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Abstract Great attention has been given so far to cerebellar
control of posture and of skilled movements despite the welldemonstrated interconnections between the cerebellum and
the autonomic nervous system. Here is a review of the link
between these two structures and a report on the recently acquired evidence for its involvement in the world of emotions.
In rodents, the reversible inactivation of the vermis during the
consolidation or the reconsolidation period hampers the retention of the fear memory trace. In this region, there is a longterm potentiation of both the excitatory synapses between the
parallel fibres and the Purkinje cells and of the feed-forward
inhibition mediated by molecular layer interneurons. This
concomitant potentiation ensures the temporal fidelity of the
system. Additional contacts between mossy fibre terminals
and Golgi cells provide morphological evidence of the potentiation of another feed-forward inhibition in the granular layer.
Imaging experiments show that also in humans the cerebellum
is activated during mental recall of emotional personal episodes and during learning of a conditioned or unconditioned
association involving emotions. The vermis participates in
fear learning and memory mechanisms related to the expression of autonomic and motor responses of emotions. In
humans, the cerebellar hemispheres are also involved at a
higher emotional level. The importance of these findings is
evident when considering the cerebellar malfunctioning in
psychiatric diseases like autism and schizophrenia which are
characterized behaviourally by emotion processing
impairments.
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Background
Historically, for a long period of time, the possible function of
the cerebellum was outlined without experimental evidence
[1]. The first interesting and noteworthy observation with a
formulation of a hypothesis was made by Vincenzo Malacarne
[2] who published the first work entirely devoted to the cerebellum. In order to understand cerebellar function, he
attempted to establish a correlation between cerebellar size
and various pathologies. At his time, because of the lack of
iodine in the drinking water, people living in the Po Valley in
Italy were often affected by cretinism. In two patients affected
by this disease, Malacarne observed that there was a reduction
of the cerebellar size and a decrease in the number of folia. In
his book, he reported a wide variation in the number of folia
from 500 to 780 while in an idiot the number was 340. In a
series of letters exchanged with the Swiss anatomist Carlo
Bonnet [3], there was a discussion on whether such variability
is innate or acquired by experience. Malacarne proposed
bringing up twins of different species of mammals and birds
in poor and enriched environments and then verifying the
number of folia. It is not known whether the experiment was
ever done. The most interesting aspect of his finding remains
the hypothesis that the number of folia is influenced by the
environment, thus providing the first nature-nurture hypothesis made on the basis of observations, and the concept of
neuroplasticity in the scientific literature.
The true history of cerebellar functions came much later
with Rolando [4]. Following ablation experiments in different
species of mammals and birds, he showed that cerebellar deficiency concerned motor activity as differentiated from sensory function, thus providing a foundation stone in cerebellar
physiology. It was Flourens [5] who established that the cerebellum was involved in movement coordination. For a long
time, these concepts dominated the literature, and to date,
attention has mainly been focussed along these lines with
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the attempt to describe the mechanisms of motor control and
the role of the cerebellum in motor learning [6]. Even at present, in most textbooks, the function of the cerebellum is confined solely to its role in motor functions. This term commonly implies skeletal motor functions like body posture and
skilled movements.
Indeed, a series of experiments shows that the cerebellum
receives afferents from the autonomic nervous system, it is
connected with the limbic system and it exerts control on
several vegetative functions [7]. The vegetative nervous system, also known as the autonomic nervous system, is most
directly involved in the maintenance of life by regulating all
vital functions, and it is made up of the sympathetic and the
parasympathetic divisions. It is not under voluntary control
but is heavily influenced by ‘state of the mind’ and particularly by the world of emotions, the main topic of this review.
The proposal that the phylogenetically newest structures of
the cerebellum may contribute to mental skills [8] was followed by a flurry of papers along this line. As noted by Sultan [9],
there is a parallel growth of both cerebral and cerebellar cortices, suggesting a functional dependence of the one upon the
other. There is now solid evidence that the output of the cerebellum targets not only cortical motor areas but also several
non-motor regions in the prefrontal and parietal lobes which
are typically involved in higher brain function and that they
are essential to achieve a state of consciousness and more
generally in cognition [10]. Additional evidence for the cerebellar involvement in cognition was revealed by using brain
imaging experiments in humans during word processing.
When an individual was performing a test to associate a verb
to the presentation of a noun, the right lateral cerebellum became active [11]. However, the role of the cerebellum in cognition is still a debated issue [12].
Here, there is a report of a series of pioneering experiments
made in the 1930s by Giuseppe Moruzzi (see [7]) aimed at
showing the involvement of the cerebellum in the control of
the autonomic nervous system. At the beginning of the nineteenth century, several papers showed contradicting results on
this issue mainly due to the lack of control on the localization
of lesion and of stimulation. With a series of carefully controlled paradigms, Moruzzi showed that this structure was
unequivocally involved in blood circulation and respiration.
In studying the circulation, he showed that a stimulus applied to the vermis of the anterior lobe did not affect the systemic blood pressure. However, when blood pressure increased spontaneously or by stimulating the central stump of
the laryngeal nerve, vermal stimulation clearly hampered the
increase. In addition, when the blood pressure was decreased
by a vasodilator response elicited by the stimulation of the
central stump of the vagus nerve, the stimulation limited the
evoked hypotension. In an additional series of experiments, he
investigated the effect of vermal stimulation on the vasomotor
carotid sinus reflexes. In decerebrated cats, he confirmed that

only minor vasopressor effects could be elicited against a
background of normal systemic blood pressure. However,
the depressor response was clear-cut when the vermal stimulation was applied against a background of released vasomotor tonus elicited by clamping both common carotid arteries.
More recently, Smith and Nathan [13] have shown that nerve
fibres from rostral brainstem areas, which produce pressor
responses and tachycardia, terminate in the inferior olive
whose electrical stimulation produces no cardiovascular response but inhibits the depressor component of the carotid
sinus reflex. Additional experiments by Moruzzi were made
on the ‘sham rage’ which occurs spontaneously in acute thalamic cats. Sham rage is characterized by an outburst of mass
activity resembling an infuriated animal. When lobuli V, VI
and VII were stimulated, the autonomic components
consisting of an increase in blood pressure, mydriasis and
retraction of the lid were clearly inhibited. Since these generalized autonomic responses were abolished in decerebrated
animals lacking the hypothalamus, Moruzzi suggested that
the observed effects were due to cerebellar efferent fibres
projecting to the hypothalamic centres.
Concerning the respiratory system, he demonstrated that
normal breathing patterns were slightly inhibited by the
vermal stimulation in the decerebrated cat. However, the inhibitory effect was much greater when the stimulation occurred against a background of hyperpnea obtained by
clamping both carotid arteries or by intracarotid injection of
potassium cyanide. Similar respiratory responses were present
in sham rage.
In summary, Moruzzi provided evidence that the vermis of
the cerebellum, and not the hemispheres, acts by preventing
oscillations of the basic parameters of the circulatory and respiratory systems as a kind of homeostatic control on the vegetative functions. He suggested that the cerebellum acts on an
ensemble of behavioural responses that belong to a complex
autonomic reaction.
The first supporting evidence for this hypothesis came
from Snider [14] with the demonstration of anatomical projections from the fastigial nucleus to the hypothalamus. Following these discoveries, many papers provided evidence of
interconnections between the vermis, the hypothalamus and
the limbic system [15–19].
Another series of experiments has more recently addressed
the investigation of visceral afferent projections to the cerebellum. Splanchnic and vagus nerve stimulation elicited
evoked responses in the vermis [20–22]. Splanchnic afferents
project to the vermis as climbing fibre responses [23] and to
the inferior olive, the source of climbing fibres [24]. Very
recently, the involvement of the interpositus nucleus in the
modulation of autonomic and emotional functions has
achieved a wide consensus [25].
Taken together, the above-described experiments demonstrate the close relationship between the cerebellar vermis and
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vegetative functions. Since these functions are strictly related
to the emotions, the experiments strongly suggest cerebellar
control at least in the emotion expressions.

Cerebellum and Emotional Life; the Fear Paradigm
Emotions play a major role in human behaviour. The cognitive aspects of an emotional event, either being pleasure or
displeasure, have a strong motivational component in memorizing the event in order to instruct the brain how to change its
behavioural strategy in similar future situations. Fear-related
processes are essential for survival and they have a very strong
emotional impact [26]. Therefore, they provide a privileged
model to study emotions.
A fear innate response based on an evolutionary memory
may be elicited by dangerous environmental stimuli or by
previous innocuous stimuli when repeatedly associated with
harmful ones. In an often-used paradigm, a neutral stimulus,
usually a sound, acts as a conditioning stimulus and is repeatedly paired with a noxious unconditioned stimulus, usually an
electric foot shock in laboratory animals. In humans, the unconditioned stimulus may be an electric shock applied to the
hand or a loud noise. Following pairing, the conditioned stimulus elicits defensive behavioural responses.
Several papers have been devoted to supporting the hypothesis that the cerebellum participates in non-motor functions and that they are involved in emotional processes [27,
28, 10]. Following vermal lesion in animal experiments, there
is a decrease in the reactivity of animals to fear stimuli like
when a rodent is facing a cat or in an open field [29–31]. In
addition, the lesion to the anterior cerebellar vermis severely
attenuated the acquisition of conditioned bradycardia [32].
Schmahmann and Sherman [33] showed that, in human subjects, the cognitive affective syndrome associated with vermis
and fastigial nucleus deficit, involves a dysregulation of affects. In patients with medial cerebellar lesions, conditioned
bradycardia is impaired [34]. On the whole, these results support the hypothesis formulated a long time ago of a limbic
cerebellum located in the vermis and fastigial nucleus [29].

Memory Trace Location in the Cerebellum in Animal
Models
Sacchetti et al. [35] provided the first strong evidence for the
involvement of the cerebellum in fear conditioning and more
precisely for its role in fear memory consolidation. Fear conditioning provides a form of learning that transforms an innocuous stimulus into a stimulus predicting an aversive situation. Rats were submitted to acoustic conditioning stimuli
and context fear training. Reversible brief inactivation was
applied to the cerebellar vermis by injecting tetrodotoxin at

different time intervals from the training. The authors showed
that the inactivation applied during the days following the
training led to the reduction of the contextual and of the cued
freezing response while injections made at longer time intervals from the training were ineffective.
A similar technique to examine memory consolidation has
been used in a different experimental situation. Consolidated
memories may be retrieved by a memory recall, and this is
followed by a reconsolidation process. During these events, a
memory trace may be manipulated and therefore the original
trace may be changed. When a reversible block of activity is
applied to the vermis immediately after the memory recall, the
fear responses became attenuated, thus showing the weakening of the fear memory trace [36]. In the same paper, it was
shown that when stronger fear memories are installed as a
consequence of the application of a higher strength of conditioning paradigms, they are unaffected by the inactivation of
the vermis, but they are affected by the combined blockade of
the amygdala and of the cerebellum. These findings suggest
that in some conditions, the cerebellum may act independently
from the amygdala. In strong memories, these two structures
appear to be complementary.
The acoustic startle response in rats shows both a shortterm habituation, which recovers in seconds or minutes, and
a long-term habituation, which is effectively permanent.
Leaton and Supple [37] showed that lesions of the cerebellar
vermis significantly attenuated the long-term habituation
without affecting the short-term process or altering the initial
response levels. They conclude that in this response system,
the cerebellar vermis is part of an essential circuit for longterm habituation. Lopiano et al. [38] confirmed these results,
but in addition, they showed that if the cerebellar vermis lesion
was made after training for long-term habituation, the learned
behaviour was retained. These results indicate that the cerebellar vermis is essential for the acquisition, but not for the
retention, of long-term habituation of the startle response.

Fear Memory Location in the Human Cerebellum
Neuroimaging studies have been used to address the issue of
fear memory in the human cerebellum. The most common
technology used to map brain responses is positron emission
tomography (PET) and now predominantly functional magnetic resonance (fMR), both of which measure local changes
which occur in brain circulation and metabolism. The limitation of these techniques, relative to those described in animal
experiments, is due to the difficulty in distinguishing between
excitatory and inhibitory processes since metabolic activity
may increase as a consequence of an enhancement of the
inhibitory GABAergic synapses which abound in the cerebellum ([39], see [40]). Another limitation met in imaging studies
is the difficulty in defining the precise spatial localization.
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Often, a change of activity is referred to the anterior or to the
posterior cerebellum, rather than distinguishing vermal versus
hemispheric localization or in the anteroposterior direction to
identify which lobuli are involved.
As in animal models, pain stimuli have been applied to
human subjects while observing the region of the cerebellum
showing changes in metabolic activity. Ploghaus et al. [41]
applied painful heat stimuli to human subjects and found
changes of metabolic activity in the ‘anterior cerebellum’.
However, when a visual stimulus was used to anticipate an
incoming painful one, it was the ‘posterior cerebellum’ that
showed an increased metabolism. Damasio et al. [42] used
PET imaging to study the localization of signals during mental
recall of personal emotionally charged episodes. They found
that both sides of the midline cerebellum were significantly
activated for sadness, anger and fear while the left midline
cerebellum was activated for happiness. Anger and fear activated also the right lateral cerebellum.
Singer et al. [43] showed that in healthy human subjects
receiving a painful stimulus, the anterior cerebellum was activated while the posterior cerebellum was activated in the
same subjects when they were observing pain induced in other
subjects. In both conditions, there was a concomitant activation of the lateral cerebellum. The conclusion drawn by the
authors is that the cerebellum is involved in empathic experience. In addition, the fact of having two different regions in
this representation is important for our ability to ‘mentalize or
to understand the thoughts, beliefs, and intentions of others’.

Cellular Mechanisms of Fear Memory Trace
in the Cerebellar Cortex; the Excitatory Synapses
According to Supple et al. [44], following acoustic fear conditioning in rabbits, the administration of an acoustic stimulus
elicited an increased firing of Purkinje cells in vermal lobuli
III–V. Along this line of investigation, a series of experiments
has been performed to better understand the cellular mechanism of fear memory in the cerebellar cortex.
The nature of a memory trace in the brain is assumed to
consist of a persisting change in synaptic strength under the
form of long-term potentiation (LTP) or long-term depression
(LTD) of excitatory or inhibitory synapses.
A large number of sites have been identified in the mammalian brain to subserve learning and memory. In the cerebellum, following an original proposal by Marr [45] and Albus
[46], a series of investigations provided support to the hypothesis that LTD is induced in the parallel fibre to Purkinje cell
synapses when a simultaneous activation of climbing fibres
occurs [6, 47]. However, in vitro experiments have shown that
a LTP may be induced in the Purkinje cells by a repetitive
stimulation of only the parallel fibres [48, 49]. Several experiments showing LTP or LTD in the cerebellar cortex were

obtained by electrical stimulation, and from these experiments, it is clear that the results depend on stimulus parameters. To work in more physiological conditions, it is necessary
to adopt a protocol of a behaviourally induced synaptic plasticity like the LTP described in the amygdala following fear
associative conditioning [50].
Here is a report of investigations performed in our laboratory to identify the mechanisms leading to the fear memory
trace in the cerebellar cortex. To this aim, rats were first submitted to an acoustic or a context fear conditioning. At 10 min
or at 24 h following the conditioning, in cerebellar slices collected in vitro, there was a LTP of the parallel fibre to Purkinje
synapses in lobuli V and VI, but not in lobulus IX, while the
synapses made by the climbing fibres showed no change in
synaptic strength. The potentiation occurred at postsynaptic
level and it was mediated by AMPA receptors [51].
Hotfoot mice are characterized by a primary deficiency of
the parallel fibre to Purkinje cell synapses due to the lack of
the selective delta-2 receptors. They provided an interesting
model to assess whether such a deficiency was affecting fear
learning. In these mice, fear conditioning obtained by means
of the acoustic stimulus was affected while the context conditioning was not.
From these experiments, it has been concluded that parallel
fibres to Purkinje cell synapses are important for the process
of fear memory in the cerebellar cortex and that the LTP induced in these synapses is to be considered the memory substrate. This is the first evidence that this type of LTP is present
when learning and memory in the cerebellar cortex is obtained
by means of a behaviourally induced protocol without the use
of artificial electrical stimulation. Recently, evidence that LTP
is a mechanism of cerebellar learning and memory has been
provided in other animal models [52–54]. Sacchetti et al. [51]
suggested that the LTP obtained in their experimental conditions might be the results of a conjunctive action of two separate parallel fibre channels activated by the conditioned and
the unconditioned stimuli (Fig. 1a).
In another experiment, it has been shown that an electrically induced LTP by stimulation of parallel fibres is reduced in
size in rats previously submitted to fear conditioning. This
occlusion demonstrates that the in vivo potentiation induced
by associative learning shares common mechanisms with the
electrically induced one [55].
A further step addressed the issue whether the LTP obtained by the fear conditioning is due only to the modulation of
synaptic receptors. It is known that the intrinsic excitability of
a neuron may be involved in memory processes and that
changes in intrinsic membrane excitability may contribute to
synaptic plasticity. It has been shown that in lobulus VI, conditioning of the nictitating membrane response leads to a
change of simple spike firing of the Purkinje cells [56–58]
and that an increase of the intrinsic excitability of the Purkinje
cell dendrites contributes to the change [59, 60]. In our
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Fig. 1 Outline of the proposed cellular mechanisms of fear memory trace
formation in the cerebellar cortex. a Two beams of parallel fibres
activated by a conditioned and an unconditioned stimulus converge on
the same Purkinje cell. Their concomitant action would be responsible for
the LTP. b Feed-forward inhibition exerted by a beam of parallel fibres on
Purkinje cells through the action of basket (and stellate, not shown) cells.
c An additional feed-forward inhibition is exerted on the granule cells by
the mossy fibres through the Golgi cells. MF mossy fibre; Gr granule cell;
PC Purkinje cell; BC basket cell; Go Golgi cell; IC intracerebellar nuclei

experimental model of fear conditioning, the main parameters
that characterize intrinsic excitability were unchanged following associative fear learning [61].

The Cerebellar Cortex Inhibitory Synapses
Long-term changes in excitatory synapses have been widely investigated in relation to learning and memory while
we know much less about the role of inhibitory synapses.
LTP induced in excitatory synapses of the amygdala by
fear conditioning is controlled by GABAergic inhibition
[62, 63]. In addition, genetic deletion of the delta subunit
of the GABA receptors reduces the synaptic inhibition in
the hippocampus. Compared to controls, delta knockout
mice exhibited an enhanced acquisition of tone and context fear [64]. In our experimental model, we asked
whether in addition to the LTP found in the parallel fibres
to Purkinje cell synapses, there was any long-term change
in the inhibitory synapses.
Purkinje cells have abundant inhibitory synapses both
in the dendrites and in the soma made by the basket
and the stellate cells and by neighbouring Purkinje cells
via their recurrent collaterals [65] (Fig. 1b). It should be
noted that in the cerebellar cortex, inhibition is also
exerted on granule cells by the mossy fibres through
the Golgi cells (Fig. 1c).
First, miniature GABAergic events were recorded in
Purkinje cells in lobuli V and VI of the vermis, with
the technique of whole-cell patch-clamp. Up to 24 h after
the usual fear conditioning session, spontaneous miniature
potential showed significantly larger amplitude while their

frequency was unchanged [66]. This means that following
fear conditioning, there was a presynaptic and not a postsynaptic change in the inhibitory afferents; in other words,
we are in front of a presynaptic form of inhibitory LTP.
In order to understand the possible significance of the
presence of LTP in both excitatory and inhibitory inputs
to the Purkinje cells, it is necessary to address the issue
of the timing of these two convergent actions. In the
central nervous system, it is very common to have a
single excitatory neuron that in addition to exerting a
direct excitatory action, induces a disynaptic inhibition
mediated by an interneuron. Such a feed-forward inhibition reduces the spike generation by asynchronous inputs. It has been demonstrated that the temporal resolution of the neuronal integration depends on the time
window within which excitatory inputs summate to
reach the threshold for spike generation and that the
time period of the window is controlled by the
disynaptic inhibition. In rat hippocampal pyramidal
cells, this window is very narrow and less than 2 ms
and this is due to the short delay with which disynaptic
feed-forward inhibition follows the monosynaptic excitation [67]. A narrow window improves the precision of
the performance.
Lamsa et al. [68] showed that when the LTP occurs only in
the excitatory synapses of hippocampal pyramidal neurons,
the temporal fidelity of the synaptic integration and the action
potential generation is compromised. However, when the LTP
occurs also at synapses on feed-forward interneurons, the temporal fidelity is preserved. In the cerebellar cortex, an
excitatory-inhibitory wiring occurs in the parallel fibres acting
directly on the Purkinje cells and disynaptically through the
cerebellar interneurons located in the molecular layer
(Fig. 1b). Mittmann et al. [69] showed that this cerebellar
feed-forward inhibition, activated within 1 ms, sharply curtails
the excitation and increases the precision of the resulting action potentials. The time window for summation of the excitatory drive is reduced to 1–2 ms in the presence of the feedforward inhibition.
Experiments have been performed to evaluate the time
period of the window in the physiological conditions of
our protocol of fear learning. It has been found that in
lobuli V and VI of the vermis, the probability of summation of the excitatory inputs and of reaching the threshold
for spike generation in the Purkinje cells increases following fear learning. This means that the summation of close
events is facilitated. On the other hand, the concomitant
presence of a LTP in the inhibitory synapses allows the
time window to be maintained unaltered. In conclusion,
the excitatory LTP provides an effective signal detection
while the inhibitory LTP maintains the coincidence detection unchanged, thus ensuring the temporal fidelity of the
system [66].
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Morphological Changes
A morphological study performed in both the hippocampus
and the cerebellar cortex provided additional information on
the mechanism of the fear memory consolidation processes by
analysing the morphology of the synapses made in the granular layer by the mossy fibre terminals with the dendrites of
the Golgi cells (Fig. 1c) [70]. As regards the cerebellum, two
experimental paradigms were used. In the first, cued fear conditioning was obtained in a single session according to the
protocol described above where the conditioning stimulus
was a sound. In the second paradigm, the experiment
consisted of training mice in an accelerating rotarod apparatus
where the motor learning was incremental for 4–6 days. In
both cerebellar protocols, learning was accompanied by a robust long-lasting, but reversible, increase in the number and
total length of filopodia emerging from the mossy fibres. These new terminals were making contact with dendrites of the
Golgi cells in the granular layer. In the case of one learning
session of fear conditioning, growth was observed in lobulus
V, but not in lobulus IX. This growth lasted a few days and
excess filopodia were lost within 8–10 days. In the 4–6 days
of rotarod learning, the morphological changes were present
in lobulus IX, but not in lobulus V, and the number and total
length of filopodia increased in parallel with the duration of
the learning period. In conclusion, in both paradigms, learning
is specifically associated with the growth of feed-forward inhibition connectivity, thus suggesting in both paradigms a
relationship with the processes of memory consolidation.
The potentiation of this feed-forward inhibition in the granular layer described at morphological level [70] complements
a similar potentiation of the feed-forward inhibition described
in the molecular layer at physiological level [66], and it is
likely that both mechanisms collaborate to improve memory
efficiency. In addition, the morphological findings at the input
side of the cerebellar cortex, in addition to providing interesting data about general mechanisms on the way to select and
store information [see 71], add evidence to the concept of the
involvement of the cerebellum in emotion.

Concluding Remarks
From this overview, it is evident that the cerebellum is closely
connected with the autonomic nervous system and with the
world of emotions. In animal models, the principal region
involved in these functions has been identified in lobuli III
to VII of the vermis. In humans, there is an additional involvement of the hemispheres at higher emotional levels.
At least in some models, the vermis is important for the
consolidation mechanisms of fear learning and memory, but
this does not imply that the cerebellum is the site of a permanent emotional memory trace.

The debate on the participation of the cerebellum in higher
cognitive functions is interesting, but it is beyond the scope of
our review. We focussed on the participation of the cerebellum
to the world of emotions which does not necessarily involve
cognition. It is possible that the cerebellum is simply involved
in the control of the expression of emotions. An illustration of
the cerebellar participation in the circuit of the emotional
memory may be found in LaBar and Cabeza [72]. The importance of this aspect of cerebellar research is quite evident
considering the hypothesized cerebellar malfunctioning in
psychiatric diseases [73] and particularly in schizophrenia
[74–76] and autism [77–81] which are characterized
behaviourally by clear emotion processing impairments.
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