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Introduction

This thesis focuses on the control of the cerebellum on motor behaviour, and more 
specifically on the role of the cerebellar Purkinje cells in exerting this control. As the 
cerebellum is an online control system, we look at both motor performance and learning, 
trying to identify components involved at the molecular, cellular and network level.

To study the cerebellum we used the vestibulocerebellum, with visual and 
vestibular stimulation as input and eye movements as recorded output. The advantage 
of the vestibulocerebellum over other parts is that the input given is highly controllable, 
while the output can be reliably measured, and performance and learning can be easily 
studied. In addition, we conducted electrophysiological recordings from the vestibulo-
cerebellum, in particular of Purkinje cells in the flocculus. Combining the spiking 
behaviour of Purkinje cells with visual input and eye movement output allowed us to 
study how the cerebellum functions and using genetically modified animals we could 
determine the role of different elements in this system. 

To provide some insights in the techniques used and the theory behind them, we 
will discuss the following topics in this introduction: compensatory eye movements, 
the anatomy of pathways to, within and out of the flocculus, the cellular physiology of 
Purkinje cells in relation to performance and the plasticity mechanisms related to motor 
learning.

1.1 Compensatory eye movements
Compensatory eye movements are designed to prevent retinal slip, the slip of images 
over the retina resulting in a degraded image. In the mice the two main reflexes that 
compensate for head movements are the VOR and the OKR (Fig. 1A-B). The vestibulo-
ocular reflex (VOR) is a reflex based on head movement, detected by the semicircular 
canals (angular movement) or the otoliths (linear movement). The optokinetic reflex 
(OKR) generates eye movements based on retinal slip, and therefore is a feedback system, 
where	the	VOR	 is	a	 feedforward	system.	Together	VOR	and	OKR	aim	to	minimise	the	
retinal slip caused by moving through an environment  (Fig. 1C) (Baarsma and Collewijn, 
1974; De Zeeuw et al., 1998b; Delgado-Garcia, 2000; van Alphen et al., 2001)
 
Vestibulo-Ocular Reflex
Three semi-circular canals (SCC) detect angular head movements around one vertical and 
two horizontal axes (Fig. 2). The canals are filled with endolymph which moves relative 
to the canal when the head rotates. This movement in combination with its viscosity 
causes a deviation of the cupular membrane. The apical part of the hair cells located 
on this cupula has cilia (‘hairs’) and these will be pushed by the endolymph, leading to 
depolarization of the cell. The distribution of the cilia is asymmetrical, with the largest 
(kinocilium) on one side. Movement of the cilia towards the kinocilium will cause an 
increased inflow of potassium (Johnstone et al., 1963), resulting on the basal side in an 
increase in neurotransmitter release, while movement away from the kinocilium has 
the opposite effect, resulting in a decrease in release. Endolymphic calcium appears to 
control the influx of potassium (Crawford et al., 1991a; Lumpkin and Hudspeth, 1995; 
Sauer et al., 1999). 

The viscosity and inertia of the endolymph and the elastic properties of the 
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cupula make the SCC work as low-pass for angular acceleration. Over a broad range of 
frequencies, particularly those generated by the animal’s normal behaviour, the system 
response is proportional to the angular velocity with a high-pass filter function (Jones and 
Milsum, 1971). From the SCC the head velocity signal is carried to the brainstem through 
the vestibular nerve, projecting to several (vestibular) nuclei (Siegborn and Grant, 1983; 
Newlands and Perachio, 2003). In order to move the eye ball in its orbit several forces 
including e.g. viscous drag of the eye ball, elastic forces of connective tissue have to be 
overcome by the eye muscles and therefore encoded in the signal sent to them. Since 
this includes both a position and a velocity component, an integration step is needed to 
drive the eye muscles. This integration occurs in the nucleus prepositus hypoglossi and 
adjacent part of the vestibular nucleus for vertical axis eye movements (in cats: Cheron 
and Godaux, 1987), while it occurs in the interstitial nucleus of Cajal for eye movements 
around both horizontal axes  (in monkeys: Crawford et al., 1991b;  in cats: Fukushima 
and Kaneko, 1995). This integrator is ‘leaky’, i.e. it is not functioning perfectly, and as a 
result the eye when placed eccentrically in the light will drift back to the null position in 
the dark. This drift has a time constant of ~20s for humans, monkeys and cats, but only 
~3s (indicating it is more ‘leaky’) in mice. In addition to the brainstem the cerebellum is 
also suggested to play a role in this integration, since selective lesions caused a reduction 
in the time constant of the cat from 20s to 3s (Robinson, 1974; Cannon and Robinson, 
1987). In humans, inducing a change in VOR phase in either lag or lead direction resulted 
in a post-saccadic drift. This led to the hypothesis that changes in VOR phase can be 
instigated by changing the time constant of this neural integrator (Tiliket et al., 1994)

In addition to the time constant of the velocity to position neural integrator, the 
VOR also has a time constant. This time constant is measured by providing a velocity 
step in the dark and fitting a single exponential to the evoked eye movements. The time 
constant of the VOR is relatively small (van Alphen et al., 2001) when compared to other 
(higher order) animals (Curthoys, 1982), which could be beneficial for the mice because 
it shifts the range of frequencies it optimally responds to towards the higher frequencies. 
Higher frequencies are likely to be more common for the fast-moving mouse in its small 
environment.	

Optokinetic Reflex
The optokinetic reflex (OKR) is driven by retinal slip and aimed at reducing this slip, 
making it a negative feedback system (Fig. 2). The generation of the OKR starts in the 
retina where direction selective retinal ganglion cells respond to retinal slip in a preferred 
direction. It is supplementary to the VOR since the cells in the retina work best at lower 
frequencies, while the VOR functions better at higher frequencies. Higher primates have 
a fovea, an area on the retina with higher spatial resolution they use this to track objects 
moving in their field of vision, a system called smooth pursuit.  Lower animals have a 
visual streak (e.g. rabbits) or a rather homogenous distribution of photoreceptors over 
their retina (e.g. mice). 

The absence of a fovea in mice dismissed the need for a slow pursuit system, and 
thus slow moving objects in a stationary background will not be tracked. In contrast, 
moving the entire background can easily generate compensatory eye movements. In 
fact, at low frequencies the gain (ratio between eye and stimulus velocity) is close to 1, 
a	value	that	drops	with	increasing	frequency.	OKR	gain	and	phase	also	depend	strongly	
on the velocity of the stimulus, as increasing velocity reduces the response. This low-
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pass filter-like behaviour makes the OKR an excellent complementary system for the 
VOR, since the OKR and VOR work best at low and high frequencies respectively. In the 
“natural” situation all movement of background will be the result of head movements 
of the mouse, of which the high frequencies will be compensated by the VOR and the 
residual low frequencies (or high frequencies at low velocity) by the OKR (Fig. 1). 

Interaction between VOR and OKR
In every day (mouse) life VOR and OKR are not needed individually but work together to 
maintain the visual image stable in the retina during movement in a natural surrounding. 
The two reflexes are complementary and their sum is referred to in literature as visually 
enhanced (or visuo-) vestibular ocular reflex (VVOR) (Fig. 1). The three neuron relay of 
vestibular information to eye muscles can be modified through the visual input that feeds 
back into vestibular neurons, through cerebellum and inferior olive (Fig. 2). This system 
makes the cerebellum, in particular the flocculus, a candidate location for adaptation of 
the VOR according to visual feedback (Ito, 1982a). This suggests that the VOR should be 
modifiable with altered combination of visual and vestibular input, which was found to 
be true (Gonshor and Jones, 1973). In fact, the control over the VOR is so strong that its 
direction (or phase) can be completely reversed with prisms (Gonshor and Jones, 1976; 
Jones and Davies, 1976; Robinson, 1976). 

Although the flocculus has a clear role in OKR, its role in VOR is debated. There are 
several contradicting studies; lesions of the flocculus resulted in either an increase in VOR 
gain (Robinson, 1976; Partsalis et al., 1995), a decrease (Keller and Precht, 1978; Ito et 

Figure 1.  Compensatory	eye	
movement	recordings	in	mice.	
The	 two	 compensatory	 eye	
movements can be individually 
evoked in immobilized mice by 
either (A) rotating the dotted 
(white) surrounding of the mouse 
in the light (optokinetic response, 
OKR) or (B) rotating the turntable 
(yellow) in the dark (vestibulo-
ocular response, VOR). Combining 
turntable rotation with light (C), 
the situation in every day life, will 
induced	 the	 visually-enhanced	
VOR, VVOR).  Stimulation 
induced eye movements can be 
tracked with an infrared camera, 
allowing for reproducible 
assessments	 of	 gain	 and	 phase	
of	 the	 eye	 movements.	 Low	
pass filter characterized OKR will 
complement high pass filter VOR, 
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al., 1982; Nagao, 1983) or had no clear effect (Barmack and Pettorossi, 1985). Chemical 
lesions had a similar, diffuse outcome; both a decrease (Van Neerven et al., 1989) and 
no effect on VOR gain (McElligott et al., 1998) were observed. Furthermore, in Lurcher 
mice, mice with a mutation resulting in a loss of Purkinje cells and therefore a loss of 
cerebellar output, the VOR gain is slightly higher than in their wild type littermates (Van 
Alphen et al., 2002; Katoh et al., 2005). While the role of the flocculus in baseline VOR 
is much debated, studies into its role in adaptation are more conclusive. Whether it was 
through physical lesion (Nagao, 1983) or chemical lesion (McElligott et al., 1998; Shutoh 
et al., 2006), all studies showed that impaired floccular function resulted in impaired 
adaptation.

This putative role of the flocculus in modifying the VOR was further experimentally 
confirmed in the same Lurcher mice. This mutation resulted in the loss of the ability to 
change the VOR, giving the flocculus a central role in this adaptation (Van Alphen et al., 
2002; Katoh et al., 2005). 
Experiments using chemical lesioning of the flocculus have demonstrated that the 
flocculus is indeed involved in the initial generation of the memory trace (McElligott et 
al., 1998; Nagao and Kitazawa, 2003). The question whether it remains in the flocculus 
or not has not been conclusively answered.

1.2 Anatomical Pathways
Compensatory eye movements are the result of activity in motoneurons that activate 
the extraocular eye muscles, which receive input from both vestibular nucleus neurons. 
These nuclei convey both visual and vestibular information and, important for this thesis, 
are under control of the cerebellar flocculus (Fig. 2). The flocculus is the part of the 
cerebellum involved in OKR, VOR and the adaptation of the VOR. While the output of the 
flocculus is restricted to cerebellar and vestibular nuclei, the input to the flocculus comes 
from more dispersed areas, like inferior olive, multiple vestibular nuclei and multiple 
pontine nuclei. Inputs from the inferior olive enter as climbing fibres, innervating Purkinje 
cells, while all other inputs enter as mossy fibres, innervating granule cells (Fig. 2).

Climbing fibres
Climbing fibre input to the flocculus originates from the contralateral inferior olive (Fig. 
2), in particular the dorsal cap (DC) and the ventral lateral outgrowth (VLO). Cells in 
the caudal dorsal cap (CDC) modulate optimally the visual stimulus rotating around the 
vertical axis, while those in the ventral lateral outgrowth and rostral dorsal cap (RDC) 
respond best to rotations around the horizontal axis perpendicular to the plane of the 
ipsilateral anterior semicircular canals. The topographic organization in the inferior olive 
is continued in the flocculus (Voogd et al., 1996), shown in e.g. monkeys (Voogd et al., 
1987), cats (Sato and Kawasaki, 1984) and rabbits (De Zeeuw et al., 1994). In rats, two 
zones (2 and 4) of Purkinje cells in the flocculus are innervated by the CDC and two (1 
and 3) by the VLO (Ruigrok et al., 1992). This topographic separation of vertical and 
horizontal axis pathways is present throughout most of the visual pathway. The above 
described retinal slip signals reach the inferior olive through subsequently the ipsilateral 
dorsal tegmental nucleus and the pretectal nucleus of the optic tract for slip around the 
vertical axis (Giolli et al., 1988; Soodak and Simpson, 1988). In contrast, horizontal axis 
directed retinal slip passes through contralateral medial terminal nucleus and ipsilateral 
visual tegmental relay zone of the accessory optic system (Giolli et al., 1984; Soodak and 
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Simpson, 1988). 

Mossy fibres
In contrast to climbing fibre input the mossy fibre input targets granules cells, is of 
bilateral origin and comes from various different sources. Mossy fibres originate from 
the vestibulum, spinal cord and brainstem and carry information from the periphery and 
the cerebral cortex. It has been found that the flocculus receives mossy fibre projections 
from 4 main sources (cat: Sato et al., 1983; monkey: Langer et al., 1985a; rat: Ruigrok, 
2003): (1) Perihypoglossal nucleus: dense projections originate from discrete areas of the 
rostral pole of the intercalated nucleus, the ventral part of the prepositus hypoglossal 
nucleus and the adjacent reticular formation. (2) Vestibular nuclear complex: secondary 
vestibular fibres come from discrete areas in the vestibular nuclei: the ventromedial and 
dorsomedial parts of the medial and inferior nucleus, the central area of the superior 
nucleus, the ventromedial part of the lateral nucleus, the group y and the interstitial 
nucleus of the vestibular nerve. (3) Medullary reticular formation: the strongest 
projection of mossy fibres arises from the accessory group of the paramedian reticular 
nucleus. (4) Pontine reticular formation and raphe nucleus: dense projections originate 

Figure 2. Schematic drawing of intra- and extracerebellar connections.
Purkinje cells (PC; black) in the flocculus of the vestibulo-cerebellum converge upon neurons in the vestibular nuclei (VN), 
through which they can influence the output of the oculomotor neurons (OM) that drive the eye movements. The Purkinje 
cells are innervated by two main inputs: they receive vestibular and eye movement signals through the mossy fiber-parallel 
fiber system (represented by green and grey inputs, respectively), and retinal slip signals through climbing fibers derived from 
the inferior olive (IO; blue). The parallel fibers, which all originate from the granule cells (GC), innervate the dendritic trees of 
both Purkinje cells and molecular layer interneurons (basket cells, BC: red and stellate cells, SC: yellow), thereby providing a 
feedforward inhibitory connection (see inset). VG, AOS and PA indicate vestibular ganglion cells, accessory optic system, and 
pontine areas, respectively.
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from a narrow zone which involves the caudal part of the dorsal nucleus of the raphe, 
the	inferior	and	superior	central	nucleus	of	the	raphe	and	the	medial	part	of	the	nucleus	
reticularis tegmenti pontis.

Mossy fibres are excitatory and most use glutamate as a neurotransmitter (for 
review see Voogd et al., 1996). Monoaminergic input consists mainly of serotonine and 
noradrenaline: serotonergic fibres originate in the nucleus pontis oralis and nucleus 
reticularis (para)gigantocellularis (Bishop et al., 1985), while noradrenergic input comes 
from the locus coeruleus (van Neerven et al., 1990). Injecting beta-antagonists into 
the flocculus blocked adaptation, while a beta-agonist enhanced the adaptation (van 
Neerven et al., 1990; van Neerven et al., 1991)
Furthermore there is evidence for the presence of both cholinergic input particularly in 
the vestibulocerebellum and predominantly from the medial vestibular nucleus (MVN) 
and nucleus prepositus hypoglossi (PrH) (Barmack et al., 1992) and of corticotropin-
releasing factor from climbing fibres (Palkovits et al., 1977) and mossy fibres (Cummings 
and King, 1990). Cholinergic receptors have been found on granule cells and unipolar 
brush cells (Jaarsma et al., 1996).

Cerebellar cortical circuit
Whereas the climbing fibres mainly directly innervate Purkinje cells, the information 
carried by mossy fibres does not directly go to Purkinje cells, but instead innervates 
granule cells. Granule cell are the most abundant cell type in the brain, receiving single 
mossy fibre input from excitatory synapses on their dendrites. These dendrites terminate 
in a structure known as the glomerulus. Granule cell axons travel through the Purkinje 
cell layer to the molecular layer where they bifurcate and continue as parallel fibres to 
contact large number of Purkinje cells, and stellate and basket cells. Before bifurcating 
the ascending granule cell axon also contacts Purkinje and Golgi cells. These Golgi cells 
are inhibitory cells, located in the granular layer, that project back to the granule cells, 
with synapses in the above mentioned glomeruli. This creates an inhibitory feedback 
loop, effectively controlling the output of granule cells. Additional to this feedback loop 
the stellate cells and basket cells provide feed forward inhibition onto Purkinje cells. 
Stellate cells are located in the distal part of the molecular layer and inhibit the distal 
Purkinje cell dendrites; basket cells reside in the more proximal part of the molecular 
layer and owe their name to the basket-like synapse they form around the soma/axon 
hillock of Purkinje cells, suggesting they have a firm control on Purkinje cell activity 
(Eccles et al., 1967; Marr, 1969; Albus, 1971). 

Floccular output pathway
The Purkinje cell axons carry the only signal going out of the cerebellar cortex. The 
projection targets of Purkinje cells are strongly related to the floccular zone they are in, as 
demonstrated in rabbit (De Zeeuw et al., 1994), monkey (Langer et al., 1985b), cat (Sato 
et al., 1988). Their target cells (floccular targets neurons, FTNs) are in several cerebellar 
and vestibular nuclei, nuclei that also project to the flocculus. However, the FTNs do 
not project to the flocculus, but (in)directly project to the oculomotor nuclei (Sato et 
al., 1988). Remarkably, only a very small portion of for instance the MVN receives direct 
floccular input: only ~1% of all cells receive multiple boutons (Sekirnjak et al., 2003) and 
~10% is inhibited by floccular stimulation (Sato et al., 1988). 

In addition to the above described four zones in the rabbit flocculus there is a 
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fifth zone that does not receive visually modulated climbing fibre input. This zone is 
suggested to be related to head movements, since stimulation of this zone evokes 
short-latency head-movements (De Zeeuw and Koekkoek, 1997). The five zones can be 
visualized by acetylcholinesterase staining since its staining in fact delineates the borders 
between the zones (Voogd and Bigaré, 1980; Tan et al., 1995). This organization in the 
rabbit does not differ significantly between species, like for example: cat (Voogd, 1964; 
McCrea et al., 1979; Sato et al., 1982), primate (Haines, 1977; Langer et al., 1985b) and 
rat (Balaban et al., 2000). In general zones 1 and 3, modulating to horizontal axis (135°) 
visual stimulation, project to superior vestibular nucleus (SVN), group Y and ventral 
dentate nucleus (VDN). Zone 2 and 4, where Purkinje cells receive climbing fibre activity 
during contralateral movement of a visual stimulus during vertical axis rotation, project 
to the MVN and weakly to the lateral vestibular nucleus (LVN) for rabbit (De Zeeuw et al., 
1994), monkey (Langer et al., 1985b), and cat (Sato et al., 1982). 
 Although there clearly is considerable amount of knowledge regarding the afferent 
and efferent projections of the flocculus in primates, cats, rabbits and rats, remarkable 
little is known about the flocculus in the mouse. Genetic tools such as knockouts and 
transgenics have rendered the mouse increasingly important as a laboratory animal 
model, especially in behavioural experiments and floccular recordings from a correctly 
identified zone in mutant mice would be an auspicious tool to study cerebellar function. 
The question therefore is: how is the mouse flocculus with its afferent and efferent 
connections organized?

1.3 Spiking activity in the cerebellar cortex
This thesis attempts to correlate cerebellar coding in spike activity with motor control. 
Traditionally, the focus in cellular recordings has been on the Purkinje cells, as they are 
the only cell projecting out of the cerebellar cortex, are cells with a high firing rate and 
therefore easy to find, and allow for confirmed single unit recordings. A consistently 
present pause in simple spikes after a complex spike, the climbing fibre pause, confirms 
that the recording is from only one Purkinje cell (Thach, 1967). Because Purkinje cells 
are the sole output cells, the result of cerebellar cortical information processing has 
to be in its spiking activities. The high average simple spike firing rate of Purkinje cells 
(~50Hz) could be seen as an optimal basis for information transfer, with a range of firing 
frequencies ‘available’. Purkinje cells appear to use this range as they are known to fire 
highly irregularly (see e.g. Armstrong and Rawson, 1979). 

Input to Purkinje cells
As described above, when it comes to sensorimotor information the cerebellum primarily 
receives 2 types of input: mossy fibres and climbing fibres. The climbing fibres directly 
innervate Purkinje cells, causing complex spikes that will be discussed separately in 
detail below. Mossy fibres contact granule cells, the most abundant cell type in the brain. 
Granule cells are small, and under inhibitory control of Golgi cells. As a result granule 
cells typically have a low average firing rate (<1Hz) but can temporarily reach very high 
frequencies (up to 250Hz) (Chadderton et al., 2004).

The axons of granule cells, ascending and parallel fibres, terminate on most other 
cell types in the cerebellar cortex, including Purkinje cells, stellate cells, basket cells and 
Golgi cells. Golgi cells primarily project back to granule cells and fire at moderately high 
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Figure 3.  Purkinje cell activity 
recordings.
A) Extracellular recordings of 
Purkinje cells activity with two 
spike types: simple spikes and 
complex spikes (*). Note the 
clearly	 higher	 frequency	 of	
simple spikes (~50Hz) compared 
to complex spikes (~1Hz). B) 
Recording of a floccular (VA) 
Purkinje	 cell	 during	 sinusoidally	
rotating visual stimulation, 
showing modulation of both 
simple and complex spikes. 
Ipsilateral rotation (here: down) 
is	 related	 to	 a	 decrease	 in	
simple spike firing rate, while 
the complex spike frequency 
increases. Histograms further 
demonstrate	 this	 reciprocal	
relationship (example from this 
thesis).

frequencies: cat,	2 to 50 Hz Edgley and Lidierth, 1987); monkey, 10–80	Hz (Miles et al., 
1980); anaesthetized rats 8-30Hz (Simpson et al., 2005; Holtzman et al., 2006); mouse 
~3Hz (Barmack and Yakhnitsa, 2008) and irregular firing with a coefficient of variance of 
~0.9 (Vos et al., 1999).

Stellate and basket cells, or molecular layer interneurons (MLIs), have been 
suggested to receive, in addition to parallel fibre input, climbing fibre collaterals (Eccles 
et al., 1966b). Because MLIs receive the same inputs as Purkinje cells theoretically 
they should be capable of demonstrating comparable plasticity forms, a hypothesis 
that was confirmed recently (Mittmann et al., 2005) who made clear that the effect of 
coactivation of parallel and climbing fibre on Purkinje cell output depends on the balance 
between excitation and feed-forward inhibition through MLIs. Both MLIs project their 
inhibitory input onto a sagittal band of Purkinje cells. Both MLIs also have been found 
to display moderate/high firing frequencies in rat slice of ~12Hz (Hausser and Clark, 
1997) and ~10Hz for stellate and ~5Hz for basket cells in vivo (Barmack and Yakhnitsa, 
2008). In fact, the only obvious difference between SC and BC is the location and size 
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of their axonal endings. Stellate cells terminate on Purkinje cell dendrites with ‘normal’ 
synapses, while basket cells derive there name from their basket-shaped axon terminal. 
This pinceau (Bishop, 1993) is a very large terminal wrapped around the soma and axon 
hillock, suggesting a strong control on Purkinje cell firing. The fact that MLIs harbour a 
combination of parallel and climbing fibre inputs with a strong control on Purkinje cell 
simple spike firing, poses on interesting question: To what extent are MLIs involved in 
Purkinje cell firing and motor behaviour? 
	
Simple Spikes
Purkinje cells are one of the few cell types that can be instantly recognized, based on the 
types of spikes they fire: simple spikes at approx. 50Hz and complex spikes at approx. 
1Hz (Fig 3A). The latter will be discussed below; the former is basically a normal action 
potential.  Simple spikes are the result of a combination of 3 elements: intrinsic activity, 
excitatory inputs and inhibitory inputs. The intrinsic activity of Purkinje cells is very 
high, in slices with all inputs blocked it reaches 30-50 Hz: in rat ~40Hz (Hausser and 
Clark, 1997; Williams et al., 2002). This tonic intrinsic firing is related to the presence of 
resurgent sodium current (Raman and Bean, 1997, 1999).

Although a single Purkinje cells is contacted by ~175,000 parallel fibres (Napper 
and Harvey, 1988), the proportion of simple spikes in the background firing rate caused 
by excitatory inputs is not clear. In fact, recent evidence indicates a large portion of the 
parallel fibre contacts is silent, and stimulation of granule cells led in only ~10% of the 
cases to a recordable effect in Purkinje cells (Isope and Barbour, 2002). Despite the 
unclear potential of parallel fibre input, sensorimotor activity can temporarily drive the 
firing rate up, e.g. to 100-150Hz during arm movements (Gilbert and Thach, 1977) or to 
~80Hz during eye movements (Fig. 3B) (Goossens et al., 2004) in responsive Purkinje 
cells. In fact, in slices the maximum firing rate observed was ~290Hz (Khaliq and Raman, 
2005). Similarly, either the absence of excitation and/or an increase in inhibitory input 
can decrease simple spike firing rate dramatically. During sensorimotor stimuli, e.g. visual 
stimulus, this can be down to ~20Hz, and more abrupt activity can cause brief cessation 
of firing. Recent experiments even provide evidence that suggests that Purkinje cells have 
two states, depolarized/firing and hyperpolarized/silent. Since sensory input through 
climbing fibres can function as a switch between the two states, it was suggested that 
this could have a key role in short-term processing and storage of sensory information. 

So not only do Purkinje cells have this extremely large range of frequencies to 
transfer information, they tend to use it too. Despite the intrinsic regular firing generation, 
Purkinje cells are known to be highly irregular with observed CV values ranging from 
0.5 to 1 (Armstrong and Rawson, 1979; Goossens et al., 2004). The eminent question 
remaining thus is: what is the relation between Purkinje cell firing and behaviour?

Complex spikes
Climbing fibres, originating from the inferior olive, innervate Purkinje cells with a very 
large number of contact points. This large number of synapses (in rat ~250, Rossi et al., 
1993; Shinoda et al., 2000) have a high release probability (Dittman and Regehr, 1998; 
Silver et al., 1998) and thus cause a massive depolarization of the Purkinje cell. Each 
climbing fibre innervates 5-10 Purkinje cells in a sagittal band (Sugihara et al., 2001; 
Sugihara et al., 2004), while each Purkinje cell is -in adult animals- innervated by only one 
climbing fibre. Because sagittal bands of Purkinje cells converge onto the same neurons 
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in the deep cerebellar or vestibular nucleus the complex spike signal may well have a 
strong	impact	even	there.	Purkinje	cells	receiving	input	from	the	same	olivary	neuron	
would fire complex spikes synchronously, a phenomenon that could be enhanced by 
the electrotonic coupling in the inferior olive (Llinas and Yarom, 1981). The dendrites 
of inferior olive cells are coupled by gap junctions, and this coupling under control of 
inhibitory input (De Zeeuw et al., 1993) and excitatory input (de Zeeuw et al., 1990).

The depolarization caused by climbing fibre activity results in a typical spike shape. 
A number of spikelets ride on a (~20ms) calcium wave (Eccles et al., 1966a) (Llinas 
and Sugimori, 1980a). This typical spike shape is the result of the following events, as 
reviewed by Schmolesky et al. (2002): 1) First the hundreds of contacts points of a single 
climbing fibre simultaneously release glutamate after an inferior olive neuron fires an 
action potential. This glutamate activates AMPA receptors and causes an EPSP. Because 
of the large number and spread of synapses the depolarizations lead to a dendritic 
calcium wave (Llinas and Sugimori, 1980b). The calcium waves requires P/Q and T-type 
voltage gated calcium channels (Pouille et al., 2000). This depolarization spreads to the 
axon hillock where it causes a sodium action potential, comparable to the simple spike 
(Ito, 1984; Stuart and Hausser, 1994).  Conversely, sodium action potentials hardly travel 
into the dendrite (Lasser-Ross and Ross, 1992; Stuart and Hausser, 1994), presumably 
rather than due to the low number of sodium channels this is the result of the dendritic 
geometry of the Purknje cell (Vetter et al., 2001). 2) The before mentioned dendritic 
calcium wave, caused by voltage gated calcium channels, typically has a number of 
spikelets riding on it. These spikelets are probably caused by resurgent sodium current 
(Raman and Bean, 1997). Interestingly, a recent study by Davie et al. (2008) shows that 
dendritic spikelets are not required for, nor directly linked to, somatic  spikelets in the 
complex spikes. 3) A slow repolarization and a slow afterhyperpolarization constitute the 
final part of the complex spike. In addition to a role for the before mentioned voltage 
gated calcium channels and resurgent sodium channels, the involvement of calcium-
dependent potassium (BK and SK) channels has also been demonstrated (Edgerton and 
Reinhart, 2003; Womack and Khodakhah, 2003). 

The role of the complex spike is strongly debated, for review see (Simpson et 
al., 1996; De Zeeuw et al., 1998a). Some see it as a timing device, where the inferior 
olive organizes movement in time and space (Llinas, 1988; Welsh et al., 1995). Others 
consider it to  be a teacher signal used to induced plasticity as originally proposed by 
Marr (1969) and Albus (1971), a mechanism that will discussed more extensively below. 
Although there is a significant amount of evidence, also from other cerebellar learning 
tasks (Koekkoek et al., 2003) supporting the involvement of teacher signal controlled 
plasticity in motor learning, the issue is still heavily debated. We will attempt to shed 
some	more	light	on	the	issue	in	this	thesis.	

1.4 Molecular pathways related to motor adaptation
Pf-PC LTD and LTP at the molecular level
The large influx of calcium during a complex spike is considered to be highly relevant for 
motor learning. Ever since the late 1960s and early 1970s cerebellar learning has been 
hypothesized to depend upon changes in synaptic strength of the parallel fibre-Purkinje 
cell synapse (Pf-PC), based on anatomy and modelling. Marr (1969) suggested that the 
climbing fibre functions as a teaching signal, used to calibrate synaptic strength so that it 
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will ultimately function correctly on its own, without olivary input. Subsequently, Albus 
(1971) extended and adjusted this theory by emphasizing an important role for the 
mossy fibre – granule cell – Golgi cell relay in pattern discrimination and by stating that 
the climbing fibre teaching should weaken -not strengthen- concomitant active parallel 
fibre contacts. Ito and colleagues (Ito, 1982b; Ito and Kano, 1982) extended the evidence 
for this theory by demonstrating that conjunctive climbing and parallel fibre stimulation 
decreases the postsynaptic excitation in Purkinje cell dendrites after parallel fibre 
stimulation (Fig. 4). Later the role of calcium in this process was confirmed (Miyakawa 
et al., 1992). Calcium enters the Purkinje cell through P/Q and T-type calcium channels 
after climbing fibre activity (Pouille et al., 2000; Schmolesky et al., 2002), but also from 
parallel fibre activated mGluR1 receptors, that cause inositol-triphospate (IP3) mediated 
calcium release from intracellular stores (Schoepp et al., 1990). In addition, parallel fibre 
activates diacylglycerol (DAG), and together DAG and calcium activate protein kinase C 
(PKC). When PKC is inhibited Pf-PC LTD does not occur; placing PKC in the cascade leading 
to LTD (Linden and Connor, 1991; Narasimhan and Linden, 1996). In addition to PKC other 
kinases are present in Purkinje cells. Protein kinase G is presumably involved through a 
different pathway, related to nitric oxide (NO) synthesis. NO is a very small molecule that 
spreads fast and far (Reynolds and Hartell, 2001); it activates guanylyl cyclase, which 
converts GTP into cGMP (Marcoli et al., 2006). The cGMP in turn activates PKG, which 
blocks dephosphorylation of AMPA receptors (Ito and Karachot, 1990; Hartell, 1994), 
comparable to PKC. As a result, blocking PKG causes a strong reduction of LTD (Feil et 
al., 2003). Additionally, and more recently, also calcium/calmodulin-dependent protein 
kinase II (CamKII) was demonstrated to be intimately involved in Purkinje cell plasticity. 
This kinase can function as a memory switch, as calcium causes a prolonged activation 
of CamKII (Lisman et al., 2002).  Recent evidence indicates that kinases like PKC can act 
directly upon the GluR2 subunit of the AMPA receptor (Chung et al., 2003). Moreover, 
PKC activates Protein Interacting with C Kinase 1 (PICK1), which in turn also targets the C-
terminal end of the GluR2 subunit (Xia et al., 1999). Both appear to be required for AMPA 
internalization and thus PF-PC LTD (Steinberg et al., 2006), leading to the interesting 
question: Is the observed phenotype in LTD-deficient mice caused by kinase mutations 
persistently present in mice that are LTD-deficient as a result of mutations downstream, 

Figure 4.  Molecular	pathways	in	parallel	
fibre to Purkinje cell plasticity. 
Schematic drawing with, for reasons 
of clarity, climbing fibre (CF) and 
PF terminals contacting the same 
postsynaptic compartment. The 
cascade leading to LTD induction 
is	 depicted	 in	 darker	 grey.	 A	 large	
calcium transient, requiring climbing 
fibre activity, promotes PKC activation, 
which	 phosphorylates	 GluR2.	 GluR2	
endocytosis requires binding of GluR2 
to protein interacting with C-kinase1 
(PICK1). The LTP cascade is shown in 
lighter grey: lower calcium transients 
promote phosphatase activation (only 
PP2B is directly calcium-regulated). 
GluR2 insertion requires GluR2 binding 
to NSF (adapted from Hansel et al., 
2005)



19

Chapter 1 - General introduction

closer to the actual AMPA receptor internalization?
The phosphorylating function of kinases is counteracted by dephosphorylation by 

phosphatases. Very recent work confirms a role for phosphatases in Purkinje cells, by 
demonstrating that e.g. protein phosphatase 2B (PP2B) is required for parallel fibre to 
Purkinje cell long term potentiation (Pf-PC LTP). Evidence for the role of phosphatases 
in plasticity originates predominantly from the hippocampus, where similar interactions 
may occur at the systems level even though LTP and LTD are mediated by molecular 
processes that are opposite to those in the cerebellum (for review see Jorntell and Hansel, 
2006). In contrast to that in cerebellar Purkinje cells, induction of LTP in hippocampal 
pyramidal cells is mediated by kinase pathways such as that of CamKII, whereas LTD in 
these cells is dependent on phosphatases such as PP2B (Zeng et al., 2001). Particularly 
in light of the discovery of large percentages of parallel fibre contacts that are silent an 
interesting question arises: what is the contribution of phosphatases and thereby of Pf-
PC LTP to Purkinje cell activity and motor behaviour?  

LTD and LTP in behaviour
A number of the molecules involved in the pathway leading to LTD have been used 
to generate genetically manipulated mice, in order to confirm their involvement in an 
intact	system	and	to	further	elucidate	the	proposed	role	of	LTD	in	motor	learning.	One	
of the first attempts was made with mice with a global deletion of the mGluR1 receptor, 
which resulted in a very severe cerebellar phenotype accompanied by absence of LTD 
and impaired climbing fibre elimination, and characterized by ataxia and impaired 
conditioned eye blink response (Aiba et al., 1994). Re-introduction of mGluR1 specifically 
in the Purkinje cells rescued the cerebellar symptoms (Kano et al., 1997). However, 
injecting mice with autoantibodies against mGluR1 from patients with paraneoplastic 
cerebellar ataxia affect both plasticity and ‘normal’ activity of Purkinje cells, suggesting 
that mGluR1 is involved in more than LTD (Coesmans et al., 2003). In an attempt to 
create a mouse with a more specifically affected plasticity, Chen and colleagues made a 
PKCgamma knockout mouse, but the phenotype was not very straightforward as motor 
performance in locomotion was affected, but motor learning in eye blink conditioning 
was not hampered (Chen et al., 1995). Moreover, cell physiological analysis demonstrated 
that in these mice Pf-PC LTD was not affected, but climbing fibre elimination was (Chen 
et al., 1995; Kano et al., 1995), suggesting that other PKC isoforms can compensate for 
the absence of gamma in the induction of LTD. 

To avoid compensation by other kinases and a-specific non-Purkinje cell effects, De 
Zeeuw et al. (De Zeeuw et al., 1998c) created mice with a short PKC inhibitory peptide 
under control of a Purkinje cell specific promoter (L7-PKCi). The mice heterozygous for 
the mutation displayed impaired LTD, delayed climbing fibre elimination, normal motor 
performance and impaired VOR adaptation. Additional evidence supporting the role 
of LTD in VOR adaptation was obtained with mice with a Purkinje cell specific deletion 
of cGMP-dependent protein kinase (cGKI or PKG). These mice were also found to have 
reduced LTD, normal climbing fibre elimination, normal motor performance but impaired 
VOR adaptation. Taken together these studies demonstrate a strong correlation between 
LTD and motor learning, albeit solely based on kinase mutations that are abundantly 
present and potentially affect other pathways in Purkinje cells. A similar phenotype, 
impaired LTD and motor learning, was found in mice homozygous for a mutation deleting 
alphaCamKII globally (Hansel et al., 2006). Deletion of alphaCamKIV resulted in a loss 
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of LTD maintenance, and a more subtle impairment of VOR adaptation (Boyden et al., 
2006). 

Although	 the	 accumulated	 evidence	 linking	 Pf-PC	 LTD	 to	 motor	 learning	 is	 very	
convincing, there is still reason to be cautious. This thesis attempts to provide the next 
step in understanding the cerebellar contribution to motor learning.   
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Scope of thesis 

The general aim of this thesis was to investigate the mechanisms underlying motor 
performance and adaptation at the molecular, cellular and network level. In particular 
we examine the role of Purkinje cell activity in cerebellar control of motor behaviour. 
First we give an introduction on compensatory eye movements, anatomical pathways, 
Purkinje cell activity and molecular pathways in the cerebellum (Chapter 1). 

Chapter 2 describes how we made a functional map of the flocculus, the part of 
the cerebellum related to eye movements. The flocculus was divided into 5 functional 
zones based on Purkinje cells displaying climbing fibre responses selectively during 
optokinetic stimulation around the horizontal or vertical axis. The origin of their climbing 
fibre inputs, the nuclei receiving their output and a biochemical marker linked to specific 
zones are described.

In Chapter 3 we study the relation between Purkinje cell simple spike activity 
and behaviour. First, we examined the acclaimed role of bistability of the Purkinje cell 
membrane potential, and its role in storage of sensory information. Here we provide 
evidence suggesting several factors (genetic manipulation, anaesthesia) can disturb 
normal simple spike timing, and describe that Purkinje cells of awake behaving normal 
mice show very little sign of bistability (Ch. 3.1). Secondly, we demonstrated in normal 
mice the occurrence of patterns, periods of regular sized inter simple spike intervals, 
and their strong correlation with behaviour (Ch. 3.2). Finally, we investigated the role 
of the temporal structure of Purkinje cell simple spikes and their relation to motor 
behaviour. We describe how a mutation in the P/Q type voltage gated calcium channel in 
the tottering mutant results in highly irregular simple spike firing and the relation of this 
disturbance to the ataxic phenotype of these mutants (Ch. 3.3). 

Chapter 4 investigates the molecular pathways involved in cerebellar adaptation 
processes. We studied the role of proteins involved in the plasticity at the parallel fibre 
to Purkinje cell synapse (PF-PC LTD) (Ch. 4.1). In 3 different mouse mutants that did not 
display PF-PC LTD -considered to be required for normal adaptation-, we did not find 
any motor performance of adaptation deficits. Next, we initiated a new approach by 
studying a Pf-PC LTP-deficient mutant mouse. These mice demonstrated learning deficits 
in both VOR adaptation and eye blink conditioning, and increased simple spike regularity 
(Ch. 4.2).

Then we shifted our focus towards the role of the molecular layer interneurons, 
by studying mice in which inhibition of Purkinje cells is genetically and selectively 
removed (Ch. 5). The mutant mice showed a robustly affected consolidation of motor 
adaptation, not being able to successfully complete a long-term adaptation paradigm. 
Close examination of the simple spike temporal structure revealed a consistent and 
clear difference in the regularity of firing, which was higher compared to littermates, 
particularly on small timescales.

In Chapter 6 we discuss the major findings in this thesis, and address the causes and 
consequences of Purkinje cell simple spike firing, in view of the possibility of temporal and 
frequency coding. We make an attempt at integrating this with our findings concerning 
the role of synaptic plasticity and Purkinje cell inhibition in motor adaptation. 
Overall, this thesis aims to evaluate several existing theories, and at the same time 
explores new directions of research that could be further addressed in the near future. 
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Abstract
The zones of the flocculus have been mapped in many species with a noticeable 
exception, the mouse.  Here, the functional map of the mouse was constructed via 
extracellular recordings followed by tracer injections of biotinylated-dextran-amine 
and immunohistochemistry for heat-shock protein-25.  Zones were identified  based 
on the Purkinje cell complex spike modulation occurring in response to optokinetic 
stimulation.  In zones 1 and 3 Purkinje cells responded best to rotation about a horizontal 
axis oriented at 135° ipsilateral azimuth, whereas in zones 2 and 4 they responded best 
to rotation about the vertical axis.  The tracing experiments showed that Purkinje cells 
of zone 1 projected to the parvicellular part of lateral cerebellar nucleus and superior 
vestibular nucleus, while Purkinje cells of zone 3 projected to group Y and the superior 
vestibular nucleus.  Purkinje cells of zones 2 and 4 projected to the magnocellular and 
parvicellular parts of the medial vestibular nucleus, while some also innervated the 
lateral vestibular nucleus or nucleus prepositus hypoglossi.  The climbing fiber inputs to 
Purkinje	cells	in	zones	1	and	3	were	derived	from	neurons	in	the	ventrolateral	outgrowth	
of the contralateral inferior olive, whereas those in zones 2 and 4 were derived from 
the contralateral caudal dorsal cap.  Purkinje cells in zones 1 and 2, but not in zones 3 
and 4, were positively labeled for heat-shock protein-25.  The present study illustrates 
that Purkinje cells in the murine flocculus are organized in discrete zones with specific 
functions, specific input – output relations, and a specific histochemical signature. 

Introduction
The flocculus of the cerebellum plays an important role in the control of compensatory 
eye movements (De Zeeuw et al., 2003).  As we aim in this thesis to unravel the 
cerebellar codings using (mutant) mice, correlating floccular Purkinje cell activity with 
stimulation, we first set out to map the organization of the flocculus in the mouse.  The 
anatomical and/or physiological zones of the flocculus have been mapped for various 
species, including monkey (Lisberger and Fuchs, 1978), cat (Groenewegen and Voogd, 
1977), rabbit (De Zeeuw et al., 1994a; Van der Steen et al., 1994; Tan et al., 1995b), 
and rat (Ruigrok et al., 1992; Sugihara et al., 2004).  The organization of the flocculus in 
mammals generally follows that of the cerebellar cortex in that sagittal zones of Purkinje 
cells project to specific parts of the cerebellar and vestibular nuclei (Yamamoto et al., 
1978; Voogd and Bigaré, 1980; Sato et al., 1982b, a; Tan et al., 1995b; Balaban et al., 
2000; Sugihara et al., 2004) and that they receive their climbing fibers from a specific 
group of neurons in the contralateral inferior olive (IO) (Groenewegen and Voogd, 
1977; Groenewegen et al., 1979; Ruigrok et al., 1992; Tan et al., 1995c; Sugihara et 
al., 2004).  In most mammals the zones can be morphologically discriminated by using 
acetylcholinesterase staining as a biochemical marker and/or by tracing the climbing 
fiber inputs anterogradely from the olive (Voogd and Bigaré, 1980; Tan et al., 1995c).  To 
date, little is known about the floccular organization in the mouse; so far no biochemical 
marker has been correlated to their zones and the topography of their climbing fiber 
projections has not been elucidated.  
 Climbing fibers potentials evoke complex spikes in Purkinje cells of the cerebellar 
cortex (Eccles et al., 1966; Thach, 1967).  In the flocculus of both rabbits and mice, the 
complex spike activity of Purkinje cells is modulated optimally in response to rotational 
optokinetic stimulation about either the vertical axis (VA) or the horizontal axis (HA) 
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that is approximately perpendicular to the ipsilateral anterior semicircular canal (Graf 
et al., 1988; Goossens et al., 2004; Hoebeek et al., 2005).  In zones 1 and 3 of the rabbit 
flocculus, complex spike activity is optimally modulated in response to optokinetic 
stimulation about the HA oriented at 45° contralateral azimuth/135° ipsilateral azimuth, 
while complex spike activities of Purkinje cells in zones 2 and 4 are optimally modulated 
in response to optokinetic stimulation about the vertical axis (De Zeeuw et al., 1994a).  
Whether the distribution of Purkinje cells with different preferred axes of optokinetic 
modulation in mice follows the same zonal pattern as in rabbits is unknown. 
 Purkinje cells in the flocculus are known to project to various parts of the 
cerebellar and vestibular nuclei, as demonstrated in primate (Haines, 1977; Langer 
et al., 1985), cat (Voogd, 1964; McCrea et al., 1979; Sato et al., 1982b), rabbit (Alley, 
1977; Yamamoto and Shimoyama, 1977; Balaban, 1987), and rat (Balaban et al., 2000).  
These studies used degeneration and/or tracing of large groups of axons, mostly of 
multiple zones.  Until recently studies on the efferent projection of individual zones 
of the flocculus were mostly done with retrograde axonal labeling from injections in 
the vestibular nuclei (Yamamoto et al., 1978; Sato et al., 1982a; Tan et al., 1995b) and 
therefore did not provide detailed information on the precise termination of the Purkinje 
cell axons.  The only study using anterograde axonal transport from discrete injections of 
individual Purkinje cells is the study by De Zeeuw et al. (1994a).  However, the Purkinje 
cell projections from this study could not be directly correlated to the specific olivary 
origins of the climbing fiber inputs to the flocculus due to the use of biocytin, which is 
exclusively an anterograde tracer.  
 To overcome this limitation as well as to find out whether and how the flocculus 
of the mouse is organized in zones, we placed small injections of biotinylated-dextran-
amine (BDA), which acts as both an anterograde and a retrograde tracer, into areas that 
were identified electrophysiologically by recording climbing fiber responses of Purkinje 
cells during optokinetic stimulation.  Although this technique is not as accurate as intra- 
or juxtacellular injections in Purkinje cells, it closely approaches this level, and in addition 
it labeled small areas of Purkinje cells as well as their climbing fiber inputs, thus allowing 
us to trace both the afferent and efferent projections of identified floccular zones in the 
same experiment.  In addition, we investigated to what extent immunoreactivity for 
heat-shock protein-25 (HSP25), which has recently been demonstrated to reveal distinct 
bands in the vestibulocerebellum of mice (Armstrong et al., 2000), could be correlated to 
the physiological identity and projection pattern of these zones.  Thus in conjunction, the 
current study provides a full description of the anatomical and physiological organization 
of the flocculus of the mouse, which nowadays with the advent of transgenics, is the 
first mammal of choice.

Experimental Procedures
All procedures adhered to the NIH Guide for the Care and Use of Laboratory Animals 
according to the principles expressed in the declaration of Helsinki and were approved 
by a national committee overseeing animal welfare.

Surgery. Eighteen adult C57BL/6 mice were prepared for neurophysiological experiments 
under anesthesia consisting of a 1:2 mixture of O2, N2O, and 1.5% isoflurane.  An acrylic 
head fixation pedestal was fixed to the skull by M1 screws, and a recording chamber 
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was made following a craniotomy (diameter ~3 mm) of the left occipital bone (Goossens 
et al., 2001).  The animals were allowed to recover for	5 days before the start of the 
recording and injection sessions.

Recordings and Injections.  The animals were restrained in a custom made plastic tube, 
which was placed in the center of a random dotted drum that could be rotated around a 
variety of vertical or horizontal axes in space (Stahl et al., 2000; van Alphen et al., 2001).  
Extracellular Purkinje cell activity was recorded using filament containing borosilicate 
glass pipettes (OD 2.0 mm, ID 1.16 mm, tip diameter 2.0 µm) filled with 2M NaCl.  For 
amplification, data acquisition, and analysis, we used Cyberamp (CED, Cambridge, 
UK), Spike 2 software (CED) and custom-written Matlab routines (Mathworks, USA), 
respectively.  Optokinetic stimulation consisted of a full-field random-dotted black 
and white drum (dot size 2°, distance to head 45 cm) rotating sinusoidally with 5° 
amplitude at 0.4 Hz around both the vertical axis (VA) and the horizontal axis (HA) that is 
perpendicular to the ipsilateral anterior semicircular canal (at a 45° angle clockwise from 
the rostrocaudal midline).  A floccular zone was identified by its complex spike responses 
to this optokinetic stimulation (De Zeeuw et al., 1994a); for tuning curves in mice see 
(Hoebeek et al., 2005), and subsequently the recording pipette was exchanged for a 
pipette (tip diameter 2 µm) that was filled with 10% BDA.  After the floccular zone was 
re-identified based on the complex spike modulation recorded with the BDA pipette, 
an iontophoretic injection was made using a constantly monitored anodal current of 
1-4 µA, pulsed 7 seconds on, 7 seconds off, for a period of 10 minutes.  Following the 
injection, the brain was covered with gramicidin-containing ointment and sealed with 
bone wax (Hoebeek et al., 2005).

Tissue processing. After 5-7 days the mice were deeply anesthetized with pentobarbital 
(200 mg/kg) and perfused transcardially with 4% paraformaldehyde.  The brains were 
postfixed for 1 hour in 4% paraformaldehyde, embedded in gelatin (11%) and sectioned 
transversally at 40 µm with a freezing microtome.  Sections were serially collected in 
four glass vials in which subsequent rinsing and incubation procedures were performed.  
Vials 1 and 3 were incubated for both BDA and HSP25 staining, whereas vials 2 and 4 
only served for BDA histochemistry.  All sections were rinsed for 30 min in Tris buffered 
saline (TBS, pH 7.6), incubated for 90 min in a solution of TBS / 0,05% Triton-X100 / 10% 
normal horse serum to block non-specific protein-binding sites, incubated overnight 
at 4°C in avidin-biotin-peroxidase complex (Vector Laboratories, Inc. Burlingame, Ca), 
rinsed again, and finally incubated in diaminobenzidine (75 mg/100 ml).  In vials 1 and 
3, cobalt ions were added to the incubation bath in order to obtain a black reaction 
product.  The reaction was stopped after 15-20 minutes by rinsing in TBS.  Vials 1 and 
3 were subsequently incubated with the rabbit-anti-mouse HSP25 antibody (1:10.000, 
SPA-801, StressGen, Victoria, BC, Canada) diluted in TBS containing 0.5% Triton-X100 and 
2% normal serum. After 48 hours incubation in the dark at 4°C, the sections were rinsed 
in TBS (3 times) and then incubated 90 min with the secondary antibody biotinylated 
goat-anti-rabbit antibody (1:200, Vector Laboratories, Burlingame, CA).  After this 
incubation, the sections were rinsed in TBS for 60 minutes, and incubated again 90 min 
with the Avidin-Biotin-Complex (Vector Laboratories, Inc., Burlingame, CA) in TBS with 
0,5% Triton-X100.  This step was followed by 3 x 5 min rinsing in TBS and 3 x 5 min in 0.1 
M Tris buffer (pH 7.6).  This time, the complex was visualized by diaminobenzidine (DAB, 
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75mg/100 ml) only, thus resulting in a brown precipitate at places where HSP25 was 
present.  Sections of vials 2 and 4 in which only BDA was visualized as a brown precipitate, 
served as additional sections for analysis and plotting. The sections were mounted, air-
dried, counterstained with thionin, dehydrated through graded alcohol series, cleared 
in xylene, and cover-slipped with Permount (Fisher Scientific).  The HSP25 antibody 
used in this study was generated against recombinant mouse HSP25. The specificity for 
HSP25 has been extensively tested through preadsorption with recombinant HSP25 and 
comparison with HSP25 mRNA distribution in murine fixed brain sections in previous 
studies (Maatkamp et al., 2004).  Furthermore, the same results were obtained with goat 
polyclonal antibody raised against the C-terminal portion of human HSP27, the human 
orthologue of HSP25.  Consistent with previous studies both antibodies predominantly 
stained motoneurons in spinal cord and brainstem, and to lesser degree astrocytes and 
blood vessels (Maatkamp et al., 2004). 

Histological analysis. The	 histological	 material	 was	 analyzed	 with	 a	 Leica	 DMR	 light	
microscope	equipped	with	a	DC	300	digital	camera.		Photo	panels	were	constructed	in	
CorelDraw after some correction for brightness and contrast in Corel Photo-Paint (both 
version 11). Graphical plots of anterograde and retrograde labeling in the cerebellar 

Figure 1. Complex spike and simple spike activities of Purkinje cells in the flocculus are modulated by HA or VA visual field 
rotation.  
A, This panel shows the spatial orientation of the optokinetic stimulation used to determine the preferred axis for each Purkinje 
cell.  The visual field was rotated around the ipsilateral 135° posterior - contralateral 45° anterior axis in the horizontal plane 
(HA; left column) or the vertical axis (VA; right column).  Arrows in A indicate the direction of rotation that results in increased 
complex spike activity in the left flocculus.  B, Sinusoidal optokinetic stimulation was presented at 0.4 Hz. C, Examples of 
peristimulus time histograms of complex spike activity of two Purkinje cells showing an optimal response to HA (left) or VA 
(right) optokinetic stimulation.  D, As in C but for simple spikes; note reciprocal modulation in that increased simple spike 
activity is accompanied by decreased complex spike activity and vice versa.  The histograms in C and D show the average firing 
frequency over 40 cycles per bin (bin width is 25 msec). 
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and vestibular nuclei were made with an Olympus BH-2 microscope equipped with a 
Lucivid miniature monitor (Microbrightfield, Colchester, VT) and a motorized X, Y and 
Z stage drive, and Neurolucida software (Microbrightfield).  Similar plots were made of 
retrograde labeling within the inferior olivary complex from which a standardized diagram 
was prepared of the caudal inferior olivary nucleus (Ruigrok et al., 1992).  Olivary labeling 
was subsequently entered within this standardized diagram. To map the flocculus, digital 
prints were prepared of all consecutive sections from the caudal-most to the rostral-
most part of the flocculus.  In all sections four reference points were indicated which 
served to construct a map of the unfolded flocculus (Ruigrok et al., 1992; Balaban et al., 
2000) (see Figure 3).  The unfolded flocculus map was transformed by custom-written 
Matlab routines. 

Results
Purkinje cell recordings and injections
Most of the complex spike activities of the Purkinje cells in the flocculus of the 
mouse responded optimally to optokinetic stimulation along either the VA or the HA 
perpendicular to the ipsilateral anterior semicircular canal (Figure 1).  In all these cases 
the simple spikes modulated out of phase with respect to the complex spike activities 
(Figure 1C, D).  The 18 small BDA injections that were made were distributed throughout 
the entire caudal-rostral and medio-lateral extent of the areas in the flocculus that 
responded to optokinetic stimulation (Figure 2, 3).  The cells that modulated optimally 
to the HA were clustered either in a zone located caudally in the flocculus (referred to as 
zone 1) or in a zone located in its rostral half (referred to as zone 3) (see Figure 3D-E).  In 
contrast, the VA cells were all located in between or rostrally to these zones (referred to as 
zone 2 and zone 4).  Caudal to zone 1, no cells were found that responded to optokinetic 
stimulation; in this area, which probably corresponds to the C2-zone (see De Zeeuw 
et al., 1994a; De Zeeuw and Koekkoek, 1997), no injections were made.  Among the 
eighteen BDA injections that were made in the floccular areas that showed responses to 
optokinetic stimulation, four were made into zone 1, eight in zone 2, five in zone 3, and 
one in zone 4 (Table 1).  Two of these injections, i.e. nr 17770-8 in zone 1 and nr 15733-1 
in zone 3, extended somewhat into the ventral paraflocculus.  A large part of the Purkinje 
cells that were located in the three most caudal zones, i.e. zone C2, zone 1 and zone 2, 
were positively labeled for HSP-25 (Figure 3B, C).  In contrast, none of the Purkinje cells 
in zones 3 and 4 showed any immunoreactivity for HSP-25.  In conjunction, these data 
indicate that the vast majority of Purkinje cells in the flocculus of the mouse respond to 
optokinetic stimulation about axes that run through the horizontal semicircular canal 
or ipsilateral anterior semicircular canal, that these cells are organized in parasagittal 
zones, and that they can be partly identified by immuno-histochemical staining. 

Projections from the inferior olive to the flocculus
The data described above indicate that the complex spike activities of Purkinje cells in 
zones 1 and 3 modulate optimally around an axis that is perpendicular to the preferred 
axis of Purkinje cells in zones 2 and 4. These results suggest that the climbing fibers that 
evoke these different activities originate from different clusters of neurons in the inferior 
olive. We therefore investigated whether the BDA injections in zones 1 and 3 resulted 
in different sets of retrogradely labeled neurons than those in zones 2 and 4. This 
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Figure 2. Series of drawings indicating the 
position and shape of the flocculus and 
paraflocculus in relation to the cerebellar and 
vestibular nuclei.  
Drawings were based on every fifth 40μm 
section of mouse 15733-2, and display the entire 
flocculus from its most rostral tip (I) down to its 
most caudal tip (VII).  For abbreviations, see list.
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prediction did hold (Table 1). The injections of BDA in zones 1 and 3 resulted in labeled 
neurons in the contralateral ventrolateral outgrowth (VLO) (Figure 4), whereas those in 
zones 2 and 4 resulted in retrogradely labeled neurons in the contralateral caudal dorsal 
cap (CDC) (Figure 5).  In all cases the injections were relatively small and the number of 
retrogradely labeled neurons never exceeded 15.  In 1 case, mouse 15735-5, the cluster 
of retrogradely labeled neurons in the caudal dorsal cap extended into a more rostral 
area approaching the rostral dorsal cap and VLO.  Note that the injection site in this case 
was located near the border between zones 2 and 3 (Figure 3D).  In 3 cases we did not 
observe any retrogradely labeled neuron in the inferior olive (Table 1).  Thus, collectively 
from these results we conclude that the sources of the climbing fiber projections to the 
different floccular zones in the mouse are compatible with the preferred complex spike 
modulations of their Purkinje cells.  The climbing fiber projections to both HA zones (1 
and 3) are derived from the same olivary subnucleus, the VLO, while those to the VA 
zones (2 and 4) are both derived from a different subnucleus, the caudal DC.   
Purkinje cell projections
The specific climbing fiber inputs as well as the preferred complex spike and simple 

Figure 3. The flocculus of the 
mouse can be divided into five 
functional zones.  
A, Schematic representation of 
the flocculus showing the four 
reference points (a, b, c and d) 
used in each floccular section 
(40 µm) for analysis.  B, Example 
of HSP25 staining (brown) in 
the (para)flocculus (borders 
of the HSP25-immunopositive 
area are indicated by arrows).  
C, Schematic representation 
showing the HSP25 expression 
pattern (from gray to black 
in increasing intensity) in 
the flocculus of the mouse 
with	 reference	 points	 a-d	
unfolded along the y-axis 
and consecutive sections 
presented	 in	 the	 rostrocaudal	
direction along the x-axis.  Blue 
lines indicate the borders of 
the functional zones identified 
by electrophysiological 
recordings.  D, BDA injection 
sites in HA (green) and VA 
(red) zones superimposed 
on	 the	 scheme	 presented	 in	
C.  The numbers refer to the 
animals	 involved.	 Note	 that	
HSP25 labeling is restricted to 
zones 1, 2, and C2. E, Plots of 
original sections indicating the 
size and position of the BDA 
injections of all studied cases. 
Case numbers are indicated 
and Roman numbers refer 
to the approximate level of 
the plot relative to the series 
shown in Figure 2.
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spike modulations of the Purkinje cell zones described above would theoretically be 
most effective were it maintained in the nuclei receiving Purkinje cell inputs as well.  
We therefore investigated whether the BDA injections in the flocculus that provided 
the zone-specific retrograde labeling in the different olivary subnuclei, also showed 
anatomically discrete anterograde labeling of Purkinje cell axons and terminals.

The injections into the HA zones 1 and 3 demonstrated similar, yet not identical, 
projection patterns.  Labeled fibers originating from zone 1 followed the floccular 
peduncle	from	which	they	turned	caudally	towards	the	parvicellular	aspect	of	the	lateral	
cerebellar nucleus (LatPC) where a dense axonal terminal plexus was observed in a 
confined narrow region (Figures 4C and 6A).  Other fibers followed an arching route 
through the LatPC passing just dorsal to the inferior cerebellar peduncle and Y-nucleus.  
At that point the fibers turned rostromedially and reached the superior vestibular nucleus 
(SuVe) where a few fibers and terminals were found.  The fibers of zone 3 followed the 
same route as the fibers of zone 1, but they provided more terminal boutons in the SuVe 
and showed terminals in the dorsal part of group Y instead of the LatPC (Figure 5).  

The injections into VA zones 2 and 4 demonstrated projection patterns that clearly 

Mouse Phys. Zone Ipsilateral projection
Contralateral	inferior	
olive	

17770-3 HA 1 LatPC, SuVe no labeling

17770-4 HA 1 LatPC, SuVe VLO	

17770-7 HA 1 LatPC, SuVe VLO

17770-8 HA 1 no projection VLO

18320-4 VA 2 no projection CDC

15735-6 VA 2 MVep, some in LVN no labeling

15733-4 VA 2 MVep, MVem, some in LVN CDC

18320-6 VA 2 MVep, MVem CDC

15733-2 VA 2 no projection no labeling

17770-1 VA 2 MVem, MVep, some in PrH CDC

16162-3 VA 2 MVep CDC

15735-5 VA 2 SuVe and MVem, MVep CDC

11324-4 HA 3 SuVe and MVep, group Y VLO

15733-1 HA 3 group Y VLO

11324-5 HA 3 SuVe, group Y VLO

17770-6 HA 3 SuVe, group Y VLO

17770-9 HA 3 SuVe, group Y VLO

15732-2 VA 4 MVem, MVep, some in LVN CDC

Table 1. List of mice. Complex spike responses to HA or VA optokinetic stimulations, Injection, 
projection sites of BDA-labeled floccular Purkinje cells, and retrogradely labeled neurons in the 
contralateral	IO.
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Figure 4. Floccular zones 1 and 3, responding optimally to HA optokinetic stimulation, receive specific climbing fiber inputs and 
project to discrete regions in the midbrain.  
A, Peri stimulus time histogram of the complex spikes modulation (bottom) demonstrating the response to sinusoidal HA 
stimulation (top).  B, Micrographs showing examples of BDA injection sites in zones 1 and 3 in the mouse flocculus.  C, 
Reconstructions of corresponding retrograde labeling in the contralateral inferior olive illustrate that the injections in zones 
1 and 3 labeled olivary neurons (dots) in the ventrolateral outgrowth (VLO).  Insets show a reconstruction of the coronal 
view at the rostrocaudal level indicated by the line.  D, Reconstructions of corresponding projection patterns shows that the 
injection in zone 1 resulted in Purkinje cells projecting to LatPC and SuVe, while the injection in zone 3 resulted in Purkinje cells 
projecting to group Y and SuVe. For abbreviations, see list.
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Figure 5. Floccular zones 2 and 4, responding optimally to VA optokinetic stimulation, receive specific climbing fiber inputs and 
project to discrete regions in the midbrain. 
A, Peri stimulus time histogram of the complex spikes modulation (bottom) demonstrating the response to sinusoidal VA 
stimulation (top).  B, Micrographs showing examples of BDA injection sites in zones 2 and 4 in the mouse flocculus.  C, 
Reconstructions of corresponding retrograde labeling in the contralateral inferior olive illustrate that the injections in zone 2 
and 4 labeled olivary neurons (dots) in the caudal dorsal cap (CDC).  Insets show a reconstruction of the coronal view at the 
rostrocaudal level indicated by the line.  D, Reconstructions of corresponding projection patterns shows that the injection in 
zones 2 and 4 (VA) resulted in Purkinje cells projecting to MVem and MVep, and in some cases to lesser extend also to the LVN 
or PrH. For abbreviations, see list.
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diverged from those of zones 1 and 3 (Table 1).  Purkinje cell axons derived from zone 2 
coursed ventrally to the LatPC and passed group Y without providing terminals to these 
regions.	 	 They	 descended	 ventromedially	 to	 terminate	 within	 the	 magnocellular	 and	
parvicellular parts of the medial vestibular nucleus (MVem and MVep).  Occasionally, 
terminals were observed within the lateral vestibular nucleus (LVN) and sparsely in 
the nucleus prepositus hypoglossi (PrH) (nr. 17770-1: Figure 6F).  Axon terminals were 
observed in all these regions, but the terminal arborizations were much more extensive 
in the MVem and MVep than in the LVN or PrH.  Within the MVem many labeled 
terminals were distributed around large somata and proximal dendrites (Figure 6G).  In 
the case in which the injection site was close to the border with zone 3 (nr. 15735-5), 
some of the fibers also projected to the SuVe.  The labeled Purkinje cell axons derived 
from zone 4 demonstrated a similar pattern of terminal arborizations as those of zone 
2; most labeling was observed in the MVem and MVep, some in the LVN, and no axonal 
varicosities were seen within the confines of the LatPC or group Y.  

These data allow us to conclude that the Purkinje cell projections from HA zones (1 
and 3) diverge from those of VA zones (2 and 4) and that the specifics of these projection 
patterns match remarkably well with the characteristics of the climbing fiber inputs 
described above.

	
	
Discussion
In the present study, for the first time, we demonstrated that subpopulations of Purkinje 
cells reside in anatomically and physiologically discrete zones in the mouse flocculus.  In 
addition, we have shown that the individual zones of Purkinje cells receive climbing fiber 
inputs from different regions of the inferior olive and project to different sets of nuclei 
and subnuclei, thereby retaining structural and functional separation at all three levels 
of the cerebellar modules. 

Zones in the mouse flocculus
The mouse flocculus was found to have four parasagittal zones that responded to 
optokinetic stimulation about particular axes in space (zones 1 to 4) and one zone that was 
non-responsive to optokinetic stimulation (C2 zone).  Zones 1 and 3 contained Purkinje 
cells responding optimally to visual field rotation around the 45º contralateral azimuth 
- 135º ipsilateral azimuth HA, while Purkinje cells located in zones 2 and 4 showed a 
maximal response to rotation around the VA.  These data agree with the divisions that 
have been found in the rabbit flocculus following both zone-specific recordings and zone-
specific stimulations.  De Zeeuw and colleagues (De Zeeuw et al., 1994a) showed a near-
identical organization of zones in the rabbit flocculus following recordings of complex 
spike and simple spike activities, while Van der Steen and colleagues (Van der Steen et 
al., 1994) were able to evoke binocular eye movements about the same HA and VA axes 
in space by electrical microstimulation of the corresponding zones.  In these studies 
the sites of the recordings or stimulations were marked by a tracer and/or electrical 
lesion and subsequently correlated to anatomical zones, the borders of which were 
visualized with the use of acetylcholine-esterase (AchE) (Tan et al., 1995a).  In mice, 
however, neither AchE nor any other biochemical marker tested to date clearly labels 
the borders between the zones in the vestibulocerebellum (De Zeeuw et al., 2003).  
However, Armstrong and colleagues have recently made note of HSP-25 patterning in 
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Figure 6. Micrographs showing labeling characteristics after BDA injections into identified zones of the mouse flocculus.  
A, Anterograde labeling of Purkinje cell axons and terminals within the LatPC following injection in zone 1 (case 17770-7).  B, 
Purkinje cell terminal arborizations are labeled within LatPC and group Y after BDA injection in zone 3 (case 11324-5).  C, Same 
case also shows efferent labeling within the lateral part of the SuVe.  D, Retrograde labeled neurons (arrows) are present in 
the VLO after BDA injection in zone 3 of the contralateral flocculus (case 17770-6).  E, Varicose fibers and terminals in the 
MVem are labeled after injection into zone 2 of the flocculus (case 15733-4).  F, Anterograde labeling of Purkinje cell axons 
and terminals within the PrH following injection in zone 2 (case 17770-1).  G and H, These panels show examples of vestibular 
nucleus neurons (asterisks) that are surrounded by labeled terminal fibers after BDA injections into zone 2 (case 15733-4) 
and zone 4 (case 15732-2), respectively.  I, Retrograde labeling of olivary neurons (arrows) in the CDC after BDA injection into 
zone 4 of the flocculus (case 15732-2).  Scale bars represent 25 µm in G, H and inset of F and 100 µm in all other panels. For 
abbreviations, see list.
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the vestibulocerebellum (Armstrong et al., 2000).  Therefore, we tested the usefulness 
of Hsp-25 as a morphological marker for zonal borders and found that this protein is 
expressed by Purkinje cells in HA zone 1, VA zone 2, and the non-HA / non-VA zone 
C2, but not by those in zones 3 and 4.  Thus, although we have not been able to find a 
specific morphological marker for either the VA zones or HA zones, we did find a marker 
to	segregate	the	two	most	rostral	zones	from	the	three	caudal	zones	in	mice.		

The most rostral floccular VA zone (zone 4), which we have found both in mice and 
rabbits, has not been described for the cat at the physiological level.  (Sato and Kawasaki, 
1984) found three zones in the flocculus of the cat following electrical stimulation; 
stimulation of a caudal zone produced downward eye movements, while stimulation of 
a middle and rostral zone produced ipsilateral horizontal and upward eye movements, 
respectively.  Thus, the organization of these zones suggests that the caudal zone of the 
cat flocculus corresponds to zone 1 of the mouse flocculus, the middle zone to zone 2 
and the rostral zone to zone 3.  It appears likely though that the cat flocculus also has a 
rostral VA zone, because it can be found at the anatomical level following anterograde 
tracing of its climbing fibers (Gerrits and Voogd, 1982).  Possibly, the rostral VA zone 
was missed in the physiological study in the cat, because it is too narrow to be reliably 
detected by electrical stimulation.  In support of this point, it should be noted that in 
rabbits too zone 4 could not be detected by electrical stimulation (Van der Steen et al., 
1994), while it was evident following single unit recordings of modulating Purkinje cells 
(De Zeeuw et al., 1994a).  

Similarly, Gerrits and Voogd (Gerrits, 1985) found the existence of the C2 zone in the 
cat flocculus based on its 3D-structure, its relation with adjacent cerebellar structures, 
and its connections.  Presumably the cat C2 zone is like that in mice and rabbits in that 
it is not directly involved in the optokinetic reflex.  The function of the C2 zone could be 
related to head movements, as stimulation of this zone in the flocculus evokes short-
latency head movements (De Zeeuw and Koekkoek, 1997).    

Climbing fiber input to the mouse flocculus
The observation that complex spike activities in the mouse flocculus can be divided into 
discrete zones based on their responses to optokinetic stimulation around particular 
axes in space agreed well with the finding that these zones receive their climbing fiber 
inputs from different olivary subnuclei.  We showed that Purkinje cells in HA zones 1 
and 3 receive their climbing fibers from the VLO, while those in VA zones 2 and 4 receive 
their climbing fibers from the caudal DC.  These data largely agree with the findings by 
Tan and colleagues (Tan et al., 1995c) in rabbit, except that zones 1 and 3 in that species 
also receive inputs from the rostral DC.  The zonal organization of the olivocerebellar 
projection to the flocculus in the mouse also shows a pattern similar to that in the rat 
(Ruigrok et al., 1992; Sugihara et al., 2004); zones FD and FD’ in the rat correspond to 
zones 1 and 3 and are innervated by the VLO, while zones FE and FE’ are innervated 
by the dorsal cap and correspond to zone 2 and zone 4, respectively.  Thus, one can 
conclude	that	the	VLO	and	caudal	DC	in	animals	in	the	grandorder	glires	are	generally	
involved in vertical and horizontal optokinetic eye movements, respectively, and that 
the olivary projections to the flocculus in the mouse resemble those that have been 
described for rats and rabbits. 
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Purkinje cell projections of the mouse flocculus
The organization of the output of the flocculus in mice was as zone-specific as that of 
its climbing fiber input and its Purkinje cell activities.  Our findings reveal that Purkinje 
cells of zone 1 project to the LatPC and/or SuVe, that Purkinje cells of zone 3 project to 
group Y and/or SuVe, and that those of zone 2 and 4 project to the MVem and MVep, 
and occasionally to the LVN and PrH.  These results largely agree with degeneration and 
tracing studies in rabbits (Yamamoto et al., 1978; Yamamoto, 1979; De Zeeuw et al., 
1994a; Tan et al., 1995b), cats (Voogd, 1964; Sato et al., 1982b, a; Carleton and Carpenter, 
1983; Dietrichs, 1983; Langer et al., 1985), monkeys (Balaban et al., 1981; Carleton and 
Carpenter, 1983; Langer et al., 1985) and rats (Bernard, 1987; Umetani, 1992; Balaban 
et al., 2000).  The present study indicates that cells in the VA zone 2 project directly to 
neurons in the PrH. However, this projection was only clearly seen in case 17770-1 (Table 
1), where the injection involved the medial part of the ventral paraflocculus. Purkinje 
cells in this area have been reported to be in labeled after injection in the PrH (Balaban 
et al., 2000).  A projection from the flocculus to the PrH has been suggested before in 
the rabbit (Yamamoto et al., 1978), but De Zeeuw and colleagues (1994a) were unable 
to confirm this, let alone to determine from which zone it was derived.  In addition, we 
observed a projection from zone 3, but not zone 1, to group Y in mice, while in rabbits 
both zones have been found to project to the dorsal part of group Y (De Zeeuw et al., 
1994a).  Thus, there may be subtle differences between mice and other mammals, but 
the main topographical organization appears very similar.  
The results of this study in mice are comparable to previous studies in that there are 4 
floccular zones for 2 preferred axes of optokinetic stimulation. These findings raise the 
question as to why there are 2 functional zones for each axis. A possible explanation 
may be found in the relatively subtle differences in the projections within the sets of HA 
zones and VA zones. For example, while Purkinje cells of zone 1 and zone 3 receive input 
from the same part of the inferior olive and respond both optimally to the same HA axis 
of optokinetic stimulation, the Purkinje cells in zone 1 project to the SuVe and LatPC 
whereas those in zone 3 project to the SuVe and the dorsal part of group Y. In all animals 
studied so far the LatPC is known to provide an inhibitory feedback to the inferior olive 
(De Zeeuw et al., 1994b), but whether this connection also holds for group Y is less 

Figure 7. Summary of afferent and efferent pathways of Purkinje cells in the 
mouse flocculus.  Line width indicates the relative strength of the projection. For 
abbreviations, see list. 
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clear (Partsalis et al., 1995). Similarly, the Purkinje cells in zone 2 may be involved in an 
inhibitory feedback to the olive via the PrH (De Zeeuw et al., 1993), but such projection 
has never been shown for zone 4. Thus, it appears possible that Purkinje cells zones 1 
and 2 may be especially relevant for the closed loop systems in optokinetic control, while 
those of zones 3 and 4 may be more relevant for the open loop pathways (see also De 
Zeeuw et al., 1994a).

Finally, the current study provides the first direct evidence for mammals that 
the specific output connections of the floccular zones perfectly match their specific 
climbing fiber inputs.  We have been able to directly show this relation by combining 
anterograde and retrograde transport of a single tracer, BDA.  Fortunately, the speed 
and efficiency of the anterograde and retrograde transport of BDA were sufficiently 
comparable to allow us to identify both labeled neurons in the inferior olive and sites 
of Purkinje cell terminations in the cerebellar and vestibular nuclei in single sections 
following single injections.  Whenever the source of the climbing fibers was not discrete, 
for example when an injection site was close to the border between two zones, the 
Purkinje cell projections were similarly more diffuse.  Therefore, the current data allow 
us to conclude that the olivocerebellar modules as originally described by Voogd and 
colleagues (Voogd and Glickstein, 1998) hold valid and reach an extremely high level of 
precise	topography.	

Abbreviations

AChE	 	 acetylcholinesterase
BDA  biotinylated dextran amine
CDC	 		 caudal	dorsal	cap	
DC	 	 dorsal	cap	
DM	 	 dorsomedial	group	
Fl  flocculus
FRN’s  flocculus receiving neurons
HA  horizontal axis
HSP25  heat-shock protein-25
icp  inferior cerebellar peduncle
IntA  anterior interposed nucleus of the cerebellum
IntP  posterior interposed nucleus of the cerebellum
IO	 	 inferior	olive
LatPC  parvicellular part of lateral cerebellar nucleus
LVN  lateral vestibular nucleus
Med  medial cerebellar nucleus
MVe  medial vestibular nucleus
MVem  magnocellular part of medial vestibular nucleus
MVep  parvicellular part of medial vestibular nucleus
OKR  optokinetic reflex 
PFl  paraflocculus
PrH  nucleus prepositus hypoglossi
RDC	 	 rostral	dorsal	cap	
scp  superior cerebellar peduncle
SuVe  superior vestibular nucleus
VA  vertical axis
VLO	 	 ventrolateral	outgrowth	
VOR  vestibulo-ocular reflex
WGA-HRP  wheat germ agglutinated horseradish peroxidase



47

Chapter	2	-	Anatomical	pathways

Reference list

Alley K (1977) Anatomical basis for interaction between cerebellar flocculus and 
brainstem. In: Control of Gaze by Brainstem Neurons (Baker R, Berthoz A, eds), pp 
109-117. Amsterdam: Elsevier.

Armstrong CL, Krueger-Naug AM, Currie RW, Hawkes R (2000) Constitutive expression of 
the 25-kDa heat shock protein Hsp25 reveals novel parasagittal bands of purkinje 
cells in the adult mouse cerebellar cortex. J Comp Neurol 416:383-397.

Balaban CD (1987) Distribution of inferior olivary projections to the vestibular nuclei of 
albino rabbits. Neuroscience 24:119-134.

Balaban CD, Ito M, Watanabe E (1981) Demonstration of zonal projections from the 
cerebellar flocculus to vestibular nuclei in monkeys (Macaca fuscata). Neurosci 
Lett 27:101-105.

Balaban CD, Schuerger RJ, Porter JD (2000) Zonal organization of flocculo-vestibular 
connections in rats. Neuroscience 99:669-682.

Bernard JF (1987) Topographical organization of olivocerebellar and corticonuclear 
connections in the rat--an WGA-HRP study: I. Lobules IX, X, and the flocculus. J 
Comp Neurol 263:241-258.

Carleton SC, Carpenter MB (1983) Afferent and efferent connections of the medial, 
inferior and lateral vestibular nuclei in the cat and monkey. Brain Res 278:29-51.

De Zeeuw CI, Koekkoek SKE (1997) Signal processing in the C2-module of the flocculus 
and its role in head movement control. In: The cerebellum form structure to 
control. (De Zeeuw CI, Strata P, Voogd J, eds), pp 299-320. Rotterdam: Elsevier.

De Zeeuw CI, Wentzel P, Mugnaini E (1993) Fine structure of the dorsal cap of the inferior 
olive and its GABAergic and non-GABAergic input from the nucleus prepositus 
hypoglossi in rat and rabbit. J Comp Neurol 327:63-82.

De Zeeuw CI, Wylie DR, DiGiorgi PL, Simpson JI (1994a) Projections of individual Purkinje 
cells of identified zones in the flocculus to the vestibular and cerebellar nuclei in 
the rabbit. J Comp Neurol 349:428-447.

De Zeeuw CI, Gerrits NM, Voogd J, Leonard CS, Simpson JI (1994b) The rostral dorsal cap 
and ventrolateral outgrowth of the rabbit inferior olive receive a GABAergic input 
from dorsal group Y and the ventral dentate nucleus. J Comp Neurol 341:420-
432.

De Zeeuw CI, Koekkoek SK, van Alphen AM, Luo C, Hoebeek F, van der Steen J, Frens 
MA, Sun JC, Goossens HHLM, Jaarsma D, Coesmans MPH, Schmolesky MT, de Jeu 
MTG, Galjart N (2003) Gain and phase control of compensatory eye movements 
by the flocculus of the vestibulocerebellum. In: Handbook of auditory research, 
pp 375-422: Springer Verlag.

Dietrichs E (1983) The cerebellar corticonuclear and nucleocortical projections in the cat 
as studied with anterograde and retrograde transport of horseradish peroxidase. 
V. The posterior lobe vermis and the flocculo-nodular lobe. Anat Embryol 167:449-
462.

Eccles JC, Sasaki K, Strata P (1966) The profiles of physiological events produced by a 
parallel fibre volley in the cerebellar cortex. Exp Brain Res 2:18-34.

Gerrits NM (1985) Brainstem Control of the Cerellar Flocculus. In, pp 1-89. Leiden: Leiden 
University.



48

Gerrits NM, Voogd J (1982) The climbing fiber projection to the flocculus and adjacent 
paraflocculus in the cat. Neuroscience 7:2971-2991.

Goossens HH, Hoebeek FE, Van Alphen AM, Van Der Steen J, Stahl JS, De Zeeuw CI, Frens 
MA (2004) Simple spike and complex spike activity of floccular Purkinje cells 
during the optokinetic reflex in mice lacking cerebellar long-term depression. Eur 
J Neurosci 19:687-697.

Goossens J, Daniel H, Rancillac A, van der Steen J, Oberdick J, Crepel F, De Zeeuw CI, 
Frens MA (2001) Expression of protein kinase C inhibitor blocks cerebellar long-
term depression without affecting Purkinje cell excitability in alert mice. J Neurosci 
21:5813-5823.

Graf W, Simpson JI, Leonard CS (1988) Spatial organization of visual messages of the 
rabbit’s cerebellar flocculus. II. Complex and simple spike responses of Purkinje 
cells. J Neurophysiol 60:2091-2121.

Groenewegen HJ, Voogd J (1977) The parasagittal zonation within the olivocerebellar 
projection. I. Climbing fiber distribution in the vermis of cat cerebellum. J Comp 
Neurol 174:417-488.

Groenewegen HJ, Voogd J, Freedman SL (1979) The parasagittal zonation within the 
olivocerebellar projection. II. Climbing fiber distribution in the intermediate and 
hemispheric parts of cat cerebellum. J Comp Neurol 183:551-601.

Haines DE (1977) Cerebellar corticonuclear and corticovestibular fibers of the 
flocculonodular lobe in a prosimian primate(Galago senegalenis). J Comp Neurol 
174:607-630.

Hoebeek FE, Stahl JS, van Alphen AM, Schonewille M, Luo C, Rutteman M, van den 
Maagdenberg AM, Molenaar PC, Goossens HH, Frens MA, De Zeeuw CI (2005) 
Increased noise level of purkinje cell activities minimizes impact of their 
modulation during sensorimotor control. Neuron 45:953-965.

Langer T, Fuchs AF, Chubb MC, Scudder CA, Lisberger SG (1985) Floccular efferents in the 
rhesus macaque as revealed by autoradiography and horseradish peroxidase. J 
Comp Neurol 235:26-37.

Lisberger SG, Fuchs AF (1978) Role of primate flocculus during rapid behavioral 
modification of vestibuloocular reflex. II. Mossy fiber firing patterns during 
horizontal head rotation and eye movement. J Neurophysiol 41:764-777.

Maatkamp A, Vlug A, Haasdijk E, Troost D, French PJ, Jaarsma D (2004) Decrease of Hsp25 
protein expression precedes degeneration of motoneurons in ALS-SOD1 mice. Eur 
J Neurosci 20:14-28.

McCrea RA, Baker R, Delgado-Garcia J (1979) Afferent and efferent organization of the 
prepositus hypoglossi nucleus. Prog Brain Res 50:653-665.

Partsalis AM, Zhang Y, Highstein SM (1995) Dorsal Y group in the squirrel monkey. I. 
Neuronal responses during rapid and long-term modifications of the vertical VOR. 
J Neurophysiol 73:615-631.

Ruigrok TJ, Osse RJ, Voogd J (1992) Organization of inferior olivary projections to the 
flocculus and ventral paraflocculus of the rat cerebellum. J Comp Neurol 316:129-
150.

Sato Y, Kawasaki T (1984) Functional localization in the three floccular zones related to 
eye movement control in the cat. Brain Res 290:25-31.

Sato Y, Kawasaki T, Ikarashi K (1982a) Zonal organization of the floccular Purkinje cells 
projecting to the group y of the vestibular nuclear complex and the lateral 



49

Chapter	2	-	Anatomical	pathways

cerebellar nucleus in cats. Brain Res 234:430-434.
Sato Y, Kawasaki T, Ikarashi K (1982b) Zonal organization of the floccular Purkinje cells 

projecting to the vestibular nucleus in cats. Brain Res 232:1-15.
Stahl JS, van Alphen AM, De Zeeuw CI (2000) A comparison of video and magnetic search 

coil recordings of mouse eye movements [In Process Citation]. J Neurosci Methods 
99:101-110.

Sugihara I, Ebata S, Shinoda Y (2004) Functional compartmentalization in the flocculus and 
the ventral dentate and dorsal group y nuclei: an analysis of single olivocerebellar 
axonal morphology. J Comp Neurol 470:113-133.

Tan J, Simpson JI, Voogd J (1995a) Anatomical compartments in the white matter of the 
rabbit flocculus. J Comp Neurol 356:1-22.

Tan J, Epema AH, Voogd J (1995b) Zonal organization of the flocculovestibular nucleus 
projection in the rabbit: a combined axonal tracing and acetylcholinesterase 
histochemical study. J Comp Neurol 356:51-71.

Tan J, Gerrits NM, Nanhoe R, Simpson JI, Voogd J (1995c) Zonal organization of the 
climbing fiber projection to the flocculus and nodulus of the rabbit: a combined 
axonal tracing and acetylcholinesterase histochemical study. J Comp Neurol 
356:23-50.

Thach WT, Jr. (1967) Somatosensory receptive fields of single units in cat cerebellar 
cortex. J-Neurophysiol 30:675-696.

Umetani T (1992) Efferent projections from the flocculus in the albino rat as revealed by 
an autoradiographic orthograde tracing method. Brain Res 586:91-103.

van Alphen AM, Stahl JS, De Zeeuw CI (2001) The dynamic characteristics of the mouse 
horizontal vestibulo-ocular and optokinetic response. Brain Res 890:296-305.

Van der Steen J, Simpson JI, Tan J (1994) Functional and anatomic organization of three-
dimensional eye movements in rabbit cerebellar flocculus. J Neurophys 72:31-
46.

Voogd J (1964) The cerebellum of the cat. Structure and fibre connexions. In: Anatomy. 
Leiden: Rijksuniversiteit Leiden.

Voogd J, Bigaré F (1980) Topographical distribution of olivary and corticonuclear fibers in 
the cerebellum. The inferior olivary nucleus Raven Press New York:207-305.

Voogd J, Glickstein M (1998) The anatomy of the cerebellum. Trends Neurosci 21:370-
375.

Yamamoto M (1979) Topographical representation in rabbit cerebellar flocculus for 
various afferent inputs from the brainstem investigated by means of retrograde 
axonal transport of horseradish peroxidase. Neurosci Lett 12:29-34.

Yamamoto M, Shimoyama I (1977) Differential localization of rabbit’s flocculus Purkinje 
cells projecting to the medial and superior vestibular nuclei, investigated by means 
of the HRP retrograde axonal transport. Neuroscience 5:279-283.

Yamamoto M, Shimoyama I, Highstein SM (1978) Vestibular nucleus neurons relaying 
excitation from the anterior canal to the oculomotor nucleus. Brain Res 148:31-
42.





Chapter 3

Purkinje cell activity in relation to behavior





Chapter 3

Paragraph 1

Purkinje Cells in Awake Behaving Animals Operate in Stable 
Upstate Membrane Potential

Adapted from Nat Neurosci. 2006 Apr;9(4):459-61.
M. Schonewille, S. Khosrovani, B.H. Winkelman, F.E. Hoebeek, M.T. De Jeu, I.M. Larsen, 
J. Van der Burg, M.T. Schmolesky, M.A. Frens, C.I. De Zeeuw.



54

Abstract
Bistability of membrane potentials has been described for various neurons in the brain.  
Recently, evidence has been provided that complex spikes can alter the state of the 
membrane potential of Purkinje cells suggesting a mechanism by which somatosensory 
stimulation can act as a toggle switch to control the triggering of simple spikes and 
thereby motor behavior.  Yet, all forms of bistability have only been demonstrated 
under anesthesia.  Using intracellular and extracellular recordings we show that 
bistability of Purkinje cell activity as well as the toggle phenomenon are virtually absent 
in animals during motor performance or motor learning in the awake state, whereas 
both are prominently present under anesthetics.  We conclude from our study that the 
membrane potential of Purkinje cells is effectively constrained to the upstate level under 
physiological	circumstances.

Introduction
After unravelling the floccular map in the mouse we continued with the first step in 
investigating Purkinje cell activity in relation to behaviour. We first focused on the 
relative newly described phenomenon of bistability, as it could potentially be a generally 
used mechanism in the brain.  Cellular bistability or multistable states of the membrane 
potential have been demonstrated both in vitro and in vivo for different types of neurons 
throughout the brain and various functions have been proposed for this phenomenon.  
For example, bistability found in prefrontal cortex neurons could explain the ability 
to rapidly generate generalized responses to novel stimuli in working memory tasks 
(Branchereau et al., 1996; Durstewitz et al., 2000), while reports suggest that bistability 
in the nucleus accumbens may provide a selective gate for the transfer of information 
by increasing the probability of action potential firing in the upstate mode (O’Donnell 
and Grace, 1995; O’Donnell et al., 1999).  Similarly, bistability in Purkinje cells has 
been proposed to play a key role in short-term processing and storage of sensorimotor 
information in the cerebellar cortex (Williams et al., 2002; Loewenstein et al., 2005).  
However, all recordings of bistability to date have been obtained either in slices or in 
anesthetized animals.  Since anesthetics can directly or indirectly affect the membrane 
potential (MacIver and Kendig, 1991), and since stable intracellular recordings in awake 
behaving animals present technical complications, it remains to be elucidated whether 
the functional roles of bistability proposed above hold valid in normal behaving animals 
under physiological conditions.
 Here we investigate to what extent anaesthesia can enhance bistability, whether 
extracellular recordings in awake behaving animals show signs of bistability and/or 
whether such signs emerge under sensory stimulation or motor learning paradigms.  To 
do this we recorded intracellular and/or extracellular activity of the Purkinje cells in the 
mouse vestibulocerebellum, which is known to control compensatory eye movements 
(Ito, 1982; Lisberger, 1998; De Zeeuw et al., 2003).  In this system, relationships between 
sensory input, motor output, and Purkinje cell activities can be rigorously defined during 
both motor performance and motor learning (De Zeeuw et al., 1995; Simpson et al., 
1996; Goossens et al., 2004).  Moreover, the characteristic complex spike and simple 
spike activities of Purkinje cells, which are controlled by their climbing fibre and parallel 
fiber inputs, respectively, show typical interactions which may be useful for drawing 
conclusions from the extracellular responses about the intracellular state.  Not only do 
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Purkinje cells consistently show a pause of about 10 to 100 ms in simple spike activity 
directly following a single complex spike (normally referred to as climbing fibre pause 
(Armstrong, 1974; Schmolesky et al., 2002), but they also show, under anaesthesia, 
a toggle switch phenomenon in that single complex spikes can bring the membrane 
potential to either an upstate or downstate level and thereby switch the simple 
spike activity on or off, respectively (Loewenstein et al., 2005).  Thus, if the toggling 
phenomenon is present under physiological conditions, the complex spike activities 
relaying error signals originating in the inferior olive (De Zeeuw et al., 1998), would 
almost certainly have a strong impact on motor behaviour by directly modifying the 
simple spike firing frequency (Loewenstein et al., 2005). 
 In the present study we demonstrate via combined intracellular and extracellular 
recordings	 of	 single	 Purkinje	 cells	 that	 one	 can	 indeed	 accurately	 and	 consistently	
deduce shifts in the membrane potential from extracellularly recorded activity.  We 
looked for signs of bistability and toggling through comparative analysis of the inter-
simple spike distribution characteristics and by quantifying the periods of quiescence 
in simple spike activity and their relation to the occurrence of complex spikes.  Our 
recordings during natural visual and vestibular stimulation indicate that bistability and 
the	toggling	phenomenon	are	prominent	under	anaesthesia	and	in	mutants	with	altered	
Ca2+ conductance, but that they are virtually absent in awake wild type mice, not even 
when we challenge the system by motor learning paradigms.  

Experimental procedures
All experiments were conducted in accordance with the European Communities 
Council Directive (86/609/EEC) and were reviewed and approved by the national ethics 
committee.

Intracellular recordings
C57BL/6 wild type and homozygous tottering mice (4-5 weeks old) were prepared for 
experiments under isoflurane or ketamine/xylazine anesthesia (Goossens et al., 2001).  
In short, a pedestal was mounted on the head of a mouse using dental acrylic and the 
head was fixed by bolting the pedestal to a metal bar.  A craniotomy (1x1 mm) was made 
in the occipital bone above Crus 2 and/or the vermis of the cerebellum, and the dura 
was carefully removed.  Borosilicate glass patch pipettes (OD 1.5 mm, ID 1.2 mm, 4-6 
MΩ) containing standard intracellular solution (in mM: KCl 9, KOH 10, MgCl2 3.48, NaCl 4, 
KGluconate 120, HEPES 10, sucrose 17.5, Na2ATP 4, Na3GTP 0.4, pH 7.2, osmolarity 290-
310 mOsm/kg) were advanced into the top layer of the cerebellar cortex in 1-5 μm steps 
(SM IV, Luigs & Neumann, Ratingen, Germany), with slight positive pressure applied 
to the tip described elsewhere(Margrie et al., 2002).  The exposed area was covered 
with artificial cerebrospinal fluid (NaCl 148, KCl 3.0, CaCl2.2H2O 1.4, MgCl2.6H2O 0.8, 
Na2HPO4.7H2O 0.8, NaH2PO4.H2O 0.2).  Recordings were amplified (MultiClamp 700A, 
Axon Instr., Foster City, USA), filtered at 3-10 kHz and sampled at 10-20 kHz (DIGIDATA 
1322A, Axon Instr.).  Somatic and dendritic recordings with a minimal duration of 1 min 
were used and all membrane potentials were corrected for the junction potential (8 
mV).  Double recordings were performed using an extracellular electrode attached to a 
patching electrode with the patching electrode reaching approximately 10 μm deeper.  
For optimal attachment first two-component epoxy adhesive was used to bind the 
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electrodes at the part closest to the tip, and after drying dental cement was applied for 
additional support. 

Extracellular recordings
C57BL/6 mice and homozygous tottering mice (3-12 months old) were prepared under 
isoflurane anaesthesia for chronic neurophysiological experiments by mounting a 
pedestal as described above.  A recording chamber was built around craniotomies in 
both left and right occipital bones with a maximal diameter of 3 mm (Goossens et al., 
2001).  For the experiment the animal was anesthetized with isoflurane or ketamine/
xylazine and the head was fixed by bolting the pedestal to a metal bar.  When recording 
from awake mice, mice were briefly anesthetized with isoflurane, restrained in a 
custom made plastic tube and a 20 min acclimatization period preceded the recordings.  
Extracellular Purkinje cell activity was recorded using borosilicate glass electrodes (OD 
2.0 mm, ID 1.16 mm, 4-8 MΩ).  Electrodes were advanced into the cerebellum by a 
hydraulic micro-drive (Narishige, Tokyo, Japan).  Recordings were made from left and 
right Crus I and II, paramedian lobule, and (para)flocculus. Approximately two-thirds of 
the Purkinje cells recorded were non-floccular, and no difference was found between 
floccular and non-floccular Purkinje cells in any of the calculated parameters (obviously, 
all recordings during optokinetic and vestibular stimulation were from floccular Purkinje 
cells).  Purkinje cells were identified by the brief pause in simple spike activity following 
each complex spike.  The raw electrode signal was amplified, filtered (CyberAmp, CED, 
Cambridge, UK), digitized (CED) and stored on disk for off-line analysis.  Minimum 
duration of recordings was 2 min for spontaneous activity and 15 continuous cycles for 
recordings with optokinetic stimulation.  Following each recording session the brain was 
covered with gramicidin-containing ointment and the chamber was sealed with bone 
wax. 

Recordings under anesthesia
For intra- and extracellular recordings under anaesthesia, commonly used anaesthetics 
ketamine/xylazine and isoflurane were used.  Ketamine/xylazine anaesthesia was 
induced by an i.p. injection of 0.1 ml of a mixture containing 50 and 8 mg/kg body weight 
ketamine and xylazine, respectively.  Anaesthesia was maintained with subsequent 
injections of 0.05 ml of the same mixture.  Isoflurane anaesthesia was induced by 
inhalation of 4.0% isoflurane in a 2:1 mixture of NO2	and	O2 for approximately 1-2 min, 
and was maintained with 1.0-1.5% isoflurane.  Depth of anaesthesia was monitored in 
both groups by testing corneal and pinch reflexes, observing whisker and tail movements 
and breathing rate.  Body temperature was maintained at ~37° using a homeothermic 
blanket (FHC, Bowdoinham, Me., USA).
	
Optokinetic and vestibular stimulation
For extracellular recordings during motor performance and motor learning tasks 
we recorded from the left flocculus under optokinetic (and vestibular) stimulation as 
previously described (Hoebeek et al., 2005). In short, optokinetic stimulation (OKR) 
consisted of either a planetarium or a random-dotted drum (dot size 2°) rotating 
sinusoidally around the vertical axis running through the animals’ head with a fixed peak 
velocity (8°/s) at different frequencies ranging from 0.05 to 0.4 Hz.  This stimulation 
will cause slip of the image over the retina, generating an error signal that results in 
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an increased complex spike firing frequency. Mismatched optokinetic and vestibular 
stimulation (VVT) consisted of a vertical axis whole body rotation in combination with 
horizontal axis optokinetic stimulation, both with 5° amplitude at 0.4 Hz.  This stimulation 
will result in an adaptation of eye movements; after this training the animal will make 
vertical eye movements during vestibular stimulation in the horizontal plane in the 
dark. Stimulus velocities were measured and controlled by a 1401plus unit (CED).  The 
left flocculus was first located by recording Purkinje cell activity during sensory motor 
behaviour.  For optokinetic stimulation, only Purkinje cells that showed optimal complex 
spike modulation for stimulus rotations around the vertical axis were used.  For combined 
optokinetic and vestibular stimulation all modulating floccular Purkinje cells were used.  
The position of the left eye was measured using a video set-up (Stahl et al., 2000; Stahl, 
2004) (sampling rate 240 Hz; ETL-200, ISCAN, Burlington, MA, USA).

Data analysis
Off-line analysis was performed in Matlab (version 6.5, Mathworks, USA).  Simple 
spikes and complex spikes were detected and discriminated using custom-made Matlab 
routines based on principal component analysis(Goossens et al., 2004).  For intracellular 
recordings, transitions between states were detected using two thresholds, one for 
entering	 the	downstate	and	one	 for	entering	 the	overstate.	 	Only	 state	changes	with	
a minimum duration of 100 ms were registered. To avoid defining noise or individual 
complex spikes as a short upstate, we removed pairs of down-up and up-down transitions 
that occurred within 50 ms.  In extracellular data, complex spike induced transitions 
were defined using two 100 ms intervals before and after each complex spike, starting 
at -102 and 25 ms respectively. If an interval contained simple spikes it was classified as 
upstate, otherwise as silent state. Complex spike toggling efficiency was defined as the 
fraction state changes given the total set of complex spikes. The ISSI distribution of each 
Purkinje cell was characterized by calculating the mean, CV (standard deviation divided 
by the mean), skewness and kurtosis proper. The CV indicates the relative width of the 
distribution; skewness indicates the asymmetry of the distribution, a positive value being 
a tail to the right (longer ISSIs indicating silent states); and kurtosis is a measure for the 
peakedness of the distribution, the higher the value the more ‘peaky’ the distribution 
is, indicating a strong preference for one firing frequency.  Skewness and kurtosis were 
bootstrap bias corrected (Efron and Tibshirani, 1993) using 2000 sets of randomly 
selected ISSIs. Because the ISSIs due to a silent state are several orders longer and more 
variable in duration than upstate ISSIs, we used the logarithm of the ISSIs to calculate 
the skewness and kurtosis, which makes the distributions independent of time-scale and 
relatively symmetric (Bhumbra and Dyball, 2004).

Additional silent state ISSIs will positively skew the distribution and could 
even render the distribution bimodal.  We therefore tested all ISSI distributions for 
unimodality with a dip test (Hartigan, 1985) using R software (version 2.1.0, http://www.
r-project.org). In addition to comparing the shape of ISSI distributions, we also searched 
directly for long pauses in simple spike firing, since the downstate and the overstate 
are characterized by the absence of simple spike firing.  We analyzed all ISSIs for each 
cell with different minimum silent periods that could be considered a pause (range 50 
– 2000 ms).  For each cell, silent states were analyzed by calculating for the entire range 
of pauses the percentage of total recording time the cell was pausing, and for each 
group	the	percentage	of	cells	with	at	least	one	pause	was	calculated.		In	order	to	analyze	
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Purkinje cell activity during sensory motor behaviour simple spike raster plots were 
made.  Simple and complex spike activity was modulated by optokinetically induced 
motor activity, which alters the ISSI distributions by inducing both shorter and longer 
ISSIs.  Therefore we corrected each ISSI for the average firing rate during the part of the 
stimulus cycle that was encompassed by that ISSI using:
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u

res t
u

ISSI (i) = ISSI R( )dtϕ∫
where	 ISSIres(i) is the ith rescaled inter-simple spike interval, R is the stimulus-

conditional average firing rate function, φt is the phase of the stimulus at time t and ui	
is	the	ith simple spike time.  The continuous rate function R was obtained with a kernel 
density estimation algorithm using a Gaussian kernel with SD=50 ms.  This rescaling 
procedure removes the linear effect of the stimulus on the firing rate and transforms the 
ISSIs, in the ideal case of inhomogeneous Poisson firing, into a Poisson process with unit 
rate(Brown et al., 2002).  The distributions of the ISSIs before and after correction were 
used to calculate all used parameters, with the exception of the toggling, as the rescaling 
disturbs the original temporal relation between complex spikes and ISSIs.

Statistical analysis
All data are presented as mean ± SEM.  Statistical analysis was done using ANOVA(for 
normally distributed data), Mann-Whitney (for non-parametric data) or Chi-square test 
(for binominal data) and values were considered significantly different when p < 0.05.

Results
Bistability is present in Purkinje cells of anesthetized mice
To confirm the occurrence of bistability of Purkinje cells, which has so far only been 
shown in anesthetized rats and guinea pigs (Williams et al., 2002; Loewenstein et al., 
2005), we performed whole-cell patch recordings in vivo in mice under isoflurane or 
ketamine/xylazine anaesthesia.  Under isoflurane all Purkinje cells (n = 6) showed a 
bistable or multistable membrane potential (Fig. 1a).  The upstate of the membrane 
potential (on average -52 ± 1 mV, mean ± SEM) always occurred in conjunction with 
continuous firing of action potentials (mean firing frequency overall 40 ± 7 Hz; upstate 
80 ± 22 Hz), whereas the downstate (-62 ± 3 mV) was completely silent but for complex 
spikes.  In 5 out of 6 recorded Purkinje cells we observed a third state, which was even 
more depolarized (-37 ± 1 mV).  The third state, hereafter referred to as the “overstate”, 
was quiescent but it occasionally displayed small spikelets (~3-4 mV).  While the upstate 
usually occurred after a downstate, the overstate always occurred after the upstate.  
Shifts from a particular state to a more depolarized state were often associated with the 
occurrence of a complex spike (from down- to upstate in 57 ± 16 % of the cases and from 
upstate to overstate in 57 ± 17 %; as opposed to 13 ± 8 % from up- to downstate and 17 
± 17 % from overstate to either upstate or downstate).  Most of the time (68 ± 12 %) the 
cells were in the upstate; downstate and overstate covered 25 ± 12 % and 7 ± 5 % of the 
time, while their average duration lasted 1.1 ± 0.3 s and 0.8 ± 0.5 s, respectively.
 Under ketamine/xylazine anaesthesia 6 out of 10 Purkinje cells showed a bistable 
or multistable membrane potential (Fig. 1b).  Here too, the upstate of the membrane 
potential (on average -51 ± 1 mV) was correlated with continuous firing of action potentials 
(mean firing frequency overall 68 ± 9 Hz, same for upstate), while the downstate (-61 ± 
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2 mV) and overstate (-39 ± 3 mV) were silent.  Moreover, the shifts showed the same 
characteristics as described for the experiments under isoflurane in that the higher 
states usually occurred after a gradual stepwise elevation and that these elevations were 
relatively often associated with complex spike activities (down- to upstate 45 ± 14 % and 
up- to overstate 86 ± 11%).  The average duration of individual downstates (1.2 ± 0.5 s) 
and individual overstates (1.1 ± 0.8 s) did not differ from those found under isoflurane 
(P = 0.91 and P = 0.74, resp.).  However, the percentage of time that the membrane 
potential was in the downstate (3 ± 2 %) as well as the percentage of cells displaying an 
overstate (20%) were both significantly lower (P = 0.022 and P = 0.035, resp.) than those 
under isoflurane (25 ± 12 % and 83%, respectively).
 These data show that Purkinje cells in mice can show multiple stable states under 
various forms of anaesthesia, that the transitions to down- and overstate are more 
prominent under isoflurane than ketamine/xylazine, and that under both forms of 

Figure 1. Membrane potential bistability of Purkinje cells in vivo	under	anesthesia.  
(a) Top panel left: whole-cell recording of a Purkinje cell in an isoflurane anesthetized mouse showing two states of membrane 
potential; a hyperpolarized downstate and a depolarized upstate (asterisks indicate complex spikes).  Right: enlargement of 
a transition from down- to upstate related to a complex spike.  Bottom panel left: example of a Purkinje cell in an isoflurane 
anesthetized mouse displaying three states: a downstate, an upstate and an even more depolarized overstate.  Right: 
enlargement showing that both transitions to a higher state are related to the occurrence of a complex spike.  (b) Purkinje cell 
recording from a ketamine/xylazine anesthetized mouse, typically operating mostly in the upstate (left) and showing a weaker 
temporal relation between the occurrence of complex spikes and transitions (right).  Note that throughout all examples the 
upstate displays continuous firing whereas the downstate and overstate are silent, but for complex spikes.
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anaesthesia the complex spikes can elicit simple spike firing by shifting the membrane 
potential from down- to upstate. 

Action potentials of intracellular recordings correspond to simple spikes of extracellular 
recordings

While it is well established that the complex spike is an all or none response of 
the Purkinje cell to climbing fibre activation (Thach, 1967; Schmolesky et al., 2002), 
much less is known about how well extracellularly recorded events correspond to the 
sub- and suprathreshold potentials that can be observed with the use of the whole-
cell recordings such as those described above.  We therefore recorded simultaneously 
both intracellularly and extracellularly the activity of single Purkinje cells in vivo	under	
ketamine/xylazine anesthesia (n = 2) using double electrode recordings (extracellular 
recording electrodes were attached to patch electrodes that reached 10 μm deeper) 
(Fig. 2a-b).  The recording traces showed a perfect match in that every simple and 
complex spike recorded intracellularly corresponded to a single spike recorded 
extracellularly and vice versa (resulting in a 100% match at a time resolution of 1.0 ms; 
Fig. 2c-d).  Thus, during downstate silent periods identified using the intracellular data, 
no extracellular simple spikes were recorded.  Moreover, the prolonged silent periods 
observed in the extracellular recordings corresponded exclusively to down- or overstate 

Figure 2. Dual recordings match action potentials of intracellular recordings with complex and simple spikes of extracellular 
recordings.  (a) Simultaneous intracellular and extracellular recordings of the same Purkinje cell show a perfect match between 
action potentials (top) and simple spikes (bottom).  (b) Enlargement of a complex spike, displaying the typical slow (calcium) 
wave in the intracellular recording and the complex spike waveform and climbing fiber pause in the extracellular recording.  
(c) Histogram of the time difference between intracellular action potentials and extracellular simple spikes.  (d) Analysis of 
approximately 6 seconds of dual recording with each simple spike represented by a vertical bar.  Together with (c) these 
figures demonstrate a 100% match at a time resolution of 1.0 ms.  (e) Intracellular negative current injection is not seen in 
the extracellular recording excluding the possibility that the dual recordings result in cross-talk between the two electrodes. 
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Figure 3. Extracellular recordings display a dramatic induction of the occurrence of simple spike pauses and toggling signs by 
anesthetics. 
(a) Typical extracellular recording of spontaneous Purkinje cell activity in an awake mouse (left, 20 s overview) displaying 
little or no signs of pauses or toggling (right, 2 s enlargement).  Asterisks indicate complex spikes.  (b) Purkinje cell recorded 
extracellularly in mice under ketamine/xylazine anesthesia showing pauses in simple spike firing.  (c) Extracellular recording of 
a Purkinje cell in a mouse under isoflurane anesthesia displaying a highly irregular firing pattern consisting of pauses and bursts.  
(d) Histogram comparing the percentage of total recording time that individual cells were pausing for different minimum pause 
lengths.  Independent of the pause length Purkinje cells recorded under ketamine/xylazine (n = 21) as well as under isoflurane 
(n = 24) spent significantly more time in pause than cells in awake mice (n = 36).  (e) Histogram comparing the percentage 
of cells showing one or more pause(s) for different minimum pause lengths.  Both ketamine/xylazine and isoflurane show a 
significantly higher percentage of cells for minimum pause lengths of 200 to 2000 ms.  (f) Histogram displaying the percentage 
of all complex spikes triggering a change in simple spike firing of the Purkinje cell, either from a silent state to the upstate 
(silent-up) or in the opposite direction (upstate - silent).  (g) Scatterplot displaying for each cell the percentage of all transitions 
(i.e. both from an upstate to a silent state or vice versa), related to the average simple spike firing frequency over the entire 
range.
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Table 1.  Overview of basic characteristics of spontaneous simple spike activities

Simple	spike	
characteristics

Firing 
frequency	

(Hz)

Coefficient 
of	Variance

Skewness Kurtosis
CF pause 

(ms)

Awake	spontaneous	
(n = 36)

55	±	3 0.5	±	0.0 0.2	±	0.1 5	±	0 15	±	1

Isoflurane 	
(n = 24)

57	±	4 4.4	±	0.8
***

2.3	±	0.5
**

31	±	7
**

15	±	1

Ketamine/xylazine	
(n = 21)

50	±	4 1.7	±	0.5
*

1.2	±	0.4
*

20	±	4
**

18	±	1

(* : P < 0.05;  **: P < 0.01;  *** : P < 0.001)	

periods of the intracellular recordings.  To exclude the possibility that cross-talk between 
the two electrodes caused the perfect match, we gave short negative current pulses 
similar in size to the spikes recorded intracellularly.  These current injections resulted 
in a hyperpolarization in the intracellular recording, while no deflection occurred in the 
extracellular recording (Fig. 2e).  The maximum duration of an ISSI during a downstate 
or overstate period was over 5 s, and the vast majority (> 90 %) of all downstate and 
overstate ISSIs were greater than 200 ms.  In contrast, no simple spike pause in the 
upstate	was	longer	than	200ms.		

Thus operationally we determined that any silent period observed in an 
extracellular recording that is longer than 200 ms, most likely reflects a downstate or 
overstate. Together these data indicate that simple spikes of extracellular recordings 
always correspond to action potentials of intracellular recordings, and that the state of 
the membrane potential of a Purkinje cell can be deduced from the temporal patterns of 
simple spike activities that have been recorded with extracellular methods. 

Extracellular recordings show low level of bistability in spontaneous awake state 
Whereas whole-cell recordings in awake behaving animals impose technical 

problems, stable extracellular recordings of Purkinje cells are quite feasible in the awake 
state (Goossens et al., 2004).  Thus, since the temporal pattern of simple spike activities 
provides, as explained above, information about the state of the membrane potential, 
extracellular recordings offer a means to compare the occurrence of bistability in awake 
animals with that in anesthetized animals.  Therefore we conducted extracellular 
recordings of Purkinje cell activity in awake mice (n = 36 cells) as well as in mice 
anesthetized with either isoflurane (n = 24) or ketamine/xylazine (n = 21).  As mentioned 
above, silent states will introduce ISSIs that are up to several orders longer in duration 
than ISSIs during the upstate.  These long ISSIs affect the upper tail of the ISSI distribution.  
We examined the shape of the ISSI distribution using skewness and kurtosis as indicators 
of asymmetry and peakedness, respectively.  We expected additional silent state ISSIs 
to positively skew the distribution.  Because the variance of silent state ISSIs scales with 
their mean duration, we used the logarithm of the ISSIs.  In addition, as a measure of 
spike train regularity, we calculated the coefficient of variation (CV), and since multiple 
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firing states can lead to a bimodal log-ISSI distribution, we tested for unimodality using 
a dip test(Hartigan, 1985).

While the simple spike firing frequencies and climbing fibre pauses did not 
vary significantly between Purkinje cells of awake mice and mice under both types of 
anaesthetics (both P > 0.50 and both P > 0.07, respectively), the regularity of simple 
spike activities in awake mice was much greater than that found in anesthetized 
mice (Fig. 3a-c).  Their Coefficient of Variance (CV), skewness, and kurtosis were all 
significantly smaller (for numbers and significance levels see Table 1).  Furthermore, the 
dip test indicated that the percentages of cells with bi-/multimodal ISSI (Fig. 7b), a strong 
indicator of multiple firing states, was significantly increased in anaesthetized mice.  If 
bistability were present in awake animals, one would expect to find a significant number 
of ISSI pauses with a duration exceeding 200 ms, as seen in anesthetized mice.  However, 
pauses longer than 200 ms hardly occurred in awake mice.  Both the total percentage of 
time spent in a pause state and the total percentage of cells that showed one or more 
pauses greater than 200 ms were substantially lower in awake animals than in those 
anesthetized (Fig. 3d-e).  All values (i.e. CV, skewness and kurtosis) were compared for 
Purkinje cells in the different areas Crus I and II, paramedian lobule and (para)flocculus 
and no differences were observed (data not shown).  In addition, we found little evidence 
for the toggling switch phenomenon mediated by the complex spikes in awake animals 
(Fig. 3f).  When we examined the instances at which a pause in simple spike activities of 
at least 100 ms occurred before or after a complex spike, we found that complex spikes 
rarely triggered a change in simple spike activities from silent to upstate (0.3 ± 0.1 %) and 
in a limited number of cases from upstate to silent (2.9 ± 1.6 %).  These percentages were 
significantly lower than those obtained under isoflurane (silent to upstate 9.3 ± 3.0 %, P < 
0.001; upstate to silent 7.7 ± 2.2 %, P = 0.026) or ketamine/xylazine (silent to upstate 2.5 

Figure 4. Cessation of 
anesthesia during extracellular 
recordings	 eliminates	 pauses	
and	signs	of	toggling	in	Purkinje	
cell firing behavior.  
(a) Extracellular Purkinje cell 
recording of a mouse starting 
under isoflurane anesthesia, 
which is ceased after 8 min.  (b) 
Simple spike firing frequency 
during	 anesthesia	 consists	 of	
pauses	 and	 high	 frequency	
bursts; after cessation of the 
application of isoflurane this 
firing behaviour is no longer 
present.  (c) Signs of toggling 
(time points depicted by 
squares) can be found in both 
directions during application 
of isoflurane, but no longer 
occur after cessation of 
isoflurane.  (d) Recordings 
of eye position during the 
experiment show that 
compensatory	eye	movements	
start approximately 1 min after 
the cessation of isoflurane, 
confirming that the mouse 
recovered from anesthetics.
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± 1.4 %, P = 0.046).  The occasional triggering from upstate to silent by a complex spike 
in awake animals was, in contrast to that in anesthetized animals, found to be directly 
related to the simple spike firing frequency, in that signs of toggling were only seen in 
cells with a relatively low simple spike firing frequency (Fig. 3g). The low firing frequency 
greatly enhances the chance of finding a 100ms, not representing a downstate.

Finally, if the use of anaesthesia increases bistability, cessation of such application 
should bring the same Purkinje cells to a stable upstate level resulting in regular simple 
spike firing without pauses or inter-spike intervals longer than 158 ms and without signs 
of toggling by the complex spikes.  We therefore investigated the extracellular activities 
of individual Purkinje cells (n = 2) both during and after application of isoflurane, which 
can be administered by respiration and stopped abruptly at will.  Fig. 4 shows an example 
of the recordings of a Purkinje cell in the paramedian lobule.  While the regular pauses 
and signs of complex spike toggling described above were abundantly observed during 
application of isoflurane, they disappeared within one minute after stopping it (Fig. 4a-
c).  To verify that the animal switched from an anesthetized state to an awake state after 
this minute, we attempted to evoke compensatory eye movements during the entire 
experiment.   These recordings showed that sinusoidal optokinetic stimulation indeed 
resulted in visual reflexes approximately one minute after application of isoflurane was 
stopped (Fig. 4d).

Together, the extracellular recordings described above indicate that anaesthetics 
can dramatically induce bistability in Purkinje cells and that this process is practically 
absent in the awake state. 

Figure 5. Subjecting the animal to 
a	 motor	 performance	 or	 motor	
learning	 task	 does	 not	 lead	 to	
significantly greater bistability in 
Purkinje	cells.		
(a) To correct for the modulation 
(middle, 100ms bin peri-stimulus 
time histogram) induced by 
optokinetic stimulation (top), the 
ISSI distributions were rescaled. 
Peri-stimulus raster plots show 
the effect of the rescaling on 
the modulation (top: before, 
bottom: after).  Rescaled ISSI 
distributions of recordings reveal 
that distribution characteristics 
mean, CV, skewness and kurtosis 
do not significantly differ (b) or do 
not spend significantly more time in 
pause (c) when mice are subjected 
to optokinetic stimulation (OKR 
with peak velocity of 8°/s at 0.4 
Hz; motor performance task) or 
visuovestibular training (VVT with 
combined optokinetic and vestibular 
stimulation both with an amplitude 
of 5° at 0.4 Hz; motor learning task) 
relative to spontaneously active 
conditions.  (d) The percentage of 
cells	with	at	least	one	pause	within	
the examined range also did not 
differ between groups either.
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Modulation of afferents to Purkinje cells does not alter their stability in awake state
While the data above demonstrate that pauses, as a sign of bistability, virtually do not 
occur in spontaneously active Purkinje cells in awake animals, they do not exclude 
the possibility that bistability may be enhanced by sensory modulation or learning 
paradigms.  We therefore compared the temporal patterns of the simple and complex 
spike activities of Purkinje cell recordings from awake mice without stimulation (n = 36) 
with those during optokinetic stimulation (OKR modulation; n = 24) and visuovestibular 
training (VVT modulation; n = 15).  Since optokinetic stimulation modulates the ISSIs 
(Fig. 5a) independent from the presence of complex spikes(Leonard, 1986) and thereby 
alters the ISSI distribution, we corrected each ISSI for the average firing rate during the 
part of the stimulus cycle encompassed by that ISSI (Fig. 5b).  This rescaling procedure 
removes the linear effect of the stimulus on the firing rate.  The skewness and kurtosis 
values of the rescaled ISSI distributions recorded during both optokinetic stimulation 
and visuovestibular training did not differ from those during spontaneous activity in 
awake	mice	(all	P-values > 0.25).  Moreover, the time that the cells were in pause and 
percentage of cells that showed pauses also did not differ significantly among the groups 
(all	P-values > 0.16, Fig. 5c-d).  These results indicate that bistability of Purkinje cells in 
awake mice is neither enhanced by the sensory stimulation that modulates these cells 
nor by the motor performance or motor learning that is controlled by these cells.

Purkinje cells with abnormal voltage-gated calcium channels display bistable firing 
behaviour in awake state

Figure 6. The	tottering mutation causes changes in the simple spike firing pattern comparable to the effect of anesthetics.  
(a) Typical extracellular Purkinje cell recording trace with irregular simple spike firing (left) and putative toggling by the second 
complex spike in the enlargement (right, complex spikes marked by asterisks).  (b) In line with the effect of anesthetics the 
tottering mutation also results in Purkinje cells that spend significantly more time in pauses.  This effect was found in cells 
from animals with and without optokinetic stimulation.  (c) The percentage of pausing cells was also higher in both of these 
groups	compared	to	wild	type	mice.	
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The findings presented above suggest that anaesthesia in general causes or promotes 
bistability and led us to hypothesize that there could be specific factors that can 
influence bistability.  Since isoflurane potentiates the GABAA-receptor	current	(Nakahiro	
et al., 1989; Hall et al., 1994) and is very effective in inducing bistability, we selected a 
mutant with enhanced inhibition to test this hypothesis.  The tottering mouse, which 
suffers from a mutation in its voltage-gated P/Q-type calcium channels, appeared 
an interesting candidate, because its Purkinje cells show an increased susceptibility 
to inhibitory modulation by GABAergic interneurons (Zhou et al., 2003) and show 
irregular simple spike firing behavior (Ch. 3.3: Hoebeek et al., 2006).   We therefore 
investigated bistability in tottering mice by analyzing the pauses and signs of toggling 
using extracellular recordings in the awake state (Fig. 6a-c).  Purkinje cells of awake 
tottering mutants without (n = 29) and with optokinetic stimulation (n = 13) showed 
the same type of changes in simple spike firing patterns as the wild type animals under 
isoflurane anaesthesia.  That is, the values for ISSI distribution parameters (CV, skewness 
and kurtosis), pausing time, and pausing cells (minimum pause length 100-1000 ms) 
were all significantly higher in both these conditions than in awake wild type animals 
(all P-values < 0.005).  Moreover, we observed numerous cases in which the complex 
spike activities putatively triggered simple spike activities via a toggling process.  During 

Figure 7. Silent states in Purkinje cells, suggestive for bistability, can be evoked by anesthetics or genetic mutations, but not by 
subjecting the animal to motor performance or motor learning tasks.  
(a) Skewness and kurtosis, two characteristics of the shape of ISSI distributions are both increased by anesthetics, while the 
tottering mutation mostly results in a higher skewness.  Dashed lines indicate skewness and kurtosis value of a lognormal 
distribution.  (b) The percentage of cells with a unimodal ISSI distribution was reduced by both anesthetics.  (c) Using a 
minimum pause length of 500 ms (approximately 3 times the maximum ISSI found in the upstate), both the percentage of 
pausing time and pausing cells, as a sign for bistability, are higher as a result of either anesthetics or the tottering mutation.  
(d) The percentage of times a complex spike putatively triggered a change in simple spike firing in either direction, as a sign for 
toggling, is higher as a result of both anesthetics and the tottering mutation. 
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spontaneous activity as well as motor performance the percentages of complex spikes 
related to transitions between upstate and pause in awake totterings were significantly 
higher than those in awake wild types (for both upstate to silent and silent to upstate, 
all P-values < 0.001, Fig. 7d).  These findings suggest that bistability is indeed enhanced 
in mutants in which inhibition is increased.  To further test this hypothesis we compared 
the level of bistability in totterings with that in wild types using whole-cell recordings 
in vivo under isoflurane and ketamine/xylazine.  Under ketamine/xylazine anaesthesia 
the Purkinje cells of the totterings spent significantly more time in the downstate as 
compared to those in wild types (percentage of total time in downstate 25 ± 7 % vs. 3 ± 2 
%, P = 0.022).  The time spent in downstate as a result of isoflurane in normal mice, and 
that in tottering mice under ketamine is comparable.   However, the use of isoflurane 
in tottering mice did not result in an additional effect on the time in downstate, which 
might be explained as a ‘saturation’ of the effect of inhibition.  Together these data 
indicate that awake animals can show robust signs of bistability if their voltage-gated P/
Q-type calcium channels are genetically affected.   The fact that the influence on GABA-
currents is one of the prominent features of both isoflurane application and the tottering 
mutation suggests that alterations in inhibition play an important role in bistability.

Discussion
We have demonstrated that Purkinje cells in mice shift between several membrane 
states when their intrinsic excitability is altered due to anaesthesia or particular genetic 
mutations. However, Purkinje cells in healthy awake behaving animals operate virtually 
exclusively in the upstate of the membrane potential.  This propensity holds true in mice 
during spontaneous activity as well as during motor performance and motor learning.   

Role of membrane stability in Purkinje cells in awake behaving animals
The recent discovery that bistability can occur in vivo in Purkinje cells of both rats and 
guinea pigs under various forms of anaesthesia and that climbing fibre activity evoked 
by sensory stimulation can trigger periods of simple spike bursts or quiescence under 
these circumstances has revived the debate about the possible roles of bistability of 
Purkinje cells (Loewenstein et al., 2005).  In particular the findings by Loewenstein and 
colleagues have raised the possibility that Purkinje cell bistability may play a key role in 
short-term processing and storage of sensory information.  We have therefore first set 
out experiments to investigate whether action potentials obtained with in vivo whole-
cell recordings can be directly related to simple spike activities recorded extracellularly, 
and whether the temporal pattern of these simple spike activities provides information 
about the state of the membrane potential. By recording simultaneously whole-cell 
activities and extracellular activities of the same Purkinje cells under anaesthesia in mice 
we were able to show unequivocally that both questions can be answered positively.  
The double recordings demonstrated that extracellular single-unit recordings accurately 
represent the activity measured intracellularly and that extracellularly recorded silent 
states and thereby bistability are characterized by long pauses (> 158 ms) and toggling 
by the occurrence of a complex spike between a pause and an upstate.  We subsequently 
employed the extracellular recording technique to investigate whether the occurrence 
of bistability in Purkinje cells is correlated to the presence of anaesthesia and/or to the 
behavioural state of the animal, i.e. spontaneously active, doing a motor performance 
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task, or being subjected to a task of cerebellar motor learning.  These experiments 
showed that bistability in general hardly occurs in the awake state and that it can hardly 
be influenced by sensory stimulation or motor training paradigms in this state, while it 
is prominently present under isoflurane or ketamine/xylazine anaesthesia (summarized 
in Fig. 7).  These data agree with extracelular recordings in other labs that investigated 
simple spike and complex spike behaviour in awake behaving and learning animals 
including those in monkeys, cats and rabbits (Thach, 1967; Sato et al., 1992; De Zeeuw 
et al., 1995; Simpson et al., 1996; Norris et al., 2004).  Although most of these previous 
studies in awake behaving animals have also shown some irregularities in simple spike 
activities, detailed analyses with the current methods showed that the pauses of 
simple spikes hardly ever exceed 100 ms and that the silent periods after the complex 
spikes were perfectly in line with the normal climbing fiber pauses (data not shown), 
which are simply reflecting a refractory period rather than a change in the state of the 
membrane potential.  Moreover, further inspection of the data obtained by other labs 
in other awake, behaving animals also showed virtually no sign of the toggling switch, 
which is so prominently present under anaesthesia.  Even simple spike activities during 
desynchronized sleep (Hobson and McCarley, 1972; McCarley and Hobson, 1972), hardly 
demonstrate any sign of bistability.  Thus, although we have no access to whole-cell 
recordings, let alone to double intracellular and extracellular recordings, of Purkinje cells 
in species other than mice, it is parsimonious to conclude that Purkinje cells in awake 
behaving animals in general operate virtually solely in the upstate and that this state of 
their membrane potential is not significantly modified by sensory stimulation, motor 
performance or motor learning.  In contrast, the Purkinje cells of tottering mutants, 
which turned out to have a very high level of bistability even in the awake state (present 
study), are virtually unable to exert any cerebellar control on their motor behavior 
(Ch. 3.3: Hoebeek et al., 2005).  Thus, one might argue that healthy Purkinje cells and 
a functional cerebellar cortical network are in fact designed to avoid bistability under 
normal	physiological	circumstances.

Mechanisms of bistability
Previous studies have shown that various conductances including non-inactivating 
sodium and calcium conductances, potassium conductances and h-currents (Ih) can play 
a role in generating bistability in Purkinje cells (Llinas and Sugimori, 1980a, 1980b; Li et 
al., 1993; Rapp et al., 1994; Williams et al., 2002; Loewenstein et al., 2005).  Our data 
obtained with anaesthetics and genetic modification suggest that artificially enhancing 
the inhibitory input from the GABAergic interneurons and/or diminishing the excitatory 
drive through the mossy fibre - parallel fibre pathway could elicit a down state that is 
normally virtually absent.  Isoflurane is known to potentiate the GABAA-receptor	current	
(Nakahiro et al., 1989; Hall et al., 1994), while ketamine and xylazine act as NMDA-
receptor blocker and alpha 2-adrenergic receptor agonist, respectively (Leppavuori and 
Putkonen, 1980; Wagner et al., 2001).  This reasoning is further supported by studies 
which showed that isoflurane and alpha 2-adrenergic receptor agonists can also reduce 
the frequency and regularity of simple spike firing in vitro (Crepel et al., 1987; Parfitt et 
al., 1988; Antkowiak et al., 1997) and that loss of inhibitory input causes Purkinje cells to 
fire simple spikes more regularly (Hausser and Clark, 1997).  Moreover, our findings of 
an increased level of bistability in the tottering is also compatible with this idea, because 
this mutant shows a reduction in the amplitude of the parallel fibre – Purkinje cell EPSC 
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and an increased susceptibility to inhibitory modulation by GABAergic interneurons 
(Matsushita et al., 2002; Zhou et al., 2003).  A comparable relation between enhanced 
inhibition and increased irregularity, characterized also by longer ISSIs, has been 
described in the GluRδ2 knockout mouse (Ohtsuki et al., 2004; Yoshida et al., 2004).  
Thus, enhancing the inhibitory and/or diminishing the excitatory input to Purkinje cells 
at a non-physiological level may affect the various conductances such that an artificial 
downstate is generated, which in turn permits the complex spike to trigger or toggle a 
new upstate with simple spike bursts.  
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Abstract
Cerebellar Purkinje cells (PC) in vivo are	commonly	reported	to	generate	irregular	spike	
trains, documented by high coefficients of variation of interspike-intervals (ISI). In 
strong contrast, they fire very regularly in the in vitro slice preparation. We studied the 
nature of this difference in firing properties by focusing on short-term variability and its 
dependence on behavioral state. Using an analysis based on CV2 values, we could isolate 
precise regular spiking patterns, lasting up to hundreds of milliseconds, in PC simple 
spike trains recorded in both anesthetized and awake rodents. Regular spike patterns, 
defined by low variability of successive ISIs, comprised over half of the spikes, showed a 
wide range of mean ISIs, and were affected by behavioral state and tactile stimulation. 
Interestingly, regular patterns often coincided in nearby Purkinje cells without precise 
synchronization of individual spikes. Regular patterns exclusively appeared during the up 
state of the PC membrane potential, while single ISIs occurred both during up and down 
states. Possible functional consequences of regular spike patterns were investigated 
by modeling the synaptic conductance in neurons of the deep cerebellar nuclei (DCN). 
Simulations showed that these regular patterns caused epochs of relatively constant 
synaptic conductance in DCN neurons. 
Our findings indicate that the apparent irregularity in cerebellar PC simple spike trains 
in vivo is most likely caused by mixing of different regular spike patterns, separated by 
single long intervals, over time. We propose that PCs may signal information, at least in 
part, in regular spike patterns to downstream DCN neurons.
	
	
Introduction
The cerebellum is crucial for the precise temporal control of motor related tasks [1]	
and conditioned behaviors [2]. Yet, it is not clear how the cerebellum may signal 
precise timing at the cellular level. Prior studies of spike time coding in the cerebellum 
have focused on the discharge of Purkinje cells (PCs), which form the sole output of 
cerebellar cortex. However, thus far these studies only considered mean firing rates 
of the simple spikes (SS) [3], [4] or complex spikes (CS) [5], [6]. Little attention has 
been paid to their fine-temporal structure, even though spike timing may encode 
additional information in other systems [7]–[12]. In fact, for two different strains 
of ataxic mice with mutations of voltage-gated calcium channels expressed in PCs 
it was recently reported that PCs show increased irregularity of firing [13], [14].	
A	 common	 measure	 to	 characterize	 the	 temporal	 structure	 of	 spike	 trains	 is	 the	
coefficient of variation (CV) of the interspike intervals (ISIs). The CV of SS firing of 
PCs	 recorded	 in vivo is reported to be quite high [15], [16]: close to or even higher 
than 1, the CV of a Poisson process. Conversely, PCs in the in vitro slice preparation 
fire very regularly [17], [18]. To test whether this difference in firing properties is as 
large as is commonly assumed and to investigate its possible functional importance, 
we analyzed the fine-temporal structure of SS trains in different preparations 
and behavioral states in more detail, focusing on the short-term variability.	
	
	
Experimental Procedures
Electrophysiological recordings in vivo
Rats. Sprague-Dawley rats (n=26, 300–500 g, Iffa Credo, Brussels, Belgium) were 
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anesthetized with a mixture of ketamine HCl (75 mg/kg; Ketalar, Parke-Davis, Warner 
Lambert Manufacturing, Dublin, Ireland) and xylazine HCl (3.9 mg/kg; Rompun, 
Bayer, Leverkusen, Germany) in normal saline (0.9% NaCl, Baxter, Lessine, Belgium) 
by intraperitoneal injection. A craniotomy exposing Crus I and II of the left cerebellar 
hemisphere was performed [16]. Supplemental doses (one-third initial dose) were 
given intramuscularly to maintain deep anesthesia as evidenced by the lack of a pinch 
withdrawal reflex and/or lack of whisking. Forty eight single unit recordings were made 
in the cerebellar cortex with tungsten microelectrodes (impedance ~10 MOhm, FHC, 
Bowdoinham, ME). Signals were filtered and amplified (bandpass=0.5–9 kHz; gain=5,000–
10,000) using a multichannel neuronal acquisition processor (Plexon Inc., Austin, TX) and 
collected spike trains were analyzed off-line using NEX (Plexon Inc.). After recordings of 
spontaneous activity, 12 stimulus-evoked responses were recorded in 10 rats. Perioral 
receptive fields were explored as reported elsewhere [16]. The punctate stimulus was 
applied at a rate of 0.5 Hz. In a separate series of experiments reported in more detail in 
[19], 8 transverse pairs of nearby PCs were recorded using similar procedures. Electric 
lesions were made after recordings to measure the distance between pairs and the 
distance between the centers of lesions was measured. In the context of this paper, 
the data from all these experiments were re-analyzed. All experimental methods were 
approved by the University of Antwerp and conformed to European Union guidelines.	
Mice. Extracellular activity was recorded in the cerebellar flocculus and paramedian 
lobule using glass micropipettes filled with 2 M NaCl (tip diameter: 2–5 mm; impedance: 
2.5 MΩ at 1 kHz) in either restrained awake or anesthetized (with mixture of ketamine 
(50 mg/kg) and xylazine (10 mg/kg)) C57BL/6 mice. The electrode tip was positioned on 
the cerebellar surface under visual guidance (Olympus VS-IV; Olympus Optical, Tokyo, 
Japan) using a micromanipulator (David Kopf Instruments, Tujunga, CA) and moved 
downward by a hydraulic microdrive (Trent Wells) equipped with a stepping motor (TL 
Elektronik SMS 87). The electrode signal was amplified and filtered (bandwidth 10–6000 
Hz; Dagan 2400; Dagan, Minneapolis, MN) and sampled at 12.5 kHz (CED 1401plus, 
Spike2, Cambridge, UK). Single-unit PCs were identified on-line by the presence of a 
brief pause in simple spikes after the complex spike. In the off-line analysis, SSs and CSs 
were detected and discriminated using custom-made software implemented in Matlab 
(Mathworks, Natick, MA). All experimental methods were approved by Erasmus MC in 
Rotterdam, and conformed to European Union guidelines.

Spike timing analysis
Data analysis of extracellular recordings. Recordings were 83 to 1202 sec long and 
comprised 1,328 to 62,371 spikes. Analysis was carried out using Matlab and Excel 
(Microsoft). Short-term regularity was measured with CV2=2|ISIn+1−ISIn|/(ISIn+1+ISIn) [20]. 
The number of regular patterns was measured using a threshold value for CV2	ranging	
from 0 to 2 with an increment of 0.02. In each PC the numbers were normalized by 
the maximum number of patterns to avoid an influence of the difference between 
firing rates. The strength of synchronization of regular patterns was measured using a 
standard score, the Z score of the amplitude of the central peak of the cross-correlogram 
[21]: Z=(Nc−Ne)/(SDe), with Nc the number of spikes in the central peak (bin=5 ms), Ne	the	
mean number of spikes in a 2 sec window between −1 and 1 sec, and SDe	its	standard	
deviation. To determine whether the observed synchronization (Z score of 3 or higher) 
reflected spike to spike precise synchronization or rather co-modulation of firing rates 
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[22], [23], simulated spike trains were generated by randomly shuffling the ISIs within 
blocks of 5 consecutive ISIs and the correlation analysis repeated for the shuffled spike 
trains. The correlation between CSs and patterns were analyzed in 32 PCs where CSs 
were well isolated. If the duration from the ends of patterns to CSs was longer than 1.2 
times the pattern mean ISI, it was considered longer than the pattern mean ISI.

Data analysis of whole-cell clamp recordings
Three membrane potential traces recorded from 3 different anesthetized rats were 
analyzed to investigate the relation between spike patterns and the membrane potential 
[24]. The sampling frequencies of the original recordings (50, 50, and 20 kHz) were 
sampled down to 10 kHz without loosing discriminative power. Spikes were sorted by 
setting thresholds at −38 mV, −42 mV, and −32 mV in cell1, cell2 and cell3 respectively. 
Spikes were further sorted as either CS or SS by checking the mean membrane potential 
between 2 and 4 ms after a spike. If the mean membrane potential was higher than −38 
mV, −38 mV, and −40 mV in cell 1, 2, and 3 respectively, the spike was sorted as a CS. 
Mean firing rate of SS (CS) was 12.8±5.2 Hz (1.1±0.4 Hz). The threshold to distinguish UP 
from DOWN states was set to −55 mV. Regular patterns and single intervals were isolated 
as in the extracellular recordings. Data are represented as mean±SEM, unless otherwise 
stated. All p-values refer to Student’s paired or unpaired t-test, unless otherwise specified.	

Stochastic Modeling of Poisson processes
Both spontaneous and evoked spike trains were modeled using an inhomogeneous 
Poisson process (see also [25]) with 2 ms of dead time (which is equal to the detection 
window used in the electrophysiological recordings). The probability density of the 
process can be described as:   

Pn (t)  =  rn e
-rnt Θ(t - 2) 

where t denotes the time elapsed since the last spike, rn is the mean firing rate at the 

Figure 1. Simulation of PC to DCN synaptic conductance.
(A) Saturating level of release probability (Rss) taken from Pedroarena and Schwarz (2003) could be modeled with a double 
exponential function (red line, see Materials and Methods for details). (B) Simulated synaptic conductance profiles in response 
to 10, 30 and 100 Hz PC firing, respectively. These results should be compared to Figure 7A of Pedroarena and Schwarz 
(2003).
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n-th ISI, estimated by

	

where n=3, 4, …, number of spikes-2, Θ (t−2) is Heaviside function standing for 1 only 
when t is 2 ms or larger. The mean firing rates of realized spike trains (51.7±2.4 Hz, 
N=92) were statistically similar to those of recorded SS trains (51.7±2.4 Hz, N=92, p>0.6). 
For evoked spike trains, firing rate was estimated from the rate distribution around 
stimulation time (bin size: 1 ms, lag=1 s). Based on these estimates, model spike times 
were created trial by trial. Then, a final spike train was constructed by concatenating 
spike times in consecutive trials. Simulations were performed using Matlab. 	

Synaptic Conductance Modeling
The dynamics of multiple pulse depression of the synapse between PCs and DCN neurons 
were described previously [26], [27]. The data reported in these papers are quantitatively 
different, even though they report the same phenomena, probably due to different 
experimental conditions (e.g. recording temperature). Our phenomenological model is 
based on the Pedroarena and Schwarz study [26], because it measured multiple pulse 
depression at more frequencies over a large range (from 1 to 200 Hz). The depression is 
assumed to be caused by changes of the presynaptic release probability (R). We fitted 
a deterministic model for R to the multiple pulse depression data. This deterministic 
approach is justified because the large number of release sites from which transmitter 

Figure 2. Regular patterns in cerebellar 
Purkinje	cell	simple	spike	trains.
(A) Raster plot of PC SS in an anesthetized 
rat (AnR). (B) CV2 distributions of SS 
trains recorded from anesthetized 
mice (AnM, left), awake mice (AwM, 
middle, blue: neurons in cerebral 
motor cortex), and mean of 92 CV2	
distributions (Pooled, right) which were 
significantly different from those of 
inhomogeneous	Poisson	processes	with	
similarly modulated firing rates (p<0.05, 
χ2 test; *: p<0.001, χ2 goodness of fit 
residual test; red line: CV2 = 0.2). Insets 
and right panel: mean±s.e.m. (black: PC, 
grey: inhomogeneous Poisson process) 
(C) Extracting regular spiking patterns 
by setting CV2	 threshold	 at	 0.2	 (white	
dotted lines). White dashes: CV2	values	
calculated	 from	 the	 two	 surrounding	
ISIs, medium grey: first ISI of regular 
patterns, light grey: successive ISIs in 
regular patterns, dark grey: ISIs not 
belonging to a regular pattern). (For 
color figure, see online version)
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can reach all receptors [28] makes synaptic failures unlikely. We fitted equations for the 
steady state level of release probability Rss and the time constant of depression τ	to	the	
data:

	
Rss (r) = 0.08  +  0.60 e-2.84r + 0.32 e-0.02r

t(r) = 2  +  2500 e-0.274r + 100 e-0.022r

	where	r is the instantaneous firing rate computed as the inverse of the last interspike 
interval.	Rss and τ are updated at the time of occurrence of each spike n	and	Rn	is	then	
computed as:

Rn = Rn-1 + (Rss-Rn-1)(1-e-ISIn/t) 
	
with	 Rn−1 is the release probability computed at the previous spike time, ISIn	 is	 the	
interspike interval between the current spike and the previous spike. See Figure 1 for the 
accuracy of the fit of our model to the experimental data.
Synaptic conductance (Gsyn) during spiking was modeled by a double exponential function 
multiplied by Rn and calculated over 200 ms with a resolution of 0.1 ms following each 
spike:

Gsyn(t) = Gpre	+	A(Gmax/(t1-t2)) Rn (e-1/t1-e-1/t2)
	
 Here, Gpre is the synaptic conductance caused by previous spikes, A=15.5 is a constant to 
scale the maximum conductance to the experimental value of Gmax (11.7 nS), τ1 is 12 ms, 
and τ2	is	1.2	ms.	Gmax, τ1, and τ2, were chosen to fit the multiple pulse depression traces 
shown in Figure 7 of Pedroarena et al [26]. The multiple pulse depression following 10, 
30 and 100 Hz stimulation of the PC is shown in Figure 1.
 

Results
Simple spike trains contain precise regular spiking patterns
We analyzed spontaneous PC activity in 3 data sets: recordings from the cerebellar 
hemisphere of anesthetized rats (AnR, n=48) and from the flocculus or paramedian lobule 
of anesthetized (AnM, n=21) and awake (AwM, n=37) mice. Firing rates were similar for 
all data sets (Table 1). As expected, CVs of the spike trains were high: 3.93±0.49 (AnR), 
1.74±0.47 (AnM) and 1.39±0.38 (AwM), consistent with previous reports [6], [16] and 
suggestive of highly irregular firing in vivo. Nevertheless, careful visual inspection of the 
individual spike trains revealed clear patterns of regular firing (Figure 2A).

To characterize these patterns we used a short range measure which compares two 
adjacent ISIs, i.e. the CV2	(cf.	Materials	and	Methods;	[20]). Surprisingly, we found that in 
all	data	sets	the	mean	CV2 was low (AnR: 0.51±0.03, AnM: 0.30±0.02, AwM: 0.39±0.02), 
suggestive of much more regular firing at short time scales. In fact, most PCs showed a 

Table 1. Summary of spontaneous simple spike firing properties of all PCs reported in this study.
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skewed	CV2 distribution, with a high proportion of low CV2 values (Figure 2B), indicating 
the presence of regularity in spiking patterns. This was in clear contrast to spontaneous 
spiking of neocortical neurons, which showed uniform CV2 distributions as previously 
reported	[20] (Figure 2B, blue) and which are similar to realizations of inhomogeneous 
Poisson processes (insets in Figure 2B, green).

We studied the properties of regular spiking patterns in PCs whose CV2 distribution 
was significantly different from rate modulated Poisson (AnR: n=38, AnM: n=21, AwM: 
n=33, p<0.05, χ2 test) in more detail. Their pooled CV2 distribution showed significantly 
more	 CV2 values of 0.2 or lower (p<0.001, χ2 goodness of fit residual test) than the 
corresponding Poisson processes did (Figure 2B, rightmost panel). To isolate the regular 
spiking patterns in individual spike trains, we applied a threshold of 0.2 on the measured 
CV2 values as illustrated in Figure 2C. Whenever the CV2 value was below or equal to 
threshold (white dotted line), the associated two ISIs were considered part of a regular 
pattern (pink). If the next ISI also had a CV2 value below or equal to threshold, it was 
included into the pattern (pink); if not, this next ISI was either single (i.e. not belonging 
to a pattern; blue) or the start of a new pattern (provided the next CV2	value	was	again	
below or equal to threshold; red).

With this procedure, 57% (AnR), 67% (AnM) and 54% (AwM) of ISIs belonged to 
regular patterns. To verify the effect of the statistically defined CV2 threshold of 0.2, 
we compared the number of patterns extracted using different thresholds (Figure 3). 
Thresholds in the range 0.18–0.24 generated statistically similar number of patterns as a 
threshold of 0.22, which generated the maximum number of patterns (n=92, p>0.1).

The mean ISIs of patterns were not uniformly distributed. Most of the pattern ISIs 
were relatively short, so that the peaks of the overall ISI distributions mostly consisted 

Figure 3. Effect of CV2	 threshold	 on	
patterns.
(A) Mean (± SEM) of normalized number 
of patterns in spike trains classified with 
different values of the CV2 threshold, 
ranging from 0 to 0.5, in 92 PCs (filled 
circles) and in simulated spike trains from 
Poisson processes with similar firing rate 
profiles as in the PCs (open circles). Arrow: 
maximum number of patterns, *: range 
where there was no statistical difference 
(p>0.05). Inset: same distribution but 
for all possible thresholds. (B) Raster 
plots with indication of the spike timings 
belonging to patterns (dotted lines: start of 
patterns, grey solid lines: following spikes 
in each pattern) and singles (black). Black 
dots: difference in classified patterns when 
threshold was 0.2 (upper trace) and 0.24 
(lower trace). (For color figure, see online 
version)
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of regular patterns, while their tails comprised only single ISIs. As a result, the 90 
percentile of ISI for patterns was significantly shorter than that of singles (Figure 4A).	
	
Characteristics of regular spiking patterns change with behavioral state
Regular patterns can be characterized by two parameters: pattern size, defined as the 
number of ISIs in the pattern, and pattern mean ISI. Examples of the distribution of these 
two parameters are shown in Figure 4B. Observe that short patterns occurred with a 
wide range of mean ISIs, whereas long patterns contained only short ISIs (insets), though 
not the shortest. The wide range of pattern mean ISIs and the fact that the fraction of 
pattern spikes was only weakly (rats: linear correlation R2=0.371 compared to a R2=0.666 
for 92 inhomogeneous Poisson processes) or not (mice: R2<0.1) dependent on the mean 
firing rates of PCs make it unlikely that regular patterns were caused by refractoriness. 

Figure 4. Characteristics of regular spike patterns.
(A) ISI distribution of overall ISIs (black), patterns (red) and singles (blue) from a representative sample PC spike train of AnR 
(left), AnM (middle) and AwM (right). Insets: magnified plot of indicated area (lower) and 90 P (90 percentile, upper) of each 
population, *: p<0.01, Student t test. (B) The relation between pattern mean ISI and pattern size in AnR (left, cyan), AnM 
(middle, magenta) and AwM (right, yellow). Insets: maximum pattern mean ISI (90 percentile) of different pattern sizes. *: 
p<0.001, Wilcoxon signed rank test. (C) Percentage ISIs belonging to patterns (upper, *: p<0.001, Student t test), Average 
maximum pattern size (middle, *: p<0.001, Student t test), and Pattern size distribution (lower, p<0.05, χ2 test). Cyan: AnR, 
magenta: AnM, yellow: AwM. (For color figure, see online version)
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Pattern sizes showed a wide distribution. On average, 72% of patterns comprised 
only 2–3 ISIs, but many patterns were much longer (Figure 4B and 4C), lasting 
45.0±3.5, 76.5±6.3, and 52.5±3.1 ms for AnR, AnM, and AwM, respectively. The size 
of patterns depended on the CV2 threshold used, but this did not affect the pattern 
mean ISI much (data not shown). Interestingly, we found a significant difference 
in the proportion of long patterns between anesthetized and awake rodents. In 
anesthetized rodents, 4.1±1.4% (AnR) and 3.5±0.8% (AnM) of patterns contained 
more than 10 ISIs, while in awake rodents (AwM) only 0.4±0.1% did (p<0.01), with 
maximum pattern sizes of 182, 61 and 21 ISIs, respectively (Figure 4C). This significant 
difference between pattern sizes of awake vs. anesthetized rodents indicates that 
regular patterns may be influenced by the behavioral state of the animal. Indeed, 
if regular spiking patterns were a specific signal by which PCs transmit information, 
one would predict faster changes in this signal, i.e. shorter patterns associated with a 
wider range of pattern mean ISIs, in awake, active animals than in anesthetized ones.	
	
Simulation of the effects of regular spiking patterns on target neurons
PCs inhibit neurons in the downstream DCN; any information transmitted by regular PC 
spike patterns will be decoded at that level. PC synapses onto DCN neurons show fast 
synaptic depression [26], [27], a property that is known to endow synapses with low-
pass filtering properties [29]. We developed a phenomenological model to reproduce 

Figure 5. Simulated synaptic conductance in PC to DCN synapse caused by spontaneous PC spiking.
(A) A representative example of the simulated synaptic conductance (Gsyn) induced by PC (black) of AnR (upper panel), AnM 
(middle panel) and AwM (lower panel), and by corresponding realizations of an inhomogeneous Poisson process (grey). 
Rasters: spikes belonging to patterns (black and grey dotted lines: start of patterns, black and grey solid lines: following spikes 
in patterns, darker grey lines: singles), numbers: number of all spikes in the 500 ms window. (B) Distribution of Gsyn	values	
for PCs (black) compared to Poisson processes (grey). Bin = 0.2 nS. Red bar: bins where PCs contained significantly more Gsyn	
values. p<0.05. (For color figure, see online version)
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the previously reported frequency-dependent depression of this synapse [26] (cf. 
Materials and Methods), allowing us to predict the effects of regular PC spike patterns on 
synaptic conductance (Gsyn) in DCN neurons. Specifically, we used this model to compare 
the	Gsyn evoked by recorded SS trains with that of simulated spike trains generated by 
inhomogeneous Poisson processes of the same modulated firing rates. Such Poisson 
processes have far fewer regular patterns: only 20% of ISIs belonged to patterns, 80% 
of which were of size 2 (cf. Fig. 2B). A representative example of conductance traces 
(Figure 5A) demonstrates that the long regular patterns in SS trains induced epochs with 
little fluctuation of Gsyn, while Poisson spike trains generated much more variable Gsyn	
(Figure 5A, green). In almost all cases, the distribution of Gsyn	of	Poisson	spike	trains	was	
significantly different from that of real SS trains (Figure 5B; Kolmogorov-Smirnov test, 
p<0.05, bin 0.01 s, AnR 35/38 cells; AnM 33/33; AwM 20/21). Thus, the distribution of 
Gsyn of PCs was mostly confined to a narrow range of values as is also evident from its 
CV, which was significantly lower for PCs (0.53±0.03, 0.47±0.03 and 0.49±0.03 for AnR, 
AnM and AwM, respectively) than for simulated spike trains from Poisson processes 
(0.66±0.05, 0.75±0.04, and 0.71±0.03, p<0.04).

Spikes of regular patterns are correlated, but not precisely synchronized
In rats, each DCN neuron receives inhibition from 100 [30] up to 1000 [31] PCs. 
Anatomically, though, it is not clear whether all converging inputs are active at the same 
time. This convergence raises the question whether regular patterns in the afferent PCs 
coincide in time, causing periodic ripples in Gsyn during their occurrence, or whether 
they are asynchronous, rendering Gsyn more constant. We studied the correlation in 
time of regular patterns in 8 simultaneously recorded transverse pairs of PCs in AnR, 
separated by 69.8±9.4 µm (range: 50–100 µm). We found that the spikes belonging to 
patterns revealed central peaks in the cross-correlogram. These central peaks reflected 

Figure 6. Coincident patterns in nearby PC pairs in AnR.
(A) Eight cross-correlograms of timings of spikes belonging to regular 
patterns extracted from recordings of nearby PC pairs, with each 
pair colored differently. Insets: cross-correlograms of the shuffled 
spike trains of two pairs (black) superimposed on original cross-
correlogram of patterns (blue and gray: pairs showing strongest and 
weakest synchronization respectively). (B) The relation of pattern 
mean ISIs in 4 pairs in which pattern starts coincided significantly 
(inset: cross-correlograms of the first spikes of regular patterns in 
the 4 pairs). Red dotted line: diagonal. (For color figure, see online 
version)
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significant synchronization as their Z scores were higher than 3 (Figure 6A, z = 5.0±0.4), 
but they were quite broad (full width at half peak (HW)=70±8.6 ms). No synchronization 
was observed in pairs of PCs on the same parallel fiber beam separated by more than 
0.5 mm (n=20, data not shown). We investigated several mechanisms that could explain 
the broad width of the central peaks. There was no significantly relation between HW 
and the mean duration of patterns (R2<0.0001). Broad peaks in cross-correlograms are 
often caused by firing rate co-modulation [23], implying that patterns would coincide 
because they occur more often during increased firing rates (Figure 4A). As properly 
shuffled spike trains (cf. Materials and Methods) overlapped the broad peaks largely 
(Figure 6A, inset), the central peaks observed can indeed be largely explained by firing 
rate co-modulation. In addition, we found in four of the pairs a significant, and much 
more precise, correlation of the start of patterns (z=5.6±0.9, HW=16.3±2.4 ms, Figure 
6B, inset). But although patterns in these four pairs started together, their mean ISIs 
were	independent	of	each	other	(R2=0.17±0.03, Figure 6B). We conclude that while for 
a fraction of patterns the start was precisely synchronized, overall pattern spikes were 
not precisely synchronized but tended to co-occur in a loose manner because of firing 
rate co-modulation.

Despite our lack of knowledge about detailed convergence patterns of PCs 
onto DCN neurons, convergence is more likely for adjacent pairs, where we observed 
coincident patterns, than for distant pairs which did not show synchronization. In the 
case of coincident converging patterns, the lack of spike synchronization caused by their 
different spike frequencies will further reduce the variability of their combined Gsyn	
[32]. Otherwise, the averaged Gsyn	of	perfectly	synchronized	PCs	would	have	the	same	
variability as that caused by single PCs. A similar reduction of variability also occurs in 
completely irregular spike trains generated by Poisson processes [32], but only when 

Figure 7. A representative example 
of regular patterns in tactile stimulus 
evoked	PC	SS	responses.
(A) Peri-event raster plot of 
patterns (red) and singles (blue) 
during tactile stimulation in AnR. 
(B) Mean rate (± SEM) of overall 
spikes (black), realization of Poisson 
process (green), pattern spikes (red) 
and singles (blue). Bin = 20 ms. (C) 
Simulated	Gsyn	for	the	trial	indicated	
by arrow in (A) (bin = 1 ms). (D) CV 
(SD/Mean) of simulated Gsyn (*: 
p<0.001, Student t test, bin 20 ms). 
Black dotted line: stimulation time. 
(E) Mean firing rate (upper panel) 
and percent ISIs belonging to regular 
patterns (lower panel) in 200 ms 
before and after stimulation (upper 
panel) of simulated spike trains from 
inhomogeneous	 Poisson	 process	
(green) and from recorded PCs 
(black). *: p<0.005, Wilcoxon signed 
ranks test. (F) Pattern mean ISI 
distribution before (dotted line) and 
after (solid line) tactile stimulation. 
Inset: Pattern size distribution before 
(open) and after (filled) stimulation. 
(For color figure, see online version)
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there are many more active convergent inputs.
 
Tactile stimulation increases regularity of spiking

Next, the effect of sensory stimulation on regular patterns in the SS response was 
investigated. To this end, we analyzed responses to tactile stimulation in AnR (Figure 
7) (n=12). Typically, PCs responded after a short delay with a significant increase in SS 
firing rate in a 200 ms window, from 53.8±6.2 Hz to 74.2±7.3 Hz (p<0.003, Wilcoxon 
signed ranks test), as reported elsewhere [33]. In the same window, we also found a 
significantly increased proportion of ISIs belonging to regular patterns, from 49.3±4.5% 
to 62.5±5.1% (p<0.005, Wilcoxon signed ranks test). Spike trains always become 
more regular at high firing rates because spikes cannot fire arbitrarily close together, 
due to the refractory period. Indeed, simulated Poisson processes with refractory 
period that show similar rate changes (p>0.2; before: 53.3±6.3 Hz, after: 75.0±7.5 

Figure 8. Regular patterns and singles related to 
the membrane potential (MP).
Dendritic patch-clamp recording of PC in 
anesthetized rat (data from Loewenstein et al. 
2005). Voltage trace: large spikes are complex 
spikes, small ones are simple spikes. Dotted black 
line: threshold to define up and down-states (MP 
= −55 mV). Raster plot at top: simple spikes were 
sorted as either pattern spikes (dotted red lines: 
start of patterns, solid red lines: following spikes 
in each pattern) or single spikes (blue lines). All 
patterns were during up-state, but singles occurred 
both during up (filled circles) and down (open 
circles) states.

Hz; Figure 7E upper panel) as the experimental data revealed a slight but statistically 
significant increase of the fraction of ISIs belonging to regular patterns (p<0.005; 
before: 23.1±0.7%, after: 27.1±0.8%; Figure 7E lower panel). However, this increase 
was proportionally (18±2%) much smaller than the increase in PCs (29±3%) (p<0.03, 
Wilcoxon signed ranks test). We conclude that the increase in patterns in PCs was 
larger than expected from only the firing rate increase. Regular patterns following 
stimulation were also faster and lasted longer than before stimulation (Figure 7F).	
	
To estimate the effect of this change of SS patterns on downstream DCN neurons, 
we	again	computed	the	predicted	Gsyn and compared these with the results obtained 
from spike trains realized from inhomogeneous Poisson processes (Figure 7C). The 
real SS train induced a steady current of about 4.5 nS, while the Poisson process 
produced a highly variable Gsyn, despite the similar modulations of firing rates. 
The	 CV	 of	 Gsyn induced by the real SS train dropped significantly (p<0.001) during 
a period of 116.7±19.0 ms after stimulus onset compared to the effect of Poisson 
spike trains (Figure 7D). This indicates that tactile stimulation further reduced the 
variability of Gsyn in DCN neurons by an increased regularity of PC spike timing.	

Regular patterns and singles in relation to the PC membrane potential
It has been shown that the membrane potential of PCs in anesthetized animals can be 
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bistable, showing up and down-states [24]. Although PCs in awake behaving animals 
probably operate predominantly in the up-state [34] and regular patterns in our data 
tended to last much shorter than the reported duration of up-states in the anesthetized 
preparation [24], the occurrence of patterns might in principle be related to the state 
of the membrane potential. We therefore applied our analysis method to whole-cell 
clamp recordings from PCs of anesthetized rats in vivo (data obtained from Loewenstein 
et al., 2005; Figure 8). As expected, patterns occurred only during up-states (Figure 8, 
red spikes), but a single up-state typically consisted of several patterns (4.8±1.1 for the 
recording shown in Figure 8, 3.8±0.3 for all recordings). Singles could occur during both 
up (92.1±3.7%; Figure 8, filled dots) or down (7.9±3.7%, Figure 8, open dots) states. 
Thus, the classification of SSs developed in this study allows for a subcategorization of 
spikes occurring during the up-state which may be relevant at short time scales.

CSs may toggle transitions between up and down-states [24].	 This	 is	
also the case for start of the two up-states shown in Figure 8. We found that, 
except for patterns occurring at state transitions, the start or end of patterns 
was not related to CS firing. This is confirmed by the much higher frequency 
of starts of patterns (7.42±4.30 Hz, AnR, n=32) than of CSs (0.72±0.05 Hz).	
	
	
Discussion
Taken together, our main findings indicate that (1) interesting fine-temporal properties of 
neuronal responses may be uncovered by analyzing regular pattern structure on a single 
trial basis; (2) PC simple spike trains contain distinctly more spike timing regularities 
than hitherto known; (3) the high CV in in vivo recordings is most likely caused by mixing 
of different regular spiking patterns, separated by single, typically longer, ISIs; (4) the 
onset of patterns can be synchronized in nearby PCs, but their member spikes are not 
synchronized; (5) most regular patterns are not influenced by complex spikes; (6) regular 
pattern properties change with behavioral state and tactile stimulation; and (7) regular 
patterns may cause epochs of close to constant synaptic conductance in downstream 
DCN	neurons.

Our extracellular recordings do not provide conclusive evidence on the mechanisms 
causing regular patterns. However, as PCs fire highly regularly in slice preparations 
in which their synaptic inputs are blocked [17], [18]	 and	 since	 they	 show	 increased	
irregularity following mutations of their voltage gated Ca2+	channels	[13], the endogenous 
properties of PCs are likely to contribute to their regularity of firing. However, the current 
observation that most patterns occur within the up-state, combined with the finding 
that PCs in awake behaving animals probably operate predominantly in the up-state 
[34] suggests that additional mechanisms such as short-term and long-term synaptic 
processes probably also play a role in controlling the start and end of a regular pattern, 
as well as its mean ISI. As CSs have little effect on patterns, it is most likely that parallel 
fiber inputs combined with molecular layer inhibition control the pattern properties. 
Furthermore, synaptic plasticity can adapt the effect of both the excitatory parallel fiber 
inputs and the inhibitory input from the basket cells and stellate cells on the SS patterns 
[35], [36]. Such mechanisms could explain why the onset of patterns was synchronized 
in only a subset of nearby PCs, and why even in those cases the pattern mean ISIs were 
different.

The regular patterns discovered in this study comprised a large part of the simple 
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spike trains and were shown to be modulated by behavioral state and stimulation, 
suggesting that they may have functional significance. Our simulations of the effect of 
regular patterns on Gsyn in downstream DCN neurons indicate that they keep inhibitory 
conductance fairly constant. The interaction between regular patterns and Gsyn	 may	
provide an explanation of why these synapses depress so strongly [26], [27]	and	forms	
the basis for our hypothesis on the function of regular patterns. It is generally assumed 
that cerebellar learning through induction of long-term depression at the parallel fiber 
to PC synapse leads to disinhibition of DCN neurons [35], [37]. In addition, DCN neurons 
respond strongly to disinhibition because of their post-inhibitory rebound spike [38], 
which may form a powerful timing signal [2], [39]. Correspondingly, the activity of DCN 
neurons in adult rodents consists of pauses, most likely caused by PC inhibition, mixed 
with transient periods of fast bursting [40]. The effectiveness of disinhibition to create 
a rebound spike depends on the synchronicity of the disinhibition, which we recently 
demonstrated to be significant among nearby PCs [19], and on the level of preceding 
inhibition. Because the inactivation of calcium channels expressed in the DCN neurons is 
strongly voltage dependent in the relevant potential range [41], these channels are very 
sensitive to even small changes in inhibitory input. Consequently, the level of inhibition 
preceding the rebound spike exerts a very strong effect on the amplitude of the rebound 
spike	[42].

We hypothesize that regular patterns encode a specific level of inhibition in their 
firing rate and, as such, approximate a perfect firing rate code [43], which should be 
completely regular. When regular patterns from convergent PCs coincide, the summed 
inhibition will be relatively constant over the duration of the patterns and, consequently, 
keep the level of inactivation of calcium channels steady. Thereby, the firing rates of 
regular spike patterns in afferent PCs will control the amplitude of any rebound spike that 
follows in the next second. The occurrence of a rebound spike is evoked by synchronized 
pauses	in	the	SS	trains	[19], [44], which are mostly not part of the regular patterns as 
they belong to the tail of the ISI distribution.

In conclusion, we propose that the regular patterns, which comprise the majority 
of spikes in PC SS trains, can control the amplitude of subsequent timing signals by 
modulating the amplitude of rebound spikes in downstream DCN neurons.
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Increased Noise Level of Purkinje Cell Activities Minimizes 
Impact of their Modulation during Sensorimotor Control
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Abstract 
While firing rate is well established as a relevant parameter for encoding information 
processing among neurons, the significance of other parameters awaits further 
elucidation. Here, we show that regularity of neuronal spike activities can play an 
important role during sensorimotor processing by investigating cerebellar function 
in	tottering mutants, which suffer from a mutation in P/Q-type voltage gated calcium 
channels.  While the modulation amplitude of the simple spike firing rate of their 
floccular Purkinje cells during optokinetic stimulation is indistinguishable from that in 
wild types, the regularity of firing is disrupted and the firing pattern of these spikes is 
totally aberrant.  This irregularity is so robust that the effective functional output of 
the cerebellar cortex in tottering cannot be detected at the behavioural level in that 
the level of ataxia as measured by gain and phase values during compensatory eye 
movements is indistinguishable from that in wild types in which the flocculus is ablated.  
In addition, this phenotype observed in tottering can be largely mimicked in wild types 
by applying blockers of P/Q-type channels locally to their flocculus.  Moreover, normal 
eye movements can be evoked in tottering when the flocculus is electrically stimulated 
with regular spike trains mimicking the firing pattern of normal simple spikes.  To our 
knowledge the present study provides the first demonstration for the relevance of 
regularity of firing in Purkinje cells and one of the most dramatic demonstrations so far 
for the relevance of this parameter in neuronal information processing.  

Introduction
The previous paragraphs have emphasized the significance of regular firing by 
demonstrating that Purkinje cells are nearly continuously active in the upstate and, 
despite being known as irregular, display short periods of very regular simple spike 
firing. As a proof of principal it would be of interest to investigate the impact on 
behavior of a highly irregular Purkinje cell firing pattern, e.g. as seen in the tottering 
mutant mice. Purkinje cell activities are modulated by sensorimotor activity, e.g. 
visual stimulation induced compensatory eye movements.  Modulation of firing rate is 
usually considered as both a necessary ánd a sufficient parameter to correlate neuronal 
activities to sensorimotor behavior.  Such relations have been demonstrated in many 
investigations of numerous systems varying from the sensory auditory and visual system 
to lower and higher motor systems (Frazor et al., 2004; Li et al., 1999).  Theoreticians 
have pointed out the impact of noise levels (i.e. regularity of firing) in their neuronal 
network models (Mar et al., 1999; Steinmetz et al., 2001; Tiesinga et al., 2002), but it 
remains to be demonstrated at the experimental level to what extent a change in noise 
without a change in spike modulation can alter sensorimotor behaviour. The field of 
calcium channelopathies is likely to harbor a candidate demonstrating this dissociation 
between the impact of modulation of neuronal firing and that of noise of neuronal 
firing in, because various mutations in voltage-gated calcium channels result in both cell 
physiological and behavioural aberrations (Llinas et al., 1989; Mintz et al., 1992; Ophoff 
et al., 1996; Qian and Noebels, 2000; Cao et al., 2004).  We focused on the tottering 
mutant	(tg), which suffers from a point-mutation in the α1a-subunit of the P- and Q-type 
voltage-gated calcium channels that affects the extracellular membrane domain of the 
pore forming loop (Bourinet et al., 1999; Fletcher et al., 1996).  The cerebellar Purkinje 
cells of these mutants show a complex combination of cellular abnormalities including 
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a reduction in Ca2+ channel current density (Wakamori et al., 1998), a reduction in the 
amplitude of the parallel fibre – Purkinje cell EPSC (Matsushita et al., 2002), and an 
increased susceptibility to inhibitory modulation by GABAergic interneurons (Zhou et 
al., 2003).  The general importance of these deficits for motor behaviour is indicated 
by the fact that mutations in the α1a-subunit of the P- and Q-type channels do not only 
lead to various mouse models with motor coordination problems (Green and Sidman, 
1962; Fletcher et al., 1996; Campbell et al., 1999; Stahl, 2004), but also to various human 
syndromes with ataxia including familial hemiplegic migraine, episodic ataxia type II, 
and spinocerebellar ataxia type VI (Ophoff et al., 1996; Zuchenko et al, 1997; Ducros 
et al., 1999).  We therefore set out experiments in tg	mutants	to	correlate	the	simple	
spike and complex spike activities of their Purkinje cells to their motor performance with 
special emphasis on measuring modulation and noise parameters of firing patterns.  The 
flocculus of the vestibulocerebellum, which controls compensatory eye movements, was 
used as a model system to determine these correlations quantitatively.  In this system 
relationships between sensory input, motor output, and intermediate Purkinje cell 
activities can be rigorously defined (De Zeeuw et al., 1995; Stahl and Simpson, 1995ab; 
Simpson et al., 1996; Goossens et al., 2004).  

Experimental Procedures
Animal preparation
Data	were	collected	from	32	tg mice and 32 wild type littermates (C57BL/6J background; 
Jackson laboratory, Bar Harbor, ME, USA), which were prepared for chronic experiments 
(Goossens et al., 2004; van Alphen et al., 2001).  All preparations were done with approval 
of the European Communities Council Directive (86/609/EEC).

Eye movement recordings
The OKR was assessed by rotating a planetarium sinusoidally around both vertical and 
horizontal axes at various frequencies (0.05, 0.1, 0.2, 0.4, 0.8 and 1.6 Hz) and a fixed 
peak velocity (8˚/sec) (Stahl et al., 2000; van Alphen et al., 2001).  The VOR and VVOR 
were assessed by rotating the animal sinusoidally around the vertical axis at various 
frequencies (0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 Hz) and a fixed amplitude (10˚) in the light.  
Stimuli were controlled and monitored by a 1401plus unit (CED, Cambridge, UK).  The 
position of the left eye was measured using a video set-up (sampling rate 240 Hz; ETL-200, 
ISCAN, Burlington, MA, USA; Stahl et al., 2000; Stahl, 2004).  For baseline compensatory 
eye movements (see Figure 1) the eye position signal was sampled at 500 Hz (1401plus 
unit, CED). Data were stored for off-line analysis using Spike 2 and Matlab (Mathworks 
Inc. Natick, MA, USA). 

Single cell recordings
Extracellular Purkinje cell activities were recorded from either the flocculus or non-
floccular regions in the hemisphere of the left cerebellar cortex (Goossens et al., 
2004).  The cells were recorded either during spontaneous activity in the light or during 
modulation due to optokinetic stimulation (see above).  Signals were amplified, filtered, 
digitized and stored for off-line analysis.  Purkinje cells were identified by a brief pause 
in simple spike activity following each complex spike.  Once a floccular Purkinje cell was 
isolated, the preferred axis of rotation was determined by rotating the planetarium 
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around the vertical axis or a horizontal axis at 135˚ azimuth, ipsilateral to the side of 
recording (if necessary tuning curves were made using stimulations around multiple axes 
in space).  

Floccular lesions and histology
After localizing the left flocculus by recording its typical complex spike response to 
optokinetic stimulation, it was lesioned by suction in 6 tg	and	4	wild	type	animals.		Eye	
movement recordings were done for two days pre-lesion and averaged and subsequently 
compared to post-lesion data (third day post-lesion).  To check the damage the animals 
were anaesthetised and perfused, and subsequently Nissl and silver stainings were made 
of the cerebellum and brainstem (Jaarsma et al., 1992; Nadler and Evenson, 1983).

Electrical stimulation
Custom-made	 urethane-insulated	 tungsten	 electrodes	 were	 used	 to	 electrically	
stimulate the left floccular peduncle.  Regular trains of pulses (200 ms, 400 ms, 600 ms, 
800 ms, 1000 ms and 1500 ms trains; 80 μs pulse duration; 100 Hz pulse frequency with 
various stimulation intensities) were used to evoke eye movements in the ipsilateral eye.  
Analyses of the short latencies as well as the eye movements during the various stimulus 
time courses were done using linear regression analysis (Van der Steen et al., 1994). 

Injections of ω-Agatoxin IVA
The borders of the left flocculus were identified using the electrophysiogical recordings 
described above.  Subsequently, the recording electrode was replaced by a boroscilate 
glass electrode filled with 100 nM ω-Agatoxin IVA (diluted in 0.9% saline; Alomone 
Labs, Jerusalem, Israel) (Knight et al., 2003).  Approximately 10 μl of the ω-Agatoxin IVA 
solution was injected by pressure at multiple sites evenly distributed over the entire 
flocculus.  Compensatory eye movements were measured before the localization of the 
flocculus and three days after the injection of the blocker in 4 wild type mice.  As controls 
we injected the vehicle (saline) in 3 wild types and the ω-Agatoxin IVA solution in 2 
tg mice.  Juxtacellular recordings of Purkinje cell activities were made with the use of 
multiple barrel electrodes following iontophoretic injections of ω-Agatoxin IVA solution 
as described by Shields et al. (2004).

Data analysis
Off-line analysis of eye movements and neuronal firing rates was performed in 
Matlab (Mathworks) (Goossens et al., 2004; Stahl, 2004).  Gain and phase values were 
determined by fitting sine functions to the slow-phase eye velocity traces.  Simple spikes 
and complex spikes were discriminated using custom-made routines based on cluster 
analysis (Goossens et al., 2004).  Simple spike PSTH’s (100 bins per cycle) were compiled 
at each stimulus frequency (F) and fit by a sine function.  Neuronal amplitude of 
modulation was calculated by dividing the amplitude of the fitted sine wave by its offset.  
The phase of the simple spike activity relative to the eye velocity (θ) was calculated from 
the difference of the phase of the sinusoidal fits to firing rate and eye velocity (De Zeeuw 
et al., 1995; Stahl and Simpson, 1995b).  CV values of spontaneous spike activities were 
calculated by dividing the standard deviations of the interspike interval lengths by their 
means.  Autocorrelograms of spiking data and interspike intervals during modulation 
were constructed using custom made routines in Matlab.  A fixed bin size of 50 ms 
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and	a	7th order low pass filter were used to calculate the correlogram coefficient of the 
spiking data (ratio of the amplitude of the first off-centre peak in the filtered data and 
the amplitude of the centre peak of the raw data).  An increased noise level was defined 
as any significant increase in irregularity of spike firing within periods varying from 5 ms 
up to 1000 ms (as revealed by CV values or autocorrelograms).  Epochs containing quick 
phases	were	analysed	separately.		Saccades	were	detected	with	a	velocity	threshold	of	
25°/s (for details see Van der Steen & Bruno, 1995).  Data are presented as mean ± 
SEM.

Results 
Mutation in P/Q-type calcium channel leads to abnormal sensorimotor behaviour
The	 tg mutants under investigation showed the general ataxic behaviour during 
locomotion as described previously (eg. Campbell et al., 1999).  To determine the 
level of ataxia at a quantitative level we investigated gain and phase during sinusoidal 
optokinetic and vestibular stimulation at frequencies varying from 0.05 Hz to 1.6 Hz in 
5 tg mutants and 8 wild types (Figure 1).  During the optokinetic reflex (OKR) the gain 
values of tg mice ranged from 0.06 to 0.32, while those in wild types ranged from 0.36 
to 0.71; these values were significantly different (p < 0.001; repeated measures ANOVA).  
During the vestibulo-ocular reflex in the dark (VOR) the gain values of the tg	mutants	
ranged from 0.26 to 0.77 and were not significantly different from those in wild types 

Figure 1. Compensatory eye movements under vision are impaired in tottering (tg) mice.  
Gain values (left column) of tg mutants are decreased during the optokinetic reflex (OKR) (A) and vestibulo-ocular reflex 
in the light (VVOR) (C), but not during the vestibulo-ocular reflex in the dark (VOR) (B).  Phase values (right column) of the 
tg mutants only show significant changes during VVOR.  Solid lines and dashed lines indicate data of wild types (wt) and tg 
mutants, respectively. 
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Figure 2. Simple spike activities (SS) of Purkinje cells in tg mutants modulate normally during optokinetic stimulation, but fire 
irregularly.
(A) Extracellular recordings of spontaneous Purkinje cell activities of a wt (left panel) and a tg mouse (right panel).  Note 
the increased irregularity of the simple spikes in tg (complex spikes go up, simple spikes go down).  (B) Peri-Stimulus Time 
Histograms (PSTH) show that the modulation of the simple spike activities of a floccular Purkinje cell during optokinetic 
stimulation in tg is indistinguishable from that in wt (for population data see Figure 3B).  (C) Raster plots of the same spikes 
that are presented in the PSTH’s in B show that Purkinje cells in tg mice fire much more irregularly despite their normal 
modulation.  Each small stripe represents a single spike and each row of stripes represents spike data of a complete stimulus 
cycle.  (D) Autocorrelations during modulation show that the predictability of simple spikes in wt is much better than that in 
tg (stimulus at 0.4 Hz and 8°/s; bin size 50 ms).  Unfiltered traces are indicated by striped lines and low pass filtered traces are 
indicated in solid lines; left column for wt and right column for tg.  Arrows indicate values used for calculation of correlation 
coefficients (see methods).  (E) Correlation coefficients during optokinetic stimulation in tg mice are lower than those of wild 
types and they are not influenced by stimulus frequency, in contrast to those of wild types.  (F) Autocorrelation of simple spike 
intervals in wt during optokinetic modulation (solid line; wt mod) is significantly higher than that in wt during spontaneous 
activity (dotted line; wt spon) as well as than that in tg during modulation (dashed line; tg mod).  

(p = 0.4; repeated measure ANOVA).  During vestibular stimulation in the light (VVOR) 
the	gain	values	in	tg mice ranged from 0.48 to 0.74 and were significantly different (p < 
0.001; repeated measures ANOVA) from those in wild types (ranging from 0.82 to 1.02).  
The	phase	leads	of tg mutants differed from those in wild types during VVOR (p < 0.001; 
repeated measures ANOVA), but not during OKR and VOR (p = 0.3 and p = 0.4).  These 
data indicate that compensatory eye movements under vision (i.e. OKR and VVOR), 
which are controlled by the flocculus of the vestibulocerebellum, are abnormal in tg 
mutants.		

Purkinje cells with abnormal P/Q-type channels fire irregularly but modulate normally
To find out whether the motor deficits in tg mice can be caused by abnormal firing of 
their Purkinje cells in the cerebellum we recorded their simple spikes and complex spikes 
in various cerebellar regions during spontaneous activity and in the flocculus during 
optokinetic stimulation.  Extracellular recordings of Purkinje cells in tg mutants (n = 
86 from 22 animals) and wild type mice (n = 79 from 14 animals) during spontaneous 
activity in the light did not reveal gross anomalies in amplitude, shape or duration of 
their simple spikes or complex spikes.  However, the firing pattern of the simple spikes 
was	much	more	irregular	in	tg mutants than in wild types (Figure 2A).  This difference 
held equally true for all cerebellar regions from which we recorded, i.e. crus I and II, 
paramedian lobule, paraflocculus and the flocculus.  The coefficient of variance (CV; for 
details see experimental procedures) of the spontaneous simple spike activities in the 
non-floccular regions in tg mice (2.18 ± 0.19) did not differ (p = 0.4; t-test) from that 
in the flocculus (2.57 ± 0.25) showing that the abnormal firing pattern was a general 
phenomenon.  The average CV of the pooled simple spikes during spontaneous activity 
in tg (2.25 ± 0.16) was almost four times higher than that in wild types (0.63 ± 0.07).  
This difference was highly significantly different (p = 3.93 x 10-16; t-test).  The increase 
in	irregularity	in	tg mice was also reflected in a shorter climbing fibre pause (defined by 
the period between the start of the complex spike and the start of the first simple spike 
after this event).  In tg and wild types the pause was 13.6 ± 0.55 ms and 16.4 ± 0.07 ms, 
respectively (p < 0.05; t-test).  The reduction in pause length cannot be explained by a 
higher firing frequency of the simple spikes in tg, because the average firing frequency 
was in fact slightly lower (varying from 52 spks/s to 65 spks/s).

The irregular simple spike firing pattern can only explain the ataxic behaviour when 
it persists during the performance of movements.  We therefore investigated the activities 
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of floccular Purkinje cells in alert tg	 mutants	
(n = 25 from 10 animals) and wild types (n = 
14 from 5 animals) that made compensatory 
eye movements in response to optokinetic 
stimulation (Figure 2B).  During this behavioural 
paradigm too the simple spikes activities in the 
tg were much more irregular during both the 
on-phase and off-phase of modulation (for 
trace-by-trace plot in a raster diagram see 
Figure 2C).  To quantify the level of irregularity 
during optokinetic modulation we calculated 
both the autocorrelogram coefficients of the 
simple spikes using a bin size of 50 ms (Figures 
2D and E) ánd autocorrelogram coefficients of 
the interspike intervals on a spike by spike basis 
(Figure 2F).  Both calculations showed that the 
autocorrelations were much lower in tg	than	in	
controls (p << 0.001 in both analyses; ANOVA).  
Moreover, while the correlation coefficient in 
wild types increased with increasing stimulus 
frequency, that of the tg mutants did not (Figure 
2E).  In addition the average autocorrelation 
of	the	interspike	intervals	in	wild	types	during	
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Figure 3.  Saccade related and modulation related simple spike 
activities of floccular Purkinje cells in tg are indistinguishable from 
that	in	wt.		
(A) Histograms of average simple spike activities occurring around 
the	 onset	 of	 fast	 phases	 which	 are	 superimposed	 at	 moment	
zero and indicated by vertical dotted lines (bin size 10 ms).  Note 
that there was no significant correlation between spike data and 
saccadic eye movements neither for wt (n = 51) nor for tg (n = 55).  
(B) Average modulation amplitude of simple spike activities of all 
Purkinje cells that modulate optimally around the vertical axis; no 
significant difference was observed among wt and tg mice.

modulation was significantly higher than that during spontaneous activity (p << 0.001; 
ANOVA), while that of the tg mutants was not (p = 0.4; ANOVA).  Together these data 
demonstrate	that	Purkinje	cells	in tg mice fire much more irregularly during modulation 
than those in wild types and that the predictive power of a single interspike interval of a 
modulating Purkinje cell is significantly bigger in wild types than that in tg	mice.

Two potential confounding factors during optokinetic stimulation might contribute 
to a difference in regularity of simple spike firing between wild types and tg	mice.		These	
include possible differences in simple spike activities associated with spontaneous saccadic 
eye movements as well as possible differences in depth of optokinetic modulation.  
Both factors were found to be irrelevant.  Saccade - triggered spike averages showed 
no significant peaks in firing frequency before or after saccades neither in wild types 
nor in tg mutants (p = 0.9 and p = 0.2, respectively; Kolmogorov-Smirnov), and there 
was no difference among wild types and tg mice	in	the	response	of	the	Purkinje	cells	
to spontaneous eye movements (p = 0.2; Kolmogorov-Smirnov) (Figure 3A).  Sine waves 
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fitted to the optokinetic simple spike responses showed that the average modulation 
amplitudes did not differ either (p = 0.7; non-orthogonal ANOVA) (Figure 3B).

Taken together we conclude from our floccular Purkinje cell recordings during 
optokinetic responses that a change in regularity of simple spike activities but not in 
modulation amplitude may explain the ataxic eye movement behaviour of tg	mutants.

Output of modulating Purkinje cells in vestibulocerebellum of tg mutants is not 
functional
Even	though	OKR	and	VVOR	gain	values	as	well	as	the	regularity	of	simple	spike	responses	
during these movements are affected in tg, the modulating Purkinje cells in their 
flocculus may still contribute, although less effectively than in wild types, to increase 
the gain of its compensatory eye movements.  To determine the extent to which signal 
processing in the flocculus of the tg contributes to compensatory eye movements under 
vision, we ablated the flocculus of tg and wild type mice and evaluated their differences 
in pre- and post-lesion gain values (Figures 4A and B).  In tg mutants we did not observe 
any significant decrease in OKR or VVOR gain values after the lesions (p = 0.1 and p 
= 0.4, respectively; ANOVA).  In contrast, the same values did decrease significantly in 
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wild types during OKR and VVOR (p < 0.03 and p < 0.05, respectively; ANOVA).  For both 
OKR	and	VVOR	we	found	that	the	gain	values	of	the	wild	types	áfter	the	lesions	did	not	
differ from those of the tg	mutants	befóre the lesions (p = 0.3 and p = 0.2, respectively; 
ANOVA).  Both wild type and tg VOR gain values did not change after the lesion (p = 0.1 
and p = 0.9, respectively; ANOVA).  The completeness of the lesions was verified with 
the use of silver staining that revealed the degenerating fibers in the floccular peduncle 
(Figures 4C and D).  These data indicate that the output of the flocculus in tg	mutants	
does not contribute significantly to the gain of the optokinetic reflex or visually enhanced 
vestibulo-ocular reflex.   

Connections downstream of cerebellar cortex are functionally intact
The recording and lesion experiments described above suggest that the floccular output 

Figure 5. Oculomotor connections downstream of the flocculus appear functionally intact. 
(A) dynamics of saccadic eye movements are unaffected in that the main sequence parameters in tg are not different from 
those in wt; data show representative of linear fits to the duration re amplitude (left panels) and peak velocity re amplitude 
(right panels).  (B) Eye movements evoked by electrical stimulation in the flocculus show normal latencies in tg mutants.  The 
left and middle panel show eye position traces before and after the onset (dashed line) of electrical stimulation in wt and tg, 
respectively.  Solid straight lines indicate result of linear regression of the 200 ms period prior to the onset of the stimulus 
with (thin line) and without 1 SD (bold line).  Arrows indicate crossings of eye position traces and SD lines, which are used 
for quantification of the latencies.  Right panel indicates that the average latency of the eye movements following electrical 
stimulation of the flocculus in wt is indistinguishable from that in tg.  (C) Left, middle and right panel show normalized eye 
positions following 600 ms, 1000 ms and 1500 ms stimulus protocols, respectively. Dashed and dotted vertical lines indicate 
onset and stop of the electrical stimulus, respectively.  The finding that the eyes in tg mutants did not drift back during the 
application of the stimulus suggests that the neurotransmitter stores in its oculomotor synapses and neuromuscular junctions 
are	not	depleted.
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is functionally non-existent in the tg due to irregular simple spike activities.  However, 
an alternative or additional explanation could be that the floccular output is impaired 
downstream at the level of the synaptic targets of its visual pathways in the vestibular 
nuclei, oculomotor nuclei and/or at the neuromuscular junctions of the eye muscles 
(Plomp et al., 2000).  To find out whether such a functional barrier exists, we investigated 
whether	saccadic	eye	movements	are	also	impaired	in	tg	mutants	and	whether	normal	
eye movements can be evoked following electrical stimulation of their flocculus.  Figure 
5A	shows	the	analyses	of	the	main	sequence	parameters	of	spontaneous	saccadic	fast	
phases.  The slopes of duration re amplitude (1.16 ± 0.21) as well as the offsets of the 
linear fits (15.3 ± 4.52) in tg mice did not differ from those in wild types (0.89 ± 0.17 and 
19.6 ± 3.26, respectively) (p = 0.2 and p = 0.3; t-test).  Moreover, the slope (39.6 ± 1.78) 
and offset (7.43 ± 1.40) of the peak velocity to amplitude fits in tg did not differ either 
(p = 0.2 and p = 0.9, respectively; t-test) from those in wild types (36.7 ± 0.80 and 7.32 
± 1.59, respectively).  These data suggest that the relay functions of the oculomotor 
nuclei and associated neuromuscular junctions are at least intact for the short duration 
of	fast	saccadic	eye	movements.		The	short	latencies	of	the	eye	movements	that	could	
be evoked by electrical stimulation of the vertical axis zone of the flocculus with a regular 
100 Hz pulse train of a short duration of 200 ms confirmed this observation (Figure 5B).  
The average latency in tg mice (12.7 ± 1.4 ms) did not differ (p = 0.5; t-test) from that in 

Figure 6. Olivary connections upstream of flocculus of tg mutants are functionally intact.
(A) Autocorrelations show that there is no difference in the predictability of complex spike activities (CS) during optokinetic 
modulation between wt and tg data (stimulus frequency 0.4 Hz; bin size 50 ms).  Blue and red lines indicate low-pass filtered 
autocorrelation for wt and tg, respectively.  (B) Correlation coefficients of wt and tg CS activities during modulation are equally 
dependent on stimulus frequency.  (C) Autocorrelations of CS interspike intervals in wt during modulation did not differ from 
that in wt during spontaneous activity nor from that in tg mice during modulation.  Note that all CS data presented in panels 
A, B and C show opposite results to the SS data presented in Figures 2D, E and F. (D) Tuning curves of climbing fibre responses 
of floccular Purkinje cells are normal in tg mutants.  Left panel shows an example of the depth of modulation of the climbing 
fibre responses of a single cell for 8 different horizontal axes in space.  Lengths of arrows indicate depth of modulation and the 
big arrow indicates vector for optimal modulation (close to 135˚ azimuth).  Right panel shows these vectors for five different 
cells (blue arrow indicates average vector).  
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wild types (11.7 ± 0.7 ms).  Moreover, the stimulus thresholds that were necessary to 
evoke	these	short-latency	eye	movements	with	a	prominent	temporal	component	were	
the same in both types of animals (varying from 10 μA to 18 μA in both groups).  To 
further exclude the possibility that tg mutants suffer from a relatively strong depletion 
of neurotransmitters in one of their synaptic connections downstream of the flocculus, 
we also investigated their eye movements following stimuli with longer time courses up 
to 1500 ms (Figure 5C).  Independent from the duration of the stimulation the dynamics 
of	the	movements	elicited	in	the	ipsilateral	eye	in	tg mutants were comparable to those 
in wild types, and in both tg	mutants	and	wild	types	these	movements	never	stopped	
before the stimulus stopped.  These results suggest that synaptic transmission in the 
optokinetic and vestibular system downstream of the flocculus is not functionally blocked 
in	tg	mutants	and	that	their	reduced	visual	compensatory	eye	movement	performance	is	
most likely not caused by such a barrier.  

Olivary connections upstream of cerebellar cortex are functionally intact
Since P/Q-type calcium channels are also moderately expressed in the inferior olive 
neurons (Fletcher et al., 1996; Hillman et al., 1991; Stea et al., 1994; Westenbroek et 
al., 1995), the increased irregularity in simple spike activities may also be imposed by 
changes upstream of the flocculus, that is, in climbing fibre activities generated in the 
olive (De Zeeuw et al., 1998).  This seems feasible since sudden increases or decreases of 
climbing fibre activities decrease and increase the simple spike frequency, respectively 
(Montarolo et al., 1982).  We therefore also compared the complex spike activities 
(Figure 6).  During spontaneous activity the mean firing frequency and CV of complex 
spikes	in	tg mice equalled 0.98 ± 0.04 spk/s and 0.78 ± 0.02, respectively, while those in 
wild types equalled 0.90 ± 0.03 spk/s and 0.81 ± 0.02 (p = 0.1 and p = 0.3, respectively; 
t-test).  During optokinetic stimulation the autocorrelograms of complex spike activities 
in	tg mutants did not differ from those in wild types either, neither with regard to the 
analyses using 50 ms spike bins (Figures 6A and B) nor with regard to the analyses of the 
interspike intervals (p = 0.4 and p = 0.1, respectively; ANOVA) (Figure 6C).  To further 
assess the integrative properties of the olivary neurons and its inputs from the accessory 
optic system (Simpson et al., 1996), we also investigated the preference of their climbing 
fiber responses for particular axes of optokinetic stimulation, i.e. their spatial tuning 
(Figure 6D).  Apart from the neurons that modulated optimally about the vertical axis, 
we also identified numerous neurons that modulated optimally about the horizontal 
axis 135˚ ipsilateral to the azimuth.  The bimodal vector distribution and the resulting 
vectors	of	the	tuning	curves	in	tg mutants did not differ from those in wild types and 
they resembled those described for other animals such as rabbits and pigeons (Graf 
et al., 1988; De Zeeuw et al., 1994; Wylie et al., 1995).  Moreover, their complex spike 
activities were always in counter phase with the simple spike activities independent 
from the spatial axis used for stimulation.  We conclude that both the spontaneous 
activities and integrative properties of the olivary neurons that ultimately determine the 
complex spike output of the floccular Purkinje cells are not affected in tg mutants, and 
that their simple spike irregularities are thus not indirectly caused by altered climbing 
fibre responses. 

Acute blockade of P/Q-type channels in flocculus of wild types partially mimics behavioural 
phenotype of tg
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The data presented above suggest that the connections downstream and upstream 
of the cerebellar cortex are sufficiently intact in the tg mutants to allow functional 
synaptic transmission, but it remains to be demonstrated whether dysfunctional P/Q-
type channels in the cerebellar cortex alone are sufficient to induce ataxic behaviour.  
Moreover, it is clear from cell physiological studies of tg	mutants	that	their	Purkinje	cell	
activities must reflect both acute synaptic abnormalities ánd secondary compensatory 
effects (Wakamori et al., 1998; Matsushita et al., 2002; Zhou et al., 2003), but it remains 
to be demonstrated whether the simple spike irregularities that we observed can be 
attributed to both processes or the acute effects alone.  We therefore investigated 
the impact of an acute and local, partial blockade of the P/Q-type channels in the 
vestibulocerebellum on the OKR and VVOR as well as on their simple spike and complex 
spike activities (Figure 7).  In wild types injections of 100 nM ω-Agatoxin IVA, but not of 
the vehicle solution alone, into the flocculus resulted in a significant decrease of the OKR 
gain values at the entire frequency range (p < 0.001; ANOVA) (Figure 7A).  For the VVOR 
injections of the P/Q-channel blocker also caused an overall significant gain reduction 
(p < 0.02; ANOVA), but the differences with the results following vehicle injections were 
relatively small at the higher frequencies (Figure 7B).  The phase lead during VVOR was 
significantly enhanced (p < 0.001, ANOVA), whereas the phase lag during OKR was not 
affected (p = 0.1, ANOVA).  In tg mutants the injections did not exert any significant 
effect (p = 0.3 and p = 0.4 for OKR and VVOR gain values, respectively; ANOVA).  These 
data indicate that acute local application of P/Q-type channel blockers to the flocculus 
of a wild type mouse can be sufficient to mimic the eye movement performance of a tg	
mouse	during	OKR	and	VVOR.			
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channel blocker. (A) OKR and VVOR gain values in wt 
(n = 6) decreased after injection of ω-Agatoxin IVA into 
the flocculus (solid line; wt block), but not after injection 
of the solution vehicle (dotted lines; wt control; n = 6). 
Injection of the blocker into the flocculus in tg mice 
(dashed line; tg block; n = 6) resulted in no change in 
OKR gain values. (B) Extracellular recordings of 
spontaneous Purkinje cell activities after juxtacellular 
application of the vehicle (control; left panel) or ω−
Agatoxin (block; right panel) in the cerebellum of wild 
types. Note the increased irregularity of the simple 
spikes in the right panel (complex spikes go up, simple 
spikes go down). (C) Histograms showing the 
differences in CV and firing frequency of complex 
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cvSS and ffSS, respectively) following juxtacellular 
application of �ω-Agatoxin IVA as compared to the 
control injection with the vehicle alone.
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Figure 7. Phenotype of tg mutant can be largely mimicked by local injection of selective P/Q-type channel blocker.  
(A) OKR gain values in wt decreased after injection of ω-Agatoxin IVA into the flocculus (solid line; wt block), but not after 
injection of the solution vehicle (dotted line; wt control).  Injection of the blocker into the flocculus in tg mice (dashed line; tg 
block) resulted in no change in OKR gain values.  (B) Same as in A but for VVOR.  (C) Histograms showing the differences in CV 
and firing frequency of complex spikes and simple spikes in wild type mice (cvCS, ffCS, cvSS and ffSS, respectively) following 
juxtacellular application of ω-Agatoxin IVA as compared to the control injection with the vehicle alone. 
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Juxtacellular application of ω-Agatoxin IVA to Purkinje cells of both the flocculus 
and non-floccular regions in the cerebellar cortex of alert wild type mice resulted in three 
categories of cells: One type in which long silent periods of simple spikes occurred, while 
the complex spikes maintained (n = 14); a second type in which both the simple spikes 
and complex spikes maintained throughout the recordings (n = 13); and a third type in 
which only the simple spikes maintained (n = 3).  All cells in the second category showed 
a clean climbing fiber pause throughout the recordings indicating a single unit (Simpson 
et al., 1996) and they could be readily used for further analysis.  This analysis showed 
that the average firing frequency of their simple spike activities increased from 59 ± 11 
spk/s up to 83 ± 16 spk/s and that their average CV tended to change concomitantly 
following injection of ω-Agatoxin IVA as compared to injection of the vehicle alone (Figure 
7C). However, none of the average changes in simple spike responses was statistically 
significant when we considered this category alone (p = 0.1 and p = 0.3 for differences 
in CV and firing frequency, respectively; ANOVA).  Yet, when we pooled the data sets of 
all three categories of cells, the change in CV, but not in firing frequency, was significant 
(p < 0.02 and p = 0.4, respectively; ANOVA).  In contrast, the average change in CV of 
the complex spike activities after application of ω-Agatoxin IVA was not significant (p = 
0.2; ANOVA).  Thus, even though one cannot rule out the possibility that some of the 
cells of the first and third category were not a pure single unit (for technical reasons see 
Simpson et al., 1996), overall the data do support our hypothesis that an acute blockage 
of P/Q-channels enhances irregularity of the simple spike activities, and that this change 
in turn may cause deficits in motor coordination.

Discussion
The	previous	two	paragraphs	demonstrate	the	importance	simple	spike	regularity;	silent	
downstate of substantial length are virtually absent in awake behaving mice (Ch. 3.1) and 
in simple spike firing contains patterns of very regular firing (Ch. 3.2). Analysis of simple 
spike activities in tottering revealed highly irregular firing, comparable to recordings in 
bistable Purkinje cells. The current study extends the evidence demonstrating that highly 
irregular, or noisy, simple spike firing results in a dysfunctional cerebellum, a situation 
that does not occur under normal circumstances. The potential impact of noise on signal 
processing had been recognized by theoretical neuroscientists before, but experimental 
evidence in which a pure change in noise results in altered sensorimotor behaviour has 
been lacking.  Here we provide such evidence by showing that a mutation in P/Q-type 
voltage gated calcium channels leads to irregular simple spike activities of Purkinje cells 
without any change in modulation of firing rate and that these irregularities cause deficits 
in cerebellar motor control such as that of compensatory eye movements.  Thereby the 
present study puts forward the behavioural relevance of regularity of firing for signal 
coding in sensorimotor processing.  Because similar mutations in this type of calcium 
channel underlie ataxia in human syndromes, the current data raise the possibility that 
pure aberrations in noise levels of neurons can be sufficient to induce neurological 
diseases.

Cellular basis of irregular simple spike firing pattern
The cell physiological aberrations that underlie the observed simple spike irregularities in 
the cerebellar flocculus during compensatory eye movements in tg may arise from three 
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possible sources: the optokinetic and/or vestibular mossy fiber inputs to the flocculus, 
the visual climbing fiber inputs to the flocculus, and/or intrinsic abnormalities of neurons 
in the floccular cerebellar cortex itself.  The first possibility appears very unlikely because 
in situ hybridisation and immunocytochemical studies have shown that the distribution 
of P/Q channels within the nuclei that give rise to optokinetic and vestibular mossy fibers 
is very sparse (Stea et al., 1994; Westenbroek et al., 1995; Fletcher et al., 1996; Craig 
et al., 1998).  The second option however appears quite possible, because P/Q-type 
channels are ubiquitously distributed in all neurons of all olivary subnuclei including the 
dorsal cap of Kooij and ventrolateral outgrowth, which are known to give rise to the 
climbing fibers that innervate the flocculus (Tan et al., 1995).  We therefore investigated 
the shape of the complex spikes, their mean firing frequency and regularity of firing as 
well as the tuning curves and phase of their modulation during optokinetic stimulation 
about different axes in space.  None of these values was abnormal and we conclude that 
the dynamic and integrative properties of neurons in the inferior olive that determine 
the ultimate complex spike output of the flocculus are not affected in tg mutants.  Thus, 
simple spike irregularities in tg are probably neither caused by altered mossy fiber inputs 
nor by altered climbing fiber responses, and therefore must predominantly reflect the 
intrinsic, presynaptic and postsynaptic changes of neurons within the cerebellar cortex 
itself.	

Because P/Q-type channels are widely and densely distributed throughout various 
layers of the cerebellar cortex (Fletcher et al., 1996; Hillman et al., 1991; Stea et al., 
1994; Westenbroek et al., 1995), it appears likely that several abnormal cell physiological 
factors in the cerebellar cortex of tg mice converge and ultimately accumulate into an 
increase in irregularity of their simple spike activities.  First, the intrinsic excitabilities of 
Purkinje cells and granule cells are likely altered in that their peak current amplitude, 
current density of P/Q-type VGCCs, and calcium influx are affected (Zhang et al., 1993; 
Randall and Tsien, 1995; Wakamori et al., 1998).  Second, the synaptic connection 
between the granule and Purkinje cells is weakened in that the amplitude of their EPSC 
is smaller (Matsushita et al., 2002).  Third, even though the climbing fiber-mediated 
EPSC is normal (Matsushita et al., 2002), the length of the climbing fiber pause turned 
out to be slightly reduced (present study).  This decrease in pause length, which may be 
caused by a reduced activity of calcium-dependent potassium channels (Schmolesky et 
al., 2002; Sausbier et al., 2004), may affect the simple spike activities (Sato et al., 1993).  
Fourth and finally, more indirect compensatory mechanisms may occur in the cerebellar 
cortex of the tg mutant.  For example, there may be a shift in neurotransmitter release 
reliability from P/Q-type channels to N-type channels as shown for the forebrain and 
hippocampus (Leenders et al., 2002; Qian and Noebels, 2000; Cao et al., 2004).  Because 
an increased influence of the N-type channel leads to an increased susceptibility for 
inhibitory modulation by G protein-coupled receptors (Zhou et al., 2003) and because a 
single action potential of a cerebellar inhibitory interneuron is able to delay spontaneous 
intrinsic action potentials in Purkinje cells (Hausser and Clark, 1997), such an increased 
susceptibility would be predicted to prolong the silent periods that basket cells and 
stellate cells can impose on them.  Thus in conjunction we conclude that a combination 
of multiple defects of different natures at various synapses in the cerebellar cortex 
can explain the enormously enhanced irregularity of the simple spike response in tg 
mutants.
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Behavioural consequences of irregular simple spike activities 
Our behavioural and neuronal observations that gain and phase values during 
compensatory eye movements under vision are affected and that simple spike activities 
in their flocculus are irregular while their modulation amplitude is normal raise the 
possibility that irregular simple spike activities of Purkinje cells are the prime cause 
of ataxia in tg mutants.  This notion is well in line with the fact that the density of P/
Q-type channels in the cerebellum is by far the highest when compared to all other 
brain structures involved in oculomotor behaviour (Fletcher et al., 1996; Hillman et al., 
1991; Stea et al., 1994; Westenbroek et al., 1995).  Even so, either acutely ongoing or 
developmental abnormalities in floccular target neurons of the visual pathways in the 
vestibular nuclei and/or in the oculomotor neuron junction with the eye muscles can in 
principle also affect the performance of their optokinetic reflex and/or visually enhanced 
vestibulo-ocular reflex.  To overcome this potential caveat we investigated the dynamics 
of	 saccadic	 eye	 movements	 in	 tg	 mutants	 as	 well	 as	 their	 eye	 movements	 following	
electrical stimulation in the flocculus.  The duration and velocity re amplitude profiles of 
their	saccadic	eye	movements	were	normal.		In	this	respect	the	phenotype	of	tg	mutants	
diverges from that in rocker mice, which suffer from a different mutation in the same α1a-
subunit of the P/Q-type channel and show deficits in both slow ánd fast phases of their 
eye movements (Stahl, 2004).  Thus, strengthened by the specificity of the behavioural 
phenotype, the experiments on saccadic eye movements indeed indicate that neurons 
of	 the	 oculomotor	 nuclei	 in	 tg mice operate functionally normally.  In addition, we 
demonstrated that the courses of the eye movements evoked by prolonged floccular 
stimulation appeared normal in tg mice indicating that a potential enhanced depletion 
of neurotransmitters at the oculomotor endplate is not apparent (see also Plomp et al., 
2000; Qian and Noebels, 2000; Cao et al., 2004).  Finally, equally important, we also 
demonstrated that the gain and phase values of the vestibulo-ocular reflex in the dark 
were not affected; these data also strongly indicate that the compensatory non-visual 
vestibular pathways to the oculomotor nuclei are not functionally impaired.  Thus, all 
synaptic connections in the oculomotor pathway downstream of the flocculus are at 
least at the systems level functionally intact.  These data however do not allow us to 
conclude that there are no changes at these synaptic inputs at the cell physiological level 
(Qian and Noebels, 2000).  In fact, the total of cellular compensations may be such that 
the overall synaptic strengths in these connections are sufficiently preserved despite the 
shift away from the P/Q-type predominance mentioned above (Cao et al., 2004). 

If Purkinje cell irregularities cause complete loss-of-function of the cerebellum 
in	tg, ablations of their flocculus should not further decrease the gain values of their 
compensatory eye movements ánd their gain values with an intact flocculus should 
be similar to those of wild types with an ablated flocculus.  On the other hand, if 
aberrations in neurons downstream of the cerebellar cortex contribute to ataxia in tg	
mutants, ablations of their flocculus should further decrease the gain values of their 
compensatory eye movements ánd their gain values with an intact flocculus does not 
need to be similar to those of wild types with an ablated flocculus.  The outcome of our 
flocculectomy experiments in wild types and tg mutants, confirmed the first hypothesis 
and contradicted the second.  Finally, if the abnormalities in the cerebellar cortex of 
the tg mutant are indeed sufficient to cause motor deficits, one expects that a local 
blockage of the P/Q-channels in the flocculus should be sufficient to impair at least in 
part the compensatory eye movements as well as the simple spike patterns in wild type 
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mice.  This prediction was also largely upheld.  The relatively small inconsistencies found 
between the phenotype of tg mutants and that of wild types treated with the P/Q-
channel blocker ω-Agatoxin IVA (compare eg. VVOR data at highest frequencies) may be 
due to the longer-term secondary compensations that probably occur in the mutant only.  
Taken together, our eye movement recordings combined with our electrophysiological 
recordings, electrical stimulations, lesions and pharmacological blockage experiments 
indicate	 that	 the	 tg mutation in the α1a-subunit of the P- and Q-type voltage-gated 
calcium channel leads to irregular simple spike firing patterns and that these irregular 
simple spike activities are sufficient to cause deficits in motor performance.

Functional implications
Our data obtained in tg mutants suggest that the noise level of neuronal firing patterns 
can be altered without any impact on their modulation and that such a change is sufficient 
to alternate motor behaviour.  This possibility is further strengthened by our finding 
that the autocorrelation of the interspike intervals of the simple spike activities during 
modulation in wild types was not only much stronger than that during modulation in tg	
mutants but also than that during spontaneous activity in wild types.  To the best of our 
knowledge this is one of the first times that such a relation has been found.  Together 
the data suggest that the average firing rates and modulation amplitudes are thus not 
the sole deterministic parameters to explain cerebellar motor behaviour.  It has been 
recognized by information theoreticians for quite some time that an optimal level of 
noise (i.e. irregularity) can be important for signal processing (Bialek et al., 1991; Mar et 
al., 1999; Steinmetz et al., 2001; Tiesinga et al., 2002).  For example, models by Rieke and 
Chacron indicate that on the one hand noise will increase the trial-to-trial variability of 
a neural response to repeated presentations of a stimulus, but on the other hand it will 
also increase the variability of the spike train and thereby potentially lead to increased 
information capacity (Rieke et al., 1997; Chacron et al., 2003).  Here, we showed that 
a mutation in the α1a-subunit of the P/Q-type voltage-gated calcium channel leads 
to a noise level in the simple spike activities of Purkinje cells that is too high to allow 
effective signal transmission at its target nuclei in the cerebellar and vestibular nuclei 
during modulation.  Apparently, at the level of individual Purkinje cell terminals many of 
the	simple	spikes	in	tg mutants fall outside the time window that is determined by the 
effective range of interspike intervals.  This range may not only be determined by the 
properties of the synapses of the target neurons of the Purkinje cell terminals, but also 
by changes in intrinsic excitability of these neurons (Aizenman and Linden, 2000; Nelson 
et al., 2003).  

Since patients suffering from ataxia in syndromes such as familial hemiplegic 
migraine, episodic ataxia type II, and spinocerebellar ataxia type VI have motor 
coordination problems that resemble those in tg mutants and because these syndromes 
are caused by comparable mutations in the same subunit (Ophoff et al., 1996; Baloh et 
al., 1997; Zuchenko et al, 1997; Ducros et al., 1999; Harno et al., 2003), irregular Purkinje 
cell activities may also contribute to the ataxia found in these patients.  It should be 
noted, however, that the most severe forms of ataxia in these patients start to occur 
when the Purkinje cells start to degenerate (Gomez et al., 1997; Buttner et al., 1998), 
so the irregular Purkinje cell activities can only contribute to the motor coordination 
deficits during the first years of their disease.  By elucidating the systems mechanism 
that may underlie part of their motor coordination problems, the current data raise the 
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possibility to design therapeutic neurostimulation protocols for patients with beginning 
forms of ataxia that result from similar mutations in their P/Q-type calcium channel 
(Ophoff et al., 1996).  The fact that we were able to evoke eye movements by electrical 
stimulation in the flocculus of tg mutants further supports this possibility.  The relevance 
of noise levels in firing patterns is probably not restricted to these pathological cases or 
to the area of the cerebellum.  For example, Huxter and colleagues recently showed in 
hippocampal pyramidal cells that the time of firing and firing rate are dissociable and 
that they can represent two independent variables: respectively the animal’s location 
within a place field and its speed of movement through the field (Huxter et al., 2003).  
Thus, proper modulation of neuronal activities is essential, but the absolute moment 
in time at which individual spikes occur can be equally crucial for signal processing in 
various brain regions under both pathological and physiological circumstances.   
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Abstract
Ever since Marr, Albus and Ito have put forward their hypothesis that long term 
depression at the parallel fiber to Purkinje cell synapse (PF-PC LTD) is the key element 
in cerebellar learning (Marr, 1969; Albus, 1971; Ito, 1982), this theory has dominated 
the field.  So far most studies were aimed to block one or more of the central kinases 
involved in induction of PF-PC-LTD and to subsequently demonstrate that cerebellar 
motor learning is impaired (Aiba et al., 1994; Kim and Thompson, 1997; De Zeeuw et 
al., 1998; Koekkoek et al., 2003; Boyden et al., 2006; Hansel et al., 2006).  However, 
these kinases operate relatively upstream in the molecular processes underlying LTD, 
and the behavioral impairments observed in these studies might thus have been due to 
deficits in processes other than LTD.  We therefore created and tested 3 different mouse 
models in which the internalization of AMPA-receptors, which forms the actual site of 
expression of LTD, is directly affected (Steinberg et al., 2006).  We show that neither 
short-term, one day adaptation (VOR gain-up, VOR gain-down, and OKR gain-up) nor 
long-term, six day adaptation (VOR phase-reverse) is affected in either of these mutants.  
These results provide strong evidence against the role of PF-PC LTD in adaptation of 
the vestibulo-ocular reflex (VOR) and thus contradict the longstanding hypothesis on 
cerebellar learning.  

Introduction
Since the cerebellum is involved in both motor behavior and learning, mice with 
specific mutations targeted to eliminate motor learning could provide an excellent tool 
to study the related Purkinje cell activity.  Synaptic plasticity including LTD and long-
term potentiation (LTP) is generally considered to be the main mechanism in the central 
nervous system underlying learning.  The theory of PF-PC LTD was originally based 
on models by Marr and Albus, which predicted that the cerebellar matrix consisting 
of the parallel fibers and orthogonally oriented climbing fibers is optimally designed 
for entraining and modifying the Purkinje cell output (Marr, 1969; Albus, 1971).  Cell 
physiological data obtained by Ito confirmed this concept by showing that combined 
activation of these two inputs indeed resulted in a persistent depression of excitatory 
post-synaptic currents (EPSC) in Purkinje cells (Ito, 1982; Linden and Connor, 1995; Bear 
and Linden, 2000).  Moreover, Ito and colleagues also showed that induction of LTD 
during visuovestibular training can in principle persistently modify the gain and phase 
of the simple spike activities of the floccular Purkinje cells that drive the VOR (Nagao, 
1989) (for underlying circuitry see Fig. 1a). The potential correlation between LTD 
induction and VOR adaptation was subsequently supported by series of studies in mouse 
mutants in which both processes were blocked concomitantly (Aiba et al., 1994; Kim and 
Thompson, 1997; De Zeeuw et al., 1998; Feil et al., 2003; Koekkoek et al., 2003; Boyden 
et al., 2006; Hansel et al., 2006).  For example, blockage of LTD by interfering in the PKC, 
PKG, αCamKII or αCamKIV pathways all resulted in impairment of VOR adaptation (De 
Zeeuw et al., 1998; Feil et al., 2003; Boyden et al., 2006; Hansel et al., 2006).  Still, these 
studies were not conclusive (see also Raymond and Lisberger, 1997; Welsh et al., 2005), 
because all these kinases form central elements in the total of complex biochemical 
interactions inside the cytoplasm of Purkinje cells and they may thus also interact with 
proteins involved in one or more forms of plasticity other than postsynaptic parallel fiber 
LTD (see eg. Kano et al., 1996; Hansel et al., 2006).
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Experimental Procedures
Eye movement recordings
All mice for eye movement recordings were between 12 and 30 weeks of age and 
were surgically prepared for experiments under general anesthesia of a mixture of 
isoflurane (Rhodia Organique Fine Ltd, Bristol, UK) and oxygen. A construct consisting 
of two nuts was attached to the frontal and parietal bones using Optibond prime 
and adhesive (Kerr, Bioggio, Switzerland) and Charisma (Heraeus Kulzer, Armonk, NY, 
USA). After a recovery period of 5 days the mouse was placed in a restrainer, with 
its head bolted to a bar. The restrainer was fixed onto the centre of the turntable. A 
cylindrical screen (diameter 63 cm) with a random-dotted pattern (each element 2°) 
surrounded the turntable (diameter 60 cm). The OKR and (V)VOR were evoked by 
rotating the surrounding screen and turntable, respectively, with an amplitude of 
5° at different frequencies. The surrounding screen and the turntable were driven 
independently by AC servo-motors (Harmonic Drive AG, The Netherlands). Gain up 
and down adaptation was induced with 5° drum. The table and drum position signal 
were measured by potentiometers, filtered, digitized (CED Limited, UK), and stored on 
disk for off-line analysis. A CCD camera was fixed to the turntable in order to monitor 
the mouse’s eyes. The eye movements were recorded at 240 Hz using an eye-tracking 
device (ISCAN Inc.). Video calibrations and subsequent eye movement computations 
were performed as described previously (Hoebeek et al., 2005; Stahl et al., 2000).	
             Off-line analysis of eye movement recordings was performed in Matlab (MathWorks, 
Natick, MA) (Goossens et al., 2004). The gain and the phase of the eye movements were 
determined by fitting sine functions to the slow-phase eye velocity traces. Gain was 
computed as the ratio of eye velocity to stimulus velocity, whereas phase was expressed 
as the difference (in degrees) between the eye velocity and stimulus velocity traces.

In vitro electrophysiology
Male and female mutant and control mice (10 – 25 weeks of age) were anaesthetized 
with isoflurane (IVAX Pharmaceuticals, Runcorn, UK) and decapitated. The brains were 
removed and dissected in cold (0.5-4°C) oxygenated ‘slicing’ solution, containing (in mM): 
containing in mM: 124 NaCl, 5 KCl, 1.25 Na2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3 and 15 
D-glucose; pH 7.4, when bubbled with 95% O2 and 5% CO2. Parasagittal slices (200 μm) 
were cut from the cerebellar vermis (HM 650V; Microm International GmbH, Walldorf, 
Germany) and incubated at 32°C for 40 minutes and thereafter at room temperature. 
After 20 minutes of incubation, the sucrose containing slicing solution was gradually 
replaced by a normal ‘external’ solution containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 
1 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, and 25 glucose; pH 7.4, when bubbled with 95% 
O2 and 5% CO2. Experiments were performed at room temperature in the presence of 
bath-applied 100 μM picrotoxin to block GABAA receptors.
         Slices were transferred to a submerged recording chamber and perfused with 
oxygenated external solution (1.5-2.5 ml/min). Patch-clamp recordings were made with 
Axopatch-200A or -200B amplifiers (Molecular Devices Corporation, Sunnyvale, CA) from 
visualized Purkinje cells. Whole-cell currents were recorded at room temperature (25 ± 
1°C). Currents were filtered at 3kHz and digitized at 8kHz. For extracellular stimulation, 
glass pipettes were filled with external saline. Test responses were evoked at a frequency 
of 0.05 Hz using ca. 0.5-4 µA pulses that were applied for 500 (LTP) or 700 µs (LTD). 
Holding potentials were in the range of -60 to -75 mV. In all experiments, cells were 
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switched to current-clamp mode for tetanization. Recordings were excluded from the 
study if the series or input resistance varied by >15% over the course of the experiment. 
Paired PF-EPSCs were evoked by stimuli delivered with a glass pipette (containing 
external solution) located within the molecular cell layer (in a fixed position ~100-150 
µm from the soma of the recorded Purkinje cell). PF-LTP was induced by PF stimulation 
at 1Hz for 5min.

Results
Here we investigated the role of PF-PC LTD in VOR-adaptation by testing three different 
mutant mice in which PF-PC LTD is affected at the actual site of plasticity itself, i.e. at 
the level of the glutamate receptors and related protein complex associated with the 
Purkinje cell membrane directly postsynaptic to the parallel fiber input(Steinberg et al., 
2006).  The mutants include the GluR2K882A knockin (KI) mouse, GluR2D7 KI mouse, 
and PICK1 knockout (KO) mouse.  The GluR2K882A KI mouse contains a mutated form 
of GluR2, which incorporates a lysine mutation in the consensus recognition motif for 
PKC (S/T-X-K/R) and prevents thereby phosphorylation at S880 and internalization of 
the AMPA receptor (Kemp and Pearson, 1990; Wang and Linden, 2000; Xia et al., 2000; 
Chung et al., 2003; Steinberg et al., 2006).  The GluR2D7 KI mutant is a homozygous 
KI mouse with a GluR2 AMPA receptor subunit that lacks the last seven amino acids; 
this mutation eliminates the C-terminal type II PDZ ligand and disrupts the interaction 
of GluR2 with PICK1 and GRIP1/2 (Xia et al., 2000; Steinberg et al., 2006).  Finally, 
the homozygous PICK1 KO mouse lacks PICK1 and thereby the interface machinery 
that allows PKC to control the internalization of the AMPA receptor(Xia et al., 2000).   
 To find out as to whether these types of mutants are suited for detecting specific 
phenotypes in motor learning, we first made sure that they have no gross deficits in their 

Figure 1. Basic 
performance	 is	
comparable to littermates 
in the LTD deficient 
mutants.	
The	 underlying	 circuit	
of	 compensatory	 eye	
movements	 is	 well	
documented	 and	 shown	
schematically (Fig. 1A). 
The optokinetic reflex 
(OKR) and visual vestibulo-
ocular reflex (visual VOR) 
gain	 and	 phase	 values	
(Fig. 1B-C) of GluR2delta7, 
GluR2K882A	 and	 PICK1	
were not significantly 
worse	 than	 wild	 type	
littermates. This shows 
that	 all	 mice	 have	 good	
vision	 and	 when	 visual	
stimulus is combined with 
vestibular stimulation 
mutant	 mice	 do	 not	
suffer from performance 
impairments	 that	 may	
affect training.
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basic motor performance.  Basic eye movement tests showed that both amplitudes 
(gain) and timing (phase) of the optokinetic reflex (OKR) and visual VOR in the mutants 
were not significantly worse (p > 0.3 for all values; ANOVA repeated measurements) 
from those in their wild type littermates over a range of stimulus frequencies varying 
from 0.2 Hz to 1.0 Hz (Fig. 1b, c and d).  These data were comparable to those obtained 
in the LTD-deficient mutants in which one of the kinases PKC, PKG or αCamKII/IV 
are affected (De Zeeuw et al., 1998; Feil et al., 2003; Boyden et al., 2006; Hansel et 
al., 2006).  Next to find out whether the GluR2K882A KI, GluR2D7 KI, and PICK1 KO 
also have the same deficits in motor learning as the kinase mutants, we subjected 

Figure 2. Short, one day, VOR and OKR gain adaptations were not affected in the mutated mice. 
All short adaptations consisted of 5 times 10 min training, with recordings before, in between and after the training sessions, 
of which the gain values are shown. Columns show gain changes from normalized baseline gain over the training period (left), 
normalized gain after 50 min of training (middle) and change in gain (after – before) during training (right). OKR adaptation 
significantly increased OKR gain independent of the presence of a mutation (Fig. 2A). VOR adaptation through mismatch 
stimulation with OKR can be done in 2 directions: increase or decrease. Both were completed successfully by all three mutants, 
without significant differences with their littermates (Fig. 2B-C). 
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them to various short-term adaptation tests including VOR gain-up and VOR gain-
down adaptation as well as OKR gain-up adaptation (Fig. 2).  After being exposed for 
one hour to different forms of visuovestibular training all mutants showed significant 
adaptation for all three paradigms (p < 0.02 for all paradigms, one-sample t-test) and 
none of the mutants showed any sign of impairment compared to the adaptation 
levels in wild types (p > 0.1 for all parameters, ANOVA for repeated measurements).  	
	 The	outcomes	of	these	tests	stand	in	marked	contrast	to	those	of	the	kinase	mutants	
(De Zeeuw et al., 1998; Feil et al., 2003; Boyden et al., 2006; Hansel et al., 2006), in which 
clear deficits of motor learning are apparent.  In theory, possible differences among the 
GluR2K882A KI, GluR2D7 KI, and PICK1 KO mutants and their wild type littermates could 
become apparent when they are subjected to a longer, more robust training paradigm 
(see also Blazquez et al., 2004; De Zeeuw and Yeo, 2005).  We therefore also employed a 
six day in phase visuovestibular training paradigm, which has resulted in very prominent 
gain and phase learning changes in wild types, but not in the LTD-deficient kinase 
mutants (eg. Van Alphen and De Zeeuw, 2002; Schonewille et al., 2007).  However, 
here too both VOR gain and VOR phase values of all GluR2K882A KI, GluR2D7 KI, and 
PICK1 KO mutants adapted significantly and equally as well as their wild type littermates 
with comparable learning curves (Fig. 3).  Thus, if one blocks LTD induction by directly 

Figure 3. Long, multiple 
days, VOR phase adap-
tation was not affected 
in	the	mutated	mice.	
Over	 a	 period	 of	 6	 days	
with 5 times 10 min of 
training each, mice had 
to	 reverse	 their	 VOR	
phase	 (reach	 a	 value	 of	
180°). Again all three 
types of LTD-deficient 
mutant	 mice	 were	
perfectly capable of 
performing	this	learning-
task.
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impairing endocytosis of the AMPA-receptors, no deficits in cerebellar motor learning 
can be observed neither after 3 different types of short-term training nor following an 
extremely strong form of long-term training.  

Discussion
These data provide strong evidence against the reported role of PF-PC LTD in VOR 

adaptation and they raise two important questions.  First, do the GluR2K882A KI, GluR2D7 
KI, and PICK1 KO mutants show secondary compensations that may rescue the behavioral 
phenotype without affecting the loss of LTD induction?  In theory, changes in LTP induction 
might partially compensate for impaired LTD induction (Lev-Ram et al., 2003; Coesmans et 
al., 2004).  To exclude this possibility we investigated induction of postsynaptic LTP at the 
parallel fiber to Purkinje cell synapse in the mutant mice (Fig. 4).  No significant difference 
in LTP (p > 0.4; ANOVA for repeated measurements) was found among the GluR2K882A 
KI, GluR2D7 KI, and PICK1 KO mutants and wild type littermates indicating that the loss 
of PF-PC LTD is not compensated by an altered capacity for PF-PC LTP.  Second, if the 
blockage of PF-PC-LTD induction in the PKC, PKG and CamKII mutants is not the main 
cause for their deficits in VOR adaptation (De Zeeuw et al., 1998; Feil et al., 2003; Boyden 
et al., 2006; Hansel et al., 2006), which mechanism then is causing their impairments in 
motor learning?  Since the genetic defects were specific for Purkinje cells in the L7-PKCi 
and L7-PKG-/- mutants (De Zeeuw et al., 1998; Feil et al., 2003) as well as L7-αCamKII 
mutants (unpublished observations De Jeu and De Zeeuw), it appears unlikely that their 
behavioral deficits were caused by global genetic effects in the vestibulo-cerebellar eye 
movement system.  However, in principle it appears possible that inactivation of kinases 
in Purkinje cells can affect, apart from PF-LTD, also plasticity at their inhibitory synaptic 
inputs from molecular layer interneurons.  For example, activation of PKC may modulate 
the efficacy of their GABA receptors by influencing their surface density and sensitivity 
to positive allosteric modulators and/or by modifying chloride conductance (Song and 
Messing, 2005), while activation of CamKII may directly induce rebound potentiation 
at these GABAergic inputs (Kano et al., 1996).  Similarly, recently it has been shown 
that Purkinje cells can also show signs of intrinsic plasticity, which may directly affect 
their firing rate (Hosy et al., 2007).  Such a process, which involves active insertion and/

Figure 4.	 LTD-
deficient mice show 
normal parallel fiber 
– Purkinje cell LTP.
Parallel fiber – Purkinje 
cell	 LTP	 is	 not	 altered	
in	 slices	 of	 adult	
PICK1,   GluR2D7 and 
GluR2K882A	 mice.	 Pf-
PC	 LTP	 was	 induced	
by PF stimulation 
alone at 1 Hz for 5 min 
(arrow).  Error bars 
indicate	SEM.
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or endocytosis of multiple types of ion channels in the Purkinje cell membrane may 
well require one or more kinases.  Thus, possible deficits in plasticity at the inhibitory 
synapses and/or in intrinsic plasticity provide interesting alternative pathways to explain 
the behavioral phenotypes observed in the Purkinje cell specific PKC, PKG and αCamKII 
mutants (De Zeeuw et al., 1998; Feil et al., 2003; Boyden et al., 2006; Hansel et al., 2006).	
           Taken together, the current study in which we employed three different mutant 
mice in which PF-LTD is directly blocked at its site of expression, provides strong evidence 
against the Marr-Albus-Ito hypothesis and it is difficult to draw any other conclusion 
than that PF-LTD is not necessary for any form of VOR adaptation.
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Abstract
Cerebellar motor learning is required to obtain proper procedural skills such as learning 
how to walk or to follow and reach a target. Recent models on the function of the 
cerebellum postulate that postsynaptic plasticity at its parallel fiber (Pf) synapses 
contribute to learning by employing the temporal coding of simple spike activities of 
Purkinje cells (PC) (Shin et al., 2007; Steuber et al., 2007; De Zeeuw et al., 2008). So 
far, all behavioral studies on plasticity at this site have been focused on the potential 
role of long-term depression (LTD) (for reviews see Ito, 2001). Here, we investigated the 
role of long-term potentiation at the same synapse (Pf-PC LTP) by creating and testing 
a Purkinje cell specific knockout mouse of Ca2+-activated protein phosphatase 2B (PP2B 
or calcineurin). The selective deletion of PP2B indeed abolished Pf-PC LTP, whereas their 
LTD was unaffected. Moreover, the mutants showed both impaired adaptation of their 
vestibulo-ocular reflex (VOR) following visuo-vestibular mismatch training ánd impaired 
classical delay conditioning of their eyeblink response to a tone. As predicted by our 
model, the simple spike activities of the LTP deficient mutants showed an increased level 
of regularity (i.e., reduced CV2) and a reduced number of long interspike intervals (i.e., > 
20 ms), while their average firing frequency was unaffected. Thus, our data indicate that 
calcineurin-mediated Pf-PC LTP may contribute to the formation of temporal patterns of 
simple spike activities and thereby to cerebellar motor learning.

Introduction
As Pf-PC LTD is not the key element in motor learning it was hypothesized to be, 
new candidates should be considered. A prominent candidate can be found in the 
potentiation of the same synapse. For instance, the many parallel fiber to Purkinje cell 
synapses that appear silent could be reactivated by Pf-PC LTP. However, LTP is a relatively 
new phenomenon; little is known about its components. Recent studies revealed the 
requirement for phosphatase PP2B in the induction of LTP (Belmeguenai and Hansel, 
2005), providing an opportunity the study the role of LTP in cerebellar motor learning.

Experimental procedures
Generation of L7-PP2B mice
Mutant mice in which calcineurin was selectively deleted from Purkinje cells were 
obtained by crossing sing the Cre-loxP-system (L7-PP2B mutant) heterozygous for PP2B-
lox mice (Zeng et al.,  2001) with mice heterozygous for the L7-Cre transgene (Barski et 
al., 2000). Littermates of the following genotypes were used for the experiments: PP2B-
lox+/+ x L7Cre +/- (L7-PP2B) and PP2B-lox+/+ x L7Cre -/- , PP2B-lox-/- x L7Cre +/-  and 
PP2B-lox-/- x L7Cre -/-   (littermate controls). 

Immunohistochemistry and electron microscopy
Immunocytochemistry of L7-PP2B was performed on free-floating 40μm thick frozen 
sections from 3-5 month’s old mice, employing a standard avidin-biotin-immunoperoxidase 
complex method (ABC, Vector Laboratories, USA) with PP2B as the primary antibody 
and diaminobenzidine  (0.05%) as the chromogen (Jaarsma et al., 2001). For electron 
microscopy, sections were stained for calbindin immunocytochemistry with rabbit 
anti-calbindin antibody (Swant), osmicated, embedded in Durcupan, and processed for 
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electron microscopy (De Zeeuw et al., 1989). 

In vitro electrophysiology
Sagittal slices of the cerebellar vermis (200-250µm) of 10-30 weeks old mice were kept 
in ACSF containing (in mM): 124 NaCl, 5 KCl, 1.25 Na2HPO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, 
and 10 D-glucose aerated with 95%O2 and 5% CO2. 20µM bicuculline methiodide was 
added for the recordings to block GABAA receptors. Whole-cell patch-clamp recordings 
were performed at room temperature using an EPC-10 amplifier (HEKA Electronics, 
Germany). Recording electrodes were filled with a solution containing (in mM): 9 KCl, 
10 KOH, 120 K-gluconate, 3.48 MgCl2, 10 HEPES, 4 NaCl, 4 Na2ATP, 0.4 Na3GTP	and	17.5	
sucrose (pH 7.25). All drugs were purchased from Sigma. Currents were filtered at 
3kHz and digitized at 8kHz. For extracellular stimulation, glass pipettes were filled with 
external saline. Test responses were evoked at a frequency of 0.05 Hz using ca. 0.5-4 µA 
pulses that were applied for 500 (LTP) or 700µs (LTD). Holding potentials in the range 
of -60 to -75 mV were chosen to prevent spontaneous spike activity. In all experiments, 
cells were switched to current-clamp mode for tetanization. Recordings were excluded 
from the study if the series or input resistance varied by >15% over the course of the 
experiment.
 The role of calcineurin in PF-LTD and PF-LTP was addressed using whole-cell patch-
clamp recordings from PCs. PF-LTD was induced by paired PF and climbing fiber (CF) 
stimulation at 1Hz for 5min in current-clamp mode, and measured by test responses 
recorded in voltage-clamp mode. PF-LTP was induced by PF stimulation at 1Hz for 5min.	
 To test whether CF elimination was delayed in L7-PP2B mice, we recorded CF-EPSCs 
in voltage-clamp mode. As CF-EPSCs preserve the all-or-none character that is typical 
for complex spikes recorded in current-clamp mode, one can determine the number of 
innervating CFs by stepwise increasing the stimulus intensity and counting the number 
of	all-or-none	steps	in	the	EPSC	amplitude.

Eye movement recordings
All mice for eye movement recordings were between 12 and 30 weeks of age and were 
surgically prepared for experiments under general anesthesia of a mixture of isoflurane 
(Rhodia Organique Fine Ltd, Bristol, UK) and oxygen. A construct consisting of two nuts 
was attached to the frontal and parietal bones using Optibond prime and adhesive (Kerr, 
Bioggio, Switzerland) and Charisma (Heraeus Kulzer, Armonk, NY, USA). After a recovery 
period of 5 days the mouse was placed in a restrainer, with its head bolted to a bar. The 
restrainer was fixed onto the centre of the turntable. A cylindrical screen (diameter 63 cm) 
with a random-dotted pattern (each element 2°) surrounded the turntable (diameter 60 
cm). The OKR and (V)VOR were evoked by rotating the surrounding screen and turntable, 
respectively, with an amplitude of 5° at different frequencies. The surrounding screen 
and the turntable were driven independently by AC servo-motors (Harmonic Drive AG, 
The Netherlands). The table and drum position signal were measured by potentiometers, 
filtered, digitized (CED Limited, UK), and stored on disk for off-line analysis. A CCD camera 
was fixed to the turntable in order to monitor the mouse’s eyes. The eye movements 
were recorded at 240 Hz using an eye-tracking device (ISCAN Inc.). Video calibrations 
and subsequent eye movement computations were performed as described previously 
(Stahl et al., 2000; Hoebeek et al., 2005).
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Eyeblink conditioning.	
The L7-PP2B mutants (C57Bl/6 background; n = 9) and wild type littermates 

(n = 9) were anesthetized with the use of an oxygenated mixture of nitrous oxide 
and halothane and a pre-made connector (SamTec; www.samtec.com) was placed 
with a pedestal of dental cement on the skull (for details see Koekkoek et al., 2003). 
A magnet embedded in silicon was implanted in a pocket dissected in the eyelid and 
a GMR sensor chip was placed over the upper eyelid such that the distance between 
the magnet and sensor in the eyelid closed situation was 2 mm and that the axis 
of sensitivity was aligned with the north-south axis of the magnet in the halfway 
closed position. Two insulated copper wires with a diameter of 30 μm were placed 
underneath	the	skin	close	to	the	 lateral	corner	of	the	eyelids	to	provide	the	US.	 	The	
US electrodes were connected to computer controlled stimulus isolation units (Dagan 
S910; www.dagan.com), which created biphasic constant current electrical shocks (30 
ms, 166 Hz pulses) the strength of which was controlled by an unconditioned response 
based feedback mechanism (max 1 mA) to prevent fear conditioned responses. 	
         The eyelid responses of the wild type mice and L7-PP2B mutants were conditioned 
to a tone as the CS (10 kHz, gradually increased over 40 ms to 78 dB) during daily training 
sessions of 8 blocks of 8 trials. The blocks consisted of 1 US-alone trial, 6 paired trials, 
and 1 CS-alone trial, and the trials were separated by a random inter-trial interval in the 
range of 20 to 40 s.  In the first group of experiments the onsets of the CS and US were 
separated by an ISI of 350 ms. 

In vivo electrophysiology
All	mice	for	 in vivo electrophysiological recordings were between 12 and 30 weeks of 
age and were surgically prepared under general anesthesia of a mixture of isoflurane, 
nitrous oxide, and oxygen for chronic neurophysiological experiments by mounting a 
pedestal as described above (Hoebeek et al., 2005). A recording chamber was built 
around craniotomies in both left and right occipital bones with a maximal diameter of 3 
mm (Goossens et al., 2004). Mice were placed in the setup as described above. 

Extracellular Purkinje cell activity was recorded using borosilicate glass electrodes 
(OD 2.0 mm, ID 1.16 mm, 2 M NaCl, 4-8 MΩ). Electrodes were advanced into the 
cerebellum by a hydraulic micro-drive (Narishige, Tokyo, Japan). Recordings were made 
from left and right Crus I and II, paramedian lobule, and (para)flocculus. Purkinje cells 
were identified by the brief pause in simple spike activity following each complex spike. 
The raw electrode signal was amplified, filtered (CyberAmp, CED, Cambridge, UK), 
digitized (CED) and stored on disk for off-line analysis. Following each recording session 
the brain was covered with gramicidin-containing ointment and the chamber was sealed 
with bone wax. 

Data Analysis
Off-line analysis of eye movements and in vivo recordings was performed in Matlab 
(MathWorks, Natick, MA) (Goossens et al., 2004). The gain and the phase of the eye 
movements were determined by fitting sine functions to the slow-phase eye velocity 
traces. Gain was computed as the ratio of eye velocity to stimulus velocity, whereas 
phase was expressed as the difference (in degrees) between the eye velocity and stimulus 
velocity traces. Baseline data are from 23 control and 15 L7-PP2B mice; gain up, gain down 
and non training data from 13- 14, 13-10 and 7-5 WT and L7-PP2B mice, respectively.	
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In vivo recorded simple spikes and complex spikes were discriminated using custom-made 
routines based on principal component analysis. The interspike interval (ISI) distribution 
of each Purkinje cell was characterized by calculating the mean, CV (standard deviation 
divided by the mean) and CV2. The CV indicates the relative width of the distribution, 
the	CV2 is defined as the mean of 2 |ISIn+1 – ISIn| / (ISIn+1	+	ISIn) and is a measure for the 
regularity of firing on small timescales (Holt et al., 1996; Shin et al., 2007). 

Statistical analyses
Statistical tests were performed with SPSS 13 (SPSS Inc., Chicago, IL). Data were compared 
with	two-tailed	un-paired	Student’s	t-tests or two-way repeated-measures ANOVA, as 
appropriate. The level of significance was set at p < 0.05.

Results
To investigate the potential role of Pf-PC LTP in cerebellar motor learning (Suppl. Fig. S1) 
we developed mutant mice in which calcineurin was selectively deleted from Purkinje 
cells using the Cre-loxP-system (L7-PP2B mutant) (Fig. 1a) (Barski et al., 2000; Zeng et al., 

Figure 1. Cerebellar morphology is normal in L7-PP2B mutants.
The L7-PP2B mutant mice were created by crossing a floxed calcineurin line with an L7-Cre line (A). Calcineurin 
stainings of the cerebellar cortex confirm the selective deletion of PP2B from Purkinje cells en Purkinje cell 
dendrites extending into the molecular layer (ml) (B). Thionin and Golgi stainings of sagittal sections through the 
vermis showed no morphological or cytoarchitectural differences between control and L7-PP2B mice, respectively 
(C). Electron micrographic quantification of synaptic contacts with Calbindin stained Purkinje cell dendrites in the 
proximal and distal molecular layer revealed no differences between control and L7-PP2B mice (D). ml, molecular 
layer; pcl, Purkinje cell layer; gcl, granule cell layer. Scale bars: B) top, 1 mm; bottom, 25 μm; C) 25 μm and 50 μm.
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2001). Immunocytochemical analysis of these mutants confirmed that PP2B was indeed 
specifically deleted in their Purkinje cells (Fig. 1b). The mutation did not cause any overt 
morphological aberration in that thionine stainings and Golgi stainings revealed a normal 
foliation of the cerebellar cortex and cyto-architecture of Purkinje cells, respectively 
(Fig. 1c). Moreover, electron microscopic examinations of calbindin stained Vibrotome 
sections of the cerebellar cortex of the L7-PP2B mutants showed that the number and 
size of synaptic inputs from the parallel fibers, climbing fibers, and interneurons onto 
Purkinje cells were not significantly different from those in littermate controls (in all 
cases p > 0.2; t-tests) (Fig. 1d).  

We designed the L7-PP2B mutants based upon our previous cell physiological 
experiments in rat cerebellar slices in which induction of postsynaptic LTP in Purkinje 
cells was blocked following pharmacological application of PP2B inhibitor cyclosporin A 
(Belmeguenai and Hansel, 2005). Cell physiological examination of the L7-PP2B mutants 
indeed showed that Pf-PC LTP induction was completely blocked (p = 0.027; t-test), 
whereas LTD induction at the same synapse was unaffected (p > 0.9; t-test) (Fig. 2). 
Since the presence or absence of climbing fiber activity is critical for the induction of LTD 
and LTP, respectively (Lev-Ram et al., 2003; Coesmans et al., 2004), we also examined 
whether deletion of PP2B in Purkinje cells can lead, just like that of kinases such as PKC 
and αCamKII (De Zeeuw et al., 1998; Hansel et al., 2006), to an abnormal climbing fiber 

Figure 2. L7-PP2B mice show impaired parallel fiber – Purkinje cell LTP.
Parallel fiber – Purkinje cell LTP (A), but not LTD (B), is impaired in slices of adult L7-PP2B mice. Pf-PC LTP was induced by 
PF stimulation alone at 1 Hz for 5 min and paired PF and CF stimulation at 1 Hz for 5 min was used to induce LTD. Traces 
show EPSCs before (dashed) and after LTD/LTP induction. Numbers between brackets indicate the number of cells. Error bars 
indicate	SEM.
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innervation. Suppl. Fig. S2 shows that the development of climbing fiber elimination in 
L7-PP2B mutant mice is normal and can therefore not cause the impaired induction of 
Pf-PC	LTP.

The animals did not show any gross sign of ataxia; to find out whether the selective 
blockage of LTP induction in Purkinje cells leads to a specific cerebellar motor coordination 
deficit, we subjected them to compensatory eye movement tests, which allow us to 
discriminate abnormalities in motor performance and motor learning (De Zeeuw et 
al., 1998; Hoebeek et al., 2005; Hansel et al., 2006). The basic measurements of gain 
(amplitude) and phase (timing) of the optokinetic reflex (OKR) and/or VOR showed that 
their motor performance was slightly, but significantly, affected (for gain values all p values 
< 0.001, ANOVA for repeated measurements; for phase data all p values < 0.01, data not 
shown) (Fig. 3a-c). The ability of the LTP-deficient mice to learn new motor behaviors was 
much more severely affected. In a two-day visuo-vestibular mismatch paradigm aimed 
at reducing the gain of the VOR, learning was significantly less in the mutants (Fig. 3d) 
(p < 0.002 for both days, ANOVA for repeated measurements). In the opposite training 
paradigm, which was aimed at increasing the gain, the gain values of the mutants even 
showed a decrease (Fig. 3e; comparison among mutants and controls p << 0.0001 for 
both days, ANOVA for repeated measurements). Control experiments showed that this 
decrease was not due to effects of fatigue, because exposure of a normal, no-mismatch 
combination of optokinetic and vestibular stimulation for the same duration did not 
induce any decrease (Fig. 3f). The ability of the mutants to learn was affected in such a 
profound way that they were also completely unable to reverse their phase during phase 
reversal training (Suppl. Fig. S3). In contrast, controls were able to reverse their phase 
by 150 degrees in five consecutive training sessions (5th day, comparison among mutants 
and controls p << 0.0001, ANOVA for repeated measurements). Thus, the Purkinje cell 
specific, LTP-deficient mutants were affected in all forms of VOR adaptation tested. 

Still, one might argue that these deficits in cerebellar motor learning might have 
been partly caused by a mild deficit in eye movement performance rather than the 
other way around. Therefore, we also subjected the animals to a cerebellar learning 
paradigm, which is aimed at acquiring a motor skill that normally does not occur: delay 
conditioning of an eyeblink response to a tone using an air-puff as the unconditioned 

Suppl. Figure 1.
Climbing fiber elimination is not affected 
in L7-PP2B mutant mice. Allornone 
climbing fiber EPSCs were evoked at 
increasing stimulus intensities. Traces 
show EPSCs above and below threshold. 
Climbing fiber elimination is nearly 
complete in Purkinje cells of both wild-
type and L7-PP2B mice at 20-24 wks 
(wild-type, n = 33 cells from 12 mice; 
mutant, n = 12 cells from 3 mice).
(B) Paired-pulse facilitation (PPF) is 
normal in L7-PP2B mice. PPF ratios 
were	 determined	 for	 the	 indicated	
stimulus intervals in both wild-type (n = 
8) and mutant mice (n = 5). Traces show 
facilitation at 50 ms interpulse intervals. 
Error bars indicate SEM.
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Figure 3. Motor learning is impaired in L7-PP2B mutants. 
Motor performance during the optokinetic reflex (OKR) (a) as well as during the vestibulo-ocular reflex in the light (VVOR) (b) 
and in the dark (VOR) (c) revealed significant but slight gain aberrations in L7-PP2B mice. L7-PP2B mice performed significantly 
worse during two days of mismatch training to either decrease (d) or increase (e) the VOR gain. Without training stimulus no 
differences were observed (f), contradicting a-specific problems to be the cause of results in (d-e). Motor learning problems 
were confirmed in a delay conditioning of an eyeblink response to a tone. L7-PP2B mice demonstrated significantly less 
conditioned responses over four days of training sessions (g). This was not due the result of motor performance problems, as 
the kinetics of the unconditioned eyeblink response were not different. Baseline eye movement data are from 23 control and 
15 L7-PP2B mice; gain up, gain down and non training data from 13 / 14, 13 / 10 and 7 / 5 WT / L7-PP2B mice, respectively. 
Eyeblink data are from 9 control and 9 L7-PP2B mice. Vertical error bars denote SEM.

stimulus (Koekkoek et al., 2003). After 4 
paired training sessions (T-1 to T-4) the 
L7-PP2B mutants showed significantly 
less conditioned responses than their 
wild type littermates (comparison 
among mutants and controls p < 0.015, 
ANOVA for repeated measurements), 
while this difference was absent during 
the first training sessions (Fig. 3g). The 
difference in cerebellar motor learning 
was not due to a difference in motor 
performance, because the kinetics of the 
unconditioned eyeblink response in the 
L7-PP2B mutants was indistinguishable 
from that in controls (Fig. 3h). Taken 
together our behavioral data indicate 
that Purkinje cell specific impairment 
of LTP induction at their parallel fiber 
synapses result in deficits in cerebellar 
motor	learning.	

Current	 models	 indicate	 that	
changes in the temporal patterns of the 
simple spike activities of Purkinje cells 
should be sufficient to affect cerebellar 
motor learning (Shin et al., 2007; 
Steuber et al., 2007; De Zeeuw et al., 
2008). We therefore recorded Purkinje 

Suppl. Figure 3. Long-term VOR adaptation is dramatically 
impaired in L7-PP2B mutants. 
L7-PP2B mice performed significantly worse during four 
consecutive days of mismatch training to reverse the phase 
of the VOR phase. In fact, L7-PP2B mutant mice were 
completely unable to change their VOR phase.  Reversal 
training data are from 8 WT and 8 L7-PP2B mice. Vertical 
error bars denote SEM.

cell activities in awake behaving animals. The average firing frequency of both the simple 
spike and complex spike activities in the PP2B mutants did not differ from those in 
controls (comparison among mutants and controls both p > 0.5, t-tests). In contrast, the 
temporal patterns of the simple spike activities, but not of the complex spike activities, 
differed significantly (Fig 4). The simple spike activities of the LTP-deficient PP2B mutants 
showed	an	enhanced	level	of	regularity	compared	to	controls;	their	CV2 value, which is 
the coefficient of variation for consecutive interspike intervals, was significantly lower 
(comparison among mutants and controls p << 0.0001, t-test). Thus, together our data 
suggest that PP2B-dependent Pf-PC LTP influences the regularity of Purkinje cell activity 
and thereby cerebellar motor performance and motor learning. 
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Figure 4. Purkinje cell simple spike activity is more regular in L7-PP2B mutants.
In vivo extracellular recordings of single unit Purkinje cells in awake mice revealed no difference in frequency of simple and 
complex spike activities (A). Detailed analysis of the regularity of simple spike trains however, confirms current hypotheses on 
the importance of temporal patterns. Overall regularity is not affected (CV), but local regularity (CV2) was significantly lower 
in L7-PP2B mutants (B). Inter simple spike interval distributions indicate that the increased regularity in L7-PP2B mutants is 
caused by a loss of both shorter and longer intervals (C). 

Discussion
The current study is the first to specifically address the role of PP2B and Pf-PC LTP in 
cerebellar motor learning. Historically, virtually all studies aimed at elucidating the 
molecular and cellular mechanisms underlying cerebellar motor learning focused 
on the role of depression rather than potentiation of the Pf-PC synapse (Albus, 1971; 
Ito, 1982, for review see Ito, 2000). Many studies provided supportive evidence that 
kinases such as PKC, PKG or CaMKII contribute to the induction of Pf-PC LTD as well as 
to one or more form(s) of cerebellar motor learning (De Zeeuw et al., 1998; Boyden and 
Raymond, 2003; Feil et al., 2003; Hansel et al., 2006). The behavioral phenotypes that 
we observed in the LTP-deficient PP2B mutant were similar to and at least as robust 
as those that we observed in Purkinje cell specific LTD-deficient mutants. These data 
indicate that Pf-PC LTD is not the only cellular phenomenon that may be required for 
cerebellar motor learning. In fact, they suggest that LTD and LTP together may shape 
the spatiotemporal patterns of the simple spike activities and thereby together optimize 
the settings for memory formation and retrieval in the cerebellar nuclei and cerebellar 
cortex (Shin et al., 2007; Steuber et al., 2007; De Zeeuw et al., 2008). Interestingly, in the 
hippocampus similar interactions may occur at the systems level even though LTP and 
LTD are mediated by molecular processes that are opposite to those in the cerebellum 
(for review see Jorntell and Hansel, 2006). In contrast to that in cerebellar Purkinje cells, 
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induction of LTP in hippocampal pyramidal cells is mediated by kinase pathways such 
as that of αCamKII, whereas LTD in these cells is dependent on phosphatases such as 
PP2B (Zeng et al., 2001). Yet, here too, both LTP-deficient mutants ánd LTD-deficient 
mutants can show similar deficits in hippocampal dependent learning (Zeng et al., 2001; 
Jorntell and Hansel, 2006). Thus, in a learning system operating in vivo LTP and LTD may 
act much more concomitantly than one might expect from the bidirectional synaptic 
switch mechanisms that can be observed in cerebellar and hippocampal tissue in vitro 
(Zeng et al., 2001; Coesmans et al., 2004). Therefore, LTP and LTD may neither be the 
selective cell physiological correlates for learning and forgetting in the hippocampus, nor 
for forgetting and learning in the cerebellum. Instead, they may both contribute to both 
behavioral processes by shaping simultaneously the efficacies of individual synapses, 
which in turn together may integrate into specific spatiotemporal spiking patterns of its 
neurons	downstream.
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Abstract
Studies on learning and memory have focused largely on the role of plasticity at 
excitatory synapses onto projecting neurons. Here we examined the role of synaptic feed-
forward inhibition from molecular layer interneurons onto Purkinje cells in cerebellar 
motor learning. We investigated adaptation of the vestibulo-ocular reflex in a mouse 
model (PC-Δγ2), in which the GABAA receptor γ2 subunit was selectively deleted from 
Purkinje cells, resulting in a loss of GABAA	receptor-mediated synaptic inhibition. While 
baseline motor performance in these mice was only mildly, but significantly impaired, 
motor learning was severely disrupted. Specifically, phase reversal learning as well as 
consolidation of both gain and phase adaptations of the vestibular ocular reflex were 
strongly compromised. The simple spike activities of Purkinje cells in PC-Δγ2 mice 
showed abnormal temporal patterns, both during and in the absence of naturally evoked 
compensatory eye movements, whereas mean firing frequencies were unaffected. 
We used these experimental data to generate computer simulations of the vestibulo-
cerebellar system. We propose that feed-forward inhibition from molecular layer 
interneurons, by controlling the temporal patterns of Purkinje cell activity, is necessary 
for the consolidation of cerebellar learning in downstream neurons of the cerebellar and 
vestibular nuclei. 

Introduction
A fundamental tenet of modern neuroscience is that plasticity at excitatory synapses 
onto projecting neurons underlies various types of memory formation. Examples 
include the putative role of long-term potentiation (LTP) at the CA3 - CA1 synapse onto 
hippocampal pyramidal cells in declarative memory formation (Lisman and Raghavachari, 
2006; Whitlock et al., 2006) and the possible role of long-term depression (LTD) at the 
parallel fiber to Purkinje cell synapse in procedural memory formation (Boyden et al., 
2004 and 2006; De Zeeuw et al., 1998; Hansel et al., 2006). However, results described 
in chapter 4, together with these studies done on kinase mutation based LTD-deficient 
mice, demonstrate that although there is a clear role for kinases in motor learning, this 
role can not be confirmed with mutations downstream of kinases. This discrepancy could 
be caused by the rather general function of kinases, and consequently the involvement 
of other forms of kinase-dependent plasticity in motor learning cannot be excluded. 
For instance, the largely ignored feed-forward inhibition of molecular layer interneurons 
is equipped with a comparable plasticity mechanism (Kano et al., 1992), providing a 
possible additional pathway in motor learning. For both hippocampal and cerebellar 
learning, hypotheses have been generated as to how feed-forward inhibition from local 
inhibitory interneurons may contribute to network performance and eventual memory 
formation at excitatory synapses (Pouille & Scanziani, 2001 and 2004; Mittmann et al., 
2005). In the hippocampus, inhibitory interneurons may re-route the excitatory signals 
of pyramidal cells, allowing pattern separation in spatial memory formation (Buzsaki, 
2005), whereas in the cerebellum, molecular layer interneurons may act, in conjunction 
with plasticity at the parallel fiber to Purkinje cell synapse, to adjust the size and form of 
receptive fields of Purkinje cells or to mediate associative processing (Ekerot and Jorntell, 
2003; Jorntell and Ekerot, 2002; Santamaria et al., 2006; Scelfo et al., 2008). However, for 
both hippocampal and cerebellar learning the role of inhibitory interneurons remains to 
be confirmed at the systems level in an intact, awake animal.
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Here, using a Purkinje cell-specific genetic manipulation in mice, we examined 
whether and how cerebellar stellate and basket cells control procedural memory 
formation. These interneurons in the molecular layer of the cerebellar cortex make 
GABAergic synapses onto dendrites and somata of Purkinje cells, which in turn project onto 
neurons in the cerebellar and vestibular nuclei (Figure 1). Inhibition at the interneuron 
to Purkinje cell synapse is mediated by α1β2/3γ2-type GABAA receptors (Laurie et al., 
1992; Wisden et al., 1996; Fritschy et al., 2006), and, as at other synapses, the γ2 subunit 
is responsible for targeting receptors to the postsynaptic membrane (Schweizer et al., 
2003). Thus, to investigate the role of GABAA receptor-mediated feed-forward inhibition 
we used a genetic approach to selectively delete the γ2 subunit, and thereby eliminate 
synaptic GABAA receptors, from Purkinje cells (PC-Δγ2 mice). After establishing in vitro 
that transmission at GABAergic synapses onto Purkinje cells was indeed selectively 
removed in these animals, we examined their behaviour. First, we investigated basic 
cerebellar motor performance by measuring the baseline amplitude (gain) and timing 
(phase) of their compensatory eye movements, including the optokinetic reflex (OKR) and 
vestibulo-ocular reflex (VOR) (Hoebeek et al., 2005); and next, we tested their capability 
for motor learning and its consolidation by measuring changes in amplitude and timing 
of their VOR during visuo-vestibular training paradigms over consecutive days (Boyden 
et al., 2004; De Zeeuw and Yeo, 2005; Gittis and du Lac, 2006; Ito, 1989). 

Behavioural changes resulting from the functional removal of molecular layer 
interneurons must ultimately derive from altered activity of Purkinje cells, as they form 
the sole output of the cerebellar cortex. Thus, to determine the possible changes in 
signal coding that might cause the potential deficits in compensatory eye movements, 
we also investigated the simple spike and complex spike activities of Purkinje cells in the 
flocculus of the vestibulo-cerebellum, which is known to control the OKR and VOR (Ito, 
1993; Lisberger, 1998; Schonewille et al., 2006a). Whereas complex spikes result directly 
from the activation of climbing fibers originating in the inferior olive (De Zeeuw et al., 
1998a), simple spike activities reflect integration of Purkinje cell intrinsic excitability and 
the excitatory and inhibitory synaptic inputs from parallel fibers and molecular layer 
interneurons, respectively (Jorntell and Ekerot, 2002). By selectively ‘lesioning’ the fast 
GABAergic inputs onto Purkinje cells, and by investigating the resulting changes in the 
pattern of cell firing and consequent changes in motor behaviour, we provide strong 
evidence for a specific role of molecular layer interneurons in cerebellar signal coding 
and	motor	learning.

Experimental Procedures
Procedures involving experimental mice were performed in accordance with regulations 
of the European Union, the United Kingdom Animals (Scientific Procedures) Act 1986, 
the Animal Care and Use Committee of Turin University, or the Dutch Ethical Committee 
(DEC) for animal experiments. 

Generation of PC-Δγ2 mice
γ2I77lox mice were generated by flanking exon 4 of the GABAA receptor γ2 subunit gene 
by loxP sites, but the codon encoding F77 in exon 4 was changed to I, resulting in a 
neutral amino acid substitution (F77 to I). Mice homozygous for the γ2I77lox gene were 
crossed with mice heterozygous for γ2I77lox and heterozygous for an L7Cre transgene 
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(Barski et al., 2000; Wulff et al., 2007). Littermates of the following genotypes were used 
for the experiments: γ2I77lox/γ2I77lox/L7Cre (PC-Δγ2) and γ2I77lox/γ2I77lox (littermate 
controls). Mice were genotyped by PCR analysis of genomic DNA from tail biopsies using 
the following primer pairs:
γ2lx5’_s (5’-GTCATGCTAAATATCCTACAGTGG-3’) plus 
γ2lx5’_as (5’-GGATAGTGCATCAGCAGACAATAG-3’) 
to test for the γ2I77lox allele (213 bp band for WT, 250 bp band for γ2I77lox), and:
Cre1 (5’-GACCAGGTTCGTTCACTCATGG-3’) plus
Cre2 (5’-AGGCTAAGTGCCTTCTCTACAC-3’) 
to test for the Cre recombinase transgene (250 bp band for L7Cre).

Immunofluorescence and confocal microscopy
Adult mice were anaesthetized with an intraperitoneal injection of 0.1 ml of a 1 to 1 
mixture of ketamine (50 mg/ml) and xylazine (2.8 mg/ml), and subsequently perfused 
with 4% paraformaldehyde in phosphate-buffered saline (PBS; pH7.4). After postfixation 
in the same fixative for 2 hours, the cerebella were cryoprotected in sucrose (10%, 
20% and 30% in PBS) and cut into 16-μm coronal sections with a cryostat. Sections 
containing the flocculi were collected on cold gelatin-coated slides and processed for 
double-immunofluorescence labelling (see Schneider-Gasser et al., 2006). Following a 
blocking step in normal goat serum (10% in PBS with 0.5% Triton X-100),	the sections 
were incubated overnight with a monoclonal antibody against calbindin (1:10.000; 
Swant, Bellinzona, Switzerland) and one of the following antisera raised in rabbit: anti-
VGAT (1:3000; Synaptic Systems, Göttingen, Germany), anti-VGLUT1 (1:1000; Synaptic 
Systems), anti-VGLUT2 (1:500; Synaptic Systems). The sections were then rinsed in PBS 
and incubated with the appropriate secondary antibodies, conjugated to either Alexa 488 
(Molecular Probes, Eugene, OR) or the cyanine-derived Cy3 (Jackson Immunoresearch, 
West Grove, PA). After rinsing, slides were coverslipped with Dako fluorescence mounting 
medium (Dako Italia, Italy). The sections were analyzed with a laser scanning confocal 
microscope (Zeiss LSM5 Pascal) with the use of the multi-channel acquisition mode to 
avoid fluorescence cross-talk. Stacks of 5-15 confocal sections spaced by 250-350 nm 
were acquired with either a x40 (1.3 NA) or a x100 (1.4 NA) oil-immersion objective 
and the pinhole set at 1 Airy unit. For display, images were processed with the image-
analysis program Imaris (release 4.2; Bitplane, Zurich, Switzerland). Quantification of 
VGLUT2-positive puncta was done on segmented images spanning the entire length 
of the molecular layer. 8 confocal fields (13225 μm2/field) were counted per animal (n 
= 4). For VGLUT1 and VGAT, images acquired at a magnification of 8.1x10-3 μm2/pixel 
(512 x 512 pixels) were segmented using a threshold that maximized the selection of 
immunofluorescent puncta over background labelling, and the number and density of 
puncta were then calculated with NIH Image J software (http://rsb.info.nih.gov/nih-
image). For VGLUT1 6 confocal fields (2125 μm2/field) were counted per animal (n = 3), 
for VGAT 8 confocal fields (2125 μm2/field) per animal (n = 4). To quantify the number 
of Purkinje cells, a line was placed through the Purkinje cell layer of the flocculus and 
all calbindin-positive cells on the line were counted (4 sections per animal, n = 4). The 
density of molecular layer interneurons was calculated in 3-6 fields (5000 μm2/field) in 
the flocculus of 3-5 Nissl-stained sections per animal (n = 4).

Electron microscopy
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PC-Δγ2 and control mice (2-3 months old, n = 2 per genotype) were perfused with 4% 
paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer (PB, 0.1M, pH 7.4). The 
cerebella were removed from the skull and postfixed in the same solution overnight. 
Small blocks of tissue were postfixed in 1% osmium tetroxide (in 0.1M cacodylate buffer), 
dehydrated in ethanol and embedded in Epon-Araldite. Ultrathin sections were stained 
with uranyl acetate and lead citrate and analyzed with a JEM-1010 transmission electron 
microscope (Jeol, Japan) equipped with a side-mounted CCD camera (Mega View III, 
Soft Imaging System, Germany). In each mouse, 90 electron micrographs were taken 
randomly from the neuropil of the molecular layer at a magnification of x 30.000 (15.7 
μm2/micrograph) to compare the density of parallel fiber to Purkinje cell synapses.

Slice preparation and in vitro electrophysiology
Male and female control and PC-Δγ2 mice (10 – 25 weeks of age) were anaesthetized 
with isoflurane (IVAX Pharmaceuticals, Runcorn, UK) and decapitated. The brains were 
removed and dissected in cold (0.5-4°C) oxygenated ‘slicing’ solution, containing (in mM): 
85 NaCl, 2.5 KCl, 0.5 CaCl2, 4 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 75 sucrose, 25 glucose, 
0.01	d-(-)2-amino-5-phosphonopentanoic acid (d-AP5); pH 7.4, when bubbled with 95% 
O2 and 5% CO2. Parasagittal slices (250-300 μm) were cut from the cerebellar vermis 
(HM 650V; Microm International GmbH, Walldorf, Germany) and incubated at 32°C for 
40 minutes and thereafter at room temperature. After 20 minutes of incubation, the 
sucrose containing slicing solution was gradually replaced by a normal ‘external’ solution 
containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, and 25 
glucose; pH 7.4, when bubbled with 95% O2 and 5% CO2.	

Slices were transferred to a submerged recording chamber and perfused with 
oxygenated external solution (1.5-2.5 ml/min). Patch-clamp recordings were made with 
Axopatch-200A or -200B amplifiers (Molecular Devices Corporation, Sunnyvale, CA) from 
Purkinje cells visualized under infrared differential interference contrast optics (Zeiss 
Axioscop; Zeiss, Oberkochen, Germany or Olympus BX51 WI; Olympus, London, UK). For 
single-channel recordings outside-out patches were excised from the soma of Purkinje 
cells. Whole-cell and single-channel currents were recorded at room temperature (25 ± 
1°C). Simple spike activity was recorded at both room and near-physiological temperature 
(34 ± 2°C), in loose cell-attached mode with external solution in the recording pipette. 
Firing was recorded in voltage- or current-clamp with the pipette current set to zero 
(Häusser and Clark, 1997). In experiments investigating the effect of GABAB	 receptor	
activation on firing, SR-95531 (20 μM), d-AP5 (20 μM), and 2,3-dioxo-6-nitro-1,2,3,4-tet
rahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX; 5 μM) were added to the perfusate. 
GABAB receptors were activated with baclofen (10 μM) and the effects were reversed by 
CGP54626 (4 μM).
       For single-channel recordings, GABA was applied at a high concentration (100-
500 μM, typically 200 μM) sufficient to induce, in control patches, marked receptor 
desensitization. Under these conditions, GABAA	 receptors	 entered	 long-lived	 closed	
states, and channel openings occurred as infrequent clusters (Brickley et al., 1999). 
Such	isolated	clusters	were	analyzed	to	determine	the	main	conductance	states	of	the	
channels. In patches from PC-Δγ2 mice, where receptor desensitization was reduced, 
single-channel activity was studied after equilibration with agonist for 30-60 s. Only one 
patch was recorded per cell. Whole-cell and single-channel currents recorded under 
such conditions were completely blocked by 10-20 μM of the GABAA	receptor	antagonist	
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SR	95531.
For whole-cell and loose cell-attached recordings, pipettes were pulled from thin-

walled borosilicate glass tubing (1.5 mm o.d., 1.17 mm i.d; G150TF-3; Warner Instr. 
Inc., Hamden, CT, USA). For patch recordings, pipettes were pulled from thick-walled 
borosilicate glass tubing (1.5 mm o.d., 0.86 mm i.d; GC-150F; Harvard Apparatus Ltd, 
Edenbridge, UK). All pipettes were coated with Sylgard resin (Dow Corning 184) and fire 
polished to give a final resistance of 2-6 MΩ (whole-cell and loose cell-attached recordings) 
or 10-15 MΩ (single-channel recordings). The internal solution contained (in mM): CsCl, 
140; NaCl, 4; CaCl2, 0.5; N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid (HEPES), 
10; ethyleneglycol-bis (β-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 5; Mg-ATP, 
2; pH 7.3 with CsOH. To block ionotropic glutamate receptors, 10μM d-AP5 and 5μM 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX) were added to the perfusate. mIPSCs were 
recorded in the presence of 0.5-1 μM tetrodotoxin (TTX). 

Paired PF-EPSCs were evoked by stimuli delivered with a glass pipette (containing 
external solution) located within the molecular cell layer (in an fixed position ~100-
150 μm from the soma of the recorded Purkinje cell). Stimuli of 100 μs duration were 
delivered at 0.2 Hz, with a 50 ms paired-pulse interval (Digitimer DS2 isolated stimulator, 
Digitimer Ltd., Welwyn Garden City, UK). The stimulation intensity was varied pseudo-
randomly in 5V steps (10 sweeps each voltage). AMPAR-mediated PF-evoked EPSCs 
were recorded in the presence of strychnine (1 μM), SR-95531 (40 μM) and d-AP5	(50	
μM) after 60-70% series resistance compensation (typically 7 μs lag-time). Recordings 
showing a >20 % increase of the series resistance were discarded. 

Parallel fiber-evoked Purkinje cell simple spike responses were recorded in loose 
cell-attached mode and obtained using a similar approach (5-10 V stimulus intensity at 
0.5 Hz). Recordings were made in the absence of added drugs and the effect of GABAA	
receptor blockade was tested using SR-95531 (40 μM). In cases where it was tested, 
NBQX completely blocked the parallel fiber evoked response (data not shown). All drugs 
were obtained from Tocris Bioscience (Bristol, UK) or Ascent Scientific (Weston-super-
Mare, UK).
 Long-term plasticity experiments were performed as previously described 
(Hansel et.al., 2006). In short, 200 μm thick parasagital sections were sliced in ice-cold 
ACSF (containing in mM: 124 NaCl, 5 KCl, 1.25 Na2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3	
and	 15	 d-glucose, bubbled with 95% O2 and 5% CO2). All chemicals were purchased 
from Sigma. Experiments were performed at room temperature in the presence of 
bath-applied 100 μM picrotoxin to block GABAA receptors. Whole cell patch-clamp 
recordings of Purkinje cells were performed using an EPC-10 amplifier (HEKA electronics, 
Lambrecht, Germany). The resistance of patch pipettes were 4-5 MΩ when filled with 
intracellular solution containing (in mM): 120 K-gluconate, 9 KCl, 10 KOH, 3.48 MgCl2, 
4 NaCl, 10 HEPES, 4 Na2ATP, 0.4 Na3GTP and 17.5 sucrose (pH 7.25). Holding potentials 
were between –65 and –70mV. Cells in which the series or input resistance varied by 
>15% were discarded. Parallel fiber LTP was induced by parallel fiber stimulation at 
1 Hz for 5 min in current-clamp mode and was measured by test responses recorded in 
voltage-clamp mode, while parallel fiber LTD was induced using combined parallel fiber 
and climbing fiber stimulation (Coesmans et al., 2004).

Eye movement recordings
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All mice for eye movement recordings were between 12 and 30 weeks of age and were 
surgically prepared for experiments under general anesthesia of a mixture of isoflurane 
(Rhodia Organique Fine Ltd, Bristol, UK) and oxygen. A construct consisting of two nuts 
was attached to the frontal and parietal bones using Optibond prime and adhesive (Kerr, 
Bioggio, Switzerland) and Charisma (Heraeus Kulzer, Armonk, NY, USA). After a recovery 
period of 5 days the mouse was placed in a restrainer, with its head bolted to a bar. The 
restrainer was fixed onto the centre of the turntable. A cylindrical screen (diameter 63 cm) 
with a random-dotted pattern (each element 2°) surrounded the turntable (diameter 60 
cm). The OKR and VVOR were evoked by rotating the surrounding screen and turntable, 
respectively, with an amplitude of 5° at different frequencies. The surrounding screen 
and the turntable were driven independently by AC servo-motors (Harmonic Drive AG, 
The Netherlands). The table and drum position signal were measured by potentiometers, 
filtered, digitized (CED Limited, UK), and stored on disk for off-line analysis. A CCD camera 
was fixed to the turntable in order to monitor the mouse’s eyes. The eye movements 
were recorded at 240 Hz using an eye-tracking device (ISCAN Inc.). Video calibrations 
and subsequent eye movement computations were performed as described previously 
(Hoebeek et al., 2005; Stahl et al., 2000).

In vivo electrophysiology
All	mice	for	 in vivo electrophysiological recordings were between 15 and 40 weeks of 
age and were surgically prepared under general anesthesia of a mixture of isoflurane, 
nitrous oxide, and oxygen for chronic neurophysiological experiments by mounting a 
pedestal as described above (Hoebeek et al., 2005). A recording chamber was built 
around craniotomies in both left and right occipital bones with a maximal diameter of 3 
mm. Mice were placed in the setup as described above. 
 Extracellular Purkinje cell activity was recorded using borosilicate glass 
electrodes (OD 2.0 mm, ID 1.16 mm, 2 M NaCl, 4-8 MΩ). Electrodes were advanced 
into the cerebellum by a hydraulic micro-drive (Narishige, Tokyo, Japan). Recordings 
were made from left and right Crus I and II, paramedian lobule, and (para)flocculus (all 
recordings during optokinetic stimulation were from floccular Purkinje cells). Purkinje 
cells were identified by the brief pause in simple spike activity following each complex 
spike. The raw electrode signal was amplified, filtered (CyberAmp, CED, Cambridge, UK), 
digitized (CED) and stored on disk for off-line analysis. Following each recording session 
the brain was covered with gramicidin-containing ointment and the chamber was sealed 
with bone wax. 

Data Analysis
During in vitro experiment signals were recorded onto digital audiotape (DTR-1204; 
BioLogic, Claix, France; DC to 20 kHz); for analysis, replayed signals were filtered at 2 
or 5 kHz (whole-cell and single-channel or loose cell-attached recordings, respectively; 
-3dB, 8-pole lowpass Bessel) and digitised at 10 kHz (Digidata 1200; Axotape, Molecular 
Devices). Miniature IPSCs were detected using a scaled template detection method 
(Clements and Bekkers, 1997) implemented in IGOR Pro 5.0 (Wavemetrics, Lake Oswego, 
OR) with NeuroMatic 1.91 (http://www.neuromatic.thinkrandom.com) (Wulff et al., 
2007). The peak current amplitude and the total charge transfer of averaged parallel 
fiber-evoked EPSCs were estimated (for a 10 V stimuli) using NeuroMatic. The decay of 
synaptic currents was best described by the sum of two exponential functions according 
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to:
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where x0 is the decay onset, τ1 and τ2 are the decay time constants of the fast and slow 
components, and A1	and	A2 are their respective amplitudes. The weighted time constant 
of decay (τw) was calculated according to:
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To measure the mean phasic current produced by action potential-dependent release of 
GABA, recordings were made in the presence of CNQX and d-AP5 but in the absence of 
TTX. For each cell, an all-point amplitude histogram was generated from a short section 
of record (2 – 10 s) and a Gaussian fitted to the portion of the histogram corresponding 
to the baseline current (IGOR Pro 5.0). The fitted section was restricted to just beyond 
the apex of the initial peak of the distrubution, thereby excluding contamination from 
phasic events (IPSCs or presumed spillover currents). The peak of the fitted Gaussian 
was taken as the mean baseline current and subtracted from the record. Summing the 
individual data points and dividing by the total number of points in the epoch gave the 
mean	phasic	current.
        Single-channel currents from outside-out patches were analyzed by constructing all-
point amplitude histograms (Fetchan; pCLAMP 8.1) from short selected epochs during 
which identified clusters of openings were present (Brickley et al., 1999). The mean single-
channel current was determined from Gaussian fits to these amplitude distributions. 
Measurements were made at two or more potentials and the slope conductance 
estimated from the fit of the current-voltage relationship (assuming a reversal of 0 mV). 
In some patches, only single measurements of chord conductance were obtained; these 
were pooled with the slope conductance data to provide estimates of the singe-channel 
conductance	in	each	group	of	mice.

 Purkinje cell simple spikes were detected by threshold-crossing, and inter-spike 
interval (ISI), autocorrelation histograms and peristimulus-time histograms (PSTHs) and 
were generated using NeuroMatic and IGOR Pro 5.0.

Off-line analysis of eye movements and in vivo recordings	 was	 performed	 in	
Matlab (MathWorks, Natick, MA) (Goossens et al., 2004). The gain and the phase of 
the eye movements were determined by fitting sine functions to the slow-phase eye 
velocity traces. Gain was computed as the ratio of eye velocity to stimulus velocity, 
whereas phase was expressed as the difference (in degrees) between the eye velocity 
and stimulus velocity traces.

In vivo recorded simple spikes and complex spikes were discriminated using 
custom-made routines based on principal component analysis. The interspike interval 
(ISI) distribution of each Purkinje cell was characterized by calculating the mean, CV 
(standard deviation divided by the mean) and CV2. The CV indicates the relative width 
of the distribution, the CV2 is defined as the mean of 2 |ISIn+1 – ISIn| / (ISIn+1	+	ISIn) and 
is a measure for the regularity of firing on small timescales (Holt et al., 1996; Shin et al., 
2007). Simple spike PSTH’s (100 bins per cycle) were compiled at each stimulus frequency 
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and fit by a sine function. Epochs containing quick phases were deleted from the trace 
(50 ms before until 150 ms after). Neuronal amplitude of modulation was calculated 
by dividing the amplitude of the sine wave fitted to the histogram of simple spike firing 
by its offset. The phase of the simple spike activity relative to the optokinetic stimulus 
position was calculated from the difference of the phase of the sinusoidal fits to firing 
rate and stimulus. 

Model and simulations of vestibulo-cerebellar system
In the model, variable synaptic strengths are governed by coincidence rules for activity 
probabilities of parallel fibers, climbing fibers, molecular layer interneurons, Purkinje 
cells and vestibular nuclei neurons. Synapses are accordingly described by differential 
equations, which are coupled by linear relations that represent the vestibulo-cerebellar 
system. This formulation directly allows producing the plots shown in Figures 9 and 10. 
Figures 9C I and 9D I were produced by an integrate-and-fire model, while Figures 10C-
E are the result of a phenomenological model using two exponential learning rates to 

Figure 1. Connectivity of interneurons in the molecular layer of the cerebellar cortex and their relationship to the vestibulo-
ocular	system.	
Purkinje cells (PC; black) in the flocculus of the vestibulo-cerebellum converge upon neurons in the vestibular nuclei (VN), 
through which they can influence the output of the oculomotor neurons (OM) that drive the eye movements. The Purkinje 
cells are innervated by two main inputs: they receive vestibular and eye movement signals through the mossy fiber-parallel 
fiber system (represented by green and grey inputs, respectively), and retinal slip signals through climbing fibers derived 
from the inferior olive (IO; blue). The parallel fibers, which all originate from the granule cells (GC), innervate the dendritic 
trees of both Purkinje cells and molecular layer interneurons (basket cells, BC: red and stellate cells, SC: yellow), thereby 
providing a feedforward inhibitory connection (see inset). The axons of both basket and stellate cells are oriented in the same 
sagittal plane as that of the dendritic trees of Purkinje cells. Therefore, short pauses in Purkinje cell activity induced by these 
interneurons may well occur coherently within an entire set of Purkinje cells within a particular sagittal zone. VG, AOS and PA 
indicate vestibular ganglion cells, accessory optic system, and pontine areas, respectively.
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describe the experimentally observed VOR adaptation learning. The equations were 
solved by numerical integration using MATLAB’s function ode45 , which is a 4th	order	
Runge-Kutta solver. The model equations were implemented in real-time simulations 
running with a 5 ms time-step. A visuo-vestibular training paradigm was used to train the 
network, both in the presence and absence of molecular layer interneurons. Details on 
constraints	and	formulas	are	presented	in	the	Supplementary	Material.	

Statistical analyses
Statistical tests were performed with GraphPad Prism software (Prism 3.0, GraphPad 
Software Inc., CA) or with SPSS 11 (SPSS Inc., Chicago, IL). Unless stated otherwise, data 
were compared with two-tailed paired or un-paired Student’s t-tests, as appropriate. 
We also used two-way repeated-measures ANOVA, and where data were non-normally 
distributed (Shapiro-Wilk test), the Mann-Whitney U-test was used. The level of 
significance was set at p < 0.05.

Figure 2. Unaltered cerebellar morphology and normal synaptic organization in PC-γ2 mice. 
(A, B) Nissl stains of sagittal sections through the vermis and coronal sections through the flocculus revealed no morphological 
differences between control (A) and PC-γ2 (B) mice (Cb1-10, cerebellar lobules 1-10; Mol, molecular layer; PC, Purkinje cell 
layer; Gr, granule cell layer, C, cochlear nucleus). (C-E) Immunofluorescence labelling showed no differences in the distribution 
of the synaptic markers VGAT (C), VGLUT2 (D) and VGLUT1 (E) in the flocculus of control and PC-γ2 mice. Purkinje cells were 
visualized by immunolabelling for calbindin. (F) Quantification of VGAT, VGLUT2 and VGLUT1 immunolabelling (number of 
puncta per 1000  μm2) revealed no significant difference between the genotypes (n = 4 for both genotypes; p > 0.25 for all 
comparisons). (G-I) Electron micrographic examination of synaptic contacts in the molecular layer of PC-γ2 and control mice. 
(G) Asymmetric synapses between parallel fibers and Purkinje cell spines (asterisks). (H) Examples of asymmetric synapses 
made by climbing fibers (cf). (I) Symmetric synapses (arrowheads) made by basket cell axons (BC) onto Purkinje cells dentrites 
(PC). Scale bars: (A) 250 μm; (B) 50 μm; (C, D) 20 μm; (E) 5 μm; (G) 500 nm; (H) 360 nm; and (I) 440 nm.
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Results
PC-Δγ2 mice and morphological analysis
To remove GABAA receptor-mediated synaptic input to Purkinje cells, we developed 
PC-Δγ2 mice, in which the GABAA receptor γ2 subunit was selectively deleted from 
Purkinje cells using the Cre/loxP-system (see Experimental Procedures). Mice carrying 
conditional alleles of the GABAA receptor γ2 subunit (γ2I77lox, exon 4 flanked by loxP 
sites) were crossed with transgenic mice expressing Cre recombinase under the control 
of the Purkinje cell-specific L7 promoter (L7Cre) to obtain PC-Δγ2 mice (Barski et al., 
2000; Wulff et al., 2007). In these mice Cre recombinase induced a Purkinje cell-specific 
deletion of the floxed γ2 subunit gene starting in the second postnatal week. To determine 
whether this ablation of synaptic GABAA receptors from Purkinje cells altered cerebellar 
morphology, we compared Nissl stained brain sections of adult PC-Δγ2 and control mice. 
General cerebellar morphology including that of the vestibulo-cerebellum was unaltered 
in PC-Δγ2 mice (Figures 2A and 2B). The number of Purkinje cells (24.5 ± 2 vs. 23.9 ± 2.5 
cells/mm2; p = 0.75) and molecular layer interneurons (2.36 ± 0.19 vs. 2.28 ± 0.18 cells/
mm2; p = 0.53) in the flocculus did not differ between PC-Δγ2 and control mice. 

To test whether postnatal deletion of synaptic GABAA	 receptors	 from	 Purkinje	
cells influenced the density of GABAergic inputs, we quantified the density of vesicular 
γ-aminobutyric acid transporter (VGAT)-positive terminals in the molecular layer of 
the flocculus. Here too, we found no difference between PC-Δγ2 mice and littermate 
controls (Figures 2C and 2F) (p = 0.27). Next, we investigated potential structural 
alterations in the excitatory circuitry by quantifying the parallel fiber and climbing fiber 
terminals in the flocculus using vesicular glutamate transporter 1 (VGLUT1) and VGLUT2 
immunohistochemistry, respectively (Hioki et al., 2003). The numbers of immunoreactive 
puncta (representing parallel fiber and climbing fiber terminals) were similar in PC-Δγ2 
and control animals (Figures 2D-F) (p = 0.68 and 0.62, respectively). Moreover, further 
electron microscopic analyses of excitatory terminals in the molecular layer did not 
reveal any obvious difference in the density of parallel fiber to Purkinje cell synapses 
(33.0/100 μm2	in PC-Δγ2 mice vs 32.9/100 μm2 in control animals; n = 2 per genotype) or 
in the morphological characteristics of parallel and climbing fiber synapses (Figures 2G 
and 2H). Finally, inhibitory synapses were present on Purkinje cells despite the loss of 
postsynaptic GABAA receptors (Figure 2I).
	
Purkinje cell-specific loss of synaptic GABAA receptors
To characterize GABAA receptor-mediated synaptic transmission in these animals we made 
patch-clamp recordings from cells in acute slices of cerebellar vermis from adult mice. 
Recordings	 were	 made	 in	 the	 presence	 of	 d-2-amino-5-phosphonopentanoic	 acid	 (d-
AP5; 10μM) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 5μM) to block ionotropic 
glutamate receptors. Under these conditions in control mice, spontaneous fast GABAA	
receptor-mediated inhibitory postsynaptic currents (sIPSCs) occurred at high frequency. 
In all cells tested these currents were blocked by the GABAA	 receptor	 antagonist	 SR-
95531 (20μM; data not shown). In accord with previous studies (Wall and Usowiz, 1997; 
Fritschy et al., 2006), we found no evidence for tonic activation of (extrasynaptic) GABAA	
receptors	in	Purkinje	cells.		

sIPSCs were present in all recordings from Purkinje cells of control mice (n = 21), 
but were absent from Purkinje cells of PC- Δγ2 mice (n = 19) (Figure 3A). In some PC-Δγ2 
cells (n = 12), although fast-rising sIPSCs were not detected, less frequent small slow-
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Figure S1. Purkinje cells of PC-Δγ2 mice have extrasynaptic GABAA	receptors	
with properties characteristic of receptors lacking the γ2 subunit. 
(A) Single-channel events in an outside-out patch taken from a Purkinje cell 
of a control mouse (200 μM GABA, –70 mV); clusters of channel openings 
are separated by long closed periods. The lower trace is an expansion of 
the boxed region. All patches (n = 9) from control mice were responsive 
to GABA, and in the continued presence of GABA the channels entered 
long-lived closed states characteristic of desensitization clusters (Brickley 
et al., 1999). (B) A recording of currents in a patch taken from a Purkinje 
cell of a PC-Δγ2 mouse (–60 mV). All patches (n = 8) from PC-Δγ2 mice 
were responsive to GABA (100-500 μM), often showing clear macroscopic 
responses on initial application, but the receptors exhibited a lower single-
channel conductance and reduced desensitization. (C) Representative 
clusters from a single patch of a control Purkinje cell at two membrane 
voltages. To the right is the current-voltage relationship for this patch 
indicating the slope conductances of the two main conductance states 
observed. (D) Representative channel clusters recorded at three membrane 
voltages in a patch taken from a PC-Δγ2 Purkinje cell. To the right is the 
corresponding current-voltage relationship. In this patch, and in 5 others, 
only	a	single	main	conductance	state	was	detected;	in	2	other	patches	two	
conductance states were present. (E) Plot showing the distribution of main 
conductance states among different patches from Purkinje cells of control 
andPC-Δγ2 mice. Filled symbols represent the higher- and open symbols 
the lower conductance states. Dashed lines indicate the mean, and shaded 
areas the standard deviation, of conductance values from each group. 

Figure S2. Quantification of mean phasic cur-
rent in Purkinje cells of control and PC-Δγ2 mice. 	
(A) A 2.5 s record of sIPSCs recorded from a 
Purkinje	cell	of	a	control	mouse	in	the	pres-
ence of CNQX and D-AP5 at –70 mV. The left-
had peak (most positive current values) of 
the associated all-point amplitude histogram, 
corresponding to the baseline current noise, 
is fitted with a single-sided Gaussian (white). 
The	 peak	 of	 the	 histogram	 is	 taken	 as	 the	
zero current value (dotted line in inset). The 
filed grey area of the histogram corresponds 
to	all	sample	points	other	than	those	within	
the baseline noise, and thus represents the 
current produced by phasic synaptic events. 
In this cell, the mean of this current is –64.7 
pA.	The	right-hand	panel	shows	a	2.5	s	record	
from the same cell in the presence of TTX. 
The	grey	area	of	the	all-point-amplitude	his-
togram is greatly reduced (mean current –3.1 
pA). Note the different scaling of the current 
record and the abscissa of the all-point histo-
gram. (B) Corresponding data from a Purkinje 
cell from a PC-Δγ2 mouse (same scaling as 
A). Note that in the absence of TTX the in-
frequent slow events contribute a mean cur-
rent of only –5.6 pA. On average, this current 
was < 2% of that seen in control mice (see 
Results). The right-hand panel is from the 
same cell in the presence of TTX and shows 
the complete absence of any phasic events 
(mean current +0.01 pA).
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rising currents were seen. As these currents were also blocked by SR-95531, and were 
absent following inhibition of presynaptic action potentials with tetrodotoxin (TTX), they 
could reflect spillover of synaptically released GABA onto extrasynaptic receptors that 
contain only α and β subunits – the αβ subunit combination forms low-conductance 
GABAA receptors that cannot cluster at the synapse (Brickley et al. 1999; Lorez et al. 
2000; Mortensen & Smart, 2006; see Figure S1 and Supplementary Information for 
more detail). Although these αβ receptors clearly endow Purkinje cells in PC-Δγ2 mice 
with some sensitivity to GABA, their activation by action potential-dependent release 
of GABA (Figure 3A) produced, on average, less than 2% of the phasic (synaptic) current 
seen in Purkinje cells of control animals. The mean phasic current (see Experimental 
Procedures) was reduced from 149.6 ± 46.1 pA in control Purkinje cells (n = 8) to 2.4 
± 1.3 pA in Purkinje cells from PC-Δγ2 mice (n = 15; p < 0.0002; Mann-Whitney U-test) 
(see Figure S2 in the Supplementary Data). Consistent with this massive reduction in 
responsiveness to GABA, recordings from PC-Δγ2 mice made in the presence of TTX 
confirmed the complete absence of synaptic GABAA receptors; miniature IPSCs (mIPSCs) 
were present in all Purkinje cells from control mice but were never detected in cells 
from PC-Δγ2 mice (Figure 3B). Importantly, this loss of synaptic GABAA	 receptors	was	
restricted to Purkinje cells: mIPSCs in molecular layer interneurons were unaffected. 
Thus, their peak amplitude (42.3 ± 2.7 pA), 10-90% risetime (626 ± 41 μs) and decay (7.0 
± 0.9 ms τw, see Experimental Procedures) were indistinguishable from those of mIPSCs 
in interneurons from control mice (peak amplitude 44.1 ± 6.3 pA p = 0.78, rise time 565 
± 35 μs p = 0.31, decay 6.8 ± 0.4 ms p = 0.85; n = 4 and 5, respectively) (Figure 3C).

Motor performance is mildly, but significantly, affected in PC-Δγ2 mice

Figure 3. Selective loss of GABAA	
receptor-mediated synaptic inhibition 
from Purkinje cells in PC-Δγ2 mice. 
(A) Representative contiguous segments 
of whole-cell recordings (–70 mV) 
from	 Purkinje	 cells	 of	 a	 control	 mouse	
(left) and a PC-Δγ2 mouse (right). In 
the presence of CNQX and d-AP5, to 
block ionotropic glutamate receptors, 
spontaneous	 fast	 IPSCs	 were	 seen	 in	
all cells from control mice but in none 
of the PC-Δγ2 cells examined. Slow SR-
95531-sensitive currents were seen in 
~60% of PC-Δγ2 cells. (B) Contiguous 
segments	 of	 whole-cell	 recordings	
in the presence of TTX from Purkinje 
cells of a control mouse (left) and a 
PC-Δγ2 mouse (right), showing the 
absence of mIPSCs in the latter. (C) For 
comparison, contiguous segments of a 
recording in TTX from a molecular layer 
interneuron (presumptive stellate cell) 
of a PC-Δγ2 mouse showing frequent 
mIPSCs.	 On	 the	 right	 are	 pooled	 data	
from interneurons, showing that the 
properties of mIPSCs from control and 
PC-Δγ2 mice did not differ (n = 4 and 5, 
respectively; peak amplitude p = 0.78, 
rise time p = 0.31, decay p = 0.85).
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PC-Δγ2 mice appeared healthy, had a normal weight range and showed no sign of ataxia, 
tremor or any obvious neurological abnormality. To allow a sensitive probing of cerebellar 
performance and learning, we performed extensive analyses of their compensatory eye 
movements. Adult male PC-Δγ2 mice and littermate controls were exposed to whole-
field visual stimuli to test the amplitude (gain) and timing (phase) of their OKR and/or 
tested with turntable stimulation to investigate the same parameters of their vestibulo-
ocular reflex in the dark (VOR) and light (visual VOR or VVOR). During OKR the PC-Δγ2 
mice showed a small, but significant, deficit in motor performance in that there was a 
slight reduction in gain and a slight lag in phase compared to those of controls (p < 0.05 
in both cases; two-way repeated-measures ANOVA) (Figure 4A). Similarly, during VOR 
the compensatory eye movements of PC- Δγ2 mice were also slightly affected, but in this 
paradigm gain values and phase leads were larger and smaller, respectively, than those 
of controls (p < 0.05 in both cases; two-way repeated-measures ANOVA) (Figure 4B). 
By contrast, no significant differences in baseline performance values were observed 
between the genotypes during VVOR (Figure 4C). Thus, we conclude that the PC-Δγ2 
mice show small, but significant, abnormalities in motor performance when the visual 
and vestibular systems are investigated separately, but not when they operate together, 
as they would under natural conditions or during visuo-vestibular training (see also 
Figure S3 in Supplementary Material).
 
PC-Δγ2 mice show marked deficits in procedural learning
Removal of GABAA receptor-mediated inhibitory synaptic input onto Purkinje cells had 

Figure 4.	 Motor	
performance	 during	
the optokinetic reflex 
(OKR) (A) as well as 
during the vestibulo-
ocular reflex in the 
dark (VOR) (B) and the 
light (VVOR) (C). 
Stimulus frequencies 
of optokinetic drum 
and turntable were 
varied from 0.1 Hz 
to 1.0 Hz. Stimulus 
amplitude  was fixed at 
5° for both drum and 
table. Note significant 
but slight gain and/or 
phase aberrations in 
PC-Δγ2 mice during 
OKR (p < 0.05 for both 
gain	and	phase	values;	
two-way	 repeated-
measures ANOVA) 
and VOR (p < 0.05 for 
gain	and	phase	values;	
two-way	 repeated-
measures ANOVA), 
but not during VVOR. 
Data	 are	 from	 8	
control and 9 PC-Δγ2 
mice. Vertical error 
bars denote SEM.



155

Chapter	5	-	Molecular	layer	interneurons

much more profound effects on specific aspects of cerebellar motor learning. Gain 
and phase learning capabilities were studied by applying a protocol that was aimed at 
reducing the gain of the VOR on day 1 and subsequently reversing its phase on days 
2, 3 and 4. Gain adaptation on day 1 was studied by subjecting the mice to 5 x 10 min 
periods of sinusoidal, in phase drum and table rotation at 0.6 Hz (both with an amplitude 
of 5°). Phase reversal adaptations on days 2, 3 and 4 were studied by subjecting the 
animals to 5 x 10 min periods of sinusoidal in phase drum and table rotation at 0.6 Hz, 
but with drum amplitudes of 7.5° (day 2) and 10° (days 3 and 4), while the amplitude of 
the turntable remained 5°. To measure consolidation of gain and phase adaptations, the 
animals were kept in the dark in between all recording days.

The paradigm provided on day 1 did not reveal any significant difference in gain-
decrease between PC-Δγ2 and control mice (when measured at the end of the training 
p = 0.11; two-way repeated-measures ANOVA) (Figures 5A and 5B). However, when the 
measurements were resumed the next day, the degree of gain reduction carried forward 
from the previous day’s learning was significantly smaller in PC-Δγ2 mice as compared 
with controls (p < 0.001) (Figures 5A, 5B and 5E). This effect on consolidation was 
apparent at a wide range of frequencies (Figure 5D) and was not caused by non-specific 
effects of fatigue in PC-Δγ2 mice, since in non-adapting paradigms both control and PC-
Δγ2 mice showed minimal decreases in VOR over time, and none over consecutive days 
(see Figure S3 in Supplementary data). 

The phase-reversal paradigm provided on days 2, 3 and 4 immediately revealed 
significant learning deficits in PC-Δγ2 mice starting 10 - 20 min after the initiation of 
visuo-vestibular training (e.g. at 20 min p < 0.01) (Figure 5C). Further, similar to the 
lack of consolidation observed in the gain-decrease paradigm, prominent differences 
were observed in the consolidation of phase changes between PC-Δγ2 and controls 
(e.g. from day 2 to day 3 p < 0.006) (Figures 5C and 5E). Moreover, in this paradigm 
the lack of consolidation also occurred at a wide range of frequencies (Figure 5D) and 
adaptation differences were also not caused by visual problems in PC-Δγ2 mice. Analysis 
of compensatory eye movements recorded during the adaptation sessions showed that 
PC-Δγ2 mice were capable of perceiving the reversed movement of the visual stimulus 
(see Supp Fig. 4). 

In conclusion, PC-Δγ2 mice showed a relatively normal capacity for gain-decrease 
motor learning but a profound lack of phase reversal learning and a general deficit in 
consolidation of both gain and phase adaptation. 
	
Abnormal temporal patterns of Purkinje cell simple spike activities
How can we explain the deficits of PC-Δγ2 mice in consolidation of cerebellar motor 
learning? The impact of any loss of feed-forward inhibitory synaptic input from stellate 
and basket cells on cerebellar motor learning must ultimately be reflected in changes 
in the simple spike activities of Purkinje cells, as these cells provide the sole output of 
the cerebellar cortex (see Figure 1). We thus investigated Purkinje cell activities both in 
vitro	and in vivo. Indeed, when examined in vitro, the temporal pattern of spontaneous 
simple spike activity in Purkinje cells from PC-Δγ2 mice differed from that of control 
mice, in that the variability of firing was significantly decreased (Figure 6). The mean 
firing rate of Purkinje cells from the two groups was not different (control 12.3 ± 1.6 vs 
PC-Δγ2 13.7 ± 0.6 Hz, n = 26 and 9; p = 0.062, Mann-Whitney U-test), but the coefficient 
of variation (CV; SD/mean) of the inter-spike interval (ISI) was reduced in PC-Δγ2 mice 
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Figure 5. Consolidation of motor learning and phase reversal are severely affected in PC-Δγ2 mice during a four-day training 
paradigm.
(A) On day 1 gain-down adaptation was studied using in phase, drum and table stimulation (rotating sinusoidally in the same 
direction and both at 5° amplitude). On days 2, 3 and 4 phase reversal adaptation was studied by rotating the drum 7.5° (day 
2) or 10° (days 3 and 4) in phase with the table, which rotated at 5°. Thus, in this training paradigm normal mice tend to move 
their eyes during the vestibulo-ocular reflex in the same direction as the table instead of the opposite direction. Gain and 
phase parameters were evaluated 5 times at 10 min intervals for both the gain-down and phase reversal training paradigm; 
examples of eye movement traces are shown for each day (control, blue; PC-Δγ2, red). (B) During gain-down training on day 
1 no differences in gain reduction were observed among PC-Δγ2 and control mice (p = 0.11), but a clear difference became 
apparent in the first test on day 2 (p < 0.001). (C) During phase reversal training controls learned far better than PC-Δγ2 
mice (on day 4 p < 0.00001). (D) Differences in both gain consolidation and phase reversal between PC-Δγ2 and control mice 
occurred over a wide range of frequencies. Day “x” before and day “x” after indicate values just before and after training on 
day “x”, respectively; 24hr after indicates value on next day just before new measurement on subsequent day. (E) Differences 
in consolidation (i.e. the percentage of gain reduction or phase reversal carried forward from the previous days learning) 
among PC-Δγ2 and control mice for gain from day 1 to 2 and for phase from day 2 to 3 as well as from day 3 to 4. For all 
panels, pooled data are from 10 controls and 9 PC-Δγ2 mice. Vertical error bars denote SEM; * and ** denote p < 0.05 and 
0.01, respectively.
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(0.20 ± 0.03 in control vs 0.10 ± 0.01 in PC-Δγ2; p = 0.018, Mann-Whitney U-test) (Figure 
6C). The coefficient of variation of adjacent intervals (CV2; mean value of 2 |ISIn+1 – ISIn| 
/ (ISIn+1	+	ISIn); Holt et al., 1996) also differed. CV2	was	0.19	±	0.02	in	control	vs	0.10	±	0.01	
in PC-Δγ2 mice (p = 0.018; Mann-Whitney U-test). Blockade of GABAA	 receptors	with	
SR-95531	decreased	the	CV	of	the	ISI	in	every	control	Purkinje	cell	tested	(0.20	±	0.04	vs	
0.13 ± 0.02 in SR-95531; p = 0.024, n = 8). By contrast, SR-95531 failed to alter the CV of 
the ISI in cells from PC-Δγ2 mice (0.13 ± 0.02 vs 0.13 ± 0.04, n = 3). Similar results were 
obtained at near-physiological temperature (34°C; Figure 6B and C).

Although these changes in the spontaneous activity of Purkinje cells in vitro are 
consistent with a loss of synaptic inhibition in PC-Δγ2 mice (see also Raman and Bean, 
1997; Häusser and Clark, 1997; Walter et al., 2006), they may not accurately predict 
the in vivo situation, given the absence in brain slices of ongoing parallel- and climbing 
fiber-mediated excitatory synaptic input. We therefore also investigated the activity of 
Purkinje cells in awake behaving mice responding to natural stimuli. Since Purkinje cells 
in the flocculus of the cerebellum control adaptation of compensatory eye movements 
(Ito, 1993; Lisberger, 1998; Schonewille et al., 2006b), we investigated whether the 
floccular Purkinje cells in PC-Δγ2 mice showed differences in firing during optokinetic 
stimulation as compared to control mice (Figure 7). Single units of Purkinje cells that 
responded optimally to stimulation around the vertical axis were identified by creating 
tuning curves of the complex spike responses and by identifying a clean climbing fiber 
pause (Hoebeek et al., 2005; Schonewille et al., 2006b; Simpson et al., 1996). None of 
the basic simple spike parameters, including average firing frequency, phase relative to 

Figure S3. VOR gain decrease in PC-Δγ2 is the result of the 
adaptation
stimulus. VOR gain (A) and phase (B) were recorded in sessions with 
no adaptation-requiring stimulus but all other settings the same. In 
this non-adapting paradigm, both control and PC-Δγ2 mice show 
a minimal decrease in VOR over time, and none over consecutive 
days. This is significantly different from the results obtained during 
the actual adaptation sessions (all p <0.001 for control and PC-Δγ2, 

Figure S4. Phase changes in PC-Δγ2 mice argue against the possibility that observed 
differences in behaviour are the result of differences in perception of the adaptation 
stimulus.
(A) Gain of compensatory eye movements recorded during the adaptation sessions 
shows that on day 1 PC-Δγ2 mice were capable of decreasing the gain of their VOR 
when the visual stimulus rotates in phase with the table. (B) Furthermore, PC-Δγ2 
mice were capable of perceiving the reversed movement of the visual stimulus on 
days 2-4. The reversed stimulus (starting on day 2) requires the eyes to move with a 
phase of 180°; this was fully achieved by all mice by the end of day 2.
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stimulus and modulation amplitude, was different between PC-Δγ2 and control mice 
(Figure 7B). By contrast, the regularity of Purkinje cell firing was affected, as predicted 
by the in vitro recordings. For floccular simple spike activities, the CV of the ISIs was 
significantly reduced during visual stimulation in PC-Δγ2 mice as compared to controls 
(p = 0.008; PC-Δγ2: n = 55, controls: n = 60) (Figure 7C). Mostly this difference reflected 
specific changes in temporal patterning, because the CV2 was also significantly lower 
for floccular Purkinje cells during natural optokinetic stimulation in the PC-Δγ2 mice (p < 
0.0001) (Figure 7C; for probability distributions of ISIs see also Figure S5 in Supplementary 
Material). If the differences in the temporal pattern of Purkinje cell activities contribute 
to the differences in memory consolidation after the training periods, we would expect 
that these differences would also be found outside the periods of optokinetic stimulation. 
Indeed, both the CV and CV2 of Purkinje cell simple spikes were also significantly reduced 
in the absence of this form of natural stimulation (for CV p = 0.022 and for CV2 p < 
0.0001; PC-Δγ2: n = 41, controls: n = 43) (Figure 7C). In contrast, the patterns of complex 
spike activities of Purkinje cells did not differ between PC-Δγ2 and control mice during 

Figure 6. Removal	of	fast	
synaptic GABAA	receptor-
mediated inhibition in 
PC-Δγ2 mice results in 
reduced variability of 
simple spike firing in 
vitro. Spontaneous firing 
was	recorded	in	61	of	68	
Purkinje	 cells	 in	 slices	
from	3	control	and	3	PC-
Δγ2 mice. 
(A) Representative cell-
attached records of 
simple spike activity, 
inter-spike	 interval	
(ISI) histograms and 
a u t o c o r r e l a t i o n	
histograms	from	a	control	
and PC-Δγ2 mouse at 
room temperature. (B) 
Corresponding	 data	
from two different cells 
at	 near-physiological	
temperature. (C) Pooled 
data. The mean firing 
rate	 of	 Purkinje	 cells	
from	 the	 two	 groups	
was not significantly 
different, either at 
room	 temperature	
or	 near	 physiological	
temperature. However, 
the coefficient of 
variation (CV) of the ISI 
and the coefficient of 
variation of adjacent 
intervals (CV2) was 
significantly different 
(* denotes p < 0.05, ** 
p < 0.01; see text for 
details). 
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Figure 7. Temporal patterns of simple spike activities of floccular Purkinje cells are specifically affected in PC-Δγ2 mice, both 
during compensatory eye movement behaviour and during spontaneous behaviour. (A) Representative single unit activity 
recorded from Purkinje cells in the flocculus of a control and a PC-Δγ2 mouse during fixed velocity (8°/s, 0.2 Hz) OKR stimulation. 
The visual stimulus and eye position are shown together with histograms of simple spike and complex spike frequencies and 
corresponding raster plots. (B) Firing frequency, phase relative to stimulus and amplitude of modulation (see Experimental 
Procedures) of floccular simple spike activities during optokinetic stimulation (8°/s, 0.1 - 1.6 Hz) were not significantly different 
among PC-Δγ2 and control mice. (C) Although average firing frequency of simple and complex spike activity did not differ 
between PC-Δγ2 and control mice, the coefficient of variation (CV) of simple spikes in PC-Δγ2 mice was significantly reduced 
in recordings both with and without visual stimuli (p = 0.008 and p = 0.022, respectively). Also, CV2 values of simple spikes 
were significantly lower than those of controls in both conditions. Vertical error bars denote SEM, * denotes p < 0.05, ** p < 
0.01 and *** p < 0.0001.
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any of the recordings (Figures 7A and C; see also Figure S6 in Supplementary Material). 

PF-evoked excitatory input, but not GABAB responsiveness, is altered in PC-Δγ2 mice
Despite the lack of fast synaptic GABAA receptor-mediated inhibition of Purkinje cells 
in the PC-Δγ2 mice, the average firing frequency and modulation amplitude of their 
simple spike activities were normal both in vitro and in intact behaving animals. As acute 
GABAA receptor blockade in cerebellar slices can increase Purkinje cell simple spike 
firing frequency by about 40% (Häusser and Clark, 1997), our findings suggest that the 
loss of GABAA receptors from Purkinje cells in PC-Δγ2 mice was partly compensated for. 
Although not the only possible mechanisms, such compensation could result either from 
an enhanced activity of another inhibitory input or through a reduction in excitatory 
input to Purkinje cells. We therefore performed control experiments to establish whether 
postsynaptic metabotropic GABAB receptor inhibition (mediated by activation of an 
inwardly rectifying K+ current; Tabata et al., 2005) was altered and/or whether excitatory 
postsynaptic currents were changed at the parallel fiber to Purkinje cell synapse. 

To determine whether GABAB receptor-mediated inhibition of Purkinje cells was 
altered, we examined the action of the GABAB receptor agonist baclofen on the simple 
spike firing rate of Purkinje cells. Baclofen reduced the firing rate to 43.9 ± 10.0% in PC-
Δγ2 mice (p < 0.001, n = 8) and to 45.9 ± 9.3% in littermate control mice (p < 0.005, n = 
9). These changes in firing rate were not significantly different between the two groups 
of mice (p = 0.89) (Figure S7 in Supplementary Data). Moreover, restoring the firing rate 
by application of the GABAB	receptor	antagonist	CGP54626	was	equally	successful	in	PC-
Δγ2 and control mice. Firing rate was restored to 105.7 ± 9.0% in PC-Δγ2 mice (p = 0.71, 
n = 8) and to 95.8 ± 12.1% in control littermate mice (p = 0.43; Wilcoxon matched pairs 
test, n = 9); these changes were not significantly different between the two groups of 
mice (p = 0.17; Mann-Whitney U test) (Figure S7). Together, our data indicate that GABAB	
receptor action was not altered in the PC-Δγ2 mice.  

Figure S5. Simple spike ISI distributions are sharper in PC-Δγ2 mice. 
(A) Histograms of of individual ISI values pooled from all Purkinje cells 
recorded without any stimulus (control, blue; PC-Δγ2, red) indicates that 
PC-Δγ2 mouse Purkinje cell firing is more pronouncedly focused around a 
preferred interval, whereas in control mice the range of intervals is broader.  
Inset shows corresponding cumulative probability curves The later rise 
and steeper slope indicate the relative absence of short intervals, and 
thus high frequency, in PC-Δγ2 mice together with a relative abundance 
of ‘normal’ intervals. (B) Recordings from floccular Purkinje cells during 
compensatory eye movements evoked with visual stimulation demonstrate 
that	 this	 phenomenon	 is	 also	 present	 during	 motor	 performance.	 Shown	
are cumulative probability plots of ISI values recorded with visual stimuli at 
various frequencies (0.1 – 1.6 Hz)
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To determine whether there might be any change in excitatory input to Purkinje 
cells mediated by parallel fiber activation of AMPA-type glutamate receptors, we 
measured the EPSC charge transfer evoked in response to increasing stimulus voltages 
(see Methods, also Matsushita et al., 2002). In Purkinje cells (n = 14) from PC-Δγ2 
mice, the slope of the relationship between stimulus voltage and charge transfer was 
significantly reduced compared to that seen with cells (n = 13) from control mice (p = 
0.0025; ANOVA) (Figure 8). In addition, the weighted time constant (τw) of EPSC decay 
was significant smaller in PC-Δγ2 mice (p = 0.018), while the paired-pulsed ratio was 
slightly, but significantly increased (p = 0.0099; Mann Whitney U-test) (Figure 8). Thus, 
the alteration in parallel fiber-evoked EPSCs could represent a compensatory response 
to	the	lack	of fast synaptic inhibition.

In principle, the changes in excitatory input described above might affect induction 
of LTD and/or LTP at the parallel fiber to Purkinje cell synapse, which in turn could 
contribute to the differences in memory formation we observed between control and PC-
Δγ2 mice. We therefore investigated both LTD and LTP in PC-Δγ2 (n = 5) and control mice 
(n = 6). However, these experiments showed that neither LTD (p = 0.6; Mann-Whitney 
U-test) nor LTP (p = 0.3; Mann-Whitney U-test) were significantly affected (Figure S8 in 
Supplementary Material).

Model, simulations and predictions
Our experiments show (1) that Purkinje cells in PC-Δγ2 mice are characterized by a 
relatively low degree of variability in their simple spike activities (Figures 6 and 7); (2) 
that PC-Δγ2 mice are able to adapt the gain of their VOR during a gain-down training 
session, whereas they are unable to fully carry forward this learned decrease in gain to 
the following day (Figure 5); and (3) that PC-Δγ2 mice are unable to reverse the phase 
of their VOR during a multiple-day training paradigm (Figure 5). To elucidate the cellular 
mechanisms that could underlie these observations, we interpreted our data within 
the framework of a ‘distributed memory’ model. This model is based on the following 
accepted ideas: (A) the direct VOR pathway runs through the vestibular nuclei neurons, 
whose activity can be modulated by an indirect pathway relayed through the cerebellar 
cortex (De Zeeuw and Yeo, 2005; see Fig. 1); (B) initial acquisition of new VOR skills 
takes place in the cerebellar cortex (Boyden et al., 2004; De Zeeuw et al., 1998b; Ito, 
1982); and (C) memory of recently acquired VOR skills undergoes a form of ‘system 

Figure S6. Removal of fast synaptic inhibition from PC-Δγ2 mice did not alter climbing fiber responses to visual stimuli. 
Complex spike modulation was analyzed in a manner similar to that for simple spikes  (Fig. 7). Modulation parameters were 
determined by fitting a sine wave through the peri-stimulus histogram. None of the parameters, including firing rate, phase and 
modulation amplitude, were found to be significantly different between control and PC-Δγ2 mice. Since climbing fiber activity 
in the flocculus is considered to carry predominantly the error signal from the retina (retinal slip), these results provide strong 
evidence that the loss of synaptic inhibition did not affect the processing of visual input before it reached the flocculus. 
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consolidation’ in that cortical activity guides, during several days of ongoing training, the 
partial transfer of memory from the cerebellar cortex to the vestibular nuclei for long-
term consolidation (Broussard and Kassardjian, 2004; Kassardjian et al., 2005; Miles and 
Lisberger, 1981; Raymond et al., 1996). The aim of the modeling was three-fold: first, 
to provide a possible explanation for the altered simple spike ISI distribution in PC-Δγ2 
Purkinje cells; second, to assess the potential impact of changed Purkinje cell firing on 
plasticity at synapses onto vestibular target neurons; and third, to analyze the role of this 
modulation at the behavioural level.

Acute drug-induced changes of inhibitory input can result in net changes in 
Purkinje cell excitation and altered behaviour (Miyashita and Nagao, 1984; Wulff et al., 
2007). By contrast, the genetic removal of inhibition in PC-Δγ2 mice did not alter simple 
spike frequency (Figures 6 and 7) and only slightly affected baseline motor behaviour 
(Figure 4). Thus, we assumed that PC-Δγ2 mice could partially compensate for the loss 
of feed-forward inhibition. These observations were incorporated into our model, as 
schematically illustrated in Fig. 9A, with compensation for genetic removal of inhibition 
shown as maintenance of the integrated simple spike response. The observation that 
the PF-evoked charge transfer of EPSCs in PC-Δγ2mice is reduced in vitro (Figure 8) 

Figure 8. PF-evoked excitatory input is altered in Purkinje cells lacking phasic synaptic inhibition. (A) Parallel fiber-evoked 
EPSCs (–60 mV) recorded from PC-Δγ2 mice (red) and; 10 V stimulus, 50 ms interval); traces show global averages and shaded 
areas represent ± SEM (n = 14 PC-Δγ2 and 10 control cells). The average current was scaled to the peak of EPSC1. Dashed lines 
illustrate the baseline current and the peak of EPSC1. (C) Relationship between parallel fiber stimulus voltage (0.1 ms pulse 
duration) and EPSC1 charge transfer, for PC-Δγ2 mice (red) and littermate controls (blue). Symbols denote mean, error bars 
denote SEM, and shaded areas the 90% confidence limits for the linear fits. The slopes of the fits are significantly different (p = 
0.0025). D, E and F, Pooled data showing the peak amplitude (D), decay kinetics (τw) of EPSC1 (E) and PPR (F). Bars denote mean 
and error bars denote SEM. Asterisks indicate significant differences (PPR p = 0.0099, Mann Whitney U-test; τw p = 0.018). For 
each cell, PPR was calculated as the mean of ratios (EPSC2/EPSC1) obtained at multiple voltages. 
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Figure S8. Parallel fiber-Purkinje cell LTP and LTD are not 
altered in PC-Δγ2 mice. 
(A) To test if the loss of inhibition onto Purkinje cells modifies 
plasticity at others synapses, parallel fiber to Purkinje cell 
LTP was induced in acute sagittal cerebellar slices by parallel 
fiber stimulation only (5 min, 5 Hz). This protocol caused a 
significant increase in EPSC amplitude in PC-Δγ2 mice (n = 4, 
red) that was comparable to that found in control mice (n = 
7, blue) (both p < 0.005 vs baseline, p = 0.257 control vs PC-
Δγ2). (B) Parallel fiber to Purkinje cell LTD was induced using 
5 min of combined climbing and parallel fiber stimulation at 
1 Hz. Following such stimulation, both PC-Δγ2 (n = 5) and 
control (n = 4) EPSC amplitudes were significantly depressed 
(both p < 0.05 vs baseline), but no difference was observed 
between the two groups (p = 0.624). 

Figure S7. Effect of baclofen on firing rate of Purkinje cells from PC-Δγ2 and 
control littermate mice. 
(A) Firing rate record of a Purkinje cell in a slice from a control mouse. 
Application of baclofen (10 μM; grey bar) caused a reduction in firing rate 
from 12 to 6 Hz. Subsequent addition of the GABAB	antagonist	CGP54626	(4	
μM; black bar) restored firing to near control rates (10 Hz). (B) Histograms of 
inter-spike interval (ISI) for the cell shown in A (2 ms bin-width). ISI analysis 
was performed over ~1 min epochs at the end of the respective control or 
treatment period. (C) Pooled data showing the effect of baclofen in PC-Δγ2 
(n = 8) and control mice (n = 9), and the reversal of its actions by CGP54626. 
Bars show mean and error bars SEM. Asterisks denote significant difference 
from control firing rate (** p < 0.01).

supports this approach. However, while the average simple spike firing rate may be 
largely recovered by this compensatory mechanism, the temporal fidelity of the Purkinje 
cell simple spike responses to parallel fiber input will be reduced (Figure 9A; panel IV). 
Thus, the model predicts that in PC-Δγ2mice the parallel fiber-evoked simple spikes will 
show greater temporal dispersion (increased ‘jitter’). This prediction is confirmed by 
the experimental data shown in Figure 9B, in which the jitter of the evoked response 
was quantified as the standard deviation of spike latency, measured in a 10 ms window 
following stimulation (control: 0.81 ± 0.14 ms; PC-Δγ2: 1.80 ± 0.10 ms, p < 0.0001, n = 
12 and 11, respectively).  Moreover, acute blockade of GABAA	receptors	with	SR-95531	
significantly increased spike jitter in Purkinje cells from control mice (to 1.45 ± 0.14 ms, p 
= 0.0011; see also Mittmann et al., 2005), whilst, as expected, having no effect in PC-Δγ2 
cells (1.76 ± 0.10 ms with SR-95531, p = 0.605).

As described above, the absence of inhibitory input results in different time 
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Figure 9. Model, simulations and predictions on spiking activities. (A) Schematic illustration of the presumed relationship 
between excitatory and inhibitory influences on simple spike responses. A burst of excitatory synaptic activity (black Gaussian 
curve) elicits simple spike responses in the Purkinje cell when the post-synaptic current crosses an activation threshold (red 
dashed line). The red area represents the temporal distribution of the simple spike response. The black arrow indicates the 
start of the excitatory input. (I) In control cells, feed-forward inhibition (blue area) sets the time window for spike generation. 
(II) Acute block of inhibition results in a large increase in simple spike response, manifested as an increase in Purkinje cell 
average firing rate. (III) In PC-Δγ2 mice the EPSC charge is reduced until the red area is again equal to that in control, providing 
compensation for the loss of inhibition. (IV) Resulting schematic peristimulus-time histograms (PSTHs) of simple spike (SS) 
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averaged statistical properties of simple spike activity (see also Jaeger et al., 1997; 
Steuber et al., 2007). Specifically, the ISI distribution and the CV and CV2	values	of	PC-
Δγ2 Purkinje cells in vivo differed from those in controls, in that the ISI variability was 
lower in the PC-Δγ2 mice, both with and without visual stimulation (Figures 7 and 9C; 
Supplementary Figure S5). Corresponding simple spike ISI distributions and values of 
CV	and	CV2 could be reproduced in our simple spiking model, as shown in Figure 9C. 
Moreover, the model predicts that the variability of simple spike firing in the PC-Δγ2 
mice alters during visuo-vestibular training (Figure 9D I); in effect, their ‘learning’ can 
be modeled as the selection of only a set of excitatory synapses, thereby automatically 
increasing the overall variability of synaptic input (inset of Figure 9D I). This prediction 
was confirmed by comparing Purkinje cell activities recorded before and after visuo-
vestibular training; these experiments showed that both CV and CV2	values	increase	in	
the PC-Δγ2 mice (p < 0.01 and p < 0.005), but not in the controls (p = 0.4 and p = 0.6) 
(Figure 9D II). 

The question remains, how do changes in the temporal patterns of simple spike 
activities lead to changes in plasticity at downstream synapses in the cerebellar and 
vestibular nuclei? In the second part of our model (Figure 10 and Supplementary 
Material), we propose that the induction of plasticity in the vestibular nuclei, necessary 
for the partial transfer of memory from the cortex, is less efficient in the PC-Δγ2 mice 
(Figure 10A). The impairment in plasticity may be due to its putative dependence on the 
precise spike timing of Purkinje cell inhibitory input with respect to that of the mossy 
fiber collaterals (Gittis and du Lac, 2006; see also Aizenman et al., 1998). Such ‘system 
consolidation’ through plasticity in the vestibular nuclei, which is coordinated by Purkinje 
cell output, could involve changes in efficacy of synapses from mossy fiber collaterals 
(Pugh and Raman, 2006; Zhang and Linden, 2006). Conceivably, correlations between 
mossy fiber activity and Purkinje cell output would determine the polarity of synaptic 
weight change in the nuclei (Masuda and Amari, 2007) (Figure 10A). Mossy fiber input 
reaches the vestibular nuclei directly via collateral fibers and indirectly, with a time delay 
T, via the cerebellar cortex. Thus, as the temporal fidelity of Purkinje cell simple spike 
responses in PC-Δγ2 Purkinje cells is disrupted, the nature of the correlation between 
the two signals will be different, thereby impairing the system transfer of memory to 

responses to the excitatory burst. (B) In vitro study of simple spike responses evoked by parallel fiber activation. The data 
show the difference between evoked simple spikes in a Purkinje cell from (I) a control and (II) a PC-Δγ2 mouse. Upper panels 
show raster plots (400 sweeps at 0.5Hz) and lower panels the corresponding PSTHs (0.2 ms bin-width). Arrows and dashed 
lines indicate the time of stimulation. Note the difference in variability of evoked spike latency, which corresponds to the 
predictions presented in panel A. Insets show SD of spike latency measured in a 10 ms window following stimulation (red 
bars; 12 control and 11 PC-Δγ2 cells; error bars denote SEM). In PC-Δγ2 cells, spike jitter was significantly greater than that in 
control cells (* p < 0.0001). As predicted, acute blockade of GABAA	receptors	with	SR-95531	(40	mM; filled columns) had no 
effect in PC-Δγ2 cells, but significantly increased jitter in control cells (* p = 0.0011). (C) Results of a basic integrate-and-fire 
model, with pace-maker activity of ~50 Hz. The ISI distributions (I) and time-averaged statistics (II) of control (blue) and PC-Δγ2 
(red) simple spikes closely resemble those observed in vivo (III and IV also see Fig. 7C. (D) Predictions of changes in variability 
due to cerebellar learning. (I) For the distribution of events in a Poisson process, the ratio of standard deviation to mean 
(s/l) increases with decreasing l, as shown in the inset. For PC-Δγ2 mice, we assume that learning will reduce the number 
of synaptic inputs per unit of time (l) via LTD, but each input will have a stronger post-synaptic effect (due to LTP), thereby 
preserving the mean postsynaptic potential while the standard deviation (sPSP) is increased. Both the CV and CV2	value	of	the	
simple spike ISI distribution positively depend on sPSP, thus predicting an increase of these values after cerebellar adaptation 
in PPC-Δγ2 mice. (II) Experimental changes in spike variability due to cerebellar learning. Extracellular recordings from Purkinje 
cells in the flocculus were obtained in mice subjected to vestibular stimulation in the dark (0.6 Hz VOR) both before and after 
phase reversal training. As predicted, regularity of firing decreased after training in PC-Δγ2 mice (CV p < 0.01; CV2 p < 0.005). 
By contrast, the temporal patterns were unchanged in control mice that reversed their phase. For details see Supplementary 
Material.	
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the	nuclei.
The proposed model can explain how functional removal of feed-forward inhibition 

by molecular layer interneurons in the cerebellar cortex may result in impaired plasticity 
in the vestibular nuclei, but how will such a deficit affect long-term consolidation of 
a motor memory? To assess whether the behavioural phenotype in PC-Δγ2 mice is 
compatible with impaired ‘system consolidation’ at the cellular level, we simulated 
our VOR adaptation data (Figure 10B) using two superimposed exponential learning 
rates (Figures 10C-E): a rate constant in the order of ~10 minutes, to represent initial 
acquisition in the cortex, and a rate constant in the order of hours, to represent gradual 
memory transfer to the nuclei. The VOR gain and phase adaptation during a four-day 
training paradigm in wild-types can be described well by such a model (Figure 10C, blue 
curves). 

Within the framework of this model, plastic adaptation in the nuclei is an important 
factor	in	accomplishing	VOR	phase	reversal.	Slowing	down	the	rate	of	memory	transfer	
to the nuclei in the model (to simulate the impairment discussed above) prevents phase 
reversal from occurring within the modeled four-day paradigm (Figure 10D). Thus, this 
outcome indicates that impairment in phase reversal might be directly related to impaired 

Figure 10. Model, simulations and predictions of plasticity and eye movement behaviour. (A) Schematic illustration of presumed 
dependency of Purkinje cell simple spike output on parallel fiber plasticity. Mossy fiber signals reach the nuclei directly, via 
collaterals, and indirectly, with a time delay T, via the cerebellar cortex (i.e. via MF-GC, GC-PC, and PC-VN connections). The 
simple spike output of the Purkinje cells depends on whether the relevant GC-PC synapses are potentiated (left side) or 
depressed (right side), and this output can be correlated to that of the mossy fiber collaterals over time (shown as covariance). 
These correlations in turn may set the polarity of plastic change in the nuclei, involved in ‘system consolidation’ of a motor 
memory. ‘System consolidation’ in PC-Δγ2 mice can be impaired due to altered correlations as compared to controls. (B) 
Experimental data of VOR adaptation in PC-Δγ2 mice (red) and controls (blue) during a four-day training paradigm: gain down 
training on the first day, followed by three days of phase reversal training. The dashed curves indicate the extent of phase-
shift in the VOR. (C) VOR adaptation was simulated by two learning rates on different timescales, involved in a form of ‘system 
consolidation’ (see Text and Supplementary Materials for details). These simulations describe the data presented in B well. 
(D) The inability of PC-Δγ2 mice to reverse the phase of their VOR during the four-day training paradigm can be accounted 
for by assuming a reduced rate of plasticity induction in the nuclei, as depicted in (A). (E) The inability of PC-Δγ2 mice to carry 
a learned decrease in gain forward to the next training day can be accounted for by incorporating impaired consolidation of 
cortical memory. In this case, phase reversal is still possible (the dashed line crosses zero), although the cortical signal has to 
be relearned at the beginning of each training day. Incorporating both impairments (D and E) in the simulations yields the red 
curve shown in (C). For details see Supplementary Material. 
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plasticity in the vestibular nuclei, resulting from absent cortical inhibition. The inability 
to consolidate a decrease in gain, however, indicates that memory initially acquired in 
the cortex is lost during the post-learning periods between the training sessions. PC-Δγ2 
mice need to re-acquire the new VOR gain at the beginning of each session, and do so 
every time at more or less the same rate (as illustrated in Figure 5). Why might such 
post-learning molecular consolidation processes not function properly in the absence 
of inhibition? Normal cortical activity in the 1-2 hour period directly following learning 
has been shown to be crucial for memory consolidation to occur (Cooke et al., 2004). 
By incorporating a partial loss of cortical memory in between training sessions, the gain 
curve in Figure 10E can be generated and this corresponds closely to the experimental 
gain curve. Moreover, combining both impairments in the model, i.e. a partial loss of 
cortical memory in between sessions and a less efficient memory transfer to the nuclei, 
provides a good description of the overall experimental data on multiple day VOR 
adaptation in PC-Δγ2 mice (Figure 10C, red curves). 

Thus, taken together our data indicate that functional removal of the output of 
molecular layer interneurons in PC-Δγ2 mice leads to altered temporal patterns of simple 
spike activities, which in turn may result in reduced induction of plasticity in the nuclei 
downstream, and thereby contribute to impaired consolidation of motor learning. 

Discussion
Given that the majority of cell types in the cerebellar cortex is inhibitory, it is surprising that 
the functional roles of GABAergic interneurons in the molecular layer of the cerebellum 
have been relatively neglected over the past decades. As a consequence, the significance 
of these cells at the behavioural level has remained, to a large extent, enigmatic. Here 
we show that a key role of cerebellar molecular layer interneurons, and by implication of 
feed-forward inhibition, is to enable the consolidation of procedural memories. This role 
in motor learning is of such prominence that early postnatal elimination of GABAergic 
input to Purkinje cells cannot be compensated for during subsequent development, with 
the consequence that motor performance is slightly, but permanently, affected. Our 
electrophysiological data and computer simulations indicate that the molecular layer 
interneurons exert their influence on cerebellar motor learning by shaping the temporal 
patterns of simple spike responses of Purkinje cells, a role that we suggest is critical for 
plasticity and consolidation in the cerebellar and vestibular nuclei. 

Purkinje cell recurrent collaterals
Although our study was aimed at elucidating the role of molecular layer interneurons, 
we cannot exclude the possibility that recurrent collaterals of Purkinje cell axons also 
contribute to the motor functions described above. In the PC-Δγ2 mouse, we eliminated 
all synaptic GABAA receptors from Purkinje cells, and thereby we also affected any 
input from recurrent collaterals of the Purkinje cells themselves. Yet, several arguments 
suggest that the phenotypes we observed largely reflect the impact of a loss of input 
from molecular layer interneurons. First, the total number of GABAergic terminals onto 
Purkinje cells that derive from basket and stellate cells is vastly more than that from the 
recurrent collaterals (Palay and Chan-Palay, 1974). Second, the basket cells strategically 
synapse at cell bodies of Purkinje cells and here too they outnumber terminals from 
recurrent collaterals (Palay and Chan-Palay, 1974). Third, during phylogeny, inhibition 
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provided by recurrent collaterals of Purkinje cells has been gradually replaced by that 
from molecular layer interneurons (Llinas, 1969; Alvarez-Otero et al., 1995; Gao et al., 
2006; Leto et al., 2006). Thus, even though recurrent collaterals might contribute to 
some extent (Watt et al., 2006; University College London, Proc Physiol Soc 3, C108), it 
is parsimonious to conclude that the feed-forward inhibition provided by the basket and 
stellate cells has a dominant role in cerebellar learning and simple spike patterning in 
mammals.

Signal coding mechanism
Our experimental findings and model simulations, which indicate that molecular layer 
interneurons support motor learning by controlling the temporal pattern of simple 
spike activities, are in line with several recent observations. Specifically, GABAergic 
interneurons in the cerebellar cortex have ample possibilities to induce and express 
plasticity at both the level of their synaptic input and output (Duguid & Smart, 2004; 
Ekerot and Jorntell, 2003; Jorntell and Ekerot, 2002; Kano et al., 1992, Smith and Otis, 
2005). Moreover, simple spike trains of Purkinje cells show significantly more temporal 
patterns than would be expected based upon random activation (Shin et al., 2007), 
and these patterns can be influenced by natural stimuli (Steuber et al., 2007). Finally, 
the proposed mechanism of temporal coding also provides a possible explanation for 
some of the cyto-architectural aspects of the cerebellar network the possible function 
of which has remained unclear. For example, stellate cells and basket cells are electrically 
coupled by gap junctions and their axons are oriented in the sagittal plane controlling 
a zone of Purkinje cells (Mann-Metzer and Yarom, 1999; Van der Giessen et al., 2006) 
(Figure 1). This configuration will promote the occurrence of temporal activity patterns 
in ensembles of Purkinje cells within the same zone, which are known to project to the 
same cerebellar or vestibular nucleus (Schonewille et al., 2006b). The activity patterns of 
individual Purkinje cells in such an ensemble might thus enhance each other and induce 
plasticity at the level of their target neurons in the cerebellar and vestibular nuclei 
(Blazquez et al., 2006; Gittis and du Lac, 2006; Lisberger, 1998; Shin and De Schutter, 
2006; Steuber et al., 2007), which in turn could, as explained in our model, serve as the 
main locus for the consolidation process itself (see also Kassardjian et al., 2005).

Prominent behavioural impact of feed-forward inhibition on consolidation of motor 
memories
PC-Δγ2 mice show no overt signs of ataxia or tremor, unlike knock-outs of the GABAA	
receptor α1 subunit gene (Kralic et al., 2005; see also Wulff et al., 2007). As the loss 
of synaptic GABAA receptors in PC-Δγ2 Purkinje cells is permanent, beginning in the 
second postnatal week (Barski et al., 2000), it appears likely that the system partially 
compensated for the functional loss of input from molecular layer interneurons 
(Miyashita and Nagao, 1984). Indeed, we know from our previous studies, in which we 
made Purkinje cell GABAA receptors (and thus stellate/basket cell synapses) selectively 
sensitive to the positive modulator zolpidem, that ongoing feed-forward inhibition from 
molecular layer interneurons onto Purkinje cells does engage prominently in real-time 
control of baseline motor performance (Wulff et al., 2007). However, this ongoing GABA 
input is dispensable, in as much as compensatory changes appear capable of maintaining 
near-normal function if removal of inhibition is permanent, as in PC-Δγ2 mice. In marked 
contrast, this GABAergic input is indispensable for consolidation of VOR gain adaptation 
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and phase reversal. Apparently, the role of interneurons in this process is so critical that 
their loss cannot be overcome by adaptive changes. We therefore suggest that facilitating 
the consolidation of motor memories is one of the principal functions of molecular layer 
interneurons.

The phenotype of the PC-Δγ2 mice differs from that of other mouse lines in which 
LTD induction at the parallel fiber to Purkinje cell synapse is impaired (De Zeeuw et 
al., 1998a; Feil et al., 2003; van Alphen and De Zeeuw, 2002; Hansel et al., 2006). In 
these mice, which include the L7-PKCi, L7-PKG-/-, and alpha-CaMKII lines, acute motor 
learning is more severely affected than in PC-Δγ2 mice, whereas motor performance 
and consolidation over multiple days of training are less affected (cf. Boyden et al., 
2006). The trend emerging from these phenotypes suggests that the ultimate baseline 
motor performance depends to a greater extent on the consolidation of motor memory 
formation mediated by the molecular layer interneurons and GABAA	receptor-mediated	
feed-forward inhibition, than it does on the acute effects of motor training mediated by 
parallel fiber LTD. On the other hand, it should be noted that our simulations indicate that 
co-induction of LTP at the parallel fiber to Purkinje cell synapse appears less dispensable 
than LTD. Indeed, this hypothesis is supported by experimental evidence from Strata and 
colleagues, who found that adequate levels of both plasticity at the inhibitory synapses 
onto Purkinje cells and LTP at the parallel fiber to Purkinje cell synapse were required for 
associative fear conditioning (Scelfo et al., 2008). Thus, in this scenario, the potentiation 
of GABAergic synapses may balance the LTP of excitatory inputs in a form of scaling, 
which in turn may be essential for memory consolidation downstream in the target 
neurons	of	the	Purkinje	cells.	

General functional implications
To the best of our knowledge, the current study provides one of the most compelling 
pieces of evidence that inhibitory interneurons can play a profound role in procedural 
learning. In the field of cerebellar learning, our study complements numerous previous 
behavioural studies that have addressed the role of the excitatory parallel fiber to 
Purkinje cell synapse. These studies have provided mostly, but not exclusively, supportive 
evidence that parallel fiber LTD may be required for forms of motor learning such as eye-
blink conditioning, locomotion learning, or adaptation of the VOR (Aiba et al., 1994; De 
Zeeuw et al., 1998; Koekkoek et al., 2003; Shibuki et al., 1996; cf. Welsh et al., 2005). 
Our findings suggest that it may also be instructive to further examine how feed-forward 
inhibition might control declarative learning processes. Research in this field has tended 
to emphasize the importance of hippocampal LTP. In the hippocampal and neocortical 
circuitry, where the diversity of GABAergic interneurons is also very high (Somogyi and 
Klausberger, 2005), some interneuron types may serve functions similar to those we 
have identified in the cerebellum. For example, feed-forward inhibitory interneurons in 
the stratum radiatum of the hippocampus may promote the temporal fidelity of synaptic 
integration and action potential generation in pyramidal cells during memory encoding 
(Lamsa et al., 2005; Smith and Mizumori, 2006; see also Pouille & Scanziani, 2001 and 
2004), while administration of GABA targeting drugs in this region can affect spatial 
memory consolidation (McGaugh, 2000). Thus, GABAergic interneurons in different 
brain circuits might play a general role in memory formation by controlling the temporal 
activity patterns of projecting neurons. 
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Integrate-and-fire model and simulations

Simple spike simulation
The absence of inhibitory interneuron input to Purkinje cells deprives the cerebellar cortex 
of a mechanism for dynamic control of Purkinje cell simple spike firing. During ongoing 
cerebellar control of precisely timed movements, molecular layer interneurons might be 
responsible for setting the integration window for EPSPs by actively suppressing EPSPs 
that fall outside this time window, thereby increasing the temporal fidelity of Purkinje 
cell simple spikes (Mittmann et al., 2005). We suggest that in PC-Δγ2 mice, the loss of 
this function might have been compensated for by a decreased Purkinje cell activation, 
as described in Fig. 9A. This hypothesis is supported by the observed decrease in charge 
transfer arising from parallel fiber-evoked EPSCs (Fig. 8). This could explain why the overall 
motor performance of PC-Δγ2 appears relatively normal, although slight impairments 
are observed in OKR and VOR baseline performance (Fig. 4). Such compensation is also 
compatible with the fact that the average firing frequencies of PC-Δγ2 Purkinje cells are 
the same as those of controls (Figs. 6 and 7).

As a direct result of the acute removal of inhibitory input to Purkinje cells, the ISI 
distribution of the simple spikes is altered (Hausser and Clark, 1997; Jaeger et al., 1997; 
see also Text). Such a change was also observed following chronic loss of inhibition in 
the PC-Δγ2 mutants (Figs. 6 and 7). We investigated this using a simple integrate-and-
fire model that captured some of the macroscopic properties of simple spike firing by 
assuming a Gaussian distribution of synaptic input (Fig. 9C).

Synaptic input
The occurrence of parallel fiber synaptic activity was modeled as a homogeneous Poisson 
process	with	II		and	IE  being, respectively, the average inhibitory and excitatory synaptic 
input arriving within a time step Dt . For a large number of inputs the Poisson distribution 

approaches a Gaussian distribution with standard deviation s l= . The post-synaptic 
effect of synaptic input is characterized by transmission factors a and b for excitatory 
and inhibitory input, respectively. Although, in reality, the summation of EPSPs and IPSPs 
is highly non-linear, this assumption should not influence the analysis presented here, 
which relies only on the existence of a positive relation between synaptic input and 
simple spike output. The mean effect on the post-synaptic potential (PSP) is given by 

mPSP = aIE-bII  with standard deviation 2 2
PSP E Is a l b l= + . In the case of the PC-Δγ2 

mice b = 0, and the PSP characteristics simplify to mPSP = aIE , with standard deviation 

PSP Es a l= . As Purkinje cells show significantly more regular patterns than would be 
expected based on random activation (Shin et al., 2007), the synaptic input was low-pass 
filtered with time-constant tPSP and gain 1 to introduce random patterning. The synaptic 
PSP	SPSP  is thus characterized by three independent variables: SPSP, mPSP	and		tPSP.	

Simple spike output
The outputs of the simulation were simple spike trains, characterized by three 
(interdependent) time-averaged ISI properties: mean, CV  and CV2 . The transformation 
of the input space, characterized by SPSP, mPSP	and		tPSP	to	the	output	space	was	performed	
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by means of a basic leaky integrate-and-fire model, which fired a spike when an artificial 
membrane potential Vm  crossed a threshold. The membrane potential had time constant 
tV = 1 ms and was reset to Vrest = -65mV  after the occurrence of a spike. It decayed to 
resting potential Vrest = -45mV , due to a leak current with time constant tV = 29 ms . 
The firing threshold had resting value Trest  and time constant tT = 2 ms  and was reset 
to	Trefract = -40mV  after a spike occurred, to mimic the refractory period. The intrinsic 
spike frequency is given by f = (tVln[(Vrest-Vreset)/(Vrest-Trest)])

-1 , which resulted in  f = 50 Hz 
pace-maker activity for Trest = -55mV . The firing threshold was modulated by the synaptic 
PSPs as T = Trest  + SPSP . The simulations were performed with time step Dt = 1ms , using 
MATLAB.

Learning
Purkinje cells have been proposed to act as ‘adaptive filters’ for parallel fiber input, 
depressing, via LTD, synapses that carry unwanted information and enhancing, via LTP, 
synapses with relevant information. After transition from a ‘naive’ state to a ‘learned’ 
state a Purkinje cell will then be very responsive to a small set of specific synapses, 
while the majority of other synapses will be depressed. A ‘naive’ state in the current 
model corresponds to parallel fiber synaptic input characterized by an overall average 
transmission factor a . Learning, as described above, does not affect the overall synaptic 
transmission via adaptation of a, but instead decreases the number of active synapses 
(corresponding	to	IE ) by a factor d, through LTD, while increasing the post-synaptic effect 
of the selected active synapses through LTP. Assuming the average firing frequency does 

not change due to ‘learning’, the mean PSP after learning is still E
PSP E

l
m da a l

d
= = 	

while the standard deviation has increased to 
E

PSP E
l

s da a d l
d

= =
, i.e. by a 

factor	 d . This provides a possible explanation for the observed increase in variability 
of simple spikes in PC-Δγ2 mice after four days of VOR training (Fig. 9D). In controls, the 
interaction between inhibitory and excitatory synaptic input complicates a macroscopic 
interpretation of the effects of learning on ISI statistics, especially as inhibitory inputs 
are also susceptible to plastic changes (Hansel et al., 2001; Jorntell and Ekerot, 2002; 
Rancillac and Crepel, 2004).

Consolidation
On a longer time scale, Purkinje cell output could guide the induction of various kinds 
of synaptic and/or intrinsic plasticity at the level of their target nuclei (Aizenman and 
Linden, 1999; Aizenman and Linden, 2000; Gittis and du Lac, 2006). These plastic 
changes might be involved in ‘system consolidation’ of cerebellar motor memory; a 
‘learned state’ in the cerebellar cortex might serve as an instruction signal for plasticity 
in the target nuclei, driven by activity in mossy fiber collaterals (Medina et al., 2001; 
Miles and Lisberger, 1981). The polarity of plastic adaptation might be governed by 
similar covariance rules as are known, for example, to govern parallel fiber LTD and 
LTP (Coesmans et al., 2004; Masuda and Amari, 2008). Thus, the functional absence 
of cerebellar cortical interneurons could impair ‘system consolidation’ by shifting the 
preference for one direction of plastic adaptation in the nuclei (see also Fig. 10A).  
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Conclusions
Some of the macroscopic properties of Purkinje cell simple spike firing can be described 
by a simple integrate-and-fire model. The ISI distributions of the simulated spike trains 
resemble those observed in control and PC-Δγ2 mice, providing a possible explanation 
for the effects of VOR learning on simple spike variability.

Simulation of VOR adaptation
Several lines of evidence indicate that the acquisition of cerebellar motor memory is 
characterized by different stages, where memory is stored in distributed locations 
through a form of ‘system consolidation’. Memory formation is believed to take place 
initially in the cerebellar cortex, after which it is partly transferred to a downstream 
site for long-term consolidation during several days of ongoing training (Broussard 
and Kassardjian, 2004; Kassardjian et al., 2005; Raymond et al., 1996). Likely candidate 
sites for consolidation are the deep cerebellar nuclei for the eyeblink and nictitating 
membrane (NM) response (Medina et al., 2001) and the vestibular nuclei for VOR 
adaptation (Lisberger, 1994). Regulation of plasticity at these sites could be instructed 
by specific modulation of inhibitory input that is learned by Purkinje cells (Miles and 
Lisberger, 1981). These findings are strengthened by the variety of different forms of 
intrinsic and synaptic plasticity that have been described in vestibular (Gittis and du 
Lac, 2006) and deep cerebellar nucleus neurons (Aizenman et al., 1998; Aizenman and 
Linden, 2000; Pugh and Raman, 2006; Zhang and Linden, 2006).

Model implementation
Results of VOR adaptation experiments in the current study are interpreted here within 
the framework of the model described above. Initial acquisition of a gain down paradigm 
was achieved within 30-50 minutes of training, comparable to values found by other 
groups (Boyden et al., 2006). Within the framework of the model, this timescale defines 
the rate of acquisition in the cerebellar cortex. The second timescale, defining the rate 
of ‘system consolidation’, was shown to be in the order of days when training trials 
are repeated daily (Kassardjian et al., 2005). These observations are incorporated in a 
schematic polar plot representation of a 4-day VOR adaptation paradigm consisting of 
one day of gain down training followed by three days of phase reversal training (Fig. 

S9A). Head ( H


) and target ( T


) have fixed amplitude and phase during training, and 
therefore have a fixed position in the polar diagram. For convenience the VOR is initially 

perfect, i.e. eye movement ( E


) has the same gain but opposite phase as compared to 

head movement. Initial adaptation in the cerebellar cortex ( C


) is represented by the 
blue arrow, driven by the mismatch between eye and target positions (by ‘position’, we 

mean position in the diagram). System consolidation in the nuclei ( N


) is represented by 
the gradual adaptation of the red arrow, driven by the signal from the cortex. The eye 

position is calculated as ( )E N C= − −
 

. Details and formulas are presented below. Figure 

S9B plots the VOR gain E


 in blue for a simulated control animal. Despite the simplified 
nature of the model, it does describe the data well (compare to Figs. 5 / 10).
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PC-Δγ2 mice display some abnormalities in VOR adaptation: 1) memory of an acquired 
skill partly disappears overnight, and 2) they are unable to reverse the phase of their 
VOR during the 4 day training exercise. Since the rate of initial adaptation in a gain down 
training in these mice is similar to controls (Fig. 5), it appears within the framework of 
the model that acquisition in the cortex is relatively normal. The fact, however, that part 
of the learned behavior has disappeared on the following day, indicates that memory 
is lost in the cortex, since little adaptation will have taken place in the vestibular nuclei 
after 30-50 minutes of training.
 As to the second observation, the inability of PC-Δγ2 mice to reverse the phase 
of their VOR might well be related to impaired plasticity in the vestibular nuclei (see 
also section 1.5). Plastic adaptation in the nuclei is an important prerequisite for phase 
reversal in the current model; therefore, impairment of this plasticity could slow down or 
prevent phase reversal in PC-Δγ2 mice. Figure S9 (a recapitulation of Fig. 10 C-E) shows 
the model interpretation of PC-Δγ2 VOR adaptation data. In Fig. S10A, settings are as in 
Fig. S9B, with the added feature that a portion of the memory in the cortex is abolished 
after each training session, to explain observation 1 (above). In Fig. S10B settings are 
also as in Fig. S9B, with the added feature that the rate of plastic adaptation in the nuclei 
is half that used for Fig. S9, to explain observation 2 (above). Finally, in Fig. S10C, both 
features are included, resulting in an accurate description of the experimental data.

Conclusions
Interpretation of VOR adaptation data in the framework of the distributed memory 
model indicates that the functional removal of cerebellar molecular layer interneurons 
could disrupt the consolidation of motor memory in both the cortex and vestibular 
nuclei. Regarding loss of learned adaption overnight (observation 1), motor learning in 
the cerebellar cortex is most commonly assumed to take place at the parallel fiber to 
Purkinje cell synapse. The initial acquisition in VOR adaptation in PC-Δγ2 mice appears to 
be normal, which is supported by the finding that parallel fiber LTD and LTP induction are 
not impaired in vitro (Fig. S8). The overnight loss of acquired memory, however, indicates 
that the post-learning molecular consolidation of parallel fiber LTD and/or LTP might 

Figure S9. (A) VOR adaptation model in a polar diagram representation. (B) Simulated VOR gain (solid curve) and phase 
corrected gain (dashed curve).
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be impaired. Although the involvement of GABAergic inhibition in these post-learning 
processes is not well known, it has been shown that the post-learning application of 
the GABA agonist muscimol into the cerebellar cortex abolishes a previously learned 
motor response (when given within 2 hours after training; Cooke et al., 2004). This result 
indicates that normal GABAA	receptor-mediated	signaling	within	this	post-learning	period	
is crucial for the molecular consolidation process. Moreover, in hippocampal pyramid 
cells, it is known that the different stages of LTP induction and maintenance relate to 
the different stages of memory acquisition and consolidation in a spatial learning task 
(Pastalkova et al., 2006; Whitlock et al., 2006). The administration of drugs acting on 
GABAA receptors can impair or enhance spatial memory consolidation (McGaugh, 
2000). Since cerebellar parallel fiber synaptic plasticity is almost a mirror image of the 
hippocampal process (Jorntell and Hansel, 2006), it seems likely that GABAergic signaling 
could serve a similar important function in consolidation of a motor memory, albeit with 
a	reversed	polarity.

Model details
Phase and gain of the VOR components were represented by positions in a polar 
diagram, with coordinates [phase, gain]. The positions of head and target were given 

by head [180,1]H =


, target [0,0.5]T =


 for the first session of gain down training, 

and	 [150,0.5]T =  for the last three sessions of phase reversal training. The initial 

conditions of the cortex and nuclei were [0,0]initC =


	and	 [180,1]initN =


. The position 

of the eye at all times was calculated as ( )E N C= − −
 

, and thus had initial value eye 

[0,1]E =


. The cortex was assumed to be able to generate all phase elements, whereas 
the nucleus was restricted to the phase of the head (Masuda and Amari, 2007; 
Raymond and Lisberger, 1998).

The initial mismatch between eye position and target position drives adaptation in the 
cortex:

Figure S10. Simulated PC-Δγ2 VOR gain (solid curves) and phase corrected gain (dashed curves). (A) Cortical memory is 
partially removed after each trial. (B) The rate of system consolidation is reduced. (C) Both impairments described in (A) and 
(B) combined.
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plastN
  is the time derivative and Nt  is the time constant of nucleus adaptation.

Simulations consisted of 4 trials of 1000 steps each, representing the four days of 
the experimental paradigm. Parameter values were carried on from one trial to the 
next without modifications in control simulations, but for PPC-Δγ2 simulations the 

value	of	 C


 was reduced after each trial by 80% 	as	 1 0.2day dayC C+ = ⋅
 

. Further settings 

were	 200Ct = , 0.65Cs = 	and	 0.75Ns = . For controls 1000Nt = , and for PC-Δγ2: 

2000Nt = .
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Discussion

The present thesis describes electrophysiological and behavioural studies in a large 
number of genetically manipulated mice. The combined recording of performance 
and adaptation of compensatory eye movement and Purkinje cell activity with and 
without sensorimotor stimulation in the present work has cumulated to the overview as 
presented in Table 1. A few basic principles can be suggested based on this table. 

6.1 Basic principles in Purkinje cell activity and motor learning
First, strong disruption of normal simple spike firing leading to an increase in irregularity 
(tottering mice) is accompanied by very poor motor performance (Ch. 3.3). Interestingly, 
this is also the only mouse mutant with a significant change in simple spike firing rate 
presented here. Further evidence supporting this link was recently obtained in BK 
channel knockout mice, that have a lower simple spike frequency (Sausbier et al., 2004).  
Deleting Purkinje cells or (part of) the cerebellum leads to comparable motor problems, 
most clearly in the acute situation (see also Van Alphen, 2002). In tottering	mice	(Ch.	
3.3) we found no difference between before and several days after lesion indicating that 
Purkinje cell dysfunction can result in motor problems at least as severe as, but possibly 
even worse, in a situation without cerebellum or Purkinje cells. 

Pf-PC
plasticity
LTD / LTP

Simple	spike
Motor	

performance
Motor	

learning
frequency regularity modulation

Tottering ? / ? ↑ ↓ N ↓↓ ↓(↓)

Anesthe-
tized

N ↓ ↓ ↓↓↓ ?

PICK1
GluR2delta7
GluR2K882A

↓ / N ? ? ? N N

L7-PP2B N / ↓ N ↑ ? ↓ ↓↓

L7-gamma2 N / N N ↑ N ↓ ↓

The	second	principle	that	arises	from	the	work	presented	in	this	thesis	and	summarized	
in Table 1 is related to the -traditionally considered- key element in motor learning, Pf-
PC LTD. We tested plasticity of the parallel fibre to Purkinje cells synapse in five different 
mutant mice strains. In contrast to the majority of literature on this subject that report a 
correlation between impaired Pf-PC LTD and impaired motor learning (Aiba et al., 1994; 
De Zeeuw et al., 1998; Feil et al., 2003; Boyden et al., 2006; Hansel et al., 2006), we find 
both impaired LTD without motor learning problems (Ch. 4.1), as well as normal LTD 
with impaired motor learning (Chs. 4.2 and 5). Together, these data provide substantial 

Table 1. Summary of the cellular, electrophysiological and behavioral phenotypes observed in the different experiments 
described in this thesis, except motor learning in tottering (Stahl et al., 2006).
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evidence against Pf-PC LTD being an absolute requirement for motor learning. We 
therefore explored two other pathways in an attempt to direct future studies. The 
results with L7-PP2B mutant mice (Ch. 4.2) suggest Pf-PC LTP plays a major role in motor 
learning but, considering the experiences with Pf-PC LTD deficient mice, obviously 
further experiments need to be done. Downstream pathways and involved proteins 
affected by phosphatases are largely unknown, but deletion of their genes will have 
to clarify the significance of the pathway. An interesting factor here is formed by the 
molecular layer interneurons, as both the role of inhibition of Purkinje cells and plasticity 
of this inhibition is largely unclear. A recent study has demonstrated that the incoming 
vestibular afferent activity is reciprocal to the outgoing activity of the Purkinje cells 
receiving that input. The switch is suggested to be caused by stellate and basket cells, 
again emphasizing the strong influence of molecular layer interneurons on Purkinje cell 
activity (Barmack and Yakhnitsa, 2008). The finding that CaMKII is required for induction 
of this plasticity of inhibition indicates that kinase mutant behavioural results may have 
been confounded by a concomitant loss of inhibitory input plasticity (Kano et al., 1992). 
Recent evidence also suggests that the result of simultaneous parallel and climbing fibre 
stimulation on Purkinje cell output strongly depends on the ratio between inhibitory 
and excitatory input (Mittmann and Hausser, 2007). The fact that only consolidation 
is affected in mice with Purkinje cell inhibition, however, confirms that other, plastic, 
synapses	are	involved.

Finally, a pattern can be seen in the results obtained in mice without Pf-PC 
LTP (Ch. 4.2) and mice without inhibitory input onto Purkinje cells (Ch. 5). Although 
the mutations affect apparently very different parts of the cerebellar network (Pf-PC 
plasticity vs. MLI-PC contact) the resulting phenotype is comparable in several aspects. 
Both cause an impaired motor performance with a small but significant effect on OKR 
and an increase in VOR gain, impaired motor learning and a change in inter simple 
spike interval distributions towards more regular firing, particularly on small timescales 
that were measured by calculating CV2. Despite the apparent difference between the 
two types of mutations, there might be one or more common pathway(s). First, it is 
possible that the mutations are in fact not that different. Although phosphatase 2B in 
Purkinje cells is primarily known to be involved in LTP, a role in other pathways cannot 
be excluded. In fact, the striking observation that ‘kinase mutations’ delete Pf-PC LTD 
and motor learning but mutations downstream delete Pf-PC LTD but do not affect motor 
learning could be interpreted as evidence for an alternative pathway for the effects of 
kinases and perhaps also phosphatases. For example, the former has been implicated in 
the induction of rebound potentiation, which is the potentiation of GABAergic inhibition 
onto Purkinje cells by concomitant climbing fibre stimulation (Kano et al., 1992; Kano 
et al., 1996). Since kinases and phosphatases are believed to counteract each other 
(Lisman, 1989; Lisman and Zhabotinsky, 2001; Belmeguenai and Hansel, 2005), deletion 
of phosphatases could also influence (plasticity of) MLI inhibition of Purkinje cells. In 
theory, this could ultimately have an effect comparable to that seen in mice without 
Purkinje cell inhibition, where the additional features of the phenotype in L7-PP2B may 
be explained by the effect of phosphatase deletion on parallel fibre to Purkinje cell 
synapses.

 Alternatively, the mutation may be very different but may result in the same effect 
on the output of the cell. Assuming that inter simple spike interval (ISSI) distributions are 
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strongly linked to behaviour (Ch. 3.2, 3.3, 4.2 and 5), the mutations could thereby cause 
the same effect on motor control. Without Pf-PC LTP parallel fibre input will generally be 
weaker, most likely resulting in a lower number of short inter simple spike intervals. In 
contrast the loss of inhibition putatively causes a lower number of long inter simple spike 
intervals, as molecular layer interneuron activity removes single simple spikes rather 
than decreasing firing rate for a longer period (Hausser and Clark, 1997). However, as 
mentioned before, Purkinje cells appear to have a preferred firing rate of ~50-60 Hz with 
the only exceptions found in ataxic mice. Therefore one could assume that compensatory 
mechanisms are present to retain this frequency. This compensation would in turn lead 
to comparably shaped ISSI distributions in otherwise very different mutant mice. The 
factors controlling Purkinje cell activity and the consequences of Purkinje cell activity on 
deep cerebellar nuclei neurons are discussed below.

6.2 Causes of Purkinje cell activity
Although the firing frequency is the predominant parameter for Purkinje cell simple spike 
firing pattern analysis, various recent studies show that there must be more information 
in the Purkinje cell firing patterns than just frequency. For instance, theoreticians have 
recognized that the impact of noise levels (i.e. regularity of firing) in neuronal network 
models (Mar et al., 1999; Steinmetz et al., 2001; Tiesinga et al., 2002; De Zeeuw et al., 
2008) greatly influence the transport of information. Various phenomena influence the 
temporal spike coding, and this thesis provides evidence that the disturbance of this 
coding minimizes the effect of modulation by Purkinje cells (Ch. 3.3). 

Thus, in theory a basis exists for a discussion on the role of exact timing of simple 
spike firing. In this thesis several studies have implicated the relevance of simple spike 
timing in relation to motor behaviour: Ch. 3.2 demonstrated an increase in the regularity 
of simple spike firing in response to tactile stimulation, Ch 3.3 showed that when the 
irregularity is permanently higher the impact of modulation in response to sensorimotor 
behaviour is minimized and Chs. 4.2 and 5 demonstrate more subtle changes in regularity 
in combination with motor learning problems.  These studies indicate that not only the 
average firing frequency, which has been the popular measure for characterizing the 
simple spike firing pattern, but also the regularity of simple spike firing is important for 
the transfer of information.  Below we review possible causes of irregular simple spike 
firing as well as the possible consequences.

Simple spike firing of Purkinje cells in vivo has always been considered to be 
quite irregular (C.V. ~ 0.5, this thesis), but we found it to consist of many shorter regular 
periods with CV < 0.2 for several consecutive ISSIs (Ch. 3.2). Purkinje cell firing in vivo	
can become highly irregular as a result of certain anaesthetics (Ch. 3.1) or a particular 
genetic mutation (Ch. 3.3). Deregulation of simple spike firing can be caused by 
numerous endogenous and exogenous variables. The regular action potential firing of 
Purkinje	cells	in vitro becomes more irregular upon application of particular pharmaca 
(Williams et al., 2002), and through inhibitory input (Hausser and Clark, 1997). In 
addition, we demonstrated how various intracellular mechanisms as well as the use of 
various anaesthetics affect the regularity of simple spike firing (Ch. 3). These and other 
influences will be reviewed below in order to shed a light on what the possible causes of 
disturbances in the regularity of simple spike firing are. 

In chapter 3.3 we demonstrate that regularity of simple spike firing is grossly 
affected by mutations in a P/Q-type voltage-gated Ca2+-channel	mutant	called	tottering	
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(Ch. 3.3). These mice are characterized by a single, spontaneous point mutation in the 
CACNA1A gene, which codes for the α1A-subunit of the P/Q-type channel (Fletcher et 
al., 1996). In wild type mice this channel gates >90% of high-voltage-activated Ca2+-influx 
whereas	in	tottering the P/Q-type current density is ~45% lower (Wakamori et al., 1998). 
We hypothesized that the decrease in P/Q-type function leads to an irregular simple spike 
firing through increased GABAergic input from inhibitory interneurons and decreased 
Ca2+-activated K+-channel function.  The increased input from inhibitory interneurons 
is illustrated by the fact that GABAB-receptor activation has a direct effect on P/Q-type 
Ca2+-influx (Mintz and Bean, 1993). In addition, in vitro experiments showed that 1) 
bath application of GABAergic antagonists cause more regular action potential firing in 
Purkinje cells, and 2) single action potentials of cerebellar inhibitory interneuron delays 
single action potentials in Purkinje cells (Hausser and Clark, 1997). These results show 
that the activation of GABA-receptors induces irregular action potential firing in Purkinje 
cells	in vitro and thus could be causal to the increased irregularity of simple spike firing 
as	found	in	tottering. Interestingly, Zhou et al. showed increased influence of inhibitory 
interneurons on the neurotransmitter release from parallel fibre terminals in tottering	
(Zhou et al., 2003), which acts additional to the decreased postsynaptic excitation 
following parallel fibre stimulation in increasing inhibitory influence (Matsushita et al., 
2002). This correlation between increased influence of inhibition and irregularity fits 
the one between decreased inhibition and irregularity, as observed in Chapter 5. The 
common denominator in irregular simple spike firing patterns could thus very well be 
found in the GABAergic input to cerebellar Purkinje cells.  

Pathogenic alterations of the Purkinje cell’s intracellular excitability and inhibitory 
synaptic input as found in CACNA1A mutants are not the sole source of irregular simple 
spike firing patterns. Highly irregular action potential firing patterns have been described 
in various types of neurons in various species (Heyward et al., 2001; Egorov et al., 2002) 
and have also been linked to shifts in the membrane potential between multiple preferred 
states, which can be sustained without any synaptic input and result in either action 
potential firing (‘up-state’) or silence (‘down-state’). Loewenstein and colleagues (2005) 
performed	in vivo recordings in whole-cell configuration in the cerebellum of anesthetized 
rats and guinea pigs and showed that in Purkinje cells the switch between the two states 
could be triggered by injecting a current pulse or by a sensory activation of climbing 
fibre activity (‘toggling’) and that 24 out of 24 Purkinje cells recorded under ketamine 
/ xylazine anaesthesia showed bistable membrane potential and spike output .  Since 
anaesthetics can affect the membrane potentials directly and indirectly (MacIver and 
Kendig, 1991; Franks and Lieb, 1994), we further investigated the phenomenon in awake 
and behaving animals under physiological conditions.  After convincingly showing that 
every extracellularly recorded simple spike consistently corresponds to an intracellularly 
recorded action potential we showed that bistability hardly occurs in awake animals 
and that natural sensory stimulation, motor performance, or motor learning does not 
increase the occurrence, while it is prominently present under isoflurane or ketamine 
/ xylazine anaesthesia. However, Chapter 3.2 shows that the number of long (>10) 
regular simple spike patterns was significantly higher in anesthetized mice and rats when 
compared to awake animals. The origin of the apparent conflict in data can be found in 
the chosen length of the considered time interval. When CV is calculated all ISSIs are 
used to determine regularity, independent of their temporal order, and thus a limited 
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Figure 1. Schematic drawing of intra- and extracerebellar connections.
The cerebellar cortex receives main excitatory inputs (black) from the inferior olive (IO) and pontine regions (PR), and provides 
via the Purkinje cell axons an inhibitory feedback (grey) to the vestibular and cerebellar nuclei (VN and CN, respectively). The 
outputs of VN and CN create a short loop by inhibiting the IO and two longer loops by exciting the mesodiencephalic junction 
(MDJ) and thalamus (TH). The TH excites various parts of the cerebral cortex among which the sensorimotor cortex (SMC), 
which in turn provides descending projections back to the PR and via the MDJ to the IO.  

number of very long pauses will strongly increase the calculated value (resulting in the 
high values described in Ch. 3.1). When short time intervals are chosen -by calculating 
CV2 as done in Chapter 3.1- bistable Purkinje cells could be considered regular since 
the regular firing in upstates contributes relatively more. The validity of the statement 
that certain anaesthetics increase irregular Purkinje cell firing therefore depends on the 
length of the time interval that is considered. 

As mentioned above, one of the first influences on simple spike firing was identified 
as the input of molecular layer interneurons. Hausser and Clark (1997) described how 
molecular layer interneuron activity rather than decreasing the average firing rate, 
‘takes out’ single simple spikes. This has a clearly different effect on for instance the 
regularity (CV or CV2), which is not that much effected by a slow decrease of firing rate, 
but strongly effected by the absence or delay of a single spike. In addition, it also creates 
a pause that could have a pronounced effect in the DCN, which will be discussed later. 
This	in vitro study was confirmed in vivo	and	correlated	to	a	phenotype	in	mutant	mice	
in which selectively in Purkinje cells the g2 subunit of the GABAA	receptor	as	knocked	out	
(Ch. 5). When motor behaviour was tested using compensatory eye movement reflexes, 
these mice displayed minor performance problems, a poor consolidation over night of 
adapted reflexes and (thus) an inability to complete a complex multiple day training 
paradigm. In vivo recordings of Purkinje cell activity confirmed the higher regularity of 
simple spike firing (CV and CV2 both ~20% lower) in mice lacking Purkinje cell inhibition. 

Although the study described in Chapter 5 to the best of our knowledge is the 
first example of a genetic deletion of inhibition, several studies have implicated the 
importance for inhibition in the cerebellar cortex in motor performance. The effect of 
local application of inhibition blockers on Purkinje cell modulation caused by VOR stimulus 
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was inconsistent, but modulation shifted more often towards the in phase than the out 
phase type (Miyashita and Nagao, 1984). Interesting too here is the work of Jorntell 
and Ekerot who first demonstrated that receptive fields (on the forelimb) for climbing 
fibre and parallel fibre of local Purkinje cells differ, but are similar for interneurons 
and climbing fibres, most probably caused by bidirectional CF-specific PF plasticity 
(Ekerot and Jorntell, 2001; Jorntell and Ekerot, 2002). Further experiments suggested 
an important role for granule cells and/or the parallel fibre to interneuron synapse in 
this plasticity (Jorntell and Ekerot, 2003). In a series of studies Mittmann and colleagues 
have, adapted from studies in the hippocampus, provided evidence for the role of 
MLIs in controlling precise simple spike timing in Purkinje cells (Mittmann et al., 2004; 
Mittmann et al., 2005). Subsequently, they demonstrated that concomitant parallel and 
climbing activity induced LTD both at the parallel fibre and the interneuron to Purkinje 
cell synapse (Mittmann and Hausser, 2007), the latter being in sharp contrast with earlier 
findings (Kano et al., 1992). Consequently, the ultimate effect of concomitant cling and 
parallel fibre activity on Purkinje cell output will depend on the balance of excitatory 
and inhibitory input to that Purkinje cell. Steuber and colleagues (2007) suggested, 
based on a model confirmed with experimental data, that the duration of the pause 
after parallel fibre-induced burst as the ideal criterion to distinguish learned patterns. 
Moreover, in a classical conditioning paradigm Purkinje cell activity was inhibited during 
the acquisition and disinhibited during extinction, again suggestive of a role for Purkinje 
cell inhibition (Jirenhed et al., 2007). All together these data emphasize the significance 
of molecular layer interneuron activity during motor learning; a theory that requires 
further investigation. 

6.3 Consequences of Purkinje cell activity
Both the Purkinje cell axon and its terminal separately affect the information transfer 
downstream of Purkinje cells.  Purkinje cell axons transmit simple spikes as single action 
potentials and complex spikes as bursts of action potentials (Ito and Simpson, 1971). 
Recent findings by several laboratories show a possible consequence of irregular firing 
pattern for action potential propagation along the Purkinje cell axon (Khaliq and Raman, 
2005; Monsivais et al., 2005). These studies indicate that the propagation of a burst of 
action potentials caused for instance by the activation of a climbing fibre is incomplete; 
only one or two spikes propagated, contradicting observations in vivo (Ito and Simpson, 
1971). Furthermore, Monsivais et al. showed that action potential propagation through 
the Purkinje cell axon is limited to ≤260 Hz, with Na+-channel inactivation as the limiting 
factor (Monsivais et al., 2005). These findings are in line with evidence showing that 
small reductions in Na+-current can increase the refractory period, reduce maximal 
firing frequency (Madeja, 2000), and inhibit propagation of action potentials in axons 
(Kopysova and Debanne, 1998). Note however that in tottering and BK-/- mice, both 
affected by an altered Ca2+-homeostasis, instantaneous firing frequencies reach up to 
500 Hz (Ch. 3.3) (Sausbier et al., 2004), suggesting that Ca2+-homeostasis	is	crucial	for	the	
refractory period and thus for the maximum firing rate. 

One of the prominent questions in the field concerns the effect of (irregular) 
simple spike firing on target neurons in the cerebellar nuclei (Fig. 1). The convergence of 
synaptic inputs on Purkinje target neurons needs to be known to answer this question. 
Palkovits et al. (1977) stated that inhibitory synaptic inputs show a large convergence of 
1000:1. In addition they stated that the number of Purkinje cell contacts per cerebellar 
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nucleus neuron was ~13 and that the number of boutons made by single Purkinje cell 
axons on single cerebellar nuclei neurons ranges between 1 and 50, a statement that 
was later confirmed by (Pedroarena and Schwarz, 2003).  Additionally, locally projecting 
small inhibitory GABAergic interneurons have been found in the cerebellar nuclei (Batini 
et al., 1992), which add up to the massive inhibitory input (75% of the total synaptic 
input) (De Zeeuw et al., 1995) cerebellar nuclei neurons receive. 

Obviously, in addition to convergence synchrony, the occurrence of spikes nearly 
simultaneously in different Purkinje cells, can have a great influence on information 
transfer downstream of Purkinje cells (see also Fig. 2A). The fact that a sagittal array of 
Purkinje cells can be contacted by the same climbing fibre and/or MLI(s) and contact 
the same cerebellar nucleus neuron emphasizes to the possible relevance of synchrony 
in Purkinje cell activity. It has to be stated that the occurrence and level of Purkinje 
cell synchronous firing has been a matter of debate for decades, with several studies 
providing evidence supporting (Bell and Grimm, 1969; De Zeeuw et al., 1997; Heck et 
al., 2007) and against (Ebner and Bloedel, 1981; Jaeger, 2003) the existence. In Chapter 
3.2 we describe how regular patterns coincide in nearby Purkinje cells, without precise 
simple spike synchronization. Additional support could be considered to come from 
studies demonstrating the occurrence of (low to very high frequency) oscillations in the 
cerebellar cortex (Middleton and Strick, 1994; Hansel et al., 2001; Courtemanche and 
Lamarre, 2005; de Solages et al., 2008; Van Der Giessen et al., 2008), but the enhanced 
oscillations in an ataxic mouse mutant could be interpreted as contradictory support (as 
reviewed by Cheron et al., 2008; De Zeeuw et al., 2008). 

The complexity of afferent synaptic input on cerebellar nuclei neurons is 
extended by the fact that large numbers of excitatory fibres contact these neurons too.  
Palkovitz et al. and Chan-Palay postulated that ~2000 excitatory synapses contact a 

Figure 2. Inhibitory gain control on excitatory transmission.
Firing rate gain in the cerebellar nucleus (CN) following excitation (I) by the mossy fiber collaterals from the pontine region (PR) 
may be regulated by synchronous, high frequency oscillations in the inhibitory activities of the Purkinje cells. The PC spike-time 
dispersion (σ) is inversely related to the synchrony of this network oscillation. B) The CN firing rate versus mossy fiber collateral 
(mfc) input current (I) plots are shown for different values of the Purkinje cell (PC) jitter. As the jitter is decreased from 5 to 1 
ms (from bottom to top), the gain of the CN responses to the excitatory mfc inputs is dramatically increased. This interaction 
between mfc inputs and PC synchrony might be one of the potential mechanisms by which high frequency oscillations in the 
cerebellar cortex exert their effects. Adapted with permission from Tiesinga et al., 2004 and Sejnowski and Paulsen, 2006). 
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single neuron in the cerebellar nuclei (Chan-Palay, 1977; Palkovits et al., 1977).  These 
inputs originate in various precerebellar nuclei and the inferior olive in the brainstem 
and innervate cerebellar nuclei neurons through collaterals of mossy fibres and climbing 
fibres, respectively.  Each fibre may form multiple synaptic contacts and Gauck and 
Jaeger estimated the convergence to be around 200:1, meaning that each fibre makes 
10 synaptic contacts (Gauck and Jaeger, 2003). As cerebellar nuclei neurons receive both 
the direct mossy fibre input and the indirect mossy fibre activity containing Purkinje 
cell output, their firing pattern will thus reflect the sum of all computations that are 
performed in the cerebellar system.  

But what do these cerebellar nuclei neurons do with this massive synaptic input 
and what is the effect of synchrony of the inhibitory input?  Work in the visual cortex 
has led to the hypothesis that synchronized inhibition can provide gain control of the 
target neuron, where synchronized activity resulted in a higher firing rate with the same 
excitatory input (Fig. 2) (Tiesinga et al., 2004; Sejnowski and Paulsen, 2006). The work of 
Gauck and Jaeger also has been particularly informative on this matter (Gauck and Jaeger, 
2000, 2003). They showed that when cerebellar nuclei neurons that were recorded in 
vitro using a dynamic current clamp conformation (Robinson and Kawai, 1993), creating 
the possibility to mimic synaptic input, DCN neurons showed reproducible spiking 
patterns in response to synchronized inhibitory input. It must be noted though, that 
Gauck and Jaeger ignored the possible effects of transient decreases and increases in the 
input activity, i.e., firing frequency of the both excitatory and inhibitory afferent fibres. 
These characteristics are of great importance for understanding the effect of Purkinje 
cell input on DCN neurons and are directly related to how irregular Purkinje cell firing 
can affect the downstream information transfer.  

However, one should be careful drawing conclusions considering the fact that 
recent literature on Purkinje cell – cerebellar nucleus neuron contacts does not provide 
a conclusive image of what the possible effects of increased irregularity could be on the 
information transfer.  The results described in chapter 3.2, using theoretical modelling 
and Purkinje cell recordings, indicate that information transfer, i.e. synaptic transmission, 
is most prominent when the regularity is highest.  In contrast, the results described in 
chapter 5 emphasize that the regularity can also be too high. This suggests there is an 
ideal level of regularity, at which information transfer and thereby cerebellar function is 
optimal. But the relevance of these results can only become evident when it is shown 
what the individual Purkinje cell firing patterns are of all Purkinje cells that project onto 
a single cerebellar nucleus neuron.

6.4 Conclusions and perspectives
So is there more in the simple spike data than just the average firing frequency?  The 
data in this thesis provide direct and indirect evidence that firing frequency is not the 
sole simple spike parameter that carries information downstream of the cerebellar 
cortex, but that the level of regularity of firing is equally as important. Both increased 
(Ch. 3.3) and decreased (Ch. 4.2 and 5) regularity has been found in relation to affected 
motor behaviour, indicating the existence of an optimal range of firing regularity. The 
exact requirements of simple spike firing pattern need to be further elucidated, for 
instance through careful examination of the Purkinje cell activity of during adaptation in 
both learning and non-learning mice. Combined recordings from the deep cerebellar or 
vestibular nuclei could significantly aid this research.
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Summary
	

This thesis attempts to correlate cerebellar Purkinje cell spiking activities to motor 
performance	and	motor	 learning.	To	do	so	we	evoked	compensatory	eye	movements	
in mice by visual and/or vestibular stimulation, and recorded the eye movements and 
floccular Purkinje cell activity. The relationship between the flocculus and eye movements 
has been previously established in several species, and a zonal organization has been 
described in for instance the cat (Groenewegen and Voogd, 1977) and the rabbit (Van 
der Steen et al., 1994). Though recordings have been made from the mouse flocculus, no 
studies have focused on the organization of the flocculus in mice. 

In chapter 2 we demonstrate that the flocculus in the mouse has five zones: 
two vertical axis (VA), two horizontal axis (HA) and a non-responsive zone(s), comparable 
to the rabbit. Additionally, we show that discrete regions in the inferior olive send 
climbing fibres to the flocculus, and that floccular projections also adhere to the system 
of separate modules. This study forms the basis for the subsequent chapters on motor 
performance and motor learning in relation to Purkinje cell activity. 

In the next chapter we focus on the simple spikes and their temporal 
distribution. First, we provide strong evidence against the acclaimed role for Purkinje 
cell membrane potential bistability. We demonstrated with intracellular recordings that 
during the hyperpolarized downstate no simple spikes are fired, while in the depolarized 
upstate there always is simple spike activity, thereby permitting the use of extracellular 
recordings to test the occurrence of bistability in vivo. We then recorded Purkinje cells 
under several conditions and in normal and mutant mice and found that Purkinje cells in 
awake behaving animals are virtually always in the upstate, and downstates can only be 
observed in anesthetized mice and/or mice with genetic mutations. Next, we focus on 
Purkinje cell activity patterns and find that simple spike activities occur regularly when 
examined on small timescales, in contrast to the highly irregular activity over longer 
periods. The fact that regular patterns coincide in nearby Purkinje cells, taken together 
with the modelled effect on the DCN, suggest that PCs may transfer information, at least 
in part, in regular spike patterns to downstream DCN neurons. Third, we demonstrate 
the importance of simple spike firing patterns for motor behaviour using the tottering	
natural mutant. These mice with a mutation of voltage gated calcium channels -most 
abundantly present in Purkinje cells- suffer from severe ataxia. We show that motor 
performance	 in	 tottering mice is very poor, and is not further impaired by ablation 
of the flocculus. Simple spike firing activity is highly irregular, but still shows ‘normal’ 
average modulation when a visual stimulus is given. These contradictory results stress 
the devastating effect of noise in simple spike firing and the importance of the spike 
regularity for normal motor behaviour.

In Chapter 4 we go into a major question in cerebellar research, the exact locus 
of motor learning. First we provide strong evidence against the role of Pf-PC LTD in motor 
learning, by studying VOR adaptation in three different mouse mutants with mutations 
downstream of the kinase pathway that has been strongly implicated motor learning, 
as described in further detail in the introduction (Chapter 1). All three mutant mice 
adapted normally in both short and long term learning paradigms, contradicting the 
longstanding hypothesis that Pf-PC LTD is the key element in cerebellar motor learning, 
at least for VOR adaptation. Next, we tested the role of calcineurin and the phosphatase 
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pathway, which, when activated, counteracts the kinase pathway and leads to Pf-PC LTP. 
In cerebellar slices of mutant mice with a Purkinje cell specific ablation of calcineurin or 
phosphatase 2B (PP2B), we found that PP2B is required for Pf-PC LTP but not for LTD. 
Mice without PP2B in Purkinje cells have mild motor performance problems and severe 
short and long term motor learning problems, but LTD is not affected. Additionally, we 
observed a distinct change in the shape of the intersimple spike interval distributions 
with significantly less higher and lower frequencies, and thus more regular firing, in the 
mutant	mice.	

In Chapter 5 we investigated a relatively unexplored area in cerebellar research: 
the role of molecular layer interneurons (MLIs) in motor behaviour. To do so we used 
mice with Purkinje cell specific mutation that keeps GABAA	 receptors	 outside	 the	
synapse, thereby rendering the molecular layer interneurons ineffective. These mutants 
showed a clear phenotype: motor performance was slightly affected and particularly 
long-term motor learning and the inter simple spike interval distributions were severely 
affected. The simple spike activity of Purkinje cells in the mutant mice showed abnormal 
temporal patterns, both during and in the absence of naturally evoked compensatory 
eye movements, whereas mean firing frequencies were unaffected. We used these 
experimental data to generate computer simulations of the vestibulo-cerebellar 
system. Based on the experimental data and computer simulations we propose that 
feed-forward inhibition from molecular layer interneurons, by controlling the temporal 
patterns of Purkinje cell activity, is necessary for the consolidation of cerebellar learning 
in downstream neurons of the cerebellar and vestibular nuclei. 
All in all, the present thesis describes electrophysiological and behavioural studies in 
a large number of genetically manipulated mice. Although individual mutant mouse 
strains often lead to interesting hypotheses, ultimately the features found using 
molecular, electrophysiological and behavioural analysis of a spectrum of genetically or 
pharmacologically	manipulated	mice	will	have	to	lead	to	the	general	understanding	of	
cerebellar learning rules and codes.
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Dit proefschrift tracht cerebellaire Purkinje cel activiteit te correleren aan motorisch 
gedrag en motorisch leren. Ten einde dit doel te bereiken, hebben we compensatoire 
oogbewegingen opgewekt in muizen met visuele en vestibulaire stimulatie, en de 
oogbewegingen en Purkinje cel activiteit in de flocculus gemeten. De sterke relatie 
tussen de flocculus en oogbewegingen eerst eerder uitgebreid beschreven in meerdere 
diersoorten, en een gezoneerde organisatie is beschreven voor de kat (R) en het konijn 
(R). Alhoewel metingen in de flocculus van de muis al eerder gedaan zijn, is de organisatie 
van de floucculus in de muis nog niet onderzocht. In hoofdstuk 2 tonen we aan dat de 
flocculus in de muis 5 zones heeft: twee verticale as (VA), twee horizontale as (HA) en 
een zone die niet reageert op visuele stimulatie. Daarnaast tonen we aan dat specifieke 
gebieden in de inferieure olijf klimvezels sturen naar de flocculus en dat de flocculaire 
projecties zich ook aan deze scheiding van modules houden. Deze studie vormt deze 
basis voor de hierop volgende hoofdstukken over motorisch gedrag en motorisch leren 
in relatie tot Purkinje cel activiteit.
	 In	het	volgende	hoofdstuk	richten	we	ons	op	de	simple	spikes	en	hun	temporele	
distributie. In paragraaf 1 leveren bewijs tegen de geclaimde rol van membraan potentiaal 
bistabiliteit van Purkinje cellen. Door middel van intracellulaire metingen tonen we aan 
dat tijdens ‘downstates’ geen actiepotentialen gevuurd worden, terwijl er in de ‘upstate’ 
altijd simple spike activiteit is. Dit maakt het mogelijk extracellulaire metingen te 
gebruiken om het voorkomen van bistabiliteit in vivo te bestuderen.  Vervolgens hebben 
de Purkinje cel activiteit gemeten onder verschillende omstandigheden en in normale 
en mutant muizen en vonden dat Purkinje cellen in wakkere, actieve muizen zo goed 
als altijd in de ‘upstate’ verkeren en dat ‘downstates’ vrijwel alleen in geanestheseerde 
en/of mutant muizen. Vervolgens richten we ons op Purkinje cel vuurpatronen en tonen 
aan dat simple spikes zeer regelmatig zijn op kleine tijdschalen, terwijl ze over grotere 
perioden juist onregelmatig zijn. Het feit dat regelmatige patronen in nabij gelegen 
Purkinje cellen gelijktijdig voorkomen, samen met het gemodelleerde effect hiervan op 
de diep cerebellaire kernen (DCN), suggereert dat Purkinje cellen tenminste ten dele 
informatie doorgeven aan de DCN cellen door middel van regelmatige patronen. Ten 
derde tonen we met behulp van de tottering muis het belang aan van simple spikes 
vuurpatronen in motorisch gedrag. Deze muizen hebben een heterozygote mutatie 
van een voltage-gevoelig calcium kanaal, welke voornamelijk tot expressie komt in 
Purkinje cellen, en leiden aan een ernstige vorm van ataxie. We tonen aan dat motorisch 
gedrag bijzonder sterk aangedaan is in tottering muizen, zo sterk dat verwijdering 
van de flocculus geen invloed meer heeft. Simple spike vuurpatronen zijn bijzonder 
onregelmatig, maar herhaalde visuele stimulatie leidt nog steeds tot een ‘normale’ 
gemiddelde response. Deze tegenstrijdigheid benadrukt het desastreuze effect van ruis 
in simple spike vuurpatronen en het belang van regelmatigheid van Purkinje cel vuren 
voor	normaal	motorisch	gedrag.	
In hoofdstuk 4 onderzoeken we een belangrijk vraagstuk in cerebellair onderzoek, de 
exacte plaats waar het motorisch leren plaats vindt. We trekken de bestaande hypothese 
draaiend om de rol van Pf-PC LTD in twijfel, door de VOR adaptatie te bestuderen in 
drie verschillende transgene muizen, allen met mutatie in eiwitten downstream in het 
kinase-pad	 dat	 sterk	 gekoppeld	 is	 aan	 motorisch	 leren.	 Alle	 drie	 de	 transgenen	 leren	



201

Samenvatting

vergelijkbaar met de controle muizen in zowel het korte als lange termijn adapteren. Dit 
weerspreekt, in ieder geval voor VOR adaptatie, dat de oude hypothese dat Pf-PC LTD het 
belangrijkste element in motorisch leren is. Vervolgens hebben we de rol van calcineurin 
en daarmee het phosphatase-pad bestudeerd, het pad dat wanneer geactiveerd het 
kinase-pad tegenwerkt en leidt tot Pf-PC LTP. In plakjes van het cerebellum van de 
transgene muizen met een Purkinje cel specifieke deletie van calcineurin (PP2B) tonen 
we aan dat PP2B noodzakelijk is voor Pf-PC LTP maar niet LTD. Muizen zonder PP2B in 
hun Purkinje cellen hebben een licht motorisch gedragsprobleem, en ernstige korte en 
lange termijn adaptatieproblemen. Daarnaast vonden we een scherpe verandering in 
de vorm van de inter simple spike interval distributies met significant grote en kleine 
intervallen, en dus meer regelmatigheid, in de transgene muizen. 
In hoofdstuk 5 onderzoeken we een relatief onontgonnen terrein in het cerebellaire 
onderzoek: de rol van inhibitie van moleculaire laag interneuronen. Hiervoor hebben 
we gebruik gemaakt van muizen met een Purkinje cel specifieke mutatie die voorkomt 
dat de GABAA-receptor in de synapse samenkomen, waardoor de moleculaire laag 
interneuronen hun functie verliezen. Deze transgenen vertoonden een duidelijk 
fenotype: motorisch gedrag was licht aangedaan, en voornamelijk lange termijn 
motorisch leren en de inter simple spike interval distributies zijn sterk aangedaan. Het 
simple spike vuurgedrag van de transgenen vertonen abnormale patronen, zowel in 
rust als tijdens visuele of vestibulaire stimulatie, terwijl de gemiddelde vuurfrequentie 
niet is aangedaan. Met behulp van experimentele data hebben we computer simulaties 
gemaakt van het vestibulo-cerebellaire systeem. Op basis van de experimentele data en 
computer simulaties komen we tot de volgende hypothese: feed-forward inhibitie van 
moleculaire laag interneuronen is, door middel van controle op Purkinje cel vuurpatronen, 
noodzakelijk voor de consolidatie van cerebellair leren in de cellen downstream van de 
flocculus. 
Over het geheel genomen beschrijft dit proefschrift elektrofysiologische en gedragsstudies 
in een groot aantal genetisch gemanipuleerde muizen. Hoewel individuele muismodellen 
vaak leiden tot interessante hypotheses, zal uiteindelijk de volledige karakterisering op 
moleculair, elektrofysiologisch en gedragsniveau van een spectrum aan genetisch of 
farmacologisch gemanipuleerde muizen moeten leiden tot het algemene begrip van de 
cerebellaire leerregels en -coderingen.
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