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Low-Frequency Stimulation Cancels the High-Frequency-Induced 
Long-Lasting Effects in the Rat Medial Vestibular Nuclei 
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In rat brainstem slices, we investigated the effects of low- 
frequency stimulation (LFS) of the primary vestibular afferents 
on the amplitude of the field potentials evoked in the medial 
vestibular nuclei (MVN). LFS induced long-term effects, the sign 
of which depended on whether the vestibular neurons were 
previously conditioned by I-IFS. In unconditioned slices, LFS 
evoked modifications of the responses that were similar to 
those observed after HFS but had a smaller extension. In fact, 
LFS caused long-lasting potentiation of the Nl wave in the 
MVN ventral portion (VP) and long-lasting depression of the N2 
wave in the MVN dorsal portion (Dp), whereas it provoked small 
and variable effects on the Nl wave. By contrast, when the 
synaptic transmission was already conditioned, LFS influenced 
the synaptic responses oppositely, reducing or annulling the 

HFS long-term effects. This phenomenon was specifically in- 
duced by LFS, because HFS was not able to cause it. The 
involvement of NMDA receptors in mediating the LFS long-term 
effects was supported by the fact that AP-5 prevented their 
induction. In addition, the annulment of I-IFS long-term effects 
by LFS was also demonstrated by the shift in the latency of the 
evoked unitary potentials after LFS. In conclusion, we suggest 
that the reduction of the previously induced conditioning could 
represent a cancellation mechanism, useful to quickly adapt the 
vestibular system to continuous different needs and to avoid 
saturation. 
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Qur recent experiments on rat brainstem slices provide evidence 
for the existence of long-term synaptic modifications in the medial 
vestibular nuclei (MVN) after high-frequency stimulation (HFS) 
of the primary vestibular afferents (Capocchi et al., 1992; Grassi et 
al., 1995). HFS induces a long-lasting increase in the monosynap- 
tic (Nl) component of the field potentials elicited in the ventral 
portion (VP) of the MVN and long-lasting decrease of the 
polysynaptic (N2) component of the potentials in the dorsal 
portion (Dp) of the same nuclei, whereas it provoked small and 
variable effects on the Nl wave. The HFS effects are mediated by 
the activation of the glutamate NMDA receptors (Capocchi et al., 
1992; Grassi et al., 1995), which have been demonstrated to 
contribute to afferent synaptic transmission in the MVN (Kinney 
et al., 2994; Takahashi et al., 1994) and to excitatory transmission 
within the nuclear intrinsic circuitry (Kinney et al., 1994). 

This mechanism could be the basis of the long-term adaptive 
changes that take place in the vestibular nuclei responsible for 
many vestibular plasticity phenomena, such as the vestibular reflex 
adaptation (Broussard et al., 1992; Khater et al., 1993, du Lac et 
al., 1995) and rebalancing after hemilabyrinthectomy (de Waele et 
al., 1990; Darlington et al,, 1992; Smith et al., 1992). In fact, 
behavioral studies have shown that NMDA receptors are involved 
in the induction and maintenance of vestibular compensation (de 
Waele et al., 1990; Sansom et al., 1990; Darlington et al., 1992; 
Pettorossi et al., 1992; Smith and Darlington, 1992; Smith et al., 
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1992; Darlington et al., 1995) and in the development of negative 
optokinetic afternystagmus (Pettorossi et al., 1994). 

The long-term effect provoked by HFS in MVN could not be 
the only synaptic modification that the system can express. In fact, 
one could hypothesize that long-term effects with different char- 
acteristics and/or opposite sign can be induced by changing the 
pattern of stimulation. This hypothesis has been prompted be- 
cause of growing evidence that in other brain structures, different 
long-term effects can be provoked by varying the stimulus fre- 
quency. In fact, in the hippocampus and neocortex, wherein HFS 
induces LTP, low-frequency stimulation (LFS) evokes long-term 
depression (LTD), consisting in a long-lasting reduction of syn- 
aptic efficacy (Dunwiddie and Lynch, 1978; Dudek and Bear, 
1992; Mulkey and Malenka, 1992; Artola and Singer, 1993; Kirk- 
wood et al., 1993; Christie et al., 1994; Kirkwood and Bear, 1994; 
Linden, 1994; Linden and Connor, 1995). Furthermore, it has 
been reported that in the hippocampus, LFS can also counteract 
the long-lasting HFS synaptic facilitation, depotentiating LTP 
(Barrionuevo et al., 1980; Staubli and Lynch, 1990; Fujii et al., 
1991; Dudek and Bear, 1993; Larson et al., 1993; Wexler and 
Stanton, 1993; Bashir and Collingridge, 1994; O’Dell and Kandel, 
1994). 

On the basis of these results, we became interested in extending 
the study about the synaptic plasticity of the MVN, by analyzing 
the long-term effects of a low-frequency pattern of stimulation. In 
particular, the present work was aimed at investigating whether 
LFS could evoke long-term modifications in the Vp and Dp of 
MVN and whether LFS could affect the previously conditioned 
responses, by delivering LFS before and after HFS. 

MATERIALS AND METHODS 
Slice preparation. The experiments were performed on brainstem slices 
obtained from 30 Wistar rats (150-250 gm). The method*.for preparing 
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Figure 1. Recording sites in the dorsal (solid dots) and ventral (open dots) 
portion of the MVN and central and peripheral stimulating zones (black 
areas) are plotted on the diagrams of OS mm spaced brainstem slices. On 
the righr, the typical vestibular field potentials recorded in the Dp and Vp 
of MVN in normal and Ca2+ -free solution are shown. At the bottom, 
single-pulse response is superimposed to a 3 msec paired-pulse stimula- 
tion to show how Nl and N2 peak negative voltages were calculated with 
respect to the baseline (vertical lines). D, Descending vestibular nucleus; 
M, medial vestibular nucleus; Md, Dp of the medial vestibular nucleus; Mv, 
Vp of the mediai vestibular nucleus; L, lateral vestibular nucleus; S, 
superior vestibular nucleus. 

and maintaining the slices has been reported previously (Capocchi et al., 
1992; Grassi et al., 1995). Briefly, transverse 400 pm thick slices, contain- 
ing the middle-rostra1 part of MVN, were incubated at 30-31°C in 
oxygenated artificial CSF (ACSF) and after 1 hr transferred to an 
interface-type recording chamber in which they were perfused at a rate of 
l-2 ml/min. In some experiments, 500~pm-thick slices were used. 

E&rophysiological techniques. Ninety-five slices were used. The field 
potentials, elicited by vestibular afferent stimulation, were recorded in the 
Dp or Vp of MVN, by means of glass micropipettes filled with 2 M sodium 
chloride (resistance 3-10 MR). Stimulation of the ipsilateral vestibular 
afferents was performed with a bipolar NiCr-insulated electrode. In most 
of the experiments, a stimulating electrode was placed at the point where 
the vestibular afferents enter the MVN, which is in a narrow zone at the 
medial border of the superior or lateral vestibular nucleus (Fig. 1). The 
distance between stimulating and recording electrodes was -1 mm. 
Stimulus test parameters were 40-100 PA intensity, 0.07 msec duration, 
and 0.06 Hz frequency. In this condition, the field potentials were always 
evoked. Moreover, to avoid possible activation of fibers mediating inter- 
nuclear interactions, in some experiments stimulating electrode was 
placed more laterally in the course of the vestibular root before entering 
the vestibular nuclear complex (Fig. 1). Because of the stimulating 
distance, the thickness of the slices was increased to 500 pm. In this 
condition, field potentials were evokable, but the eliciting probability was 
very low, so that suitable data were collected only from 10 slices. In 
addition, in some experiments we extracellularly recorded the unitary 
potentials elicited in the Vp or Dp by the vestibular afferent stimulation. 
The recorded potentials were amplified, filtered with a wide band filter, 
and stored in a computer (386) equipped with a data acquisition card 
(AT-MI@lGE-2, National Instruments, Austin, TX). 

Field potential characteristics. In the Dp, the recorded field potentials 
consisted of three waves: a positive wave (P) at a latency of 0.2 2 0.08 
msec (n = 25), the first negative wave (Nl) at a latency of 0.62 ? 0.28 
msec (n = 25), and the second negative one (N2) at 1.51 2 0.53 msec (n 
= 25) (Fig. l), In the Vp, the recorded field potentials were characterized 
by P and Nl waves, whereas the N2 component was not clearly detectable 
(Fig+ 1). According to Shimazu and Precht (1965), the P wave represents 
the primary vestibular fiber activation, whereas the Nl and N2 the 
monosynaptic and polysynaptic activation of the secondary vestibular 
neurons, respectively. At the beginning of each experiment, the postsyn- 
aptic nature of the Nl and N2 waves was verified by paired-pulse test. 
Intervals shorter than 4 msec always caused the Nl and N2 waves to 
disappear leaving the P wave unaffected (Fig. 1). In some experiments, 
the synaptic nature of the waves was further investigated by replacing the 
standard medium with a Ca2+-free solution, in which Ca2+ was elimi- 
nated and Mg2+ was elevated to 6.3 mM. In this condition, the Nl and N2 
waves disappeared (Fig. 1). 

Condition&g stimulations. We used HFS (4 bursts at 100 Hz applied 
with alternated polarity for 2 set with a 5 set interval) and LF (a single 
low-frequency at 1, 2, and 5 Hz applied for 1 min with polarity that was 
alternated every 10 set). LFS was applied by using a sequence of increas- 
ing frequencies from 1 to 5 Hz to study the effect of LFS before HFS and 
of decreasing frequencies (from 5 Hz to 1 Hz) for that of LFS after HFS. 

Dogs. In some experiments, the NMDA receptor antagonist DL-AP-5 
(Sigma, St. Louis, MO) was used; 100 PM AP-5 was freshly prepared in 
the ACSF and perfused through the recording chamber for -20 min. 

Data collectiort. The effects of conditioning stimulations were evaluated 
by measuring the amplitude of the Nl and N2 waves. We calculated the 
wave amplitude as the difference between the wave peak negative voltage 
and a baseline influenced by the electrical stimulus decay (Fig. 1). To 
quantify this voltage decay, responses to 3 msec interval paired-pulse test 
were recorded before and after each conditioning stimulation. In fact, the 
second response of the paired-pulse stimulation only represented the 
combination of electrical stimulus and P wave. To show the time course 
of the effects, the wave amplitudes were measured every 15 set and 
expressed as a percentage of the baseline (the mean of the responses 
recorded within the first 5 min of each experiment). To compare the 
effects in different experiments, we calculated the means and SD of the 
percent values within a 5 min interval before any treatment (control) and 
at the poststimulus steady state (post-treatment). In each experiment, the 
differences between pre- and poststimulus values were statistically ana- 
lyzed using unpaired f  tests and statistical significance was established at 
P < 0.05. 

The modifications induced by HFS and LFS on the unitary activity 
were evaluated by measuring the latency of the peak of the potential from 
the shock artifact. To compare the effect in different experiments, we 
averaged the latency values within a 5 min interval before and after HFS 
or LFS. 

At the end of each experiment, the recording and stimulating sites were 
marked by delivering DC current of 50-100 PA for lo-20 set and 
subsequently verified by histological analysis, 

RESULTS 

Effect of LFS before HFS on the vestibular field 
potentials in the Vp of MVN 
In the Vp of MVN, LFS (at l-5 Hz) delivered before HFS 
induced potentiation of the Nl wave lasting more than 40 min in 
5 of 10 field potentials (Fig. U,B). In two cases, the Nl amplitude 
was enhanced by stimulating at 1, 2, and 5 Hz, whereas in the 
other three cases only at 2 and 5 Hz (Fig. 2B). No effect was 
observed in the remaining cases. The LFS-induced enhancement 
of the Nl amplitude depended on stimulus frequency. In fact, the 
Nl wave increased to 103.76 2 5.26% at 1 Hz (n = 2), 126.33 2 
5.60% at 2 Hz (n = 5), and 125.06 5 11.59% at 5 Hz (n = 5) (Fig. 
2B). Aftenvard, HFS caused a further increase in the Nl wave to 
135.64 k 9.04% in five cases and induced potentiation in the other 
two cases unaffected by LFS (Fig. 24,B). 

Effect of LFS after HFS on the vestibular field 
potentials in the Vp of MVN 
In 7 of 10 slices, HFS induced potentiation of the Nl wave to 
146.82 5 9.24% (Fig. 2C.D). In these slices, we tested the effect of 
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Figure 2. Effect of LFS applied before (A, B) and after (C, D) HFS on the Nl wave of the field potentials recorded in the Vp of MVNA, C, Time course 
of the effects in a single experiment. In this and in the following figures, the wave amplitude was measured every 15 set, expressed as a percentage of the 
baseline and plotted as a function of time. The urrows indicate the LFS and HFS delivery time, B, D, Effects in 7 of 10 experiments. The points represent 
the mean amplitude 2 SD of the wave evaluated in each experiment within 5 min intervals, expressed as a percentage of the baseline. Dashed lines indicate 
the cases in which LFS had no effect. The LFS and HFS unaffected cases are not shown. 

LFS delivered after having potentiated the Nl wave. In six of 
seven potentiated slices, LFS caused a reduction of the Nl wave 
to 104.66 t 4.58%, lasting >4O min (Fig. 2C,D), In four cases, this 
effect was produced by 5 Hz, and in the other two experiments it 
followed 1 Hz. The lowering of the potentiated responses was a 
specific effect of LFS, because it was never caused by E-IFS. HFS 
applied again during the HFS-induced potentiation caused no 
effect. In fact, it was not able to reverse the previous potentiation 
but not even to increase it. On the other hand, HFS delivered 
after having reduced the Nl potentiation by LFS enhanced the Nl 
wave again to 136.75 -4 8.4% in four of six cases (Fig. ZC,D). 

To provide direct evidence for the dependence of the LFS effect 
on the delivery time relative to the E-IFS, LFS was applied before 
and after I-IFS on the same field potentials. In two of three cases, 
LFS (5 Hz) enhanced the Nl wave to 121.60 2 5.07% when 
delivered before HFS and reduced it to 103.43 k 3.91% when 
applied after HFS (Fig. 3A). 

This stimulation sequence was also used in the cases in which 
more lateral stimulations were performed. The results were sim- 
ilar to those obtained by the more central stimulations. In fact, in 
three cases, LFS at 5 I-Iz increased the Nl wave to 119.35 5 4.75% 
when applied before HFS. In addition, LFS applied after having 

potentiated the Nl wave to 138.89 t 6.25% by HFS caused Nl 
reduction to 103.46 2 3.6%. 

Role of NMDA receptors in the induction of LFS 
effects in the Vp of MVN 
The involvement of NMDA receptors in inducing the LFS effects 
was tested by using AP-5. Under AP-5, LFS delivered both before 
(three slices) and after HFS (three slices) was ineffective (Fig. 
44,B), The LFS efIects could only be induced after drug wash-out 
(Fig. 4A,B). 

Effect of LFS after HFS on unitary activity in the Vp 
of MVN 
In seven slices, we examined the effect of HFS and LFS on the 
unitary activity elicited in the Vp by vestibular afferent stimula- 
tion. The evoked unitary potentials showed a latency ranging from 
1.14 to 2.56 msec. The unitary evoked activity was ascertained by 
comparing the morphology of the evoked potentials with that of 
spontaneous discharging potentials. In addition, the evoked po- 
tentials showed an all-or-nothing response. The latency of five of 
seven units significantly decreased by approximately 0.10 t 0.05 
msec after I-IFS. Afterwards, in these units, stimulation at 1-5 Hz 
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Figure 3. Effects of LFS applied before and after HFS in the same experiment. A, LFS effects on the Nl wave recorded in Vp and on the N2 wave 
recorded in Dp (B). The arrows indicate the LFS and HFS delivery time. All else is as in the legend of Figure 2, A and C. 

provoked a significant latency increase of approximately 0.12 t 
0.08 msec (Fig. 5). 

Effect of LFS before HFS on the vestibular field 
potentials in the Dp of MVN 
LFS caused depression of the N2 component, lasting >40 min in 
13 of 18 field potentials recorded in the Dp of MVN (Fig. 6AJ). 
In 10 cases, the N2 wave was depressed by all LFS (l-5 Hz) tested, 
whereas in the other 3 cases only by 2 Hz and 5 Hz (Fig- 6B). The 
N2 amplitude was progressively decreased with increasing stimu- 
lus frequency to reach 90.35 t 6.7% at 1 Hz (n = lo), 84.46 ? 
5.8% at 2 Hz (n = 13), and 77.86 ? 8.5% at 5 Hz (n = 13) (Fig. 
6B). HFS applied after the LFS sequence provoked a further 
decrease in the N2 amplitude of the already depressed responses 
to 68.39 t 6.3% and induced the depression in the unaffected 
potential (Fig. 6A,B). 

In all of the cases in which N2 were affected by LFS and HFS, 
the Nl wave showed slight and variable modifications, consisting 
in either no change (2 cases), or in LTD (7 cases) or LTP (3 
cases), with maximal amplitude variations no >7.5% of the 
controls. 

Effect of LFS after HFS on the vestibular field 
potentials in the Dp of MVN 
HFS induced a depression of the field potentials recorded in the 
Dp, consisting in a reduction of the N2 wave to 68.83 2 3.84% in 
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10 of 15 slices (Fig. 6C,D). The Nl wave was slightly depressed (6 
cases), slightly potentiated (2 cases), and unaffected (2 cases) after 
HFS. LFS applied after HFS restored the N2 and Nl amplitude to 
the control value (99.26 ? 3.66 and 101.23 -+ 2.35%) in 7 of 10 
slices (Fig. 6C,D). This effect lasted >40 min. It was mostly 
obtained by using 1 Hz stimulation, and it could never be achieved 
by HFS. In all the examined cases, HFS delivered during the LFS 
effect again provoked depression of the N2 wave to 74.53 ? 3.79% 
(Fig- 6C,D) and slight and variable modifications in the Nl one. 

In addition, we tested the LFS effect before and after HFS on 
the same field potentials. In three of four cases, LFS before HFS 
depressed the N2 wave to 78.52 -I- 2.75% (Fig* 3B), and after HFS 
enhanced the depressed N2 wave from 69.78 2 4 to 100 5 3.86% 
(Fig. 3B). In these cases, the Nl wave was slightly depressed by 
LFS before HFS, and reached the control value by LFS applied 
after HFS. 

The same trial was used in the more lateral stimulation cases. 
Four potentials were affected by LFS delivered before and after 
HFS. In fact, LFS (5 Hz) before HFS induced depression of 
the N2 wave to 75.54 IT 3.28%, and after HFS, which depressed 
the N2 wave to 62.35 2 4.34%, increased it to 99.89 t 2.56%. 
In all of these cases, the Nl wave was also slightly depressed 
by LFS before HFS and restored to the control value by LFS 
after HFS. 
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Figure 4. Effect of AP-5 on the induction of LFS-dependent Nl long-term modifications before (A) and after (B) HFS. The arrows indicate the LFS and 
HFS delivery time, and the horizontal bars represent the AP-5 application time. All else is as in the caption of Figure 2, A and C. 
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Role of NMDA receptors in the induction of LFS 
effects in the Dp of MVN 
In the presence of AP-5, LFS when delivered before HFS (three 
cases) as well as after HFS (three cases) failed to induce any effect 
(Fig. 7A,B). By contrast, the LFS long-lasting phenomena were 
observed after drug wash-out (Fig. 7A,B). 

Effect of LFS after HFS on the unitary activity in the Dp 
of MVN 
In the Dp, we recorded six unitary potentials evoked by vestibular 
afferent stimulation, showing latency ranging from 1.12 to 2.95 
msec. In four units, HFS induced a significant increase in the 
latency of 0.25 2 0.17 msec. In these units, LFS significantly 
reduced the latency to reach pre-HFS values (Fig. S), 

DISCLSSION 
In the present study, we have shown that LFS of the primary 
vestibular afferents can induce long-term synaptic modifications in 
the MVN. However, the sign of these effects depended on 
whether a previous HFS conditioning was present or not when 
LFS was delivered. Before HFS, LFS evoked modifications of the 
responses that were similar to those obtained after HFS but had 
a smaller extension. LFS enhanced the Nl wave in the Vp and 
decreased the N2 potentials in the Dp of MVN, whereas it 
provoked small and variable effects on the dorsal Nl wave. These 
changes lasted for >40 min and depended on the activation of the 
NMDA receptors, because they were abolished by the NMDA 
receptor antagonist AP-5. 

By contrast, LFS delivered when the HFS long-term effects 
were induced, influenced the field potentials oppositely. In fact, 
LFS reduced or canceled the Nl wave potentiation in the Vp and 

Figure 5. Typical effects of HFS and 
LFS on the peak latency of evoked uni- 
tary potentials in the Vp of MVN. The 
top five superimposed traces show the 
potentials recorded before HFS (CON- 
TROL). In the following traces, the po- 
tentials were recorded 5 min after HFS 
(HFS) and 5 min after LFS delivered 

0.5 mV after HFS (LFS). The dotted lines indi- 
cate the shift of the latency (mean val- 
ues) of the early potential. A similar 
trend in the latency shift is shown by the 
Iate potential. Amplitude and time cali- 
bration apply for all recordings. 

the N2 depression, as well as the Nl changes in the Dp of MVN. 
These effects were also long-lasting, because they remained stable 
for ~40 min. In addition, their induction required the NMDA 
receptor activation. The possibility to reduce or cancel previously 
induced synaptic modifications was an exclusive effect of LFS, 
because HFS was never effective in producing it. 

Most of these results were obtained by stimulating at the border 
of the MVN, but similar effects were also seen using more lateral 
stimulation, at the point where the primary afferents enter the 
vestibular nuclear complex. These latter findings lead us to con- 
clude that activation of internuclear fibers, which could occur with 
the central stimulation, is not necessary for inducing the HFS and 
LFS effects, as the only primary vestibular afferent activation can 
be sufficient to cause them. 

Because the field potential waves are the expression of the 
activation of several neurons, we provided more direct evidence 
for the LFS capability to reverse the HFS effects, by studying 
single evoked units. Considering that the potentiation should be 
reflected in a decrease and the depression in an increase of the 
spike latency, our data from a single unit study fully confirm those 
obtained from the evoked field potential analysis. In fact, both in 
the Vp and Dp of MVN, LFS given after HFS annulled the 
latency shift previously provoked by HFS. 

As far as the Vp of MVN is concerned, our results indicate that 
LFS does not induce a persistent synaptic depression (LTD) in 
unconditioned synapses, but it can cause LTD when LTP is 
present. The net result of this LTD is the annulment of LTP. Such 
a form of LTD has been described in the hippocampus (Barrio- 
nuevo et al., 1980; Staubli and Lynch, 1990; Fujii et al., 1991, 
Dudek and Bear, 1993; Larson et al., 1993; Wexler and Stanton, 



3378 J. Neurosci., May 15, 1996, %(I 0):3373-3380 Grassi et al. l LFS Induced Long-Term Effects in the MVN 

B 

qll0 

YOO 
zi 
2 90 
E 
E 8o 
(u" 70 
7 

60 

poo- 

- go- 
% 
3 80- 
E 
E 7u- 
m 

s! 
60 

- 50 control IHz 2Hz 5Hz 100 
40 

0 20 40 60 80 100 120 

Time (min) 

130, C 

qoo- 
0 

- +i go- 

3 80- 
"n. E 70- 
m 
2 60- 

50 - control HFS LFS HFS 
1 40 -’ 501 r I  ’ I  ’ I  ’ I  7 I  ’ I  ’ 

0 20 40 60 80 100 120 

Time(min) 

@be 6. Effect of LFS applied before (A, B) and after (C, D) HFS on the N2 wave of the fieId potentials recorded in the Dp of MVN.A, C, Time course 
of the effects in a single experiment. The amws indicate the LFS and HFS delivery time. All else is as in the caption of Figure 2, A and C, Right, Effects 
in 14 (B) and 20 (D) experiments. All else is as in the caption of Figure 2,B and D. 

1993; Bashir and Collingridge, 1994; O’Dell and Kandel., 1994), 
and the authors adopted the term “depotentiation” to distinguish 
it from the LTD in unconditioned synapses, although the same 
intracellular mechanisms to reduce synaptic effectiveness have 
been suggested. It has been demonstrated that depotentiation is 
not attributabIe to a masking of LTP by LTD, but to a real 
cancellation of LTP (Mulkey and Malenka, 1992; Dudek and 
Bear, 1993; Christie et al., 1994). In our experiments, we have not 

a definitive evidence to ascribe depotentiation to either mecha- 
nism. However, the cancellation seems to be the more likely 
mechanism, because HFS delivered after depotentiation can in- 
duce LTP again. 

Regarding the Dp of MVN, we believe that the effects induced 
by HFS and LFS, even if opposite to those observed in Vp, are 
based on the same mechanisms. In fact, the results obtained by 
using GABA, and GABA, receptor antagonists (Grassi et al., 
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Figure 7. Effect of AP-5 on the induction of LFS-dependent N2 long-term modifications before (A) and after (B) HFS. The arrows indicate the LFS and 
I-IFS delivery time, and the horizontal bars represent the AP-5 application time. AI1 else is as in the caption of Figure 2, A and C. 
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1995) showed that the long-lasting depression of vestibular re- 
sponses in Dp is attributable to an enhancement of the GABA- 
inhibitory effect, caused by an HFS-dependent LTP on inhibitory 
GABAergic interneurons. Such an increase in GABAergic inter- 
neuron activity, reducing the excitability of this portion of MVN, 
causes a long-lasting depression of the polysynaptic responses. 
Thus, the disappearance of depression after LFS would be the 
result of LTP cancellation, restoring the normal amplitude of the 
responses. Concerning the Nl wave, the fact that it can be poten- 
tiated, depressed, or unchanged after HFS seems to be dependent 
on the extension of the inhibitory network impinging on the 
monosynapticahy activated neurons (Grassi et al., 1995). How- 
ever, independently of the sign, LFS constantly abolished the HFS 
effects on the Nl wave. Therefore, it seems that there is no 
difference between the Vp and Dp of MVN about the mechanisms 
underlying long-term synaptic modifications. 

On the basis of our results, it seems that changes in the 
long-lasting effects can only result using different frequencies 
of stimulation. In particular, we can increase the extension of 
the previous induced long-term effect by increasing the fre- 
quency, but we can reduce or cancel it only by decreasing the 
stimulus frequency. Therefore, the effective frequencies for 
LTP induction are not necessarily high frequencies, but prob- 
ably any frequency higher than the stimulus test, whereas the 
effective frequencies to counteract the induced potentiation 
should be the lower ones. 

The mechanism that has been prompted to explain the opposite 
effects induced by HFS and LFS in other structures is based on the 
change of dynamic concentration of intracellular Ca2+ after dif- 
ferent frequency stimulations and on the different threshold for 
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activating Ca*’ -dependent events leading to LTP and LTD 
(Mulkey and Malenka, 1992; Artola and Singer, 1993; Malenka 
and Nicoll, 1993; Christie et al., 1994; Linden, 1994; O’Dell and 
Kandel, 1994; Linden and Connor, 1995). However, a new aspect 
emerging from our work is that LFS can produce LTP instead of 
LTD in unconditioned neurons and LTD in conditioned ones. In 
our opinion, this new evidence could be explained within the 
above-reported hypothesis, when considering the possible inter- 
action between LTP and LTD activation thresholds (Christie et 
al., 1994; Linden and Connor, 1995). Whether HFS causes an LFS 
to produce LTD through the synaptic gain modification or a 
specific synaptic molecular change as a long-lasting activation of 
metabotropic glutamatergic receptors (Wexler and Stanton, 1993; 
Bortolotto et al., 1994) is to be tested in future experiments. 

In conclusion, MVN is provided with mechanisms to enhance 
the synaptic efficacy through LTP and to quickly cancel it through 
LTD. Because, in the vestibular system, the synaptic depression 
does not seem to exist as priming mechanism, the presence of a 
cancellation phenomenon to abolish the induced synaptic modi- 
fications enhances the vestibular plastic capability and avoids its 
saturation. 
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