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Bistability of cerebellar Purkinje cells modulated by 
sensory stimulation
Yonatan Loewenstein1–3,6, Séverine Mahon4,6, Paul Chadderton4, Kazuo Kitamura4, Haim Sompolinsky2,5, 
Yosef Yarom1,2 & Michael Häusser4

A persistent change in neuronal activity after brief stimuli is a common feature of many neuronal microcircuits. This persistent 
activity can be sustained by ongoing reverberant network activity or by the intrinsic biophysical properties of individual cells. 
Here we demonstrate that rat and guinea pig cerebellar Purkinje cells in vivo show bistability of membrane potential and spike 
output on the time scale of seconds. The transition between membrane potential states can be bidirectionally triggered by the 
same brief current pulses. We also show that sensory activation of the climbing fiber input can switch Purkinje cells between 
the two states. The intrinsic nature of Purkinje cell bistability and its control by sensory input can be explained by a simple 
biophysical model. Purkinje cell bistability may have a key role in the short-term processing and storage of sensory information 
in the cerebellar cortex.

Persistent firing of neurons after a transient stimulus is a common 
feature of sensory processing in neural circuits that has been shown 
to be associated with short-term memory tasks1. Hebb proposed 
that such persistent firing states are generated by cell assemblies with 
mutually reinforcing excitatory feedback connections. Indeed, recent 
 theoretical and experimental work2–4 has shown that local recurrent 
networks are capable of generating such sustained firing patterns. 
An  alternative possibility is that persistent firing is sustained by the 
 intrinsic  properties of the neuron5. Several neuronal types show 
bistable behavior: brief  excitation produces a prolonged increase in fir-
ing rate through  activation of persistent inward currents that maintain 
depolarization5–8. Some neurons show multiple persistent firing states 
that reflect the history of their synaptic inputs9. Theoretically, single 
cell bistable or multistable states can function as short-term memory 
buffers or enhance the short-term memory capabilities of excitatory 
recurrent networks4,5,10–12.

In contrast to the cerebral cortex, the cerebellum lacks a prominent 
recurrent excitatory synaptic network. Purkinje cells provide the sole 
output of the cerebellar cortex. They receive excitatory input from two 
distinct sources, the parallel fibers and the climbing fibers, and exert 
inhibitory control on their targets in the deep cerebellar nuclei. Each 
Purkinje cell is innervated by over 105 parallel fibers, which synapse 
on its elaborate leaf-like dendritic tree. Each Purkinje cell also receives 
input from a single climbing fiber axon, originating from a neuron 
in the inferior olive. The climbing fiber wraps around the proximal 
dendrites of the Purkinje cell, making hundreds of synaptic contacts. 
Purkinje cells can fire spontaneous sodium action potentials (known 
as ‘simple spikes’) in the absence of synaptic excitation13. In response to 
climbing fiber activation, they generate a stereotypic discharge  pattern 

called a complex spike, which can be distinguished from ongoing simple 
spikes both intracellularly and extracellularly14.

Previous intracellular in vitro studies have shown that Purkinje 
cells can show both spontaneous and current-evoked bistable 
behavior that is correlated with intermittent periods of simple spike 
 discharge6,15. However, bistability in Purkinje cells in vivo and its 
potential  implications for cerebellar information processing have 
not yet been investigated. Here we show that Purkinje cells in vivo 
show prominent ongoing bistability of membrane potential and spike 
output. Notably, the state of the neuron can be controlled by sensory-
evoked climbing fiber input that can induce state transitions in both 
directions,  triggering prolonged increases or decreases in the simple 
spike firing rate.

RESULTS
Purkinje cell membrane potential is bistable in vivo
To explore the dynamic interplay between intrinsic properties and 
physiological synaptic inputs in Purkinje cells, we obtained in vivo 
whole-cell recordings from rat and guinea pig Purkinje cells located in 
the cerebellar vermis and hemispheres. Purkinje cells, identified from 
the spontaneous occurrence of complex spikes at their characteris-
tic frequency (∼1 Hz)14, showed transitions in membrane potential 
between a hyperpolarized state (‘down state’) and a depolarized state 
(‘up state’). The hyperpolarized state was quiescent (that is, devoid of 
any simple spike activity), whereas the depolarized state was usually asso-
ciated with simple spike discharge (Fig. 1a,b, left). Transitions between 
the down state and the up state were observed at either perisomatic 
(Fig. 1a) or dendritic (Fig. 1b) locations, and the existence of these two 
distinct states was apparent in the bimodal distribution of the membrane 
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potential (Fig. 1a,b, right). A dip test16, which gives the likelihood of draw-
ing a sample from a  unimodal  distribution, was used to assess the statistical 
significance of this bimodality. In all recorded Purkinje cells (n = 31), the 
distribution of the membrane potential deviated significantly from a uni-
modal distribution (P < 0.0002, n = 30 cells; P < 0.05, n = 1 cell). Purkinje 
cells showed the characteristic electrophysiological properties reported for 
this cell type. As previously described15, Purkinje cells responded to long 
hyperpolarizing current pulses with a slow depolarizing sag towards the 
prestimulus membrane potential, indicative of the presence of an Ih cur-
rent (see Supplementary Fig. 1). The ‘sag ratio’, defined as the steady-state 
versus peak deflection during a hyperpolarizing current pulse in the down 
state, was 0.50 ± 0.05 (mean ± s.e.m.; n = 11 rat Purkinje cells). Across the 
population, in ketamine-xylazine–anesthetized rats, the average values of 
membrane potential in down and up states were –61.6 ± 0.7 mV and –44.5 ± 
0.8 mV, respectively (n = 24 cells), generating a voltage difference 
between the two states of 17.1 ± 1.1 mV (n = 24 cells). Spontaneous 
fluctuations in membrane potential under barbiturate anesthesia were 
similar to those observed under ketamine-xylazine anesthesia, with 
the average membrane potential in the down state (–61.7 ± 1.4 mV, 
n = 5 cells) and the up state (–44.9 ± 1.6 mV, n = 5 cells) not significantly 
different (P > 0.8; Fig. 1c). This suggests that bimodality in Purkinje 
cells does not depend on the type of anesthesia used. Similar bimodal-
ity was also observed in whole-cell recordings from Purkinje cells in 
ketamine- xylazine–anesthetized guinea pigs (n = 2).

The durations of up and down states were quantified in rat Purkinje 
cells using long periods of continuous recording. The time spent by a 

Purkinje cell in a given state varied considerably between and within 
cells (Fig. 1d). The mean durations of down and up states (averaged over 
the mean values of each cell) were 1.50 ± 0.25 s (range: 0.41–3.61 s) and 
1.45 ± 0.28 s (range: 0.25–4.84 s), respectively (n = 17 cells; Fig. 1d), and 
the corresponding coefficient of variance (CV) values were 0.74 ± 0.06 
for down states and 0.58 ± 0.05 for up states. We also examined the time 
between successive transitions to the down state. The mean  duration 
between two successive up-to-down transitions was 2.98 ± 0.48 s with a 
corresponding CV of 0.54 ± 0.03 (n = 17 cells). These results suggest that 
the recurrence of up and down states in Purkinje cells is rather irregular 
and is thus unlikely to result from a simple underlying oscillatory process 
(see Supplementary Note).

To determine whether membrane potential bimodality is an intrinsic 
property of Purkinje cells or whether it reflects bimodal synaptic input, 
we compared the intracellular activity of Purkinje cells with that of 
their input neurons: granule cells and molecular layer interneurons. 
Granule cells were identified by their depth within cerebellar cortex, 
their high input resistance (795 ± 88.4 MΩ, n = 6 cells) and their high-
frequency non- accommodating spike discharge in response to strong 
depolarizing current pulses (Fig. 2a). Recordings from granule cells 
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Figure 1  Spontaneous membrane potential 
bistability in Purkinje cells in vivo. (a) Left: 
whole-cell perisomatic recording of a rat Purkinje 
cell showing membrane potential fluctuations 
between two distinct states: a hyperpolarized 
quiescent state (‘down state’) and a depolarized 
spiking state (‘up state’). Right: the corresponding 
histogram of the membrane potential calculated 
from 84 s of recording (bin size 1 mV). 
(b) Presumed distal dendritic whole-cell recording 
of a rat Purkinje cell showing similar up and 
down state transitions (left) as reflected in the 
bimodal distribution of the membrane potential 
(right, 100 s of recording, bin size 1 mV). 
(c) Comparison of the average values of the two 
membrane potential states (down state, D; up 
state, U) obtained under different anesthetics 
(ketamine-xylazine (Ket.-xyl.), n = 24 Purkinje 
cells; barbiturate, n = 5 Purkinje cells). 
(d) Relationship between the duration of down 
and up states. Each point corresponds to a single 
Purkinje cell. Error bars represent s.e.m.

Figure 2  Membrane potential bistability is a specific feature of Purkinje 
cells within the cerebellar cortex. (a–c) Electrophysiological properties of 
rat cerebellar granule cells in vivo. (a) Voltage responses of a granule cell 
to hyperpolarizing (–10 pA) and depolarizing (+30 pA) current injection 
(Rin = 872 MΩ). (b,c) Spontaneous activity of a granule cell recorded 
at rest (b, –59 mV) and the corresponding membrane potential 
distribution (c) calculated from 20 s of recording (bin size 1 mV). 
(d–f) Electrophysiological properties of rat molecular layer interneurons 
in vivo. (d) Voltage responses of a molecular layer interneuron to 
hyperpolarizing (–70 pA) and depolarizing (+65 pA) current injection 
(Rin = 103 MΩ). (e,f) Spontaneous activity of a molecular layer interneuron 
recorded at rest (e, –63 mV) and the corresponding membrane potential 
distribution (f) calculated from 20 s of recording (bin size 1 mV). Panels a 
and b are from different cells, as are d and e.
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were characterized by frequent spontaneous excitatory postsynaptic 
potentials that could on occasion trigger spike discharge (Fig. 2b). 
The membrane potential distribution of granule cells was unimodal 
(P > 0.7; n = 6 cells) with a mean membrane potential of –64.3 ± 1.9 mV 
(Fig. 2c). These properties are consistent with those previously described 
in vivo for this cell type17. In agreement with previous studies18,19, 
molecular layer interneurons in vivo showed a lower input resistance 
(224.0 ± 34.3 MΩ, n = 10 cells; Fig. 2d) and spontaneous spiking at rest 
(Fig. 2e), which was reflected in the unimodal (P > 0.5, n = 8 cells; 
P > 0.1, n = 2 cells) distribution of their membrane potential around a 
mean value of –56.1 ± 1.4 mV (Fig. 2f). Granule cells and interneurons 
did not show bimodality even when recordings from bimodal Purkinje 
cells were obtained in the same preparation (n = 5).

The existence of two distinct states of membrane potential in Purkinje 
cells should be reflected in extracellular measurements of spontaneous 
spiking. Indeed, transitions between quiescent and  spiking states were 
observed in our extracellular recordings in vivo (Fig. 3a). The firing 
pattern of guinea pig Purkinje cells recorded extracellularly consisted 
of high-frequency trains of simple spikes alternating with quiescent 
periods (Fig. 3a, left). This firing pattern resulted in a bimodal 

 distribution of the instantaneous frequency of simple spikes (Fig. 3a, 
right). The prolonged periods devoid of simple spikes accounted for the 
peak at 0 Hz, whereas the peak around 100 Hz corresponded to the fir-
ing rate during the bursts of high-frequency simple spike firing. Across 
the population, the average durations of active and quiescent periods 
were 0.9 ± 0.2 s and 3.4 ± 0.8 s, respectively (n = 28 cells).

Similar spiking patterns were also observed in cell-attached 
 recordings from rat Purkinje cells (n = 9 cells, Fig. 3b). To assess the 
effect of the whole-cell configuration on the membrane  bimodality, 
we performed cell-attached and whole-cell recording in the same 
Purkinje cells (n = 6 cells; Fig. 3b,c). The intracellularly recorded 
membrane potential, obtained immediately after the establishment 
of the whole-cell  configuration, showed that the bimodal simple 
spike discharge observed in the cell-attached recording reflected 
 underlying membrane potential bimodality (Fig. 3b,c). The mean 
 instantaneous frequency of simple spikes in the cell-attached 
 configuration (102.1 ± 3.8 Hz) was comparable to that measured 
in the whole-cell  configuration during the up state (110.7 ± 3.3 Hz; 
P > 0.05). Across the population, no significant difference in the mean 
firing rate between the two configurations was observed (P > 0.6, 

Figure 3  Membrane potential bistability is reflected in spike output 
pattern in vivo. (a) Left: extracellular recording from a guinea pig Purkinje 
cell in vivo. Firing pattern consisted of high-frequency bursts of simple 
spikes alternating with quiescent periods. Right, bimodal distribution of 
the instantaneous frequency of simple spikes calculated from 10 min 
of continuous recording (bin size 5 Hz). (b) Cell-attached patch-clamp 
recording showing the bimodal firing pattern of a rat Purkinje cell in vivo. 
(c) Intracellular activity of the same Purkinje cell obtained immediately 
after the formation of the whole-cell configuration, showing that the 
bimodal action potential discharge observed in the cell-attached recording 
reflects membrane potential bimodality.
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Figure 4  Intrinsic origin of membrane potential bistability in vivo.
(a) Whole-cell perisomatic recording of bistable behavior of a rat Purkinje 
cell under barbiturate anesthesia (left). The corresponding histogram 
of membrane potential distribution calculated from 33 s of recording 
(right, bin size 1 mV) shows two distinct peaks reflecting the two states 
of membrane potential. (b) Bimodality in the same Purkinje cell was 
abolished by injection of negative DC current (–800 pA, left). Note the 
unimodal distribution of membrane potential (right, 30 s of recording, 
bin size 1 mV). The amplitude of spontaneous complex spikes has been 
truncated. (c) Whole-cell recordings (upper traces) of a rat Purkinje cell in 
vivo showing that the neuron can be switched from the down state to the up 
state and from the up state to the down state following the injection of brief 
depolarizing (left) and hyperpolarizing (right) current pulses, respectively 
(lower traces; 40 ms, 0.16 nA/–0.4 nA). (d) Whole-cell recording (upper 
trace) from a guinea pig Purkinje cell in vivo showing that the same 
hyperpolarizing current pulse (lower trace; 100 ms, 2 nA) can induce up-
to-down and down-to-up transitions depending on the initial state of the 
membrane potential.
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n = 6 cells), indicating that the whole-cell  configuration did not affect 
the membrane potential dynamics.

To understand the origin of Purkinje cell membrane bimodality, 
we examined its voltage dependence. Spontaneous up and down state 
 transitions (Fig. 4a) could be abolished by injection of negative DC cur-
rent (–380 ± 90 pA, n = 9 cells), which hyperpolarized Purkinje cells to 
–80.6 ± 2.5 mV (Fig. 4b). When Purkinje cells were  hyperpolarized, only 
complex spikes were recorded (Fig. 4b, left) and the membrane poten-
tial histogram (Fig. 4b, right) showed a bell-shaped distribution around 
the mean holding potential. Similarly, constant depolarizing current 
resulted in a single up state (data not shown). Whereas steady current 
injection could prevent membrane potential bimodality, brief current 
injections were able to induce  transitions between states. Short depolar-
izing current pulses (0.16–1 nA, 20–100 ms duration) delivered during 
the down state switched the neuron to the up state with a probability 
of 70.5 ± 8.3% (Fig. 4c, left; n = 6 cells), whereas brief hyperpolarizing 
current pulses (0.2–2 nA, 20–100 ms duration) delivered during the 
up state could induce a transition to the down state with an efficiency 
of 81.5 ± 10.5% (Fig. 4c, right, and Fig. 4d; n = 6 cells). These reliable 
and almost deterministic flip-flop-like transitions are a characteristic 
feature of bistable systems, where transient perturbations are  sufficient 
to induce sustained changes. Notably, hyperpolarizing current pulses 
delivered during the down state could also induce a transition to the 
up state (Fig. 4d). In four of five cells, hyperpolarizing current pulses 
(0.2–2 nA, 20–100 ms duration; n = 5 cells) reliably induced a down-to-
up transition with a probability of 61.1 ± 14.0% (in the remaining neu-
ron, the hyperpolarizing current pulse did not induce up states). These 
findings demonstrate that the bimodality of Purkinje cell  membrane 
potential is a consequence of its bistable dynamics.

Synaptic control of intrinsic bistability
That the same current pulse can induce membrane potential transi-
tions in both directions raised the possibility that in Purkinje cells, 

the same synaptic input may induce transitions between up and down 
states. To test this hypothesis, we first examined whether climbing fiber 
 activation, achieved by direct electrical stimulation, could induce trans-
itions between quiescent and spiking states in a guinea pig slice prepara-
tion. During periods of quiescence, climbing fiber activation resulted 
in a transition to a depolarized potential associated with simple spike 
discharge. Similarly, the same climbing fiber activation during an active 
state was capable of inducing a transition towards the lower stable state 
(Fig. 5a), thereby terminating the spontaneous discharge.

A careful examination of the records obtained in vivo confirmed this 
result. In many cases, the bursts of simple spikes recorded extracellularly 
were immediately followed (Fig. 5b, top; see Methods) or immediately 
preceded (Fig. 5b, bottom) by a complex spike (asterisk). We performed 
cross-correlations between complex spikes and the beginning or the 
end of simple spike bursts; we found a significant correlation (P < 0.05) 
between complex spikes and the end or the beginning of simple spike 
bursts in 75% (21 of 28) and 64% (18 of 28) of the cells, respectively 
(Fig. 5b, right).

The correlation between complex spikes and state transitions was 
also observed in the in vivo whole-cell recordings. Across the popula-
tion (n = 18 cells), 73 ± 4% of the transitions were preceded by a com-
plex spike, occurring less than 100 ms before the transition (Fig. 6a, 
top). A significantly lower number of transitions apparently occurred 
spontaneously in absence of any climbing fiber input (Fig. 6a, bottom; 
P < 0.05, n = 18 cells).

Transitions between states were characterized by a slow voltage 
change starting immediately after the complex spike (Fig. 6a, top), 
similar to the transitions triggered by direct climbing fiber  stimulation 
obtained in the in vitro experiments (Fig. 5a, right). The temporal cor-
relation between complex spikes and state transitions for one sample 
cell is shown (Fig. 6b). Up-to-down and down-to-up transitions typi-
cally occurred ∼40 and ∼70 ms, respectively, after a complex spike. 
These strong correlations allowed us to assume that state transitions 
occurring less than 100 ms after a complex spike were triggered by the 
climbing fiber activation.

Across the population (n = 18 cells), 62 ± 7% of the transitions to the 
down state and 84 ± 5% of the transitions to the up state were triggered 
by a climbing fiber input (Fig. 6c). We calculated the efficiency with 
which a climbing fiber input induced a transition as the ratio of the 
number of complex spikes that induced transitions to the total number 
of complex spikes. The mean frequency of complex spike firing was 
0.8 ± 0.1 Hz (range: 0.2–1.7 Hz, n = 18 cells) and the efficiency of a 
complex spike in inducing a transition was 76.8 ± 4.9% (n = 18 cells). 
We also assessed the climbing fiber input efficiency in a given state. 
Complex spikes occurring during the up state were followed by a trans-
ition to the down state in 66.0 ± 6.4% of the cases, whereas climbing 
fiber input in the down state resulted in transition to the up state in 
88.2 ± 3.4% of the cases (n = 18 cells; Fig. 6d). These results indicate 
that climbing fiber input is capable of modulating, on-line, simple spike 
firing pattern in vivo.
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Figure 5  Climbing fiber input can trigger transitions between states. (a) Left: 
whole-cell recording from a guinea pig Purkinje cell in vitro. Climbing fiber 
stimulation (CF stim., arrowheads) triggered transitions between up states 
and down states in both directions. Right, expanded traces (corresponding 
to the open arrowheads in the left panel) showing the complex spike-evoked 
transitions. (b) Temporal relationship between complex spikes and simple 
spike bursts in extracellular recordings from guinea pig Purkinje cells in vivo. 
Left, representative examples of simple spike bursts followed by (top) or 
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complex spikes (CS) with the end (top) and with the beginning (bottom) of 
bursts of simple spikes (each bin is 5 ms).
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Purkinje cell bistability modulated by sensory stimulation
The strong correlation between complex spikes and state transitions 
suggests that sensory stimuli that elicit complex spikes could modu-
late the state of the cell. To examine the influence of sensory stimula-
tion on state transitions, we used air puff stimulation of the vibrissae 
or other perioral areas to activate climbing fiber inputs. In this set of 
 experiments, recordings were performed in the Crus I and IIa of the 
cerebellar cortex, regions that have been shown to respond strongly 
to tactile stimulation of the perioral areas in anesthetized rats20. As 
 illustrated by the raster plot in Figure 7a, air puff stimuli were effective 
in evoking complex spikes (filled circles). Across cells, complex spikes 
were evoked in 38 ± 4% of the trials (n = 7 cells), and comparable to 
 previous findings20, the latency of evoked complex spikes from the 
onset of the stimulus was 70 ± 7 ms (range: 47.9–93.5 ms, n = 7 cells). 
The majority of the evoked complex spikes triggered up-to-down or 
down-to-up transitions, depending on the initial state. In the cell shown 
in Figure 7b, 93% of the evoked complex spikes were found to be effec-
tive in triggering state transitions, with 67% inducing a transition to the 
down state (Fig. 7b, top) and 26% a transition to the up state (Fig. 7b, 
middle). In only 7% of the cases did evoked complex spikes not induce 
any transition (Fig. 7b, bottom). Across the population, 66.4 ± 11% 
of the evoked complex spikes were effective in triggering transitions 
(n = 7 cells). The efficiency of a complex spike evoked during the up 
state in inducing up-to-down transitions was 57.8 ± 15.5%, compared 
to 81.6 ± 7.3% for the opposite transition (n = 7 cells; Fig. 7c).

In recordings proximal enough to the soma of the Purkinje cell to 
allow a reliable detection of simple spikes6, we assessed the temporal 
relationship between peristimulus histograms of evoked complex spikes 

and simple spike firing (n = 6; Fig. 7d). Evoked up-to-down and down-
to-up transitions were associated with prolonged decreases (Fig. 7d, top) 
and increases (Fig. 7d, middle) of simple spike discharge, respectively. 
After the sensory-evoked up-to-down transitions, the mean simple spike 
firing rate was significantly reduced (P < 0.0001), from 57 ± 3 Hz dur-
ing the baseline to 22 ± 7 Hz during the first 500 ms after the stimulus 
(Fig. 7d, top). Conversely, associated with the sensory-evoked down-to-up 
transitions, the mean simple spike firing rate was significantly increased 
(P < 0.0001), from 5 ± 1 Hz to 53 ± 7 Hz (Fig. 7d, middle). When evoked 
complex spikes did not trigger state transitions, we did not observe 
any significant change in simple spike firing compared to baseline level 
(P > 0.5; Fig. 7d, bottom). In the same cells, when sensory stimuli did 
not evoke a complex spike in the recorded Purkinje cell (Fig. 7e), only 
a slight increase (+ 7%, P < 0.05) in the mean simple spike firing rate 
was observed (Fig. 7f), indicating that the sensory-evoked changes in 
simple spike discharge resulted mainly from the state transitions trig-
gered by the activation of climbing fiber input.

A model for bistability and state transitions
To explore the biophysical determinants of Purkinje cell membrane 
potential dynamics, we constructed a simplified model that  emulates the 
fundamental features of the observed behavior: bistability,  bidirectional 
transitions induced by outward current pulses (Fig. 8a, left) and 
 bidirectional transitions induced by climbing fiber–like input (Fig. 8a, 
right). This single-compartment model consists of three ionic currents: 
an instantaneous, non-inactivating inward current (modeled here as 
a sodium current), a slow h-like current and a voltage-independent 
outward current (see Supplementary Note). The dynamic variables 
of this model are the membrane  potential (V) and the inactivation 
(h) of the h-like current. Their qualitative behavior is depicted in the 
V-h phase plane shown in Figure 8b. Each point in the phase plane 
corresponds to a possible state of the dynamic variables of the cell 
model (V, h). The red and blue solid lines correspond to the  ̇h = 0 and 
the  V̇ = 0 nullclines, respectively, and the two outermost points of 
 intersection (circles) correspond to the two stable states (stable fixed 
points) of the system. This bistability is primarily due to the nonlin-
earity of the non-inactivating inward current, which is responsible 
for the N-shape of the  ̇V = 0 nullcline. In the hyperpolarized state (left 
open circle), the non-inactivating inward channels are closed and the 
membrane potential is determined by the combined effect of the h-like 
current and the voltage-independent outward current. In contrast, 
these channels are open in the depolarized state and will contribute 
substantially to the membrane potential value in the up state. The 
basins of attraction of the depolarized and hyperpolarized states are 
denoted by the blue and green areas, respectively. The separatrix, the 
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data from 18 rat Purkinje cell whole-cell recordings showing the percentage 
of up-down and down-up transitions associated with complex spikes (CS), 
or occurring spontaneously (Spont.). (d) Pooled data (n = 18 cells) showing 
the efficiency of a complex spike occurring during the up state in inducing 
transitions to the down state (Up-Down) and the efficiency of a complex 
spike occurring during the down state in inducing transitions to the up 
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border between these areas, passes through the middle, unstable, fixed 
point (open square). Any voltage perturbation at either of the two 
fixed points that is large enough to cross the separatrix will eventually 
lead to the convergence of the voltage to the other fixed point. For 
example, a brief depolarization from the down state to a potential that 
is more depolarized than –54.5 mV will cross the separatrix and drive 
the system to the up state (trajectory not shown). Notably, climbing 
fiber input  (modeled here as a brief, large increase in sodium con-
ductance) delivered during the up state can have a counterintuitive 
effect. As a result of the depolarization, the value of the inactivation 
term h during the input is decreased sufficiently to allow the system 
to cross the separatrix into the basin of attraction of the down state 
(right dashed line). Thus, when the input is terminated, the dynam-
ics converge to the down state (dash-dotted line). Conversely, a suf-
ficiently large hyperpolarizing pulse from the down state (left dashed 

line) induces a substantial deinactivation of the h-like current, leading 
the system into the basin of attraction of the depolarized stable point. 
Thus, after the outward current pulse the dynamics will converge to 
the up state (left dash-dotted line).

Varying the properties of the outward current could affect the ability 
of brief hyperpolarizing current pulses or depolarizations to induce 
transitions between states. To study this effect, we separated the voltage-
independent current into a leak and a voltage-independent potassium 
component. A sufficient decrease in the potassium conductance will 
downshift the  V̇ = 0 nullcline (blue line), such that simulated climb-
ing fiber input will induce an upward transition but not the oppo-
site transition (Fig. 8c). Conversely, an increase in this conductance 
will upshift the  V̇ = 0 nullcline such that the simulated climbing fiber 
input will only generate a transition to the down state (Fig. 8d).

To explain the spontaneous transitions between up states and down 
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Figure 7  Sensory-evoked complex spikes in 
Purkinje cells can trigger membrane potential 
bistability in vivo. An air puff (40 ms) to the 
ipsilateral vibrissae was used to evoke responses 
in single Purkinje cells. (a) Raster plot showing 
the temporal relationship between sensory stimuli, 
complex spikes (filled circles) and simple spike 
firing (lines) in a rat Purkinje cell whole-cell 
recording in vivo (30 consecutive trials of 121). 
(b) Whole-cell recordings showing representative 
examples of sensory-evoked complex spikes (filled 
circles) triggering up-to-down, down-to-up, and 
no transitions, respectively. Note that sensory-
evoked states could be interrupted by spontaneous 
transitions associated with spontaneous complex 
spikes (arrows) or occurring in the absence of 
complex spikes (crossed arrow). Open circles 
indicate spontaneously occurring complex spikes. 
(c) Pooled data (n = 7 cells) illustrating the 
efficiency of an evoked complex spike occurring 
during the up state in inducing transitions to 
the down state (Up-down) and the efficiency of 
an evoked complex spike occurring during the 
down state in inducing transitions to the up state 
(Down-up). (d) Temporal relationship between 
peristimulus histograms of evoked complex spikes 
(CS, bar chart) and simple spike firing (SS, dotted 
lines) on the same graph, separated into up-to-
down transitions (top, n = 5 cells), down-to-up 
transitions (middle, n = 6 cells) and no transitions 
(bottom, n = 6 cells) (bin size 50 ms). Note that 
up-to-down and down-to-up transitions associated 
with evoked complex spikes are accompanied by 
robust and prolonged changes in simple spike 
firing. Conversely, the mean simple spike firing 
rate was not significantly changed compared to 
the baseline period (100 ms baseline, n = 2 
cells; 500 ms baseline for the remaining cells) 
when evoked complex spikes did not evoke state 
transitions. (e) Example of a Purkinje cell up state 
in the absence of any evoked complex spikes. Open 
circles indicate spontaneously occurring complex 
spikes. (f) Averaged peristimulus histogram (n = 6 
cells) of simple spike firing (dotted line) computed 
for sweeps where sensory stimuli did not evoke 
complex spikes. Trials where stimuli were delivered 
either during an up or a down state of the Purkinje 
cell were pooled together. Bar charts represent 
spontaneously occurring complex spikes. Results 
presented in a, b and e are from the same cell. 
Calibration bars in b apply also to e.
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states observed in vivo (see Fig. 6a, bottom) and in vitro6,15,21,22, we 
modified the model by replacing the voltage-independent potassium 
current with a slowly activating potassium current. In the absence of 
climbing fiber input (similar to in vitro conditions), this modifica-
tion generated spontaneous transitions between the states, resembling 
those observed in slice preparations6,15,21,22 (Supplementary Fig. 2). 
In the presence of climbing fiber–like input, this model reproduced 
both spontaneous and climbing fiber–evoked transitions, as well as the 
occasional failures of climbing fiber input to evoked a transition (see 
Supplementary Note and Supplementary Fig. 2).

DISCUSSION
We have demonstrated that Purkinje cells show bistability of membrane 
potential and spike output in vivo, which is a consequence of their 
intrinsic membrane properties. This bistability can be bidirection-
ally triggered by sensory-driven synaptic input, suggesting that it may 
represent an important intrinsic cellular mechanism for processing of 
sensory information in the cerebellar cortex.

Bistability of Purkinje cell output in vivo
Bistability of Purkinje cells in vitro is well-documented and has been 
observed to occur spontaneously6,21,23 or after modulation of intrinsic 
conductances15. Our intracellular recordings from Purkinje cells of rats 
and guinea pigs anesthetized with ketamine-xylazine or pentobarbital 
establish that this bistability is retained in vivo in different animal 
 species and under different anesthetic conditions. We further demon-
strate that this bistability of membrane potential is manifested in two 
modes of firing activity: tonic firing of simple spikes and quiescent 
periods. The presence of bistability in Purkinje cell spike output is sup-
ported by previous reports showing intermittent firing patterns where 
periods of high-frequency, simple spike firing are interspersed with 

periods of quiescence in anesthetized24 and decerebrate animals25–27. 
Similar irregular  alternations between quiescence and high-frequency 
simple spike activity have been observed in awake recordings from 
various  animals,  including frogs28, cats18,29,30, squirrel monkeys31 and 
rhesus monkeys32,33. In  contrast, other cerebellar studies have not 
reported similar phenomena and typically find continuous firing of 
Purkinje cells rather than bimodal discharge, suggesting that in these 
cases the dynamics of Purkinje cells are not bistable. The reasons for 
this discrepancy are still unclear. As in other structures of the central 
nervous system showing intrinsic bistability, including spinal cord8, 
thalamus34 and olfactory bulb7, this may reflect heterogeneity in the 
expression of bistability within a particular cell type. Furthermore, 
the existence of bistability in a given cell is likely to depend on neu-
romodulation15,23 and on the balance of excitation and inhibition in 
the local network, which may depend both on the cerebellar region 
and the behavioral state.

Our finding that complex spikes triggered by climbing fiber input 
can switch Purkinje cells between up states and down states may help 
to resolve the discrepancy in the literature regarding the effect of com-
plex spikes on simple spiking. Complex spikes have been shown to 
be  associated with both increases26,35,36 and decreases18,24,37 in simple 
spike activity. Our data suggest that the effect of a complex spike on 
simple spike discharge depends on the state of the Purkinje cell just 
before the complex spike. Thus, Purkinje cells predominantly in the 
down state will tend to respond with an increase in simple spike activity 
associated with the complex spike, whereas Purkinje cells predomi-
nantly in the up state will tend to respond with a decrease. This is 
in agreement with the prolonged dendritic plateaus associated with 
increased spiking reported to be triggered by climbing fiber input in 
intracellular and extracellular recordings from anesthetized cats38.

Mechanisms of bistability
Bistability is an intrinsic membrane property of Purkinje cells in vivo, 
as transitions between states can be triggered by brief hyperpolar-
izing and depolarizing current pulses and abolished by sufficiently 
strong negative or positive constant current injection. Further evi-
dence that up states in Purkinje cells are not sustained by synap-
tic activity is provided by our recordings from interneurons of the 
molecular layer (Fig. 2e,f) and granule cells (Fig. 2b,c), the source of 
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Figure 8  A model for bistability and state transitions. (a,b) Simulation of a 
model neuron incorporating a non-inactivating inward current, a slow h-like 
current, and a voltage-independent outward current. Transitions between 
the two stable states in both directions can be induced by brief outward 
current pulses (0.1 s, 7,200 nA cm–2) (a, left) or by simulated climbing 
fiber input (4 ms, 1,200 µS cm–2 sodium conductance) (a, right). (b) Phase 
plane for the two dynamic variables in the model, the membrane potential V 
and an inactivation term h. The solid lines (red, blue) are the ḣ = 0 and the 
V̇ = 0 nullclines respectively; the circles denote the two stable states (fixed 
points) and the square denotes the unstable fixed point, which is located on 
the separatrix, the border between the basins of attraction of the up state 
(blue) and the down state (green). Arrows mark the trajectory of the dynamic 
variables (V, h) during (dashed lines until the diagonal arrowheads) and 
after (dash-dotted lines) an outward current injection (left) or a simulated 
climbing fiber-like input (right). (c) Decreasing the potassium conductance 
(see Results for details) shifts the V̇ = 0 nullcline down (bottom) such 
that the trajectory during a complex spike-like depolarization (dashed 
line) does not cross the separatrix. Thus, a climbing fiber input will only 
induce a down-to-up and not an up-to-down transition (top). (d) Inversely, 
increasing the potassium conductance shifts the nullcline up such that the 
trajectory during a complex spike-like depolarization (dashed line) crosses 
the separatrix twice (bottom). In this case, a climbing fiber input will only 
induce an up-to-down and not a down-to-up transition (top).
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parallel fiber input to both interneurons and Purkinje cells. Neither 
interneurons nor granule cells showed bistability, and thus it seems 
unlikely that up or down states are maintained by bimodal activity in 
the parallel fiber or  interneuron input. Bistability in Purkinje cells is 
thus very different from the up and down states described in many 
cortical and striatal neurons in vivo. In these neurons, the up state 
is thought to result mainly from a continuous barrage of synaptic 
excitation reflecting widespread activity across the network3,39. In con-
trast, in Purkinje cells, the persistence of the two states is maintained 
by  intrinsic  voltage-dependent mechanisms. The transition between 
states in Purkinje cells can be triggered by the activation of the same 
single (albeit large)  synaptic input. Notably, a recent in vitro study3 has 
shown that the same electrical stimulus applied to the white matter of 
the cerebral cortex can turn on and off a network-induced up state in 
cortical neurons. Although the ionic and synaptic currents involved 
in sustaining up states and down states in these cells are different from 
those in Purkinje cells, our dynamical model may serve as a conceptual 
framework for understanding this phenomenon.

Previous simplified models for neuronal bistability in  general40 
and Purkinje cell bistability in particular41,42, as well as the  present 
model, indicate that neither a detailed interplay between a large 
 number of conductances nor a complex dendritic geometry are 
required to  qualitatively generate this behavior. In our dynami-
cal model, bistability relies on a non-inactivating inward current. 
However, many conductances are likely to influence the  duration 
of states and the probability of transitions between states. Indeed, 
previous in vitro studies have shown that Purkinje cell  bistability 
could result from interactions between non-inactivating sodium and 
calcium conductances with potassium conductances6,43. The role of 
the h-current (Ih) in generating the bistability is more controversial. 
Some in vitro studies have reported bistability in Purkinje cells in the 
presence of Ih

6,21, whereas others have shown that its downregula-
tion, for instance by serotonin, can unmask or enhance bistability15. 
Our experiments clearly show that Ih is present in bistable Purkinje 
cells in vivo (e.g. see Supplementary Fig. 1; see also the depolarizing 
sag in Figs. 1a,b, 3c and 4a,d). This current may also have an impor-
tant role in  setting the voltage of the states and in controlling the 
 transitions between the states. In particular, the ability of outward 
current pulses to induce bidirectional transitions requires a ‘rebound’ 
response, which is likely to result from the slow deactivation of the h-
current (see Supplementary Note).

Purkinje cell bistability and olivo-cerebellar dynamics
The long timescale associated with Purkinje cell bistability allows a large 
number of different dynamical states to be sustained in the cerebel-
lar cortex for extended periods. Each of these states is associated with 
a specific configuration of up and down states in different Purkinje 
cells. These network states can be used to maintain specific functional 
networks within the olivary nucleus: the sustained firing state of a 
Purkinje cell inhibits neurons in the deep cerebellar nuclei, which in 
turn remove the inhibition from the electrically coupled dendrites of 
the inferior olive neurons, producing synchronized rhythmic activity 
in a subset of olivary neurons. Notably, recordings of deep cerebellar 
nucleus neurons show prolonged (up to 0.5 s) inhibitory responses to 
brief sensory stimulation (N.C. Rowland and D. Jaeger, Soc. Neurosci. 
Abstr. 75.10, 2003), which may correspond to synchronized up states in 
presynaptic Purkinje cells activated by sensory stimulation.

Computational implications of bistability
The presence of bistability may have important implications for inte-
gration of mossy fiber input to the cerebellar cortex mediated by the 

parallel fiber pathway. First, the responsiveness of the Purkinje cell to 
sensory-evoked parallel fiber input will depend on whether previous 
climbing fiber input has switched the Purkinje cell into the up state or 
down state. This suggestion is consistent with previous work showing 
that the gain of Purkinje cell responses to sensory-driven mossy fiber 
input depends on the recent history of climbing fiber activity on the 
time scale of hundreds of milliseconds44. Second, given that bistability 
is also observed in the distal dendrites, the activation of voltage-gated 
dendritic conductances6 will also be influenced. In particular, activation 
of dendritic calcium spikes by parallel fiber input is strongly voltage and 
time dependent45. Given that calcium spikes have been implicated in the 
induction of long-term depression (LTD) at parallel fiber synapses46, the 
fact that sensory-evoked climbing fiber inputs can induce prolonged 
depolarizations provides a possible cellular substrate for climbing fiber–
dependent forms of parallel fiber plasticity in which a broad time win-
dow for induction (several hundred milliseconds) has been observed38. 
Purkinje cell bistability may therefore contribute to determining the 
rules for LTD induction in the intact cerebellar network.

Chemical synapses have traditionally been classified as either excit-
atory or inhibitory according to their effect on the firing rate of the 
postsynaptic neuron. In this study we have demonstrated that the same 
synapse can play both roles. The activation of climbing fiber synapses 
can either increase or decrease the firing rate of the Purkinje cell, 
depending on its initial state. This property, in which the same input 
induces both transitions in a bistable element, is known in electronics 
as a ‘toggle switch’, which is widely used in electrical devices. We suggest 
that toggling of the Purkinje cells may serve as a higher-order reflex 
that generates an immediate and reflexive response of the system to the 
occurrence of an error by shifting the Purkinje cell activity away from 
its current erroneous operating state.

METHODS
The care and experimental manipulation of the animals was carried out in 
accordance with the regulations of the Hebrew University of Jerusalem and the 
U.K. Home Office.

In vivo recordings. Sprague-Dawley rats (P18–P27) or Dunkin-Hartley guinea 
pigs (180–300 g) were anesthetized by intraperitoneal injection of ketamine 
(50 mg kg–1)-xylazine (3 mg kg–1) or pentobarbital (60 mg kg–1). The level of 
anesthesia was routinely monitored by observing whisker movements or the 
response to a noxious stimulus to the hind limbs, and additional doses of anes-
thetic were added as needed. The animals were placed in a stereotaxic apparatus, 
and the occipital bone and the dura mater were removed, exposing a small region 
of the cerebellar vermis or hemispheres. The exposed area was covered with 
physiological saline or agar (3% in physiological or saline solutions). Sensory 
responses were evoked by an air puff (30–70 ms, 40 psi) timed by a custom pres-
sure device and delivered to the ipsilateral perioral surface.

Cell-attached and whole-cell patch-clamp recordings were made with a 
Multiclamp 700A or an Axoclamp 2B amplifier (Axon Instruments) using previ-
ously described techniques47. The pipette solution contained 130 mM potassium 
methanesulfonate, 7 mM KCl, 10 mM HEPES, 0.05 mM EGTA, 2 mM MgATP, 
2 mM Na2ATP and 0.5 mM Na2GTP, pH 7.2, in recordings from rats, or 140 mM 
potassium gluconate, 4 mM NaCl, 10 mM HEPES, 4 mM MgATP, 1 mM EGTA 
and 0.1 mM CaCl2, pH 7.4, for guinea pig recordings. Extracellular recordings 
of guinea pig Purkinje cell single-unit activity were obtained using glass pipette 
electrodes, pulled to a DC resistance of 10–20 MΩ and filled with 2 M NaCl. 
A differential AC amplifier (DP-301; Warner Instruments) was used for moni-
toring ongoing activity. Recordings were filtered at 3–10 kHz and sampled at 
20–50 kHz using an Instrutech (ITC-18) or National Instruments (PCI-MIO-
16XE-10) analog to digital board.

Slice recordings. The in vitro experiments were performed on 300 µm thick 
sagittal slices of cerebellar vermis from guinea pigs (180–200g). Preparation 
of slices and recording techniques are described elsewhere48. Recordings were 
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performed at 27–30 °C or at room temperature (22–25 °C) in physiological 
solution containing 124 mM NaCl, 5 mM KCl, 1.3 mM MgSO4, 1.2 mM KH2PO4, 
26 mM NaHCO3, 10 mM glucose, and 2.4 mM CaCl2.

Analysis. Correlation between complex spikes and state transitions in intracel-
lular recordings was performed in Purkinje cells where the identification of 
complex spikes was unambiguous. The response of the membrane potential to 
climbing fiber input during the up and down states could differ considerably 
(see Figs. 5a and 6a). During the down state, complex spikes were character-
ized by a large-amplitude spike followed by a burst of smaller spikes and a 
long depolarization6. During the up state, complex spikes were characterized 
by a stereotypic waveform, composed of several fast distinct peaks. The rate 
of these complex spikes was independent of the state of the cell. Simple and 
complex spikes recorded extracellularly were sorted offline according to their 
amplitude and shape, using an adaptive template routine in MATLAB (version 
6.0, Mathworks). To control the quality of sorting, all simple spikes and complex 
spikes were superimposed and examined visually. Cells were discarded from the 
analysis if the estimated number of errors in sorting exceeded 2%.

Histograms of membrane potential distribution were constructed for each 
Purkinje cell, and Gaussian fits were applied to the individual peaks. The modal 
value of each Gaussian fit was taken as the mean membrane potential for the 
up state and the down state. To measure the duration of each individual sate, 
transitions between the up and down states were detected using the following 
thresholding procedure: two thresholds were set at one-fourth and three-fourths 
of the distance between the peaks of the membrane potential distribution. When 
the membrane potential rose above the lower threshold, a down-to-up transition 
was registered; when the membrane potential fell below the upper threshold, 
an up-to-down transition was registered. To avoid defining noise or individual 
complex spikes as a short state, we removed pairs of lower and upper thresholds 
generating a time difference of less than 100 ms. Up and down state durations 
were quantified in Purkinje cells where the duration of the recordings was long 
enough to allow measurement of at least 15 up and down states. The deviation 
from unimodality of the membrane potential of Purkinje cells, as well as that 
of granule cells and molecular interneurons, was tested using a ‘dip test’16, using 
software R (version 1.9.1; http://www.R-project.org). For each cell, the test was 
performed using 500 randomly chosen values of membrane potential.

In extracellular and cell-attached recordings, we defined a burst of sim-
ple spikes as an event that is flanked by periods of at least 100 ms devoid of 
simple spikes (qualitatively similar results were obtained using other crite-
ria). Correlations between complex spikes and the beginning of a burst were 
calculated using a window of 50 ms, starting 25 ms after the complex spike. 
Correlations between complex spikes and the end of a burst were calculated 
using a window of 40 ms preceding the complex spike. The use of different 
windows did not produce a qualitative difference in the results.

Input resistance (Rin) was calculated from steady-state voltage deflections 
during (400–500 ms) step hyperpolarizing current injections (granule cells, 
5–10 pA; molecular layer interneurons, 20–70 pA). Additional data analysis 
was carried out using Igor Pro (Wavemetrics). Data are mean ± s.e.m. unless 
otherwise indicated. Statistical comparisons were made using Student’s paired 
or unpaired t-test.

Note: Supplementary information is available on the Nature Neuroscience website.
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