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VIEWPOINT

Cerebellar long-term depression might
normalize excitation of Purkinje cells:

a hypothesis

Erik De Schutter

Long-term depression (LTD) of parallel-fibre (PF) synapses on Purkinje cells is usually inter-

preted in the context of a specific theory of motor learning by the cerebellum proposed by

Marr, Albus and lto. Several arguments suggest that this theory might be false. A new hypoth-

esis about the role of cerebellar LTD proposes that, under physiological conditions, LTD is

autoinduced by PF inputs. This proposal is based on the capacity of PF inputs to trigger influx

of Ca’ into the dendrite. Long-term depression and other forms of Purkinje-cell synaptic

plasticity are part of a local negative feedback loop that prevents overstimulation of Purkinje

cells by PF inputs. This theory explains why it is difficult to induce LTD when a normal level of
inhibition is present, and why inhibitory inputs are potentiated by the same conditions that

can induce LTD of PF synapses.
Trends Neurosci, (1995) 18, 291-295

INCE HEBB PROPOSED that synaptic modifi-

cation, based on the co-occurrence of pre- and
postsynaptic activity, underlies learning’', it has been
assumed generally that synaptic plasticity plays a
fundamental role in memory. Similarly, long-term
depression (LTD) of the parallel-fibre (PF) to
Purkinje-cell (P-cell) synapse® is an essential compo-
nent of an influential theory of motor learning by
the cerebellum. This theory was first formulated
by Marr® and elaborated subsequently by Albus?
and Ito®. The differences in how each of the
Marr-Albus-Ito theories (MAIT) account for imple-
mentation of motor control by the cerebellum are
beyond the scope of this viewpoint, but all MAIT
assume that the cerebellum learns by storing mem-
ory traces at the PF synapse. The olivary nucleus

© 1995, Elsevier Science Lid 0166 - 2236/95/$09.50

would control this learning process, because the
single climbing fibre (CF) impinging on a P-cell needs
to be co-activated repeatedly with a PF synapse to
induce LTD. Before learning, many sensory inputs
that are carried by mossy fibres (MF) would be able to
activate a particular P-cell. However, if this resulted in
an error in motor performance, the CF would be acti-
vated, leading to weakening of the PF input.

These theories have always been controversial but
most of the arguments have focused either on the
existence of LTD itself®’ before it was demonstrated
convincingly in slice experiments®, or on the role of
the cerebellum in motor learning>’. There is ample
evidence that cerebellar LTD is distinct from forms of
LTD that are expressed in hippocampus and cerebral
cortex. For example, cerebellar LTD has a different
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dependence on the postsynaptic concentration of
Ca®>* (Ref. 2). Moreover, the P-cell is the only neurone
where LTD is present without long-term potentiation'’
(LTP), because adult P-cells lack NMDA receptors'"'2.
Consequently, I will assume that cerebellar LTD has
a different function to that of LTD in other brain
structures.

Several arguments suggest that MAIT are not cor-
rect. For example, it has not been possible to prove
that motor learning takes place in the cerebellar cor-
tex. It was hoped that studies of the deficits that
follow lesions might identify the synapses that are
involved in learning during the classical condition-
ing of simple motor acts but, after many vyears of
study, the results are inconclusive, and opposite
conclusions are drawn from similar experiments by
different groups""". This can be explained by the
intrinsic difficulties in distinguishing performance
deficits from learning deficits’, and by variations in
the location and extent of the lesions.

Recently, techniques to knockout genes in mice
were used to study the function of LTD. Long-term
depression is absent in mutant mice'™'? that lack a
specific metabotropic glutamate-receptor subtype®.
Such mutants can learn the classical conditioning of
the eye blink reflex as well as normal animals can
during the first three days of training but on the
fourth and fifth day, the mutant animals learn sig-
nificantly less'™. Aiba and colleagues consider this to
be a demonstration of the role of cerebellar LTD in
associative motor learning. However, it could also be
argued that LTD is not involved in associative learn-
ing, as the mutant animals learned normally during
the first three days. Moreover, as these animals also
show reduced hippocampal LTP (Ref. 21), synaptic-
plasticity deficits in another brain structure might
have been the cause of the late learning deficit. The
motor-control deficits in the mutants are similar to
the clinical symptoms of cerebellar lesions?, and are
probably caused by the absence of cerebellar LTD.
For example, the mutant mice are quite ataxic, have
impaired walking'™'?, and perform badly on tests of
balance'. However, they groom normally*' and they
can swim'’. This suggests that the motor deficits in
these animals are complex, affecting some behav-
iours more than others.

Another approach to exploring the role of cerebel-
lar LTD is to study the changes in P-cell activity dur-
ing learning. A popular model is the adaptation of
gain of the vestibulo-ocular reflex (VOR), which is
abolished by lesions of the oldest part of the cerebel-
lum, the flocculus®. [to studied this example of
motor learning extensively, and proposed the floccu-
lus hypothesis as a specitic example of MAIT (Ref.
23). Several experiments seemed to confirm this the-
ory. For example, complex-spike (CS) activity in floc-
cular P-cells represents retinal error®' and, in mon-
keys, some P-cells show changes in simple-spike (SS)
activity similar to the change in VOR gain®,
However, the SS activity in floccular P-cells can also
encode retinal error and, in other experiments, the
change in SS activity is opposite to the change in
gain®. This led Miles and Lisberger to propose that
the site of VOR learning was in the brainstem?¥’;
while Ito claimed that their experiments were flawed
because the ‘wrong’ P-cells were recorded’. Recently,
Lisberger showed that the same P-cells can change SS
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activity either in the same or in the opposite direc-
tion of the VOR gain, depending on the experimen-
tal paradigm used®. On the basis of extensive record-
ings, a new model was proposed in which learning
requires changes of inputs to both P-cells and brain-
stem neurones”. This hypothesis is quite different
from MAIT because both the synaptic strength and
the timing of the MF inputs must be changed. It is
an attractive model because it simulates neuronal
activity during both VOR learning and smooth visual
pursuit.

Studies of the CF as a possible error signal in other
parts of the cerebellum have produced conflicting
results. Several groups have reported increases in CF
firing in decerebrated animals when locomotion on
a treadmill is perturbed’??, but these CSs do not
seem to induce LTD as SS firing is increased after the
CS (Ref. 31). Similarly, P-cell responsiveness to MF
input is enhanced after spontaneous CSs (Refs 33
and 34). In awake monkeys, a transient increase in
CF firing is present during the learning of arm move-
ments, but it is not related to any subsequent change
in SS-firing rate®. In another experiment, the SS
firing seems to be the ‘error signal’, as it increases in
499% of recorded monkey P-cells during slip of a
hand-held object, while no CS activity is elicited®.

Since Marr® and Albus* published their theories,
many properties of the CF input have been discov-
ered that are not explained by MAIT. For example,
anatomical studies suggest that CF inputs are organ-
ized into six or seven distinct sagittal zones’, while
multi-unit recordings show that CF can activate sagi-
tally aligned P-cells synchronously®®. This has led
Bloedel®™ to suggest that CF inputs select functional
populations of P-cells by increasing their sensitivity
to MF inputs transiently*. The olivary nucleus has
been shown to be a coupled, slowly oscillating net-
work®. Excitatory inputs to the olivary nucleus are
gated so that the CF fires only at specific times*,
resulting in a frequency of about 1Hz in vivo™.
Llinas has proposed that the olivocerebellar circuit
serves as a clock that is essential for the proper tim-
ing of movements*'. None of these authors has
attributed any functional role to cerebellar LTD (Refs
9 and 41).

Probably the most serious problem for the MAIT is
the required relative timing of the CF and PF inputs
that is necessary to induce LTD. In all published
experiments in vivo*** and in slice®®, the CF input
is applied before or together with the PF input.
Experiments that tested the relative timing show
that maximal depression is attained if the CF input
occurs 10 ms to 100 ms before the PF (Refs 44 and
46), so that the rise in the concentration of Ca*"that
is caused by the CS (Refs 47 and 48) is maximal at
the time of activation of PFs. However, such a
sequence is opposite to what classical conditioning
and the MAIT would suggest, as the error signal that
is carried by the CF should come after the sensory
input (using activation of the PF as the conditioned
stimulus).

Finally, the central assumption of MAIT, that is,
the dependence of LTD on CF activation, must be
questioned. Experiments with slice preparations®***
and cell cultures®®' have not only confirmed the
existence of LTD but have also provided insights into
the pharmacological and biochemical properties of
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LTD (for review, see Ref. 2). Long-term depression in
P-cells can be induced by activation of AMPA and
metabotropic glutamate receptors®'*? in conjunction
with an increased dendritic concentration of Ca®
(Refs 45 and 33). According to the MAIT, release of
glutamate by the PF activates the AMPA and
metabotropic glutamate receptors, while the CF
input causes influx of Ca® through voltage-gated
dendritic Ca®* channels*’*®, However, several groups
have shown, in the slice preparation, that any mech-
anism that causes an increase in the concentration of
Ca*, such as depolarization of the P-cell, will induce
LTD of activated PF synapses***. These experiments
show that activation of CFs is not necessary for
induction of LTD in vitro, and that activation of PFs

alone might be sufficient, providing that the concen-
* tration of Ca®* is high enough at the same time.

Recently, high-resolution Ca* imaging of P-cells
in slices has demonstrated that co-activation of a
small number of PF synapses on the same dendritic
region can open Ca® channels, causing localized and
graded increases in the concentration of Ca* in
spines and spiny dendrites****. On the basis of the
existing experimental evidence®*, 1 propose that
such local increases in the concentration of Ca** are
sufficient to induce LTD of the activated PF synapses.
Parallel-fibre synapses should be able to induce their
own depression because the increase in the concen-
tration of Ca®* coincides with the activation of
AMPA and metabotropic glutamate receptors. This
assumption contradicts evidence against PF-induced
LTD from older experiments in vivo****. However,
induction of LTD is not easy to achieve in vivo, as
100 to 1000 CF-PF pairings were required to induce
LTD in P-cells**** (this number of pairings in itself is
difficult to reconcile with the MAIT). This contrasts
with more recent studies that used slice preparations
in which eight pairings were sufficient*. It seems
that the experimental paradigm in vivo is not very
sensitive, which explains why no PF-induced LTD
was recorded.

Some of the differences between the results
obtained from studies in vivo and in vitro can be
explained by the absence of inhibition in the latter,
either by pharmacological block®*’, or by cutting the
axons of inhibitory interneurones*. It is more diffi-
cult to induce cerebellar LTD if inhibition is pres-
ent®*. Some authors have proposed that this is a
result of a suppression of the plateau potential that
can follow a CS (Ref. 43), but such plateaus were
often absent in experiments where LTD induction
was achieved®. Recent Ca**-imaging experiments sug-
gest that inhibition can suppress the influx of Ca*
selectively during a CS (Ref. 56). The interference of
inhibition with the induction of LTD has been used
to explain experiments in which LTD could not be
observed when MAIT predicted that it should be
present’.

The MAIT do not explain why normal levels of
inhibition in the cerebellar cortex can prevent the
induction of LTD, while the interaction between
inhibition and LTD is an essential part of the new
hypothesis on the role of LTD that is presented here.
It has been proposed recently that inhibition in the
molecular layer has an important role in shaping the
P-cell SS-firing pattern in vivo®. P-cells are well known
for their typical burst firing in slice recordings, either

spontaneously or during injection of current®®®.
This is caused by large dendritic Ca*" spikes that are
absent in vivo. In fact, P-cells tire only simple somatic
spikes in vivo, except during the CS that is caused
only by a CF input®®'. Simulations with a large,
detailed computer model of the P-cell*® have shown
that the irregular SS-firing pattern in vivo®** implies
the absence of Ca* spikes that are large enough to
invade the smooth dendrites, and that continuous
inhibition is essential to suppress such Ca®" spikes®’.
Without inhibition, the large number of PF inputs®,
and the low activation threshold of the dendritic
P-type Ca* channels®**, will cause the P-cell model
to burst continuously. These predictions have been
confirmed with intracellular recordings from P-cells
in vivo®. Local application of the GABA-receptor
antagonist bicuculline caused P-cells to change their
somatic firing pattern from an irregular SS firing to a
regular bursting rhythm, accompanied by large den-
dritic Ca™ spikes®.

If the assumption that it is important that P-cells
maintain their typical SS-firing pattern in vivo is made,
then a proper level of inhibition is crucial. However,
the inhibitory circuitry onto P-cells is feedforward
only and, therefore, is maladapted to regulate the
level of inhibition. The inhibitory basket cells and
stellate cells are excited only by PF axons and, except
for the sparse Purkinje-axon collaterals®, there are no
feedback connections between P-cells and the rest of
the cerebellar cortex. The feedforward excitation and
inhibition in the molecular layer of the cerebellum is
in contrast with allo- and neocortex, where pyramidal
cells receive massive feedback excitation and inhibi-
tion® . Instead, P-cells receive more than 150 000 exci-
tatory PF inputs®, and individual inputs are so strong
that co-activation of 50 PFs can drive the P-cell over
the firing threshold®®. Therefore, it is not difficult to
imagine conditions in which the excitatory input
onto an individual P-cell would saturate, causing it to
fire dendritic Ca®* spikes®’. It seems unlikely that no
mechanisms are present to normalize the excitation,
and prevent overstimulation by increasing the
inhibitory input, reducing the excitatory drive, or
both. One such mechanism could be a downregula-
tion of dendritic Ca?* channels® but this seems
unlikely as suppression of inhibition causes P-cells to
burst in vivo®. Also, the dendritic Ca** channels might
have other important functions that do not necessi-
tate large dendritic spikes, such as amplifying PF
inputs in vivo®.

I propose that PF-induced LTD is a mechanism
that provides the missing local negative feedback.
This hypothesis assumes that patterns of PF inputs
that overexcite part of a dendrite cause LTD of the
activated synapses. This depression involves only a
small fraction of the activated synapses, consisting of
the PF synapses on excessively depolarized regions.
In large parts of the dendrite, local inhibition is
strong enough to balance the PF input, and no plas-
ticity is induced. Consequently, it is difficult to
measure PF-induced LTD unless the response to
localized PF inputs is recorded.

The hypothesis is shown in more detail in Fig. 1.
In this example, inhibition is weak initially, and a
strong PF input causes a large depolarization of the
part of the dendrite shown (Fig. 1A). This depolariz-
ation opens voltage-gated Ca®** channels, and the
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Fig. 1. Long-term depression (LTD) and potentiation of inhibitory inputs as a local nega-
tive feedback process. A small part of a Purkinje-cell (P-cell) dendrite is shown. Parallel-fibre
(PF) synapses are represented by triangles, and inhibitory synapses are represented by circles.
Size corresponds to synaptic strength, and shaded synapses are active. (A) Before LTD. The
dendrite is being overstimulated by the co-activation of several PF inputs. This resuits in a
depolarization and influx of Ca’". Repeated increases in the concentration of Ca®" will induce
LTD of the active PF synapses, and potentiation of all inhibitory synapses, resulting in the
situation shown in B. After LTD. Now, co-activation of the same, depressed PF synapses, com-
bined with the potentiated inhibitory inputs, causes a much smaller depolarization and only a
small increase in the concentration of Ca’" that is insufficient to induce any additional
changes in synaptic strength.
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local concentration of Ca’ increases every time the
PF inputs are active. If the concentration of Ca®
crosses a certain (unknown) threshold repeatedly,
LTD of the active PF inputs is induced. This results in
a net reduction of the excitatory drive on that part of
the P-cell dendrite, keeping the concentration of Ca*
within acceptable ranges (Fig. 1B). The efficacy of the
PF depression is increased by a potentiation of the
inhibitory inputs that is also elicited by the increased
concentration of Ca™. Plasticity of the inhibitory
synapses on P-cells has been reported recently’ "
y-Aminobutyric acid receptor-mediated Cl- currents
are potentiated after short trains of activation of CFs
(Ref. 72) or after any other cause of increased den-
dritic concentrations of Ca** (Refs 71-73).

In summary, this hypothesis proposes that LTD
and plasticity of inhibitory inputs is used to balance
the respective strengths of excitatory and inhibitory
inputs on P-cells correctly. [t explains why it is more
difficult to induce LTD when normal inhibition is
present, and why inhibitory inputs undergo an
opposite form of plasticity. Moreover, it becomes evi-
dent why PF synapses do not undergo LTP when the
concentration of Ca™ increases even more, as is the
case with excitatory inputs on many other neurones'’.

The hypothesis can be taken one step further
by also attributing a role to the potentiation of
PF synapses as has been described by several
authors®****"_ Low-frequency stimulation of PFs
without activation of CFs can induce a rapidly decay-
ing potentiation of PF synapses, similar to the short-
term potentiation (STP) of excitatory synapses that is
described in the hippocampus’™. Short-term potenti-
ation of PF synapses seems to occur when no influx
of Ca* is elicited, as it is easier to induce in hyper-
polarized P-cells*. Short-term potentiation of PF
FINS Vol. 18, No
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synapses could be used by P-cells to overcome inhi-
bition that is too strong. However, it has not been
demonstrated that STP can be induced when a nor-
mal level of inhibition is present.

The extinction of LTD seems to be variable. In
most experiments, it persists for several hours? but in
some cells it recovers after 40 min®*. The longer per-
sistence of LTD compared with STP of PF synapses
suggests that preventing overstimulation is more
important in this system that has the largest conver-
gence of excitatory inputs in the mammalian
brain®®.

It is not possible to predict how often cerebellar
LTD will be induced in vivo, because the detailed
induction and extinction kinetics and the minimal
concentration of Ca? that is required for induction
of cerebellar LTD are not known?. It might be that
PF-induced LTD is a gradual process, meaning that
the change in synaptic gain is correlated with the
concentration of Ca® beyond a certain threshold,
and that extinction is relatively fast. If this is the
case, LTD could be part of a dynamic equilibrium of
synaptic strengths that adapts continuously and
slowly to changes in excitation patterns. In the
opposite case, where synapses would depress to a
low, fixed level with little extinction, PF-induced
LTD is expected to occur mainly during early life,
until inputs are normalized sufficiently. In this con-
text, it is interesting to note that investigations of
LTD are usually performed on P-cells from fetal*! or
juvenile*>* animals.

Finally, this hypothesis does not propose any
function for CF-induced LTD. On the basis of the
arguments presented earlier, it could be suggested
that CF-induced LTD does not occur under normal
conditions in vivo because too many co-activations
with the same PF inputs are required*-*. However,
at this time, not enough is known about the quanti-
tative requirements for the induction of any form of
cerebellar LTD. To further clarify this issue, and to
provide experimental proof of this hypothesis, more-
detailed studies of the induction of LTD in slice
preparations are required. The numbers of CF-PF co-
activations that are required for CF-induced LTD,
and the number of PF activations that are required
for PF-induced LTD should be measured experimen-
tally. We need to know if induction of LTD is a
threshold process and, in addition, the critical den-
dritic concentrations of Ca? should be determined.
A quantitative study of extinction of LTD, and its
relationship to the induction procedures that are
used would also be useful. However, the hypothesis
that is presented here can only be (dis)proved by
combined in vivo and in vitro experiments. A predic-
tion of this hypothesis is that LTD will be induced
more frequently if inhibition of the P-cells is sup-
pressed, and less frequently if inhibition is potenti-
ated. Syringes could be implanted to block or
increase inhibition in the cerebellum chronically at
one side, the animal could be Kkilled, and the
strengths of PF synapses from the left and right side
of the cerebellum could be compared. The strength
of single PF synapses can be measured in P-cells in
the slice preparation by stimulation of individual
granule cells®, but many measurements would be
required because of the large variability of the ampli-
tude of responses to activation of PF synapses®. A
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similar procedure could be used to explore whether
CF-induced LTD occurs in vivo. This would require
one-sided lesions of the olivary nucleus.

This hypothesis proposes that LTD is part of a
local regulatory mechanism that is required for the
normal function of P-cells. An implicit assumption is
that locally controlled changes in the gain of PF
synapses do not interfere with the function of the
cerebellar cortex. This is in contrast to the MAIT
where PF synaptic strengths encode learned infor-
mation. If motor learning is not the function of P-cells
and the cerebellum, then what could it be? Recent
experimental evidence suggests that the human cer-
ebellum might be involved in cognitive and language
functions™. Bower has suggested that the fractured
spatial’® and complex temporal” properties of the
MF inputs provide important clues to cerebellar func-
tion’®. On the basis of these results, and on my own
modelling work®’®, Bower and I have proposed that
the P-cell can operate as a filter that is responsive to
fast variations in PF input activity, while slower
changes in the frequency of PF firing are cancelled
by the feedforward inhibition™. If DP-cells indeed
operate as temporal filters, they would be much less
sensitive to the synaptic strength of PF inputs.

In conclusion, plasticity of synapses on P-cells
might not be involved in motor learning at all, but
instead might provide a local feedback mechanism
that normalizes the total excitation of the P-cell at a
level of depolarization where the simple SS rhythm is
responsive maximally to changes in PF inputs, and
where no large Ca®" spikes are generated. This feed-
back process is initiated by localized elevations of the
dendritic concentration of Ca*, which is an indi-

cator of the level of depolarization caused by the
synaptic input.
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