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The Linear Computational Algorithm of Cerebellar
Purkinje Cells
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The orchestration of simple motor tasks by the cerebellum results in coordinated movement and the maintenance of balance. The
cerebellum integrates sensory and cortical information to generate the signals required for the coordinated execution of simple motor
tasks. These signals originate in the firing rate of Purkinje cells, each of which integrates sensory and cortical information conveyed by
granule cell synaptic inputs. Given the importance of the granule cell input-Purkinje cell output function for cerebellar computation, this
algorithm was determined. Using several stimulation paradigms, including those that mimicked patterns of granule cell activity similar
to those observed in vivo, we quantified the poststimulus maximum firing rate and number of extra spikes in response to granule cell
synaptic input. Both of these parameters linearly encoded the strength of synaptic input when inhibitory synaptic transmission was
blocked. This linear algorithm was independent of the location or temporal pattern of synaptic input. With inhibitory synaptic transmis-
sionintact, the maximum firing rate, but not the number of extra spikes, encoded the strength of granule cell synaptic input. Furthermore,
the maximum firing rate of Purkinje cells linearly encoded the strength of synaptic input whether or not the activation of granule cells
resulted in a pause in Purkinje cell firing. On the basis of the data presented, we propose that Purkinje cells encode the strength of granule

cell synaptic input in their maximum firing rate with a linear algorithm.
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Introduction

The cerebellum coordinates movement by generating the signals
needed for the precise execution of motor tasks. To compose and
orchestrate these signals, the cerebellum continuously samples
sensory and cortical information from brain regions and sensory
modalities related to the programming and the execution of
movement (Ito, 1984).

The cerebellum consists of many repeats of a simple compu-
tational unit, the detailed anatomical architecture of which was
elucidated over a century ago by Ramon y Cajal (1904, 1911).
Within the cerebellar cortex, mossy fibers relay sensory and cor-
tical information to granule cells via excitatory synaptic connec-
tions. The axons of granule cells (parallel fibers) pass through the
granule and Purkinje cell layers to the molecular layer where they
bifurcate and extend in either direction to contact the dendrites
of Purkinje cells and several classes of interneurons. In addition
to directly receiving excitatory input from granule cells, Purkinje
cells also receive feedforward inhibitory inputs from molecular
layer interneurons, which also receive inputs from granule cells
(Palay and Chan-Palay, 1974). Purkinje cells, the sole output of
the cerebellar cortex, integrate these inputs and send the pro-
cessed information to neurons of the deep cerebellar nuclei
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(DCN), which further process and subsequently transmit the sig-
nals needed for motor coordination (Ito, 1984).

The firing rate of Purkinje cells is modulated in correlation
with the execution of motor tasks such as smooth eye pursuit,
maintenance of postures, various self-initiated limb movements,
and locomotion (Thach, 1968, 1970; Lisberger and Fuchs, 1978;
Udo et al., 1981; Ito, 1984). For example, the firing rate of Pur-
kinje cells changes in consistent temporal relationship with the
movement of the wrist (Thach, 1968) and is monotonically re-
lated to eye velocity during smooth-pursuit eye movements (Lis-
berger and Fuchs, 1978; Miles et al., 1980; Stone and Lisberger,
1990). It is direct input from >150,000 granule cell synapses
(Napper and Harvey, 1988) and the associated feedforward inhi-
bition that modulates the firing of Purkinje cells during these
tasks. Given the importance of the granule cell input—Purkinje
cell output function for cerebellar computation, we sought to
determine whether Purkinje cells encode the strength of granule
cell synaptic input in their firing and, if so, to delineate the rela-
tionship between these parameters.

To determine the computational algorithm with which Pur-
kinje cells encode the strength of excitatory granule cell synaptic
input, we activated beams of parallel fibers or patches of granule
cells by electrical stimulation or photolytic release of glutamate.
We measured the somatic membrane potential and quantified
the maximum poststimulus firing rate and the number of extra
spikes after stimulations of varying synaptic strength. Indepen-
dent of the stimulation paradigm used and in the presence or
absence of inhibition, we found that the maximum poststimulus
firing rate increased linearly with the strength of granule cell
synaptic input.
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Materials and Methods

Slice preparation. Wistar rats 12-26 d of age were anesthetized with halo-
thane and decapitated. All experiments were performed in accordance
with the guidelines and recommendations set by the Albert Einstein
College of Medicine. Equal numbers of younger [postnatal day 12 (P12)
to 19] and older (P19-P26) animals were used for these experiments, and
there were no differences in the data collected in the animals of different
age groups. Sagittal 300- um-thick slices were made from the cerebellar
vermis using a modified Oxford vibratome. Slices were kept at room
temperature until use (1-4 h) in recording solution containing the fol-
lowing (in mm): 125 NaCl, 2.5 KCl, 26 NaHCO;, 1.25 NaH,PO,, 1
MgCl,, 2 CaCl,, and 10 glucose, at a pH of 7.4 when gassed with 5%
CO,/95% O,.

Electrophysiological recordings. Slices were placed in a recording cham-
ber on the stage of an upright Olympus (Tokyo, Japan) microscope, and
Purkinje cells were visualized using a 40X water-immersion objective
(numerical aperture 0.8) with infrared optics. The slices were constantly
superfused at a rate of 1.5 ml/min with the recording solution containing
100 uM picrotoxin (Sigma, St. Louis, MO) and 1 um CGP 55845 [(2S5)-
3-[[(1S)-1-(3,4-dichlorophenyl)ethyl|]amino-2-hydroxypropyl]  (phe-
nylmethyl)phosphinic acid] (Tocris, Ellisville, MO) to block GABA,
(Yoon et al., 1993) and GABA;; (Davies et al., 1993) receptors. These
blockers were omitted when the role of inhibition was evaluated. The
temperature of the bathing solution was adjusted to 35 = 1°C. Several
experiments were conducted with a flow rate of 5 ml/min, during which
the principal findings were reaffirmed (see supplemental material 1,
available at www.jneurosci.org).

Extracellular recordings were made from single Purkinje cells using a
home-made differential amplifier and glass pipette electrodes filled with
the recording solution. With visual guidance, the recording electrodes
were placed next to the soma along the axon of Purkinje cells where the
greatest voltage deflections were obtainable (200—-1000 wV).

Whole-cell recordings were performed with an Optopatch amplifier
(Cairn Research, Kent, UK) with electrodes pulled from borosilicate glass
with a resistance of 1-3 M{) when filled with internal solution. Unless
noted, the internal solution used for whole-cell voltage-clamp recordings
contained the following (in mm): 70 Cs-gluconate, 10 CsF, 20 CsCl, 10
EGTA, 10 HEPES, and 3 Na,ATP, pH 7.4, with CsOH. This intracellular
solution also contained 2 mm QX-314 [N-(2,6-dimethylphenyl-
carbamoylmethyl)-triethylammonium bromide] to block voltage-gated
sodium channels. Series resistance (typically 5-8 M{)) was compensated
by 70—80%. EPSCs were recorded in Purkinje cells whole-cell voltage
clamped at —60 mV.

The internal solution used for whole-cell current-clamp recordings
contained the following (in mm): 120 K- methyl sulfate, 10 KCI, 4
MgATP, 1.8 MgCl,, 14 Na-creatine PO, 0.01 EGTA, and 10 HEPES,
pH 7.2 with KOH. When noted, this intracellular solution also con-
tained 2 mM QX-314 to block voltage-gated sodium channels. When
voltage-gated sodium channels were blocked, sufficient current was
injected such that at the beginning of each recording the membrane
potential was —55 mV.

Extracellular data were sampled at 10 kHz, and whole-cell data were
sampled at 20 kHz using an analog-to-digital converter (PCI-MIO-
16XE-10; National Instruments, Austin, TX) and acquired and analyzed
using custom software written in LabView (National Instruments).

Electrical stimulation. The electrical stimulus was either a single 200 us
current pulse or three 100 us pulses presented at 75 Hz using a constant
current stimulator (Digitimer, Welwyn Garden City, UK) and theta glass
pipettes pulled to tip widths of 80-100 wm (unless noted otherwise). A
home-made timing device was used to time-lock stimulations to occur
with an action potential during spontaneous firing. We used bipolar
stimulation with a large separation between the two poles of the electrode
with the reasoning that it would produce a more linear relationship
between the strength of stimulation and the number of granule cells
and/or fibers activated. Such a configuration results in a wide and fairly
uniform electric field between the two poles with a strength that is a linear
function of the stimulation intensity. Furthermore, the large separation
allows for the activation of a sufficient number of cells and fibers between
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the two poles to achieve the desired range of excited inputs. Because the
strength of the field between the two poles is significantly larger than that
outside the poles, the majority of activated inputs are likely to reside
between the poles of the electrode. The linear relationship between the
strength of stimulation and the resulting EPSCs reported in Results sug-
gests that this configuration performed as predicted.

When stimulating in the granule cell layer, the stimulation electrode
was positioned perpendicular to the Purkinje cell under study. To stim-
ulate a beam of parallel fibers, stimulating electrodes were placed in the
molecular layer ~100 wm from the soma of the Purkinje cell under
study. For each cell, the minimum stimulus intensity was defined as that
which, on average, increased the firing rate by 15 spikes/s above baseline.
The stimulus intensities used typically ranged from the minimal stimulus
intensity to that which increased the firing rate of a Purkinje cell to ~250
spikes/s. To average between cells, where appropriate, the stimulus in-
tensity was normalized to the minimal stimulus intensity. CNQX (10 pm;
Tocris) was added to the bathing solution at the end of each experiment
to ensure that responses were synaptic, and Purkinje cells were not stim-
ulated directly.

Photolytic stimulation. Granule cells were also activated by the local
photolysis of glutamate. The energy source for glutamate photolysis was
a multi-line UV Coherent (Santa Clara, CA) Innova 300C kyrpton ion
laser. The energy output of the laser was adjusted to 300 mW, and an
accusto-optical modulator (Neos Technologies, Melbourne, FL) was
used to gate (1 ms) and regulate the intensity of the UV pulse (0-100%).
The laser light was transmitted to the microscope via a fiber optic cable,
collimated, and positioned via a pair of galvos (Cambridge Technology,
Cambridge, MA) driven by the data acquisition software. The laser light
was focused to form a 40-um-diameter spot in the granule cell layer and
positioned at least 50 wm away from the Purkinje cell under study. MNI-
caged L-glutamate (1 mwm; Tocris) was added to the bathing solution and
recirculated over the slice to allow pre-equilibration. When used in con-
junction with extracellular and current-clamp recordings monitoring
action potential firing, photorelease was also time-locked to occur with
the firing of an action potential using a home-made timing device. MNI-
caged r-glutamate (1 mwm) is neither an agonist nor an antagonist for
glutamate receptors (Canepari et al., 2001).

Data analysis. The data acquisition and analysis program was written
in house using LabView software. The duration of a Purkinje cell re-
sponse to stimulation was defined as the time taken for the instantaneous
firing rate (reciprocal of individual interspike intervals) poststimulus to
return to within 2 SDs of the average prestimulus baseline firing rate. The
baseline firing rate was calculated by averaging the 20 prestimulus instan-
taneous firing rates. Given the extreme regularity of the spontaneous
firing of Purkinje cells and the fact that the coefficient of variation of
individual interspike intervals is ~5% (Walter et al., 2006), the average
firing rate calculated from the average instantaneous firing rate is very
close to the true average firing rate obtained by counting the number of
spikes per second. The poststimulus maximum firing rate was defined as
the maximum instantaneous firing rate in the response. The number of extra
spikes was calculated by counting the number of spikes that occurred during
the response and subtracting from it the number of spikes that occurred
before stimulus for the same length of time. The latter was established by
multiplying the baseline firing rate by the response duration.

For experiments with inhibitory synaptic transmission intact, a pause
was defined as an interspike interval >2 SDs of the average baseline
interspike interval. Average data are presented as mean * SEM unless
noted otherwise.

Results

The poststimulus maximum firing rate and the number of
extra spikes increase linearly with the strength of granule

cell synaptic input

The intrinsic spontaneous firing rate of Purkinje cells is continu-
ously modulated by input from granule cell axons that relay sen-
sory and cortical information from mossy fibers (Ito, 1984). We
first determined the granule cell input—Purkinje cell output func-
tion by establishing the relationship between the strength of gran-
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Figure1. Themaximum firing rate and extra spikes of a Purkinje cell are a linear function of the strength of electrical stimulation of its synapticinputs. 4, The activity of visually identified Purkinje

cells was monitored with extracellular recordings, whereas the granule cell layer immediately below them was electrically stimulated in the presence of 100 wm picrotoxin and 1 um CGP 55845 to
blockionotropicand metabotropicinhibitory synaptic transmission. For the experiments shown, the stimulus was a single 200- us-long constant current electrical pulse. The strength of the stimulus
current was varied from trial to trial in random order. Ai, Individual circles denote the instantaneous firing rate of a Purkinje cell before and after stimulation of the granule cell layer. The granule cell
layer was stimulated with 20, 30, and 40 A intensities. Increasing the strength of stimulation increased the firing rate of the cell, which then decreased monotonically to baseline levels. Aii, In the
raster plot shown, vertical bars indicate the time of occurrence of Purkinje cell action potentials 150 ms before and after the delivery of an electrical stimulation. Different stimulation intensities are
shown. Increasing the strength of electrical stimulation in the same cell increased the poststimulus firing frequency. Aiii, The maximum (instantaneous) poststimulus firing rates for the cell shown
in Aii are plotted. Fach symbol represents a single trial, with the solid line representing the linear regression fit to the data (R> = 0.92). Aiv, Average data from four cells show that the poststimulus
maximum firing rate of Purkinje cells linearly increases as a function of the stimulus intensity. To average between cells, the stimulus intensity was normalized to the minimal stimulus intensity. The
solid line represents the linear regression fit to the data (R? = 0.98). Av, Average data from the same four cells as in Aiv show that the number of poststimulus extra spikes linearly increases as a
function of the stimulus intensity. To average between cells, the stimulus intensity was normalized to the minimal stimulus intensity. The solid line represents the linear regression fit to the data
(R? = 0.94). Avi, The number of extra spikes increases linearly with poststimulus maximum firing rate responses to the same stimulations in a Purkinje cell. The solid line represents the linear
regression fit to the data (R? = 0.90). B, The experiments presented replicate those in A, with the modification that the stimulus was composed of a train of three 100-ps-long current pulses
delivered at 75 Hz. This paradigm replicates the average activity of granule cells in vivo in response to discrete sensory inputs. The first stimulus of the burst was timed to occur simultaneously with
the firing of an action potential in the target cell. A linear relationship between the poststimulus maximum firing rate and poststimulus extra spikes of Purkinje cells and the strength of electrical
stimulation is also found with this paradigm. The stimulation intensities in Bi were 14, 16, and 18 1A. The linear regression fits to data presented in Biii—Bvi had R values of (.88, 0.98, 0.98, and

0.96, respectively. The data in Biv and B are averages from the same five cells. Calibration: 25 ms, 50 spikes/s. Stim., Stimulation; inst., instantaneous.

ule cell synaptic input and the activity of Purkinje cells in the
absence of inhibitory synaptic transmission. To avoid alterations
in the rate and pattern of activity of Purkinje cells, we used extra-
cellular recordings and monitored the activity of individual visu-
ally identified cells in acutely prepared cerebellar slices.

To establish the relationship between the strength of synaptic
stimulation and the activity of a Purkinje cell, we electrically stim-
ulated a patch of granule cells immediately beneath the Purkinje
cell under study (Fig. 1 A). This stimulation location was chosen
because in vivo, in response to a discrete tactile sensory input,
Purkinje cells in crus II are excited mainly by the activation of
granule cells directly beneath them (Bower and Woolston, 1983;
Jaeger and Bower, 1994). To ensure that from trial to trial the
synaptic input arrived at a time when Purkinje cell somatic and
dendritic voltage-gated channels were at comparable biophysical
states, we coordinated the occurrence of the electrical stimulation

such that it was always delivered concurrent with an action po-
tential in the target cell.

Stimulation of granule cells rapidly increased the rate of activ-
ity of Purkinje cells, which then returned to baseline monotoni-
cally (Fig. 1Ai). The increase in the poststimulus firing rate re-
sulted in the firing of more action potentials, extra spikes, after
stimulus compared with the same duration of time before stim-
ulus. In principle, both the increased firing rate and the number
of extra spikes fired can encode the strength of granule cell syn-
aptic input and were thus quantified. For each cell, we increased
the strength of electrical stimulation up to a level that increased
the poststimulus maximum firing rate (maximum instantaneous
firing rate) to ~250 spikes/s. This represents the range over which
in vivo the firing of Purkinje cells is modulated during motor
tasks (Thach, 1970; Espinoza and Smith, 1990; Marple-Horvat et
al., 1998; Hirata and Highstein, 2001).
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We found that the poststimulus maximum firing rate of Pur-
kinje cells increased linearly with the strength of electrical stimu-
lation (Fig. 1Aidi—Aiv). A similar linear relationship was found
between the number of extra spikes and the stimulation strength
(Fig. 1Av). Because with different stimulation strengths the ki-
netics of the decline of the firing rate were similar (Fig. 1 A7), there
was a linear relationship between the number of extra spikes and
poststimulus maximum firing rate (Fig. 1 Avi). The stimulation
strengths that increased the maximum firing rate from 50 to 250
spikes/s resulted in the firing of zero to five extra spikes.

To be able to correlate the strength of electrical synaptic stim-
ulation with the amount of charge injected into Purkinje cells by
granule cell synaptic inputs, in parallel experiments we estab-
lished the relationship between the strength of electrical stimula-
tion and the resulting EPSCs in voltage-clamped Purkinje cells
(Fig. 2A). As predicted from the large diameter of the theta glass
bipolar electrode, we found a linear relationship between these
two parameters in all six cells examined (Fig. 2A). The linearity of
the relationship between the strength of electrical stimulation
and the resulting EPSCs thus shows that increasing the amplitude
of the EPSCs linearly increases the maximum firing rate and the
number of poststimulus extra spikes of Purkinje cells.

Burst activation of granule cells does not alter the linear
granule cell input—Purkinje cell output function

Recently, it has been demonstrated in vivo that in response to a
discrete sensory stimulus, granule cells fire a burst of approxi-
mately three action potentials at ~75 Hz (Chadderton et al.,
2004). To more closely mimic physiological conditions, we re-
evaluated the input—output relationship of Purkinje cells using a
similar burst stimulation paradigm. A patch of granule cells was
electrically stimulated with a train of three stimuli at 75 Hz. Al-
though the first stimulus was time-locked to occur with a spon-
taneously occurring action potential, the subsequent stimuli were
presented independent of the firing of the target cell. Using this
protocol, we also found that the poststimulus maximum firing
rate and the number of extra spikes increased linearly with the
strength of stimulation in all five cells examined (Fig. 1 B). There-
fore, the linear input—output function is maintained with a burst
stimulation paradigm that mimics the activity of granule cells in
vivo.

Synchronous injection of approximately 8 pC by granule cell
synaptic inputs increases the firing rate of Purkinje cells to
~250 spikes/s

In vivo, sensory and cortical inputs associated with a motor task
drive the firing rate of Purkinje cells as high as ~250 spikes/s. It
would be useful to estimate how much charge needs to be injected
by granule cell synaptic inputs to increase the firing rate of a
Purkinje cell to =250 spikes/s. To accomplish this, the maximum
firing rate of a Purkinje cell was first measured in response to an
electrical stimulation using extracellular recordings as described.
The cell was then whole-cell voltage clamped at —60 mV, and the
corresponding EPSC was recorded in response to the same stim-
ulation (Fig. 2 B). To improve space clamp, we blocked voltage-
gated potassium and sodium channels by using a cesium-based
intracellular solution to which 2 mm QX-314 was added. We
ascertained that we voltage clamped the same Purkinje cell for
which we had previously measured the poststimulus maximum
firing rate extracellularly by checking that the extracellularly
monitored activity of the cell ceased after achieving whole-cell
configuration. In two of the five cells tested, we were able to
obtain EPSCs corresponding to several maximum firing rate val-
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Figure2. The maximum firing rate of a Purkinje cell is a linear function of the strength of its

granule cell synapticinput. A, A Purkinje cell was voltage clamped at —60 mV, and EPSCs were
recorded in response to single electrical stimulations of the granule cell layer at varying
strengths. Peak EPSCamplitudes increased linearly with the strength of stimulation in the same
cell. The top inset shows EPSCs corresponding to stimulations of 8, 30, 50, and 80 wA. Calibra-
tion: 25 ms, 200 pA. The bottom inset shows the total charge injected into the same cell by each
EPSC. The relationship between the total EPSC charge and the strength of stimulation is also
linear. The solid lines represent linear regression fits to the data, each with an R2 value >0.96.
B, C, To obtain the relationship between EPSC amplitude and poststimulus maximum firing
rate, EPSCs were recorded in voltage-clamped Purkinje cells in response to granule cell stimu-
ation intensities for which the poststimulus maximum firing rates were previously determined
extracellularly (C, inset). The solid lines represent linear regression fits to the data, each with an
R? value of 0.98. D, The poststimulus maximum firing rates of Purkinje cells are plotted as a
function of the corresponding peak EPSC amplitudes as determined in B. The maximum firing
rates of the Purkinje cells are also plotted as a function of the total charge injected by the
corresponding EPSCs (inset). On average, approximately 1 nA of inward current, or approxi-
mately 8 pC of charge, was sufficient to increase the maximum firing rate to ~250 spikes/s.
Data are from five cells, with each symbol representing a different cell. All average data are
shown as mean = SD. Stim int, Stimulus intensity; Max inst fr, maximum instantaneous firing
rate.

ues. With these experiments, we found that, on average, a maxi-
mum peak amplitude of approximately 1 nA, or approximately 8
pC of total EPSC charge, was needed to drive the firing rate of a
Purkinje cell to ~250 spikes/s (Fig. 2C,D).

Asynchronous injection of approximately 30 pC by granule
cell synaptic inputs is needed to increase the firing rate of
Purkinje cells to ~250 spikes/s

Our estimate that the injection of approximately 8 pC of charge
increases the firing rate of Purkinje cells to ~250 spikes/s is based
on experiments in which granule cells were electrically stimu-
lated. In these experiments, the stimulation synchronously acti-
vated the synaptic inputs, a condition that differs from the asyn-
chronous activation of these synapses with physiological stimuli
(Jaeger and Bower, 1994; Chadderton et al., 2004). The synchro-
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nous activation of the synaptic inputs may be more effective in
increasing the firing rate of a Purkinje cell than if the same num-
ber of inputs were activated asynchronously. Given such a sce-
nario, a greater number of synaptic inputs may need to be acti-
vated to drive a cell to 250 spikes/s. To determine the impact of
asynchronous activation, we replaced electrical stimulation with
photorelease of glutamate over a patch of granule cells, because
with this method of stimulation it is unlikely that all of the gran-
ule cells activated will reach threshold to fire action potentials at
the same time or fire the same number of action potentials.

Caged glutamate (1 mm) was added to the bathing solution
and allowed to equilibrate with the slice. Light from a krypton ion
laser was focused to form a 40 wm spot in the specimen plane and
positioned on a patch of granule cells immediately below the
Purkinje cell under study (Fig. 3A). With the photorelease of
glutamate, the EPSCs were much slower to peak and took much
longer to decay than the EPSCs obtained with electrical granule
cell stimulation (Fig. 3B). The asynchronous activation of gran-
ule cells was also apparent in the increased noise of the EPSCs.
Based on the kinetics of the EPSCs resulting from glutamate pho-
torelease and the increased noise of the EPSCs, it is clear that this
method of stimulation achieved its goal of asynchronously excit-
ing granule cells (Fig. 3B).

One-millisecond pulses of various intensities were applied to
photorelease different concentrations of glutamate onto the
granule cells. The energies of photolysis pulses used were such
that even 100% photolysis power was submaximal and did not
photolyze all of the targeted caged glutamate. This, combined
with the fact that photolysis occurred in a volume several orders
of magnitude smaller than the total volume of the recirculated
caged glutamate solution meant that increasing the energy of the
UV photolysis pulse from trial to trial linearly increased the con-
centration of photoreleased glutamate. In all five cells examined,
we found that the peak EPSC amplitude (Fig. 3C), the total charge
injected by the EPSC (Fig. 3C, inset), the maximum firing rate of
a Purkinje cell (Fig. 3D), and the number of extra spikes (Fig. 3E)
increased linearly with the amount of glutamate photoreleased.

Similar to the experiments described in Figure 2B, we then
performed sequential extracellular and whole-cell voltage-clamp
recordings to determine the current needed to increase the firing
rate of a Purkinje cell. On average, the peak amplitude of the
EPSCs that drove the cell to fire at =250 spikes/s, approximately
0.6 nA, was less than that obtained with electrical stimulation
(compare Figs. 2D, 3F). However, the asynchronous activation
of granule cell synaptic inputs resulted in EPSCs that injected
more total charge than synchronous activations that drove cells
to the same firing rates (Figs. 2 D, 3F ). On average, approximately
30 pC of total EPSC charge was needed to increase the firing rate
of Purkinje cells to =250 spikes/s when granule cell synaptic
inputs were activated asynchronously.

The input- output function of Purkinje cells is independent of
whether a patch of granule cells or a beam of parallel fibers

is activated

Although the firing rate of a Purkinje cell is a linear function of
the current injected into the soma (Llinas and Sugimori, 1980a),
EPSCs originate in the dendrites. These dendrites express a high
density of P/Q voltage-gated calcium channels (Regan, 1991;
Usowicz et al., 1992) and are the origin of calcium spikes (Llinas
and Sugimori, 1980b). Given the highly dynamic and excitable
nature of the dendrites, we wondered whether the observed lin-
earity was a consequence of the experimental design in which a
patch of granule cells was stimulated. With this paradigm, it is
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Figure3.  The strength of asynchronous granule cell activity is linearly encoded in the max-

imum firing rate and extra spikes of Purkinje cells. 4, To avoid the nonphysiological synchronous
activation of granule cells, localized photorelease of glutamate was substituted for electrical
stimulation. UV light from a laser was focused onto a 40- .um-diameter spot and was positioned
onthe granule cell layerimmediately below the Purkinje cell under study. One-millisecond-long
pulses of varying intensity were used to photorelease glutamate from caged glutamate to
activate the targeted granule cells. Similar to electrical stimulations, the photolysis pulse was
delivered coincident with an action potential in the target Purkinje cell. B, EPSCs in Purkinje cells
voltage clamped at —60 mV were recorded after activation of granule cells with electrical
stimulation (top traces) or photorelease of glutamate (bottom traces) at four different stimu-
lation strengths. The timing of the stimulation is depicted by the arrow. As judged by the
kinetics and noise of the resulting EPSCs, glutamate photolysis activated the target granule cells
relatively asynchronously. Calibration: 50 ms, 200 pA. C, The peak amplitude and the total
charge (inset) of EPSCs increased linearly as a function of the intensity of the photolysis pulse in
the same cell. Solid lines represent linear regression fits to the data (R2 = 0.96 and 0.94 for the
inset). Average data are shown as mean = SD. D, The poststimulus maximum firing rate was
measured with extracellular recordings in response to photorelease of different concentrations
of glutamate. In five cells examined, the maximum firing rate increased linearly with the
amount of glutamate photoreleased. Different symbols represent different cells. Solid lines
show linear regression fits to data for each cell (R? > 0.94 in each case). E, The number of
poststimulus extra spikes was measured with extracellular recordings in response to photore-
lease of different concentrations of glutamate. In five cells examined (same as in D), the number
of poststimulus extra spikes increased linearly with the amount of glutamate photoreleased.
Different symbols represent different cells. Solid lines show linear regression fits to data for each
cell (R2 > 0.87 i each case). F, The poststimulus maximum firing rate and peak EPSC ampli-
tudes in response to photorelease of glutamate were measured in the same cell with extracel-
lular and whole-cell voltage-clamp recordings, respectively. The poststimulus maximum firing
rate was a linear function of the peak EPSC amplitude, or total EPSC charge (inset). On average,
approximately 30 pC was required to increase the maximum firing rate to ~250 spikes/s.
Different cells are represented by different symbols. Average data are shown as mean = SD.
Max inst fr, Maximum instantaneous firing rate; inst, instantaneous.

likely that the activated synapses were dispersed across the den-
dritic tree. Such a dispersed input may not have sufficiently de-
polarized any one location of the dendrites to impose nonlinear-
ity on the input—output function by activating a large number of
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Figure4. The maximum firing rate is a linear function of the synaptic current injected by a

beam of parallel fiber synapticinput. 4, A Purkinje cell was voltage clamped at —60 mV, and the
total charge injected by an EPSC was recorded in response to electrical stimulation. The stimulus
consisted of three 100 s current pulses presented at 75 Hz with a pipette positioned in the
molecular layer. B, The total charge injected by an EPSCincreased linearly with the strength of
parallel fiber stimulation for an individual Purkinje cell (R? =0.98). C, The poststimulus max-
imum firing rate increased linearly with the strength of parallel fiber stimulation for an individ-
ual Purkinje cell (R? = 0.87). Fach symbol represents a single trial. D, To obtain the relationship
between total charge injected by an EPSC and poststimulus maximum firing rate, the total
charge injected by an EPSC was recorded in a voltage-clamped Purkinje cell in response to a
molecular layer stimulation intensity for which the poststimulus maximum firing rate was
previously determined extracellularly. Each symbol represents a different cell. inst,
Instantaneous.

voltage-gated channels. To examine this possibility, the input—
output relationship was also determined with the activation of a
beam of parallel fibers.

To activate a beam of parallel fibers, the stimulation electrode
was positioned within the molecular layer, and the parallel fibers
were electrically activated using the electrical burst stimulation
paradigm described previously (Fig. 4A). We first ensured that
with beam stimulations the number of activated parallel fibers
increased linearly with the strength of electrical stimulation by
whole-cell voltage clamping the cells and measuring the total
charge of EPSCs. In all four cells examined, the relationship was
linear (Fig. 4 B). With extracellular recordings, we next examined
the relationship between the strength of parallel fiber stimulation
and the poststimulus maximum firing rate of Purkinje cells and
found it also to be linear in all five cells examined (Fig. 4C). These
experiments demonstrated that the input—output function of
Purkinje cells is linear whether they receive synaptic input as a
beam of parallel fibers or via activation of a patch of granule cells.

Using extracellular recordings followed by whole-cell voltage-
clamp recordings in the same cell, we estimated the total charge
needed to increase the firing rate of a Purkinje cell to ~250
spikes/s with beam stimulations (Fig. 4 D). As expected from the
relative similarity in the stimulation paradigms, on average the
amount of charge needed to increase the firing rate of the Pur-
kinje cells to =250 spikes/s with on beam burst stimulations
(approximately 38 pC) was comparable to that found with asyn-
chronous activation of a patch of granule cells with glutamate
photolysis (approximately 30 pC).

Walter and Khodakhah e Computational Algorithm of Purkinje Cells

Somatic membrane potential is a linear function of the
strength of granule cell synaptic input

Although extracellular recording allows the monitoring of the
activity of a neuron without perturbing it, it does not provide any
information about the absolute membrane potential. To examine
changes in the absolute membrane potential as a function of the
strength of synchronous and asynchronous synaptic input, we
performed a number of whole-cell current-clamp recordings.

Purkinje cells were whole-cell current clamped, and current
was injected to maintain the membrane potential at approxi-
mately —70 mV, a potential at which Purkinje cells do not fire
spontaneously. Every 12 s, the amplitude of the hyperpolarizing
current injected was reduced for 2.5 s and the cell was allowed to
fire spontaneously (Fig. 5A4). One second after the onset of spon-
taneous firing and coincident with the firing of an action poten-
tial, a patch of granule cells immediately beneath the Purkinje cell
was electrically stimulated.

Similarly to that seen with extracellular recording, electrical
stimulation of the granule cell layer increased the firing rate of the
whole-cell current-clamped Purkinje cells (Fig. 5Ai). Further-
more, in all four cells examined, the maximum firing rate of
Purkinje cells increased linearly with the strength of electrical
stimulation (Fig. 5Ai). Qualitatively, it was apparent that the
membrane potential immediately after the stimulation depolar-
ized in proportion with the strength of stimulation (Fig. 5Ai).
However, the presence of action potentials made it difficult to
accurately quantify the underlying synaptic depolarizations.

To evaluate the amplitude and time course of synaptic depo-
larizations, and their relationship to the strength of synaptic in-
put, voltage-gated sodium channels in the Purkinje cells were
blocked by including QX-314 in the internal patch pipette solu-
tion. Current was injected to achieve a membrane potential of
approximately —55 mV, a value that under our experimental
conditions approximates the average potential between action
potentials in spontaneously firing Purkinje cells (Womack et al.,
2004). A patch of granule cells beneath the Purkinje cell was then
electrically activated at various stimulation intensities. We quan-
tified the peak amplitude, rate of depolarization, and area of the
EPSP but restricted our analysis to EPSPs that drive Purkinje cells
to fire up to ~250 spikes/s. A comparison of EPSCs generated by
single granule cells in Purkinje cells voltage clamped with our
potassium- and cesium-based intracellular pipette solutions
showed that the peak amplitude of the EPSC measured with the
potassium-based solution was ~70% of that recorded with the
cesium-based solution (see supplemental material 2, available at
www.jneurosci.org). Therefore, stimulations were restricted to
those that generated currents with peak amplitudes from approx-
imately 25 to 700 pA (Fig. 5Aii—Av).

The peak EPSP amplitude increased as a linear function of the
current amplitude in all six cells examined (Fig. 5Aiii). On aver-
age, the membrane potential depolarized by ~10 mV in response
to stimuli that drive the Purkinje cell to fire at ~250 spikes/s (Fig.
5Aiii). Despite the ambiguity in quantifying the peak EPSP am-
plitudes when Purkinje cells were allowed to fire action poten-
tials, the depolarizations appeared, nonetheless, markedly
smaller (typically =2 mV) than the 10 mV EPSPs measured here
(Fig. 5A1,Aiii). This is likely the consequence of a decrease in the
input resistance of Purkinje cells brought about by activation of
additional conductances when the cells are allowed to fire action
potentials. Similar observations were made by Jaeger and Bower
(1994).

In addition to the peak EPSP amplitude, the rate of rise of the
EPSP also increased linearly with the amplitude of the glutamate-
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Figure 5.  Increasing the strength of granule cell synaptic input linearly increases somatic
membrane potential. 4, Purkinje cells were whole-cell current clamped, and current was in-
jected to maintain the membrane potential at approximately —70 mV. The amplitude of the
hyperpolarizing current injected was reduced for 2.5 s, and the cell was allowed to fire sponta-
neously. One second into spontaneous firing, a bipolar stimulating electrode was used to elec-
trically stimulate the granule cell layer immediately below the Purkinje cell. As with extracellu-
lar recordings, the stimulus was delivered coincident with an action potential in the target
Purkinje cell. The spontaneous firing of a Purkinje cell is shown. Calibration: 100 ms, 20 mV. Ai,
The responses of the cell shown above to different strengths of electrical stimulation are shown.
As can be seen in the compressed (left) and expanded (right) traces, the maximum firing rate of
the Purkinje cell increased with the strength of stimulation. For clarity, action potentials are
truncated. The blue line indicates —50 mV in the traces on the right (expanded). Calibration: 20
ms, 10 mV for left traces; 8 ms, 10 mV for right traces. Aii, Purkinje cells were voltage clamped
at —60 mV with QX-314 in the pipette to block voltage-gated sodium channels, and the gran-
ule cell layer was electrically stimulated to record EPSCs. The same cell was then current
clamped at — 55 mV, and the same stimulation strengths were applied to the granule cell layer
to record the corresponding EPSPs. Calibration: 10 ms, 100 pA for current traces (left); 50 ms, 2
mV for voltage traces (right). Aiii, Scatter plot of peak EPSP amplitudes versus the peak ampli-
tude of corresponding EPSCs. Each symbol indicates a different cell. Solid lines show linear
regression fits to data for each cell (R> > 0.87 in each case with the mean R? = 0.93 == 0.02).

The dashed line indicates the peak EPSC needed to drive Purkinje cells to 250 spikes/s. Aiv,
Scatter plot of the rate of EPSP depolarization versus the peak amplitude of the corresponding
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evoked current in all six cells examined and ranged from ~1 to 3
V/s at currents that drive Purkinje cells to fire at =250 spikes/s
(Fig. 5Aiv). In agreement with previous findings that the number
of extra spikes increases linearly with the strength of granule cell
synaptic input (Fig. 1 Av), the EPSP area also increased linearly as
a function of the glutamate-evoked current amplitude in all six
cells examined (Fig. 5Av).

Although the peak amplitude, rate of rise, and area of the
EPSPs increase linearly with the amplitude of currents that in-
crease the firing of Purkinje cells from ~50 to 250 spikes/s, in-
creasing the strength of stimulation far beyond this range resulted
in EPSPs with markedly altered kinetics that often triggered cal-
cium spikes and were not a linear function of the strength of input
(see supplemental material 3, available at www.jneurosci.org).
Because there is no evidence to suggest that such responses are
physiologically relevant, they were not pursued.

We also used current-clamp recordings to examine the mem-
brane potential of Purkinje cells in response to the asynchronous
photolytic activation of granule cells. In all three cells examined,
the maximum firing rate and the EPSP profile increased mono-
tonically with the strength of photolysis (Fig. 5Bi). As expected,
the time course of EPSPs in the presence of QX-314 was signifi-
cantly longer than that with synchronous stimulations, and the
peak, rate of rise, and area of the EPSPs increased linearly with the
peak amplitude of the glutamate-evoked currents (Fig. 5Bii—Bv).
Similarly to that seen with synchronous stimulations, on average
Purkinje cells were depolarized by ~10 mV with stimulations
that increased the firing of Purkinje cells to ~250 spikes/s (Fig.
5Biii). Again, these depolarizations were greater than those ob-
served when the cell was allowed to fire action potentials (Fig.
5Bi).

The input-output relationship of Purkinje cells is linear in
the presence of feedforward inhibition
In addition to making excitatory synaptic inputs onto Purkinje
cells, granule cells also make excitatory synaptic contacts onto
basket and stellate cell interneurons, which provide feedforward
inhibition onto Purkinje cells (Ito, 1984). It has been proposed
that the fast feedforward inhibition provided by on-beam molec-
ular layer interneurons shortens the excitatory response of a Pur-
kinje cell to granule cell synaptic input (Brunel et al., 2004; Mitt-
mann et al., 2005). The inhibition of Purkinje cells by these “on-
beam” interneurons may, in principle, alter the linear input—
output relationship reported here. Therefore, we examined
whether the input—output function obtained with granule cell
activation remains linear in the presence of inhibitory synaptic
transmission.

We electrically stimulated the granule cell layer immediately

<«

EPSCs. Each symbol indicates a different cell. Solid lines show linear regression fits to data for
each cell (R2>0.82in each case with the mean R? = 0.92 = 0.06). Av, Scatter plot of the EPSP
area versus the peak amplitude of the corresponding EPSCs. Each symbol indicates a different
cell. Solid lines show linear regression fits to data for each cell (R2 > 0.82 in each case with the
mean R = 0.90 = 0.06). B, The experiments presented replicate those in A, with the modi-
fication that 1-ms-long UV pulses of varying intensity were used to photorelease glutamate
from caged glutamate in the granule cell layer immediately beneath the Purkinje cell under
study to mimic asynchronous release. In Bi, the blue line indicates —50 mV in the traces on the
right (expanded). In Biii—Bv, solid lines show linear regression fits to data for each cell [R?>
0.92 (Biii, Biv), R? > 0. 90 in (Bv)]. Also, the dashed line indicates the peak EPSC needed to
drive Purkinje cells to 250 spikes/s. Calibration: B, 50 ms, 20 mV; Bi, 20 ms, 10 mV for the left
traces (compressed) and 5 ms, 8 mV right traces (expanded); Bii, 50 ms, 100 pA for the current
traces (left) and 140 ms, 3 mV for the voltage traces (right).
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beneath the Purkinje cell similarly to the experiments shown in
Figure 1 A, but in the absence of blockers of inhibitory synaptic
transmission (Fig. 6A). To preserve as much of the feedforward
circuitry as possible, extracellular recordings were made from
Purkinje cells ~100 wm beneath the surface of the slice. In all 10
cells studied and with all strengths of electrical stimulation used,
the responses of Purkinje cells to granule cell layer stimulation
contained pauses (50—300 ms) in firing (Fig. 6 B, C). The pauses
in Purkinje cell firing were attributable to the excitation of inter-
neurons by granule cell synaptic input and not attributable to
direct electrical stimulation, because pauses were abolished after
application of 10 uM CNQX (Fig. 6 B). The onset of the pause was
extremely fast such that, on average, it constituted the first inter-
spike interval in most responses. Increasing the strength of stim-
ulation of the granule cell layer increased the probability of oc-
currence of an action potential before the pause (Fig. 6C). On
average, at lower stimulation intensities, an action potential oc-
curred before the pause in only 29.9 = 9.1% of the responses.
This increased to 44.2 = 11.8% at higher stimulation intensities.
Our results are in agreement with previous reports that feedfor-
ward inhibition plays a major role in shaping the responses of
Purkinje cells to granule cell stimulation (Brunel et al., 2004;
Mittmann et al., 2005). It is proposed that the fast onset of feed-
forward inhibition rapidly limits excitatory postsynaptic poten-
tials and thus increases the precision of timing of the most imme-
diate poststimulus action potential (Brunel et al, 2004;
Mittmann et al., 2005). As discussed, we found that in the major-
ity of cases, an action potential did not precede the pause pro-
duced by feedforward inhibition. Thus, although feedforward
inhibition clearly plays a major role in shaping the response of
Purkinje cells to granule cell synaptic input, feedforward inhibi-
tion does not solely regulate the precision of action potential
timing.

There was variability from cell to cell, but, in general, with
increases in stimulation intensity, the pause duration either in-
creased monotonically or showed an initial increase followed by a
decrease. When averaged across all cells, the pause duration in-
creased over lower intensities and then had no significant rela-
tionship with higher stimulus intensities (Fig. 6G). Because at all
stimulus intensities there was a pause in firing, on average with
intact inhibition, the number of poststimulus extra spikes was
negative. Furthermore, in contrast to the experiments done in the
absence of inhibition, there was no clear relationship between the
number of poststimulus extra spikes and the strength of stimula-
tion (Fig. 6 F).

The firing rate of Purkinje cells was sometimes higher after the
pause in firing compared with prestimulus levels. Because re-
sponse duration was defined as the time taken for the firing rate
to come back to within 2 SDs of the prestimulus firing rate, in
cases in which synaptic inhibition did not allow for an action
potential before the pause, the poststimulus maximum firing rate
occurred after the pause. In all cells tested and with all strengths of
stimulation used, the activation of a patch of granule cells imme-
diately beneath a Purkinje cell increased its poststimulus maxi-
mum firing rate compared with its prestimulus rates (Fig. 6C-E).
Despite the major influence that inhibition had on the response
of Purkinje cells to granule cell layer stimulation, remarkably we
found that the relationship between the strength of granule cell
layer stimulation and the maximum firing rate of Purkinje cells
remained linear. The relationship was linear even in cells in which
the poststimulus maximum firing rate occurred before the pause
at some stimulation strengths and after the pause at others (Fig.
6C,D). As expected, larger stimulation intensities were required
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Figure 6.  In the presence of feedforward inhibition, the maximum firing rate of a Purkinje

cellis a linear function of the strength of its granule cell synaptic input. A, In the absence of
inhibitory synaptic transmission blockers, the activity of visually identified Purkinje cells was
monitored with extracellular recordings, whereas the granule cell layer immediately beneath
them was electrically stimulated with bipolar electrodes 80 —100 rum in diameter The stimulus
was a single 200- s-long constant current electrical pulse that was delivered concurrently with
an action potential in the target Purkinje cell. The strength of the stimulus current was varied
from trial to trial in random order. B, Sample extracellular recordings show the response of an
individual Purkinje cell to granule cell layer stimulations of 20 and 100 wA. The response of a
Purkinje cell to a 100 A stimulation is abolished in the presence of 10 um CNQX, confirming
that interneurons are activated by granule cell synaptic input and are not being directly stimu-
lated. Calibration: (in descending order) 50 ms, 400 V; 10 ms, 400 wV; 50 ms, 300 wV. €, Inthe
raster plot, vertical bars indicate the time of occurrence of Purkinje cell action potentials 100 ms
before and 225 ms after the delivery of an electrical stimulation. Different stimulation intensi-
ties are shown. Increasing the strength of electrical stimulation in the same cell increased the
poststimulus firing frequency. D, The maximum poststimulus firing rates for the cell shown in €
are plotted. Each symbol represents a single trial, with the solid line representing the linear
regression fit to the data (R2 = 0.81). E, Average data from 10 cells (black circles) show that the
poststimulus maximum firing rate of Purkinje cells linearly increases as a function of the stim-
ulus intensity. To average between cells, the stimulus intensity was normalized to the minimal stim-
ulusintensity. The solid line represents the linear regression fit to the data (R> = 0.98). Average data
(mean == SEM) from five cells with maximum firing rates that reached 200 spikes/s (green circles)
show that the poststimulus maximum firing rate of Purkinje cells linearly increases as afunction of the
stimulus intensity. The stimulus intensity was normalized to the minimal stimulus intensity. The solid
line represents the linear regression fit to the data (R = 0.96). F, Average datafrom the same 10 cells
asin Eshow that thereis no relationship between the strength of granule cell layer stimulation and the
number of poststimulus extra spikes. The stimulus intensity was normalized to the minimal stimulus
intensity. G, Average data from the same 10 cells as in £ and F show that although the pause duration
initially increases with the strength of granule cell layer stimulation, the relationship is not linear over
the entire range examined.
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to increase the firing rate of Purkinje cells with inhibition intact.
Because the resistance of the bipolar electrodes limited the max-
imum stimulation intensities used, on average the poststimulus
maximum firing rate of all 10 cells examined did not exceed ~150
spikes/s (Fig. 6 E). Evaluation of the relationship in a subset of
cells for which the resistance of the bipolar electrode was not a
limiting factor demonstrated that the relationship remained lin-
ear over an extended range of firing rates (Fig. 6 E).

Because, in theory, the strength of granule cell synaptic input
can be encoded both in the number of extra spikes and the post-
stimulus maximum firing rate, throughout this study we have
quantified the relationship between these two parameters and the
strength of granule cell layer stimulation. Whereas in the pres-
ence of feedforward inhibition the number of extra spikes failed
to encode the strength of input over the entire range examined,
under all experimental conditions the poststimulus maximum
firing rate linearly encoded the strength of granule cell synaptic
input.

In the experiments described above, the poststimulus pause
resulted in a prominent decrease in the firing rate of a Purkinje
cell. During the execution of motor tasks i1 vivo, the firing rate of
Purkinje cells can increase without any associated decrease.
Therefore, as one would expect, there must exist patches of gran-
ule cells that when activated do not result in significant feedfor-
ward inhibition and do not generate pauses in Purkinje cell firing.
We wondered whether the relationship between the strength of
granule cell input and the maximum firing rate of Purkinje cells
would remain linear with the activation of such patches.

To more selectively activate a subset of granule cells, we re-
duced the size of the bipolar stimulating electrode to ~40 wm.
We found that in the same slice, electrical stimulations that elic-
ited pauses when the electrode was located in one position did not
decrease the firing rate when the electrode was repositioned to
another location (Fig. 7A-C). We evaluated the relationship be-
tween the strength of granule cell layer stimulation and the max-
imum firing rate of Purkinje cells at locations that, when acti-
vated, did not produce a pause. The input—output function
remained linear when the granule cells in these patches were
activated (Fig. 7D). To examine the extent to which inhibition
shaped these responses, we also established the input—output
function in the presence of blockers of inhibitory synaptic trans-
mission. Although blocking inhibitory synaptic transmission did
not affect the linearity of the relationship over the range exam-
ined, it increased the effectiveness of a stimulus. This was appar-
ent in the 2.6-fold increase in the slope of the maximum firing
rate versus stimulus intensity curve (Fig. 7D).

Changes in Purkinje cell membrane potential after
activation of granule cell synaptic inputs in the presence of
feedforward inhibition
Using whole-cell recordings, we also examined synaptic currents
and changes in membrane potential after stimulation of the gran-
ule cell layer with intact inhibition. Bipolar stimulating electrodes
similar to those used for experiments described in Figure 6 were
placed in the granule cell layer directly beneath Purkinje cells
whole-cell voltage clamped at various membrane potentials (—30
to —60 mV). Although we limited the whole-cell recordings to
Purkinje cells located within the more superficial cell layers, in all
four cells examined the fast excitatory inward current was fol-
lowed by a slower inhibitory outward current. The proportion of
the peak inward versus peak outward current was variable from
cell to cell and depended on the strength of stimulation (Fig. 8B).
In whole-cell current-clamp recordings similar to those de-
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Figure7.  The computational algorithm of Purkinje cells is not affected by inhibitory inputs.

A, In the absence of inhibitory synaptic transmission blockers, the activity of visually identified
Purkinje cells was monitored with extracellular recordings, and the granule cell layer was elec-
trically stimulated with bipolar electrodes 40 wm in diameter. The location of the bipolar
electrode was placed underneath the Purkinje cell in locations that generated inhibitory (loca-
tion 1) and excitatory (location 2) Purkinje cell responses. B, Sample recordings show the re-
sponse of a Purkinje cell to granule cell layer stimulations of 50, 60, and 70 1A at location 1.
(alibration: 20 ms, 250 V.. €, Sample recordings show the response of the same Purkinje cell in
A to granule cell layer stimulations of 60, 90, and 120 A at location 2 in the presence and
absence of 100 wum picrotoxinand 1 um CGP 55845. Calibration: 20 ms, 500 V. D, Average data
from three cells show that with inhibition intact, the poststimulus maximum firing rate of
Purkinje cells linearly increases with the strength of granule cell layer stimulation. Average data
from the same three cells with inhibition blocked also reveals a linear input— output function,
but with a 2.6-fold higher slope. To average between cells, the stimulus intensity was normal-
ized to the minimal stimulus intensity. Solid lines show linear regression fits to data (R? > 0.98
in each case). inst., Instantaneous.

scribed for Figure 5A7, pauses in Purkinje cell firing could be seen
after electrical stimulation of the granule cell layer. In the exam-
ple shown, and as seen with extracellular recordings, increasing
the strength of stimulation initially increased the pause duration
while further increases both increased the pause duration and
allowed for the generation of an action potential before the pause
(Fig. 8C). With even greater strengths of stimulation, the interval
decreased between the two spikes occurring before the pause, and
the pause duration shortened (Fig. 8C). Similar results were ob-
tained in three of the six cells examined. In the remaining cells
examined, the same relationship was obtained between the
strength of stimulation and pause duration, although an action
potential did not occur before the pause. Furthermore, in half of
the cells studied, the increase in pause duration was clearly asso-
ciated with the extent to which the membrane hyperpolarized
during the pause.

It is noteworthy that the whole-cell data differ from those
obtained with extracellular recordings in two ways. First, the du-
ration of pauses obtained with whole-cell recordings (20—65 ms)
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were shorter than those obtained with ex-
tracellular recordings (50-300 ms). This
could be because visualized whole-cell re-
cordings necessitated the examination of
more superficial Purkinje cells. Compared
with the more deeply located cells studied
with extracellular recordings, the more su-
perficial cells may not have received as
many inhibitory synaptic inputs. It is also
possible that during whole-cell recordings,
dialysis of the cell with the internal patch
pipette solution altered the chloride rever-
sal potential. The second difference was
that, in contrast to that seen with extracel-
lular recordings, in whole-cell recordings
the firing rate did not increase after the
pause. The difference could also be the
consequence of reduced inhibition be-
cause the increase in the firing rate after
the pause could be the consequence of re-
bound depolarization.

Figure 8.

Discussion

To coordinate movement, the cerebellum needs to integrate vast
amounts of sensory and cortical information (Ito, 1984). Cere-
bellar processing of this information is performed mainly by Pur-
kinje cells. The dendrites of these cells (Hounsgaard and
Yamamoto, 1979; Llinas and Sugimori, 1980b; Lev-Ram et al,,
1992) integrate sensory and cortical information from >150,000
granule cell synaptic inputs (Napper and Harvey, 1988). These,
along with inhibitory inputs, shape the firing of Purkinje cells and
provide the context for the encoding of signals required for mo-
tor coordination (Ito, 1984). Thus, the granule cell input-Pur-
kinje cell output function is central for information processing by
the cerebellum.

We evaluated the potential use of the number of extra spikes
and poststimulus maximum firing rate in encoding the strength
of granule cell synaptic input. We find that in the absence of
inhibition, both of these parameters linearly encode the strength
of synaptic input over the physiological range of firing rates ob-
served in vivo. This linearity was found regardless of the pattern
or location of synaptic inputs. In the presence of feedforward
inhibition, the maximum firing rate, but not the number of extra
spikes, linearly encoded the strength of granule cell synaptic in-
put. The finding that Purkinje cells linearly encode the strength of
their synaptic input in their firing rate is consistent with record-
ings of the firing rate of Purkinje cells in vivo that show Purkinje
cells linearly sum information (Thach, 1967; Eccles et al., 1972;
Allen et al., 1974). We propose that Purkinje cells encode the
strength of their granule cell synaptic inputs in their poststimulus
maximum firing rate using a linear computational algorithm,
although the mechanism by which DCN neurons decode this
information remains to be delineated.

Purkinje cells provide DCN neurons with information
regarding stimulus intensity

The firing of Purkinje cells is modulated with the execution of
motor tasks and is thought to reflect the strength of sensory and
cortical input. Until recently, however, whether the strength of
this information is reflected in the firing rate of DCN neurons has
been less clear. Rowland and Jaeger (2005) showed with record-
ings from DCN neurons in vivo that as a population, these neu-
rons show increased response amplitudes as the intensity of the
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The membrane potential of Purkinje cells in the presence of intact inhibition. A, In the absence of blockers of
inhibitory synaptic transmission, a Purkinje cell was whole-cell patch clamped, and the membrane currents or potentials were
recorded in response to various strengths of single electrical stimulations of the granule cell layer applied with bipolar electrodes
80100 wm in diameter (similar to those used in Fig. 6). B, The currents recorded in a voltage-clamped Purkinje cell in response
to various stimulation strengths (color-coded as in the graph). Calibration: 5 ms, 100 pA. The bottom inset plots peak EPSC (filled
circles) and IPSC (open circles) amplitudes versus stimulus intensity. €, In the absence of blockers of inhibitory synaptic transmis-
sion, the response of a Purkinje cell to electrical stimulation of the granule cell layer immediately beneath it using the whole-cell
current-clamp protocol of Figure 547 is shown. Calibration: 10 ms, 10 mV. For clarity, action potentials are truncated.

stimulus (air puff) is increased. They also showed that the inten-
sity of the stimulus was encoded in the activity of cerebellar gran-
ule cells. Our experiments show that the maximum firing rate of
Purkinje cells encodes the strength of granule cell synaptic input
and suggests that Purkinje cells relay intensity information to
DCN neurons.

Linear input-output functions and information processing
The computational algorithm of a neuron is critical for informa-
tion processing by it in the circuit in which it resides. We propose
that Purkinje cells have a linear granule cell input—Purkinje cell
output function that endows them with several properties not
obtainable with nonlinear or binary input—output functions. A
linear input—output function has the advantage that it enables
the target neuron to distinguish the strength of a synaptic input
without complicated decoding. The specialized nature of the syn-
apses between Purkinje cells and DCN neurons ensures that the
strength of the cortical and sensory information is efficiently
translated to a change in the conductance of DCN neurons (Tel-
gkamp et al., 2004). Furthermore, a unique feature of a linear
input-output function is that, independent of the initial firing
rate of a Purkinje cell, a given change in the strength of sensory
and cortical synaptic input is signaled by the same change in the
firing rate of the Purkinje cell. This allows the DCN neuron to
extract information about the change in the strength of sensory
and cortical input to the Purkinje cell without the need for knowl-
edge of its absolute firing rate. Moreover, the sum of several linear
functions is also a linear function. Thus, although DCN neurons
average information from several Purkinje cells, the integrity of
the computational algorithm is maintained.

Comparison with other neurons

The present study attempted to correlate the relationship be-
tween the firing rate of Purkinje cells and the amount of charge
injected by granule cell synaptic inputs. Unfortunately, there are
few studies that allow for a direct comparison. The most compa-
rable experiments were performed in CAl pyramidal neurons
where the numbers of spikes fired by the cell appear to be a linear
function of the number of synaptic-like asynchronous inputs
(Gasparini and Magee, 2006). Several studies have examined in-
put—output functions by examining the relationship between fir-
ing rate of the cell with the amplitude of somatic current injec-
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tions. Such studies show that, at least in a subpopulation, this
relationship is linear in layer II/IIT visual cortical neurons (Ogawa
etal,, 1981), layer V neocortical neurons (Stafstrom et al., 1984),
brainstem motoneurons (Viana et al., 1995), and layer III ento-
rhinal pyramidal neurons (Dickson et al., 1997). Interpretation
of these studies is made ambiguous by the assumption that the
current that reaches the soma is a linear function of the number
of activated synaptic inputs. This assumption requires validation
in each case, because active dendritic conductances often con-
tribute to dendritic integration and may cause the summation of
inputs to be nonlinear (Cash and Yuste, 1999; Nettleton and
Spain, 2000; Schiller et al., 2000; Oakley et al., 2001; Ariav et al.,
2003; Losonczy and Magee, 2006). It is noteworthy, however, that
the contribution of active conductances can be remarkably bal-
anced, allowing for linear summation of inputs, such as in CAl
pyramidal neurons (Cash and Yuste, 1999). We believe that the
latter scenario also applies to Purkinje cells given their linear
input—output function and the fact that blockade of subthresh-
old voltage-gated Kv1-type potassium channels significantly af-
fects the amplitude and time course of somatic depolarizations
evoked by a range of synaptic-like inputs (Khavandgar et al.,
2005). The contribution of these channels is likely to be balanced
by active conductances such as P/Q-type voltage-gated calcium
channels, which are present at a high density in the dendrites of
Purkinje cells (Usowicz et al., 1992). Given that active conduc-
tances make a significant contribution to the integration of gran-
ule cell synaptic inputs, their modulation could, in principle, alter
the input—output function. Such modulation could occur, for
example, after climbing fiber activation, because the large ampli-
tude and long duration of the complex spike could alter the state
of active conductances.

Active dendrites: linear input—output functions
The complement of voltage-gated channels that the dendrites of a
neuron express strongly influence its function (Johnston et al.,
1996; Yuste and Tank, 1996). The most extreme contribution of
these channels is to support the generation of a propagating den-
dritic sodium or calcium action potential. Therefore, the input—
output function of a neuron in which a propagating dendritic
action potential is generated is often discontinuous with synaptic
inputs straddling threshold. Given the binary nature of an action
potential; once a propagating dendritic action potential is initi-
ated the output will no longer be a function of synaptic strength.
Sodium, calcium, and NMDA-mediated dendritic action po-
tentials are found in the dendrites of many neurons and are sug-
gested to contribute to synaptic integration (Benardo et al., 1982;
Kim and Connors, 1993; Hausser et al., 1995; Spruston et al.,
1995; Schiller et al., 1997; Stuart et al., 1997; Golding and Sprus-
ton, 1998; Martina et al., 2000). In many of these neurons, how-
ever, it remains to be determined whether dendritic spikes are
generated by physiologically relevant strengths and patterns of
synaptic input and, if so, how they affect the shape of the input—
output function. In Purkinje cells, propagating dendritic calcium
action potentials contribute to the integration of climbing fiber
synaptic inputs. In fact, a propagating dendritic calcium spike is
the hallmark of the response to climbing fiber synaptic input and
is responsible for the highly reproducible “complex spike” in
Purkinje cells (Eccles et al., 1966; Martinez et al., 1971). Despite
the highly excitable nature of Purkinje cell dendrites, here we find
no evidence for the generation of these global dendritic calcium
spikes with granule cell synaptic inputs that drive the cell as high
as ~250 spikes/s. We cannot, however, rule out the possibility of
localized dendritic calcium action potentials that can occur in
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Purkinje cells with strong activation of a beam of parallel fibers
(Rancz and Hausser, 2006).

The ability of climbing fiber and not granule cell synaptic
inputs to generate global dendritic calcium spikes would allow for
separate functional roles for these inputs. The dendritic calcium
action potential generated in response to climbing fiber synaptic
input results in a large calcium influx (Miyakawa et al., 1992;
Callaway et al., 1995) that plays an important role in the induc-
tion of long-term depression of the granule cell to Purkinje cell
synapse (Ito, 1989; Sakurai, 1990). This plasticity is thought to
underlie several forms of motor learning (Marr, 1969; Albus,
1971; Ito and Kano, 1982; Ito, 1989; Mauk et al., 1998). If similar
global dendritic calcium spikes are not generated by granule cell
synaptic input, this ensures that climbing fibers maintain the
exclusive ability to act as the instructor that induces plasticity at
this synapse.
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