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Dendritic Calcium Signaling Triggered by Spontaneous and
Sensory-Evoked Climbing Fiber Input to Cerebellar Purkinje
Cells In Vivo
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Cerebellar Purkinje cells have one of the most elaborate dendritic trees in the mammalian CNS, receiving excitatory synaptic input from
a single climbing fiber (CF) and from ~200,000 parallel fibers. The dendritic Ca®" signals triggered by activation of these inputs are
crucial for the induction of synaptic plasticity at both of these synaptic connections. We have investigated Ca>* signaling in Purkinje cell
dendrites in vivo by combining targeted somatic or dendritic patch-clamp recording with simultaneous two-photon microscopy. Both
spontaneous and sensory-evoked CF inputs triggered widespread Ca>" signals throughout the dendritic tree that were detectable even in
individual spines of the most distal spiny branchlets receiving parallel fiber input. The amplitude of these Ca*" signals depended on
dendritic location and could be modulated by membrane potential, reflecting modulation of dendritic spikes triggered by the CF input.
Furthermore, the variability of CF-triggered Ca®" signals was regulated by GABAergic synaptic input. These results indicate that den-
dritic Ca™ signals triggered by sensory-evoked CF input can act as associative signals for synaptic plasticity in Purkinje cells in vivo and
may differentially modulate plasticity at parallel fiber synapses depending on the location of synapses, firing state of the Purkinje cell, and

ongoing GABAergic synaptic input.

Introduction

Purkinje cells exhibit a rich repertoire of dendritic excitability
(Llinas and Sugimori, 1980b). Most remarkable are the promi-
nent dendritic Ca** spikes, which have been shown in slice prep-
arations to be associated with substantial elevations in dendritic
[Ca®"] (Tank et al., 1988; Lev-Ram et al., 1992; Miyakawa et al.,
1992). Dendritic Ca®" spikes and their associated Ca** signals
can be triggered by current injection and by both climbing fiber
(CF) and parallel fiber synaptic inputs. While the CF forms hun-
dreds of synaptic contacts along the proximal dendritic tree of
Purkinje cells, activation of CF input has been shown to trigger
Ca?" influx, which is detectable throughout the entire dendritic
tree (Konnerth et al., 1992; Miyakawa et al., 1992). On the other
hand, activation of parallel fibers triggers local dendritic [Ca*™]
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increases, which can be confined to small regions of the spiny
branchlets (Eilers et al., 1995; Hartell, 1996; Wang et al., 2000;
Brenowitz and Regehr, 2005). Dendritic [Ca*"] increases trig-
gered by CF and parallel fiber activity summate nonlinearly, de-
pending upon the timing between these two inputs, and this
supralinear summation of Ca*" signals is thought to play a key
role in the induction of short- and long-term synaptic plasticity at
parallel fiber synapses (Sakurai, 1990; Konnerth et al., 1992;
Miyata et al., 2000; Wang et al., 2000; Coesmans et al., 2004;
Brenowitz and Regehr, 2005; Rancz and Héusser, 2006). Accord-
ingly, the CF signal has been proposed to act as a global signal
integrating and controlling parallel fiber signals and their plastic-
ity (Ito, 1984). The Ca*" signal triggered by CF input has also
been shown to be crucial for long-term synaptic plasticity at CF
synapses (Hansel and Linden, 2000; Weber et al., 2003).
Although CF-evoked dendritic Ca*" signals have been de-
tected in vivo using bulk loading or electroporation of [Ca*™]
indicators into Purkinje cells (Sullivan et al., 2005; Mukamel et
al., 2009; Ozden et al., 2009; Schultz et al., 2009; Chen et al,,
2010), quantitative characterization of the magnitude and spatial
spread of the Ca’™ signals and their precise relationship with
electrical activity has thus far only been possible in vitro (Kon-
nerth et al., 1992; Miyakawa et al., 1992; Wang et al., 2000). It is
crucial to obtain this information in vivo, particularly given that
dendritic excitability can be modulated by action potential firing,
background excitatory and inhibitory synaptic input, and activity
in neuromodulatory afferents. In cortical pyramidal cells, in vivo
two-photon imaging has shown that dendritic Ca*™ signaling is
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modulated by background synaptic inputs and by activation of
neuromodulatory afferents via sensory stimulation (Svoboda et
al., 1997; Helmchen et al., 1999; Svoboda et al., 1999; Waters and
Helmchen, 2004; Murayama et al., 2009).

To understand the functional properties of CF-triggered cal-
cium signals in cerebellar Purkinje cells in the intact brain, we
used somatic and dendritic patch-clamp recording together with
simultaneous two-photon, laser-scanning microscopy in anes-
thetized rats (Waters et al., 2003; Waters and Helmchen, 2004).
This approach allowed us to directly correlate electrophysiologi-
cal and calcium signaling in the dendrites of cerebellar Purkinje
cells in vivo. We show that both spontaneous and sensory-evoked
CF inputs trigger an extensive [Ca®"] signal across the entire
dendritic tree and that this Ca>™ electrogenesis is modulated by
membrane potential, firing state, dendritic location, and ongoing
GABAergic synaptic input.

Materials and Methods

The care of animals and experimental procedures were carried out in
accordance with national and institutional guidelines.

Surgery. Sprague Dawley rats (postnatal days 18-26) were anesthe-
tized by intraperitoneal injection of ketamine/xylazine (80/5 mg/kg,
Sigma-Aldrich) or inhalation of 0.5-1% isoflurane in pure O,. Depth of
anesthesia was monitored regularly by observing whisker movements
and the pinch withdrawal reflex of the hindlimb; additional doses of
anesthetic were given as needed. Body temperature was monitored using
a rectal temperature probe and maintained at 37 = 1°C using a heating
pad (FHC). The rat was fixed on a custom stereotaxic apparatus under a
surgical microscope (MZ6, Leica). The skull over the cerebellum was
exposed and a stainless steel frame was glued to it with superglue and
dental cement. A small craniotomy (~2 mm) was made to expose cere-
bellar vermis or folium Crus ITa (~4-5 mm lateral and 1.5-2 mm pos-
terior to the occipital bone line). The dura was carefully removed, and the
craniotomy was filled with 1.5-2% agarose (type IIla, Sigma-Aldrich) in
solution containing the following (in mwm): 150 NaCl, 2.5 KCI, 10 HEPES,
2 CaCl,, 1 MgCl,, pH 7.3. A coverslip was placed over the agarose to
minimize brain movements. The rat was then transferred to the animal
stage under the two-photon microscope.

In vivo patch-clamp recording. Single whole-cell patch-clamp record-
ings from Purkinje cell somata or dendrites in vivo were obtained using
the “blind” approach as described previously (Margrie et al., 2002; Loe-
wenstein et al., 2005). Alternatively, patch-clamp recordings were made
under direct visual control from negatively stained Purkinje cell somata
using two-photon microscopy (“shadowpatching”) (Kitamura et al.,
2008), as follows. The patch pipette was tip filled with the internal solu-
tion (see below, this paragraph) containing 50 um Alexa Fluor 594 but
without [Ca**] indicator. By applying brief positive pressure to the pi-
pette, the extracellular space was filled with dye, and Purkinje cell somata
were identified as the “negative image” by their shape, size, and depth.
The pipette tip filled with Alexa Fluor 594 was brought to a negatively
stained Purkinje cell soma, and the contact of the pipette tip to the cell
was monitored by the increase of the tip resistance and confirmed by the
formation of a bright, dye-filled “dimple.” The positive pressure was then
released to make a tight G{) seal, and the whole-cell configuration was
established by applying brief suction. The resistance of the recording
pipette was 5-7 M(), and the pipette internal solution contained the
following (in mm): 130 K-MeSO;, 6 NaCl, 10 HEPES, 2 MgCl,, 4
Na,ATP, 0.5 Na,GTP, 0.5 Fluo-4 [or 0.2-0.3 Oregon Green 488
BAPTA-1 (OGB-1)], and 0.05 Alexa Fluor 594, pH 7.3 (290 mOsm). The
concentration of Ca®" indicators used could counteract native Ca*"
buffers (0.2-0.4 mm) (Maeda etal., 1999). All fluorescent dyes were from
Invitrogen. Recordings were made using a MultiClamp 700A amplifier
(Molecular Devices), and were filtered at 10 kHz and digitized at 20-50
kHz using a Digidata 1322A (Axon) controlled by AxoGraph X software
(AxoGraph Scientific). Sensory responses were evoked by delivering an
airpuff (50 ms, 4050 psi; Picospritzer III, General Valve) to the ipsilat-
eral perioral surface. The duration of experiments was ~5—6 h, including
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initial surgery. During recordings, viability of animals was checked
regularly by monitoring respiratory rate (~60-120 /min) by visual
inspection.

In vivo two-photon calcium imaging. In vivo two-photon imaging
(Denk et al., 1990; Svoboda et al., 1997) was performed using a two-
photon laser-scanning microscope (In Vivo Imager, Prairie Technolo-
gies). A mode-locked Ti:sapphire laser (MaiTai, Spectra Physics) was
used for two-photon excitation (~100 fs pulse width and 80 MHz repe-
tition rate; center wavelength, 800—810 nm) in conjunction with a water-
immersion objective lens (LUMPlan 40X/W/IR2 or 60X/W/IR2,
Olympus). Average laser power at the sample was <20 mW (mostly 5-10
mW). Fluorescence from Fluo-4 (or OGB-1) and Alexa Fluor 594 was
divided into green and red channels by a dichroic mirror (575DCXR,
Chroma) and detected by photomultiplier tubes (R3896, Hamamatsu).
Stray light from the excitation laser and background fluorescence was
eliminated by a short-pass filter (E650SP-2P, Chroma) and emission
filters (BGG22 for green; HQ607/45 for red, Chroma). Image acquisition
and microscope positioning was controlled by ScanImage (Pologruto
etal., 2003) or PrairieView (Prairie Technologies) software. Dendritic
[Ca?"] transients were recorded in line scan mode at 2 ms/line. Cal-
cium imaging was performed at least 45 min after break-in to allow
equilibration of the dye in the dendritic tree. Dendritic calcium im-
aging following electroporation of the indicator dye was performed as
described previously (Nevian and Helmchen, 2007; Kitamura et al.,
2008). OGB-1 (1 mm in internal solution) was loaded by electropora-
tion using a hyperpolarizing current pulse (—200 nA, 50 ms) with the
pipette positioned on the cell soma. Calcium imaging was performed
~60 min after electroporation.

Analysis. All electrophysiological data and [Ca®"] transients were an-
alyzed using Igor Pro (WaveMetrics), MATLAB (MathWorks), and Axo-
Graph X. To measure amplitude, rise time and instantaneous frequency,
simple and complex spikes were detected by fitting to the template wave-
form taken from the same trace by using the event detection function of
AxoGraph X. Up and down states of the membrane potential of Purkinje
cells were detected as described previously (Loewenstein et al., 2005).
Detection of [Ca®"] transients was triggered by the onset of complex
spikes measured in the electrophysiological recording. Fluorescence sig-
nals were averaged over the entire width of the dendrite. [Ca®"] tran-
sients were calculated as AG/R = (G — G,)/R, the ratio of change in green
fluorescence to red fluorescence after subtraction of background fluores-
cence for Fluo-4 (Yasuda et al.,, 2003), or AF/F = (F — F))/(F, — F),
where F|, is baseline fluorescence without [Ca**] transients and F, is
background fluorescence next to the dendrite for OGB-1. The peak am-
plitude of [Ca?™"] transients was defined as the difference between the
baseline [average AG/R (AF/F) for 20 ms before the onset of complex
spike] and the average of five data points around the peak. The [Ca*"]
transient traces were smoothed with a sliding window of 35 points for
presentation. Signal-to-noise ratio (peak amplitude divided by standard
deviation of baseline noise) ranged 2—8. Variability in the peak ampli-
tude of [Ca*"] transients in different dendrites (A, and A,) was quanti-
fied as 2|A; — A,|/(A, + A,), the same equation used for evaluating the
regularity of spike trains (CV, ISI) (Holt et al., 1996). Statistical signifi-
cance of the data was tested by Student’s t test unless otherwise noted, and
all tests were performed using R (http://www.r-project.org/).

To determine the imaging location in dendritic tree, a reference
image was taken and compared to the images in the image stack of the
entire dendritic tree taken at the end of the recording. The image stack
was processed using a nonlinear anisotropic diffusion filter (Broser et
al., 2004) to enhance the signal-to-noise ratio, and the maximum
intensity projection of the image was obtained using Image]
(http://rsb.info.nih.gov/ij/).

Results

Dendritic and somatic patch-clamp recordings from
cerebellar Purkinje cells in vivo

Simultaneous two-photon imaging and whole-cell patch-clamp
recordings from Purkinje cells were performed in rats under ket-
amine/xylazine anesthesia. The cells recorded were morphologi-
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Dendritic and somatic whole-cell recordings from cerebellar Purkinje cells in vivo. A—C, A dendritic whole-cell patch-clamp recording from a cerebellar Purkinje cell (~150 m from

soma). 4, XZ (left) and YZ (right) projections from the two-photon image stack of the filled neuron. The location of the recording in the dendritic tree can be determined precisely from the position
of the recording pipette. ML, Molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer. Scale bars, 20 pum. B, Whole-cell patch-clamp recording from the same neuron imaged in A. D-F,
Whole-cell recording at the soma. In both recordings, cells exhibited typical discharge patterns called “simple spike” (SS) and “complex spike” (CS; arrowheads). Note that SS amplitude decreased
dramatically at the dendritic recording site (€) compared with the soma (F). Spike shape also depends on the location of the recording.

cally identified as Purkinje cells via two-photon imaging of the
dendritic tree (Fig. 1A, D), as well as by their characteristic elec-
trophysiological properties, in particular a high rate of simple
spike (SS) firing (32 = 7.3 Hz, mean * SEM, n = 9) and the
spontaneous occurrence of complex spikes (CSs) at a frequency
of 1.5 * 0.20 Hz (Fig. 1 B,E).

Two-photon imaging enabled the precise identification of the
recording site, allowing us to analyze the location dependence of
electrical signaling in Purkinje cells in vivo (Fig. 1B, E). Simple
spikes were detectable at all dendritic recording sites, and as ex-
pected the SS frequency was not different from somatic record-
ings (38 = 5.2 Hz, n = 5, p > 0.4). However, the mean amplitude
of SSs at dendritic recording sites was greatly attenuated (4.3 =
0.5 mV; 70-150 wm from soma, n = 5) (Fig. 1C, left), compared
to recordings at the soma (58 * 3.4 mV; n = 4, p < 0.001) (Fig.
1 F, left). The rise time of dendritically recorded SSs was also
substantially slower compared to the soma (20—80% rise time of
1.0 = 0.40 ms compared to 0.16 = 0.01 ms, p < 0.02). These
results indicate that the Na ™ action potential exhibits only weak
backpropagation into the dendritic tree of Purkinje cells in vivo,
consistent with observations in slice preparations (Hounsgaard
and Yamamoto, 1979; Llinas and Sugimori, 1980b; Stuart and
Hiusser, 1994).

CSs were clearly distinguishable at dendritic recording sites
(mean frequency, 1.4 * 0.34 Hz; not different from somatic re-
cordings; p > 0.5) (Fig. 1B). However, the amplitude of the
prominent first spike in the CS was smaller and its rise time was
slower in dendritic recordings (amplitude of 35 = 4.3 mV and
rise time of 1.5 * 0.56 ms for dendritic recordings vs 59 = 7.0 mV
and 0.15 * 0.010 ms at the soma, p < 0.04 and p < 0.02, respec-
tively) (Fig. 1C,F, right). Presumably, this reflects the fact that the
underlying biophysical basis of the CS changes from being pri-
marily Na* channel mediated at the soma to being Ca" channel
mediated at dendritic locations (Llinds and Sugimori, 1980a,b;
Davie et al., 2008).

Dendritic calcium transients evoked by dendritic Ca** spikes
We next investigated dendritic Ca®" spikes activated by somatic
depolarization of Purkinje cells. Strong depolarizing current
pulses were injected via the somatic recording electrode, and their
amplitude was increased until the threshold for dendritic Ca**
spikes was reached (Fig. 2A—C). Dendritic spikes were associated
with large Ca®" signals in both proximal and distal dendrites
(Fig. 2B). In single traces, distinct [Ca®"] transients were ob-
served to be time locked to the stereotypic slow-rising dendritic
Ca** spikes (Llinds and Sugimori, 1980a) recorded at the soma
(Fig. 2C, arrows). In contrast, high-frequency trains of simple
spikes produced no detectable Ca** signals throughout the den-
dritic tree (Fig. 2 B-D). This observation confirms the weak den-
dritic back-propagation of simple spikes [Llinds and Sugimori
(1980Db), their Fig. 1] and shows that no detectable dendritic
Ca** influx was produced by the back-propagating Na ™ spike
(Lev-Ram et al., 1992). In addition, during current injection-
evoked bouts of dendritic spiking, spontaneous CS could be ob-
served in the somatic membrane potential recording.
Spontaneous CS-evoked [Ca? "] transients were of a similar am-
plitude even when the dendritic [Ca>"] level was already elevated
(compare Figs. 2D, 3A), indicating that the amplitude of CF-
triggered [Ca**] transients is not saturated under our recording
conditions (including depth of anesthesia, composition of intra-
cellular solution, Ca** indicator used, and the concentration of
dye).

Dendritic Ca®* signals triggered by spontaneous CF input

We next characterized in detail the dendritic Ca®" signals trig-
gered by spontaneous CF input. CF input, as measured by CSs
simultaneously recorded at the soma, was associated with large
[Ca**] transients over the entire dendritic tree (Fig. 3A, a repre-
sentative trace at a single location). The rise of [Ca*"] transients
coincided precisely with the onset of the CS measured electro-
physiologically, with the [Ca®"] transients reaching a peak
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Figure 2.  Depolarization-induced Ca* spikes and dendritic [Ca "] transients in vivo. 4,
Projection image of the recorded cell. [Ca*] transients were measured at the location indi-
cated by thered (~130 em from soma) and cyan (~45 pum from soma) circles, and whole-cell
recording was made at the soma. B, Simultaneous recording of dendritic [Ca?™] transients
(top, average of 10 consecutive trials) and somatic membrane potential (middle, single sweep)
in response to a depolarizing current pulse applied via the somatic recording pipette (bottom,
0.9 A, 15). Red and cyan traces in the top panel are the [Ca®*] transients at the locations
shown in A. €, Representative single trace of dendritic [Ca 2] transients (top, recorded at the
red locationin A) and Na ™ and Ca ™ spikes recorded at the soma (bottom). Note that individ-
ual [Ca® "] transients (arrows), corresponding to Ca® ™ spikes observed in the electrophysio-
logical recording, were resolved. No dendritic [Ca* ] increase was associated with Na * spikes.
D, Aspontaneous CF-triggered dendritic [Ca ™+ ] transient (arrowhead) observed during current
injection.

within 2 to 4 ms (corresponding to 1 to 2 sampling points). This
rapid time course indicates that the observed Ca*™ signals were
indeed directly triggered by CF activation (Fig. 3B) and presum-
ably result from the activation of dendritic voltage-gated Ca>*
channels. Across a representative sample of cells, 95.0 = 2.1% of
spontaneous Ca”" signals, detected by thresholding at 2 SD of
baseline noise, were precisely linked to a spontaneous CS (n = 4
cells). This indicates that the vast majority of detected [Ca**]
transients under our conditions were linked to spontaneous CF
inputs. We rarely observed spontaneous dendritic Ca*" spikes.
Therefore, these results indicate that the spontaneous [Ca®™]
transients measured under our conditions are attributable pri-
marily to CF activation and not to parallel fiber input or sponta-
neous Ca>" spikes.

Each somatically recorded CS was always associated with a
dendritic [Ca?™] transient; i.e., no failures were observed in the
CS-evoked dendritic calcium signal. However, the peak ampli-
tude of the dendritic [Ca*"] transients was highly variable from
one CS to the next. In the cell shown in Figure 3A, the coefficient
of variation (CV) of the peak amplitude of [Ca*™] transients was
0.4 [population mean CV:0.34 * 0.03, n = 5]. What is the origin
of this variability? Under our recording conditions, i.e., whole-
cell recordings under anesthesia, Purkinje cells exhibit bistability
in membrane potential (Fig. 3A) (Loewenstein et al., 2005; Tal et
al., 2008; Rokni et al., 2009; Yartsev et al., 2009). To investigate
the contribution of membrane potential bistability to the CF-
triggered Ca”™ signal, we first classified the observed [Ca*™]
transients depending on whether the CS occurred in the depolar-
ized “up” state (associated with simple spike firing) or in the
quiescent, hyperpolarized “down” state (Fig. 3C). In all cells, the
peak amplitude of [Ca**] transients in the up state was consis-
tently larger than that in the down state (n = 10/10 cells, p <
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0.00001). This indicates that the peak amplitude of [Ca**] tran-
sients is dependent on the membrane potential of the Purkinje
cell at the moment of CF input activation. To quantify this, the
peak amplitude of [Ca’] transients was plotted against the
membrane potential at the onset of the CS (Fig. 3D). The peak
amplitude of [Ca*™] transients was larger at more depolarized
membrane potentials (Pearson’s correlation coefficient r = 0.53,
p < 0.0001). On average, the peak amplitude of [Ca*" | transients
showed a clear correlation with the membrane potential at the
onset of the CS (16 dendritic locations in 5 cells) (Fig. 3E).

Since the transition between up and down states is often trig-
gered by CF input (Loewenstein et al., 2005), CF-triggered den-
dritic Ca*" signals might play a significant role in regulating the
transition. Thus, we further classified the CF-triggered [Ca*™]
transients into four categories: whether the CF triggered a tran-
sition from up to down state, from down to up state, or else
produced no transition in either the up and down states. The
peak amplitude of the [Ca*"] transients was compared between
these four cases (Fig. 3F). Confirming the previous observation
(Fig. 3C), the peak amplitude of CF-triggered [Ca®"] transients
in up state was significantly larger than that in down state (28
dendritic locations in 8 cells, p < 0.001). Interestingly, we also
found that, in up state, the peak amplitude of CF-triggered
[Ca**] transients that triggered transitions from up to down
state was significantly larger than those that did not trigger tran-
sitions (p < 0.003). In contrast, in the down state, there was no
difference in the peak amplitude of CF-triggered [Ca®"] tran-
sients, regardless of whether the CS triggered transitions from
down to up state or not (p > 0.7). These results suggest that larger
Ca’" influx in dendrites in the depolarized up state may play an
important role for triggering the transition from up to down
states in vivo. We did not observe [Ca™] changes associated with
spontaneous up-down or down-up transitions that were not trig-
gered by CS (data not shown). In addition, given that membrane
potential bistability of Purkinje cells in physiological (awake)
conditions and the role of CS in state transitions are highly de-
bated (Loewenstein et al., 2005; Schonewille et al., 2006; Yartsev
etal., 2009), we questioned whether the correlation between peak
amplitude of CF-triggered [Ca® "] transients and state transitions
of the cell is dependent on the depth of anesthesia. We therefore
repeated the experiments under relatively light anesthesia
(0.5-1% isoflurane). As shown in Figure 3F, the peak amplitude
of CF-triggered [Ca®"] transients under light anesthesia fell
within the range of those under deep ketamine/xylazine anesthe-
sia and still showed statistically significant differences between up
and down states (p = 0.012, 4 locations in 3 cells). This result
implies that the relationship between peak amplitude of CF-
triggered [Ca®"] transients and state transitions of the cell that
we observed may be effective also under more physiological
conditions.

Since we measured [Ca’"] transients during whole-cell
recordings, washout of cytosol may have affected intracellular
[Ca**] dynamics. To exclude this possibility, we performed den-
dritic [Ca*"] imaging using single-cell electroporation (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material) (Nevian and Helmchen, 2007; Kitamura et al., 2008).
The decay time constant of [Ca**] transients measured using this
method was comparable to that obtained using whole-cell re-
cordings (single-cell electroporation: 164 * 29 ms; whole-cell
recordings: 184 + 21 ms; n = 3 cells, p = 0.59). As in our whole-
cell recordings, the amplitude of [Ca**] transients in the up state
was significantly larger than that in down state (p < 0.0001),
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Figure 3.  Dendritic [Ca%" ] transients triggered by spontaneous CS in vivo. A, Simultaneous recording of dendritic [Ca2*] transients (top, ~65 tum from soma) and membrane potential

(bottom, perisomatic recording) in response to spontaneous CF inputs (arrowheads). B, An example of a single [Ca** ] transient on an expanded timescale. The rising phase of dendritic [Ca

2+]

transients was precisely timed to the onset of the CS. €, Overlay of dendritic [Ca*] transients in response to multiple spontaneous CF inputs (gray lines, individual transients; red and green lines,
average transients) in depolarized up states (left top, 18 traces) and in hyperpolarized down states (left bottom, 40 traces). Traces were aligned to the onset of CS. Right, Overlay of the average traces.
D, Relationship between amplitude of dendritic [Ca*] transients and the somatic membrane potentials in up states (red circles, individual amplitude; red triangle, average) and in down states
(green circles and a green inverted triangle) of the same cell shown in A—C. Black line shows linear regression to the individual amplitudes (r = 0.53, p << 0.0001). E, Voltage dependence of the
amplitude of dendritic [Ca%™] transients. The data were pooled and averaged (n = 7). Bars indicate SEM. F, Relationship between dendritic [Ca®™] transients and state transition under
ketamine/xylazine (open circles, 28 dendritic locations in 8 cells; **p << 0.001, *p << 0.003) and under light isoflurane anesthesia (closed circles, 4 locations in 3 cells). U, Up; D, down.

indicating that the effect of washout on CF-triggered [Ca**]
transients was negligible.

What is the biophysical origin of the voltage dependence of
the CF-triggered [Ca*"] transients? In addition to triggering the
burst of axonal spikes that form the somatic CS, CF input also
triggers dendritic spikes caused by activation of voltage-gated
dendritic Ca** channels (Fujita, 1968; Llinas and Sugimori,
1980b; Davie et al., 2008). We therefore analyzed the dependence
of CF-triggered Ca*" signals on the number and amplitude of
dendritic spikes triggered by CF input (Fig. 4). The peak ampli-
tude of [Ca*"] transients was dependent on the number of den-
dritic spikes in CS and correlated with the dendritic membrane
potential (Fig. 4 B, C). In 6 of 8 cells with dendritic recordings (4/5
visually identified; 2/3 inferred from electrophysiological signa-
ture), we consistently observed more in CS at depolarizing mem-
brane potentials (Spearman’s p = 0.61, p < 10 ~'°) (Fig. 4 D). We
also observed that the amplitude of the second spikelet in CS was
larger at more depolarized membrane potentials (p = 0.64, p <
10~"°) (Fig. 4D), indicating that larger [Ca®"] transients at
depolarized membrane potentials are associated with the en-
hancement of dendritic Ca** spikes (Chan et al., 1989). In con-
trast, the amplitude of the first prominent spike in CS was smaller
at depolarizing membrane potentials (data not shown). This is
presumably due to reduced synaptic driving force at depolarizing
membrane potential. These results indicate that the amount of
Ca** influx is directly linked to the additional spikelets in CS.

Spatial profile and location dependence of CF-triggered
dendritic Ca®* signals in dendrites

To determine the spatial profile of CP-triggered Ca*" signals in
dendrites, [Ca®"] transients were measured using line scans at
various locations in the dendritic tree (Fig. 5A). The peak ampli-
tude of [Ca*"] transients was plotted as a function of the distance
from soma (n = 8 cells) (Fig. 5B). In the depolarized up states,
[Ca*™] transients were dependent on the distance from the soma,
being largest in the most distal dendrites and smaller in the more
proximal dendrites. In contrast, only weak distance dependence
was observed in the hyperpolarized down state. As shown in Fig-
ure 3, the amplitude of [Ca®"] transients was also dependent on
the membrane potential of the cell. We therefore plotted the
average peak amplitude of [Ca®"] transients against both mem-
brane potential and distance from soma (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). The
plot clearly showed both membrane potential and location
dependence of the [Ca®"] transients, i.e., larger Ca*" signals
in more distal dendrites and more depolarized membrane
potentials.

In some cases it was possible to image [Ca**] transients in
dendritic spines in the most distal dendrites of the Purkinje cells,
the terminal spiny branchlets (Fig. 6) (supplemental movie 1,
available at www.jneurosci.org as supplemental material). Large,
rapidly rising [Ca®"] transients were observed in these parallel
fiber spines, which were precisely linked to CF inputs measured
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electrophysiologically at the soma. This
result suggests that the CS is associated
with a depolarization that spreads
throughout the entire dendritic tree of
the Purkinje cell and is large enough to
activate voltage-gated Ca®" channels and
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(~100 wm from soma) emerging from
different proximal trunks, we observed a
similar pattern of [Ca**] transients (Fig.
7B). The occurrence of CF-triggered
[Ca®"] transients in different branches
was perfectly synchronized in all cells
examined (n = 9 cells), and the peak am-
plitudes across different branches were
correlated (r = 0.27-0.47, p < 0.035)
(Fig. 7C). Thus, there are no failures of
CF-evoked dendritic [Ca®*] transients,
which again is consistent with the reliable
propagation of the CS into the whole dendritic tree. However, we
found that the peak amplitude between different branches
showed considerable variability (Fig. 7D), suggesting that the
amount of Ca** influx is locally modulated in different branches.

CF-triggered [Ca®"] transients have been shown to be regu-
lated locally by inhibitory synaptic inputs from molecular layer
interneurons (Callaway et al., 1995). To clarify whether the vari-
ability of [Ca*"] transients we observed in vivo was caused by
interaction with inhibitory synaptic input in vivo, we measured
CF-triggered Ca”" transients in the presence of the blockers of
GABAergic synaptic transmission (50 M SR95531 and 50 uMm
CGP52432) (Fig. 8). Application of these blockers increased SS
frequency from 34.3 = 10.5Hzto 61.7 = 15.8 Hz (n = 3 cells, p =
0.036) as expected from block of tonic, ongoing GABAergic in-
hibition to Purkinje cells (Miyashita and Nagao, 1984; Jaeger and
Bower, 1994; Hiusser and Clark, 1997). The branch-to-branch
variability of the peak amplitude of [Ca*] transients was re-
duced by blocking inhibitory inputs (Fig. 8C,D). In all cells ex-
amined, branch-to-branch variability was consistently decreased
by application of GABA blockers in both up and down states (p =
0.019) (Fig. 8 E). We also found that CV of the peak amplitude of
[Ca®"] transients in individual dendrites was reduced by appli-

Figure 4.

Dendritic Vm [mV]

Modulation of dendritic spikes underlies voltage dependence of dendritic [Ca®™] transients. A, Dendritic [Ca
transients were analyzed at close proximity to the dendritic recording site (~ 150 rum from soma; linescan at yellow bar). Scale bar,
10 wm. B, Dendritically recorded CSs (bottom) and corresponding dendritic [Ca® "] transients (top, average of 12 (left) and 32
(right) traces). C, The peak amplitude of dendritic [Ca ] transients is dependent on the number of spikelets in the corresponding
(S (top) and on dendritic membrane potential (bottom). D, The peak amplitude of dendritic [Ga%"] transients depends on the
number of spikelets (top) and the amplitude of second spikes (bottom) in dendritically recorded CSs (70 —150 um from soma, n =
5). Colors show the data from different cells. Zero amplitude, i.e., only one spike in the CS, was excluded. Gray lines show linear fit
to the data (Spearman's pis 0.61for spike number and 0.64 for spike amplitude, p < 10 ~"®). Note that enhancement of dendritic
[Ca®"] transients at depolarized membrane potentials is directly associated with the enhancement of dendritic Ca2™*

Dendritic Vm [mV]

2+]

spikes.

cation of GABA blockers (p = 0.016) (Fig. 8 F), indicating that
branch-to-branch variability in control conditions arises from
the variability in individual branches that is controlled by
GABAergic inhibition.

Sensory-evoked CF signals
To investigate sensory-evoked dendritic CF signaling, we made
recordings from Purkinje cells in folium Crus IIa, which receives
tactile input from the perioral region (Bower and Woolston,
1983; Llinas and Sasaki, 1989). Sensory stimulation, which was
delivered to the ipsilateral perioral surface via brief airpuffs,
evoked CF inputs (Fig. 9A, C). On average, 42 = 1% of the trials
evoked CSs with a latency of 78 * 3 ms from the onset of the
sensory stimulus (#n = 5), comparable to previous studies (Brown
and Bower, 2001; Loewenstein et al., 2005). Sensory-evoked CF
input was also associated with substantial dendritic [Ca**] sig-
nals (Fig. 9B,D), as observed in response to spontaneous CF
inputs. We did not observe detectable [Ca**] increases when
sensory stimuli did not evoke CSs (Fig. 9D), indicating that the
observed [Ca*"] transients were attributable primarily or solely
to sensory-evoked CF inputs.

Because we recorded from the region Crus Ila, which shows a
comparable pattern of CF and mossy fiber tactile projections
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Figure 5.  Spatial profile of dendritic Ca® ™" influx triggered by spontaneous CF input. 4, An
example of [Ca** ] transients at various dendritic locations in the same Purkinje cell. All [Ca** ]
transients measured were aligned to the onset of CS (bottom trace, arrowhead) and averaged.
At each location the distance from soma is given. B, Relationship between amplitude of den-
dritic [Ca2*] transients and the distance from soma (n = 8). Ca> ™ influxin the depolarized up
state is enhanced in distal dendrites compared with proximal dendritic regions.

(Brown and Bower, 2001), the stimuli often activated the mossy
fiber—granule cell-parallel fiber (and inhibitory interneuron)
pathway as well as CF input. A representative example of sensory-
evoked responses is shown in Figure 9E, where sensory stimula-
tion either evoked SS firing or EPSPs followed by inhibitory
responses, with both responses often being followed by a CS.
Thus, sensory-evoked parallel fiber (and inhibitory) inputs might
modulate the CF triggered [Ca**] transients, and we therefore
compared sensory-evoked and spontaneous [Ca**] transients at
various dendritic locations. However, sensory-evoked CF inputs
triggered [Ca**] transients of similar amplitude to that of spon-
taneous CF inputs (Fig. 9F). Across cells, we did not observe a
significant difference between spontaneous and sensory-evoked
CF-evoked [Ca**] signals (p = 0.14, two-way ANOVA; 9 den-
dritic locations in 3 cells) (Fig. 9F). We did observe a statistically
significant increase in CF-evoked Ca*™ signals between up and
down states (p = 0.036) (Fig. 9F), as observed for spontaneous
CF-evoked Ca** transients (Fig. 3C,F). This suggests that while
there is no global effect of parallel fiber inputs on CF-triggered
dendritic Ca*" signals evoked by the same sensory stimulus,
these signals can also be modulated by membrane potential and
the firing state of the Purkinje cell.

Discussion

We investigated dendritic Ca** signals triggered by spontaneous
and sensory-evoked CF inputs in rat cerebellar Purkinje cells in
vivo. Both spontaneous and sensory-evoked CF inputs can trigger
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Figure6. [Ca”"]transients triggered by CF input at parallel fiber spines. 4, Image showing
a terminal dendritic branchlet of a Purkinje cell ~140 pm from the soma. B, The fluorescence
change triggered by CF input was measured using a line scan at the position indicated by the
broken line in A (top, red channel: Alexa Fluor 594; bottom, green channel: Fluo-4). €, [Ca® "]
transients in the parent dendrite and individual spines shown in B. Spine and dendrite Ca**
signals were directly linked to CF input simultaneously recorded at the soma (arrowhead). D,
Overlay of the [Ca®"] transients in the dendrite (black line, average of 9 transients) and in
individual spines (cyan and green lines, colors corresponding to the spinesin ().

global and robust [Ca**] transients across the entire dendritic
tree, including in parallel fiber spines on terminal spiny branch-
lets. The amplitude of these Ca** signals can be modulated by
state-dependent changes in membrane potential, which we dem-
onstrate is linked to modulation of dendritic spikes triggered by
CF input. We also showed that the amplitude of CF-evoked Ca*"
signals depends on dendritic location and can be locally modu-
lated by GABAergic synaptic transmission. Our findings reveal
that the CF-evoked Ca*™ entry represents a global, modulatable
dendritic signal in vivo that can play a crucial role in synaptic
integration and plasticity in cerebellar Purkinje cells.

Dendritic excitability of Purkinje cells in vivo

Our ability to precisely localize the recording site using simulta-
neous two-photon imaging provides the first systematic view of
the dendritic physiology of Purkinje cells studied by using in vivo
patch-clamp recording. SSs were barely detectable at dendritic
recording sites and also did not produce significant dendritic
[Ca®*] transients even during long trains of SSs, indicating weak
back-propagation of Na™ spikes into Purkinje cell dendrites.
This is consistent with in vitro experiments in Purkinje cells
(Llinas and Sugimori, 1980b; Lev-Ram et al., 1992; Stuart and
Héausser, 1994) and indicates that the weak, passive back-
propagation of SS into Purkinje cell dendrites in vivo is largely
attributable to the low dendritic Na ™ channel density (Stuart and
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Hiusser, 1994) and the extensive den- A
dritic branching of Purkinje cell (Vetter et
al., 2001). We also show that regenerative
dendritic Ca** spikes, which trigger sub-
stantial dendritic Ca®" influx, are gener-
ally not observed spontaneously in vivo
but can be initiated by prolonged, strong

current injection, as originally observed in B
vitro (Llinds and Sugimori, 1980a,b; Lev-
Ram et al., 1992; Midtgaard et al., 1993). oc

In contrast to the barely detectable SSs
in Purkinje cell dendrites in vivo, we show 1c
that the somatic CS is associated with a
large electrical event at dendritic record-
ing sites, resulting from the generation of
one or more dendritic Ca*™ spikes. These
results agree well with observations in
slice preparations (Fujita, 1968; Llinds and
Sugimori, 1980b; Davie et al., 2008), indi- A
cating that synaptic or neuromodulatory
input present in the intact brain does not
qualitatively alter CF signaling in vivo.
How can CF input generate such a prom-
inent and widespread dendritic depolar-
ization in vivo when even high-frequency
SSs have only a minimal effect on den-
dritic excitability (in striking contrast to
pyramidal cells) (Helmchen et al., 1999;
Svoboda et al., 1999; Waters et al., 2003)?
This is due to the axonal site of SS gener-
ation (Stuart and Hausser, 1994; Palmer et
al., 2010) and the very narrow half width
of SSs (~0.2 ms at physiological temper-
ature) (Fig. 1) (Llinds and Sugimori,
1980a; McKay and Turner, 2004)), which
are thus heavily filtered by the dendritic
tree (Vetter et al., 2001), resulting in den-
dritic depolarization far below the thresh-
old for regenerative Ca®" spikes, even
with high-frequency firing. In contrast,
the widespread distribution of CF input across the proximal den-
drites of Purkinje cells (Palay and Chan-Palay, 1974) allows this
input to overcome the massive capacitive load of the dendrites
(Vetter et al., 2001; Bekkers and Hiusser, 2007) and produce a
widespread depolarization beyond threshold for Ca** spike gen-
eration, even under in vivo conditions.

Figure 7.

Dendritic Ca®* signals triggered by CF input

Somatic CSs recorded electrophysiologically were always associ-
ated with dendritic Ca*™ signals throughout the dendritic tree of
Purkinje cells. These Ca*™ signals were precisely time locked to
the CS, rose within milliseconds even in the most distal spiny
branchlets, and decayed with a single time constant of several
hundred milliseconds. This suggests that the [Ca”"] transients
observed are attributable to the influx of Ca** through direct
activation of voltage-gated Ca”>* channels opened by the den-
dritic spikes activated by CF synaptic inputs and confirms that
SSs do not produce detectable dendritic [Ca*™] transients even at
high frequencies (Lev-Ram et al., 1992). The lack of a prominent
slow component of the Ca*" signal, e.g., driven by mGIuR acti-
vation (Takechi et al., 1998; Dzubay and Otis, 2002), suggests that
Ca** release from internal stores does not make a major contri-
bution to the observed CF-evoked Ca’™ signals, although further
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Spread of the CF-triggered [Ca>™] transients in distal dendrites in vivo. A, [Ca*] transients in different dendritic
branches were measured at ~100 m from soma (left, yellow line), in line scan mode (2 ms/line) across the whole dendritic width
(right, top view: 0.2 mm 0GB-1). Scale bar, 20 um. B, Line scan image (top) and corresponding [Ca™] transients (bottom).
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emerged from a different proximal trunk, and no failure of Ca>* influx was observed. €, Amplitude of [Ca ™ ] transients in regions
1and 2 shown in B. Correlation coefficient, r = 0.48 (p << 10 ~°). D, Trial-to-trial variation in amplitude variability with time;
shown is an overall histogram of the difference of the peak amplitude of [Ca®* ] transients between different branches [variabil-
ity = 24, — A,|/(A, + A)l.

study is required to investigate this phenomenon quantitatively
in vivo.

The mean amplitude of the dendritic [Ca®"] transients was
dependent on the location in the dendritic tree, being larger in
more distal dendrites, particularly in the up state. The origin of
this location dependence is primarily caused by surface-to-
volume effects, producing larger [Ca®"] transients in thinner
dendrites at distal branches (Lev-Ram et al., 1992). An alternative
possibility is that it may reflect nonuniform dendritic distribu-
tion of Ca*" channels, which are known to be present in the spiny
branchlets (Denk et al., 1995; Kulik et al., 2004; Isope and Mur-
phy, 2005). Alternatively, the gradient of the Ca®" signal may
reflect a nonuniform profile of dendritic voltage; both passive
and active dendritic properties would be expected to show an
“end effect” such that dendritic voltage would increase progres-
sively as it spreads into the terminal dendritic branches, or the
nonuniform membrane potential could be caused by a gradient
of background excitatory synaptic input increasing toward distal
dendrites. The latter mechanisms (nonuniform Ca channel dis-
tribution and dendritic voltage) may explain the larger effect in
up states.

Our findings show directly that CF input evokes large Ca**
signals with no apparent failures even in the most distant parallel
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Figure8. Variability ofthe CF-triggered [Ca2*] transients in distal dendrites s controlled by
GABAergic synapticinputs. A, [Ca® ] transients in different dendritic branches were measured
at ~100 wm from soma (top left, yellow line) in line scan mode across the whole dendritic
width of a Purkinje cell (0.2 mm 0GB-1). Two dendritic regions were selected for analysis. Scale
bar, 20 um. B, Top, [Ca*] transients in the two dendritic regions corresponding to the line
scanimage shown in A. Green and black traces show simultaneous fluorescence changes in the
regionsindicated in line scan image. Arrowheads indicate the occurrence of CS. Bottom, [Ca® "]
transientsin the same region in the presence of SR95531 (50 wum) and CGP52432 (50 wum). Note
that the difference in the peak amplitude of [Ca 2 ] transients between the two dendrites s less
variable in the presence of the blocker of GABAergic inputs. C, Representative scatter plot of
peak amplitude in different dendrites. The data are normalized to the average. D, Histogram of
variability calculated from the data in C. Distribution was skewed to smaller value in the pres-
ence of GABA blockers. E, Average variability of the peak amplitude of [Ca®*] transients be-
tween different branches before (Control) and after the application of GABA blockers (GABA-R
Blocker). Open and closed circles show the datain up and down states, respectively (n = 5 cells,
*p = 0.019). F, Change in the coefficient of variation in the peak amplitude in the same
dendrites. Application of GABA blockers significantly reduced the variability within individual
dendrites (n = 5 cells, *p = 0.016).

fiber spines on spiny branchlets. These spiny branchlets are far
from the location of CF synaptic input onto proximal dendrites
of Purkinje cells (Palay and Chan-Palay, 1974), suggesting that
the proximal CF input reliably evokes regenerative Ca*" spikes
that propagate effectively throughout the entire dendritic tree.
Thus, the CF-evoked dendritic [Ca**] rise represents a global
signal even under in vivo conditions. The unusual dendritic ge-
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ometry of the Purkinje cell, with large-caliber primary dendrites
connected to short terminal segments, may facilitate the effective
spread of regenerative potentials into the terminal dendrites of
Purkinje cells (Vetter et al., 2001), thus maximizing the global
nature of the dendritic Ca" signal.

Modulation of dendritic Ca*" signals

The CF-triggered Ca*™ signals recorded at a given dendritic lo-
cation were not constant but could be modulated depending on
the membrane potential of the Purkinje cell. We demonstrated
that the underlying mechanism of the voltage dependence of the
dendritic Ca®" signals is by gating the number of dendritic Ca**
spikes associated with the CF response, which in turn may be
caused by voltage-dependent recruitment of dendritic Ca*"
channels or voltage-dependent inactivation of K channels (Mi-
yakawa et al., 1992; Midtgaard et al., 1993). This parallels the
changes in CS waveform observed at the soma depending on
membrane potential state (Tal et al., 2008). These findings indi-
cate that the global dendritic Ca** signal triggered by the CF
event is not a unitary all-or-none event but rather is modulatable
depending on the membrane potential of the cell and the synaptic
inputs it receives in vivo. The source of this modulation can be the
intrinsic bistability of the Purkinje cell (Williams et al., 2002;
Loewenstein et al., 2005; Fernandez et al., 2007; McKay et al.,
2007) (cf. Schonewille et al., 2006), which we demonstrate can
determine distinct levels of dendritic Ca®™ signal. Alternatively,
graded levels of Ca*™ signal could be provided by different levels
of background parallel fiber excitatory synaptic input.

CF input can itself trigger the transitions between up and
down states in Purkinje cells (Loewenstein et al., 2005; Fernandez
et al., 2007; McKay et al., 2007). Our observation that the [Ca**]
transients associated with the CF inputs that triggered the transi-
tion from the firing up state to the silent down state were larger
than those associated with CF inputs that did not trigger transi-
tions suggests that the larger Ca®” influx may play a role in reg-
ulating transitions from the up state to the down state. This is
consistent with work in slice preparations showing that Ca**-
dependent K™ current is activated by the CS (Hounsgaard and
Midtgaard, 1989) and that blocking of Ca®"-dependent K™
channels prevents the transition from up to down state triggered
by CF input (McKay et al., 2007). On the other hand, the corre-
lation between CF-triggered Ca®" influx and state transitions
represents an apparent contrast with in vitro data, showing that
prolonged intracellular dialysis with 20 mM BAPTA enhances
bistable behavior of the Purkinje cell (Williams et al., 2002).
However, bistability caused by continuous blockade of Ca**-
dependent K* currents by BAPTA perfusion leads to spontane-
ous state transitions that are not linked to CF input, with the up
state being associated with a very high-frequency burst of SSs that
rapidly inactivates. These are very different features from the
behavior observed in vivo, and thus CF-triggered state transitions
in vivo are likely to be different from spontaneous transitions
associated with BAPTA injection in vitro. In addition, our data
showing similar state-dependent changes in [Ca®"] transients
under light anesthesia appear to be inconsistent with the lower
prevalence of bistability in awake mice (Schonewille et al., 2006).
Although this issue is still debated (Loewenstein et al., 2005;
Schonewille et al., 2006; Tal et al., 2008; Rokni et al., 2009; Yartsev
et al., 2009), one possible explanation is that increased back-
ground and evoked parallel fiber input in the awake state could
override the hyperpolarization that represents the transition
from up to down state. In that case, we would expect bistability to
be modulated by wakefulness and not by anesthetic level. In other
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words, different levels of anesthesia may A
display similar levels of bistability.

Using simultaneous high-speed imag-
ing at different locations in the dendritic
tree, we also demonstrated that there is Z
variability in Ca®" influx across the den-
dritic tree during a given CF input, which
can also fluctuate from trial to trial. We
show that this location-dependent vari- v
ability is controlled by the level of GABAe-
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ing to CF inputs. The contribution of
GABAergic inputs to the variability be- D
tween and within dendrites in vivo is
somewhat smaller than was observed cs
in slice (60% suppression at maximum)
(Callaway et al., 1995, their Fig. 5A). This
difference is probably attributable to the
synchronous activation of interneuron
axons in vitro; the narrow time window
for the effective suppression of Ca®" in-
flux by inhibition (*4 ms) (Callaway et
al., 1995) combined with the relatively low
in vivo spontaneous firing rate of molecu-
lar layer interneurons (<10 Hz) (Loewen-
stein et al., 2005) and CS (~1 Hz) should
reduce the net effect of inhibition in vivo
compared to the in vitro measurement.
Interestingly, the dendritic Ca*" sig-
nals evoked by sensory-driven CF input
were indistinguishable from spontaneous
CF input, which implies that the back-
ground synaptic input driven by the sen-
sory stimulus did not substantially alter
the CF-driven response. This result also
implies that the sensory inputs provided
by inferior olive neurons through CFs rely on their precise timing
and the spatiotemporal activation patterns in the local popula-
tion of Purkinje cells (Llinas and Sasaki, 1989; Sasaki et al., 1989;
Ozden et al., 2009; Schultz et al., 2009) in order for them to be
discriminated from spontaneous CF input.

Figure 9.

Functional implications

The widespread, reliable nature of the spontaneous and sensory-
evoked Ca®" signals triggered by CF inputs to Purkinje cell ob-
served here directly confirms the idea that CF input provides a
global associative signal for the integration of parallel fiber inputs
and synaptic plasticity at parallel fiber synapses (Ito, 1984). How-
ever, this signal is modulatable depending on the state of the cell
and potentially also on the level of background excitatory synap-
tic input. Furthermore, the ability of synaptic inhibition to mod-
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Sensory-evoked CF input triggers robust [Ca® "] transients in dendrites. 4, Configuration of the experiment.
Left, A brief airpuff stimulus (40— 60 psi, 50 ms) was delivered to the ipsilateral perioral surface (upper lip or vibrissae).
Right, A whole-cell patch-clamp recording was made in the folium Crus Ila of the left hemisphere. B, Projection image of
the cell and the position of the line scan (yellow circle, ~130 wm from soma) for the data shown in (—F. Whole-cell
recording was made at soma. €, Spike raster plot showing the temporal relationship between sensory stimuli, S (dots) and
SS (lines). Ten of seventeen consecutive trials contained evoked CS (red) while others did not (gray). D, Average [Ca
transients with (red) and without (gray) evoked CS measured at the location shown in B. [Ca*] transients were aligned
to the onset of the stimulus (Stim.) and averaged across the trials. Note that the slow rising [Ca2™"] increase, compared
with the averaged trace aligned to the onset of CS (e. g., F), is due to the fluctuations in the latency of CS to the onset of the
stimulus. E, Representative responses of a Purkinje cell to sensory-evoked parallel fiber and CF (arrowhead) inputs in the
depolarized up state (top) and hyperpolarized down state (bottom). F, Top traces, overlay of sensory-evoked (red) and
spontaneous (blue) [Ca®"] transients in the up state (left) and the down state (right). Bottom, Comparison of sensory-
evoked (red bars) and spontaneous (blue bars) [Ca® "] transients in dendrites (9 dendritic locations in 3 cells, 50 =170 wm
from soma). There is no significant difference between evoked and spontaneous (Spont.) transients (p = 0.14, two-way
ANOVA), but there is a significant difference between the transients recorded in up and down states (p = 0.036).

2+]

ulate the Ca®" signal provides a mechanism for synaptic
integration and plasticity to be gated individually in different
dendritic branches of the same Purkinje cell.

The interaction between parallel fiber and CF inputs trig-
gers nonlinear [Ca*"] signals in single dendritic branchlets in
vitro, associated with the induction of short-term or long-
term plasticity at parallel fiber to Purkinje cell synapses (Wang
et al., 2000; Brenowitz and Regehr, 2005). Our in vivo record-
ings revealed sensory-evoked concurrent activation of parallel
fiber and CF inputs (Fig. 9E), and thus one might expect that
nonlinear [Ca®™] rises at the active parallel fiber synapses in
vivo, as observed in vitro. Further refinement of our experi-
mental approach, including higher sensitivity [Ca**] imaging
and rapid scanning techniques (Jia et al., 2010), may ulti-
mately allow one to search for and detect the interaction be-
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tween parallel and climbing fiber inputs at the single synapse
level in vivo.
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