causes a delay bias tfraguencies than would be provided from just their regular
progressively increases with frequency. This effect is signifiaputs.
cant because the conversion of a digital rate process to amn addition to the increase in the linear response as the
unequally sampled analog response (IF) assumes that the tfreguency is increased, larger stimuli clearly evoke additional
of sampling is at the end of the interval, which clearly gives amnlinear behavior that is different in type B versus A neurofs.
extra phase lag. For similar reasons, if the first action potentiethe responses to current ramps illustrated in Figs. 7 angl 8
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show that the instantaneous firing rate responses are incregseg END I X

over their Ilngar responses by steep ramps in type B Cellk?euronal model

Similar behavior has been observed in some cortical neurons

(Stafstrom et al. 1984), which also show a wide range ofNeuronal models with active conductances can be extremely ¢
behaviors for different neuronal populations. Although thelex due to the number of different ionic conductances needed and

overshooting response is clearly nonlinear behavior for type™dture of their distribution throughout a dendritic structure. The p{ir-

neurons in the medial vestibular nucleus, it is analogous to tﬂ%se of the limited modeling done in this paper is to determing
ubthreshold membrane potential changes estimated from moduld

gnhanged response seen with linear sinusoidal anaIySIS: Igﬁhe firing frequency can be interpreted with a minimal neuror
interesting that the type A neurons appear to have nearly lin@g§gel having only potassium conductances. This model can qug
behavior for ramp stimuli that evoke large displacements in tigively describe the spike discharge modulation evoked by sn
membrane potential. Nevertheless large sinusoidal curresignal sinusoidal current inputs to determine if such linear membr
were shown to evoke nonlinear responses in type A neurdngdels would be sufficient to explain the gain enhancement at
(see Fig. 6). These results suggest that both type A andcigasing frequencies observed in vestibular neurons. Our ana

- - - . - shows that the resonance due to the interaction of the passive nj
neurons remain linear for instantaneous firing rate informati Eane properties and a single potassium conductance can increas

over a limited range of input stimuli; however, type B cellsyjitide of the spike discharge modulation as the frequency
show an enhanced response at high frequencies for both lin@gfeased if it is assumed that there is an essentially linear relation
and nonlinear stimuli. If the VOR dynamics have both lineasetween the membrane potential change and modulation of disch
and nonlinear components (Minor et al. 1999), these resulé¢e at all stimulating frequencies.

would suggest that there could be a greater participation of typeSince linearized neuronal models have been presented previg
B versus A cells in the latter. Saint-Mleux and Moore 2000a,b), only a brief description will 4

. . . . iven here. The basic passive structure is illustrated in Fi).
The membrane properties (Darlington et al. 1995; Dutia a owing a soma and ong equivalent dendritic cylinder. One Elr t
Johnston 1998; Gallagher et al. 1985; Johnston et al. 1994) i&tormly distributed potassium ionic conductances were used,
may give rise to the different network functions have yet to kfiese were described by a simplified Hodgkin-Huxley set of equati
quantitatively determined. Developmental studies suggest tidurphey et al. 1995). A Rall analytical model of single neurons w
tonic firing behavior occurs principally in mature animals andsed to describe cable properties (Rall 1960). Parameter values
is dependent on the potassium delayed rectifier (Desmadryhetive and passive parameters were estimated with the linear an
al. 1986, 1997; Gamkrelidze et al. 1998; Peusner and Giauif@ form of the complete model (Moore et al. 1999) having one or t
1998; Peusner et al. 1997), which is consistent with our findifgtassium conductances, given by the following
that the potassium conductances may be different between type . B .
A and B neurons. Other experiments on the motoneurons fo%piﬂ‘a(v’f) = 12l G+ 20 (V) + (V ~ V(A VL + 2o}
in the vestibuloocular system show a variety of firing propetvhereY,,,.is the admittance of the somatic compartmgnt,\/—1,
ties (Gueritaud 1988) and passive electrotonic structures that,.is the somatic capacitanag,,,.is the passive leakage condug
are not correlated with morphological features (Durand 198%ance of the somag,, is a generic voltage-dependent ionic condu
Finally, there is ample evidence from action potential behavit#nce with a reversal potential gf, and whose kinetics is governed b
that vestibular neurons have a wide range of voltage-depend@tunitiess variables, which has a steady-state valuexof Thus at
conductances (de Waele et al. 1993; du Lac and Lisberd&f half-activation voltagey,, x.. = 1/2, s, is the slope o versus

A . . tage,r, is the normalized slope of the time constant, versus
1995b; Llinas 1988; Serafin et al. 1990) that are capable tage, and, is the time constantr,. In this paperg, represents

gen.erat.i_ng in rea!istic neuronallquels most of the observggiassium conductances gor g,,) where the variablex, is n or q
excitability behavior. The quantitative approach developed {joore et al. 1999: Murphey et al. 1995) ahds the frequency in
this paper provides one way to assess the more general sy .

behavior (Anastasio 1998; Robinson 1981), which could beFinally,

extended to include more components in the VOR or other

vestibular-related reflex pathways. Y: = Yeoma® A*Gsomd V (YeomdGeomd/L) tanh(L(V (YeomdGeomd) (A1)

In summary, the purpose of comparing model predictionﬁ1 : .
: o : ; ere, is the total admittanced(/6V = 1/Z ., of the neuron
with the experimental impedance function was to test t. easured from the somA|s the ratio of the total area of the dendriti

hypothesis fthat the linear behavior of a Ue“m”a' model wi mpartments to the soma, ahds the electrotonic length (Moore et
only potassium conductances can describe the frequency go19g9g).
main data obtained using spike discharge modulation. Neuro-

nal models with more active ionic conductances could also b Ris is R h Assistant of the Belian National Fund for Scient
investigated and eventually used to generate action potenfigloop o oo O e Eelgian Rational Fune for Selent
responses. Our initial analysis has been restricted to show thahis research was supported by CNRS (France) and by grants from
this approach can be used in the presence of spontanebelgian National Fund for Scientific Research, the Belgian Fund for Scient
activity over a limited range of mean membrane potentials tHﬂtﬁdica_l ReStealfDCT' fhef (g\;ltfaecf;iﬂis:r%et:‘aniﬁg fge?ﬂfsricgia?eesgﬁﬁzy ,\é/ll?n(
typically occur in .Sltu' Finally, it was found that the. Imea'igrfasng‘flxgéi)llze;e?; (())ffice for Scienti%ic, Technicalgand Cultural Affairs.
responses of vestibular neurons are capable of showing a gain

increase with frequency, which is more pronounced in pre-

sumed phasic neurons (type B) compared with tonic cells (typEFERENCES

A). Physiologically th_ese !l_near respons_es are likely to %\IASTASIO TJ. Analysis and neural network modeling of the nonlinear corf
enhanced by the nonlinearities observed in both type A and Bates of habituation in the vestibulo-ocular reflekComput Neuroscs:
neurons. 171-190, 1998.
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