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Cerebellar long-term depression (LTD) is a calcium-dependent process in which coincident activity
of parallel fiber (PF) and climbing fiber (CF) synapses causes a long-lasting decrease in PF synaptic
strength onto Purkinje cells. Here we show that pairing CF activation with bursts of PF activity
triggers large (>10 uM) calcium signals in Purkinje cell dendrites. When PFs are densely activated,
signals span whole dendritic branchlets and are mediated by voltage-dependent calcium entry.
When PFs are sparsely activated, however, signals are restricted to single spines and blocked by
metabotropic glutamate receptor antagonists. Single-spine signals and sparse-stimulation LTD are
also blocked by thapsigargin, indicating that calcium must be released from stores. Single-spine sig-
nals and sparse-stimulation LTD are greatest when PF activation precedes the CF activation within
50-200 ms. This timing rule matches the properties of several forms of motor learning, providing a
link between behavior and functional properties of cerebellar synaptic plasticity.

Central to understanding learning mechanisms at a synaptic level
is the idea that lasting functional change can be driven by the coin-
cidence of multiple signals at a single synaptic site'. One candi-
date for such a change is long-term depression of the parallel fiber
input to cerebellar Purkinje cells, a form of synaptic plasticity that
is thought to underlie several forms of associative motor learn-
ing?. LTD is induced by coincident activation of PF and CF synap-
tic inputs, and can last from hours to days>?.

Although LTD has been extensively studied, the identity of the
coincidence detection mechanism(s) triggered by conjunctive
activation of PF and CF synapses is still controversial*. One second
messenger, cytosolic calcium (Ca?*), is both necessary” and suf-
ficient® (L. Khiroug, G. Ellis-Davies & G. J. Augustine, Soc. Neu-
rosci. Abstr. 25, 397.3, 1999) to induce a depression of synaptic
strength. This indicates that Ca?" is a critical link in the induc-
tion of LTD. However, in contrast to most other synapses that
show Ca”"-dependent associative plasticity, PF synapses lack post-
synaptic NMDA receptors, which allow Ca" to enter neurons in
response to the simultaneous presence of glutamate and depo-
larization (for review, see ref. 1).

Purkinje cells do, however, possess two other molecular mech-
anisms that could detect conjunctive PF and CF activation to gen-
erate a Ca?* signal. The first of these is the inositol-1,4,
5-trisphosphate (IP;) receptor’, which is synergistically coactivat-
ed? by IP; and Ca". The IP; receptor controls Ca>" release from
the endoplasmic reticulum and is present in high concentrations
in both spines and shafts of Purkinje cell dendrites®. IP; could be
formed via the activation of metabotropic glutamate receptors
(mGIluR) by glutamate released from PF terminals!®~12. The source
of Ca?* could be voltage-gated Ca?* channels, which are known to
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be located on PF spines'3, and may even be colocalized with the
IP; receptor on a molecular scale!“. The depolarization necessary for
activation of these Ca* channels could be provided by the com-
plex spike that is triggered by CF input!®. This mechanism, there-
fore, predicts that the combination of CF and PF inputs should
generate a supralinear Ca>* signal in PF spines’.

A second potential coincidence detection mechanism uses the
voltage-gated Ca?" channels in PF spines'?. Because the channel
activation curve is highly nonlinear, even a small local depolar-
ization resulting from activation of AMPA channels at the PF
synapse!® could combine with the depolarization by the complex
spike to cause supralinear Ca" influx.

The involvement of release through IP; receptors in the LTD
induction pathway is supported by experiments demonstrating
that blockers of Ca®* release inhibit LTD®, and that IP; uncaging
can cause a form of LTD®!!, The metabotropic pathway is impli-
cated because LTD induction can be prevented by mGluR antag-
onists!” (but see also ref. 4), and is impaired in a genetic knockout
of mGluR1 receptors'S.

To test whether there is indeed Ca?*-based coincidence detec-
tion, as indirectly suggested by these previous findings, we used
two-photon laser scanning microscopy'® (2PLSM) of fluorescent
Ca?* indicators to observe signals in individual PF dendritic
spines!?. We found that conjunctive activation of CF inputs and
physiologically realistic PF stimuli indeed generated supralinear
Ca”" signals, which, under certain conditions, were confined to
single spines. We then compared the temporal requirements for
Ca?* supralinearity and induction of LTD with the temporal
requirements found in a number of motor learning experiments
that involve the cerebellum.
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Fig. 1. Supralinear Ca?* g
signals in Purkinje cell den-
drites and spines evoked
by coincident synaptic
input. (a) Purkinje neuron
filled with Magnesium
Green through a patch
pipette (bottom), with
glass pipettes for PF and
CF activation (straight
white outlines). (b) Peak
[Ca?*]; increases in a
Purkinje neuron spiny
branchlet in response to
8 PF stimuli delivered in
conjunction with a single
CF stimulus. Bottom
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traces (left), fluorescence changes in a line scan along the dendritic shaft, with corresponding voltage traces (V, top). Location of the line scan, arrow-
heads in the pseudocolor image. Under ‘PF&CF’ bottom, the black trace indicates the coincidence signal, the gray trace indicates the linear sum of PF
and CF fluorescence signals, the shaded band on the fluorescence trace indicates the time interval used to generate the pseudocolor image, and the
blue horizontal bar indicates the 200-ms interval over which response amplitude and supralinearity were calculated. Trace on right, comparison (note
different scaling) of the time course of a typical CF-evoked Ca?* response (average of 50 trials taken in 2 spines and filtered at 5 ms).

REsuLTS

Supralinear calcium signals

Purkinje cells were filled in whole-cell patch recordings (Fig. 1a)
with the low-affinity Ca?* indicator Magnesium Green
(250-500 uM; estimated Kp, 19 uM?%21) to avoid dye saturation
and the changes in the intracellular calcium concentration
([Ca?*]) dynamics that occur as a result of substantially altering
the intracellular Ca?* buffer capacity with high-affinity Ca?* indi-
cators?2. Although low-affinity indicators are less sensitive to small
[Ca?*] changes, they do allow the quantification of [Ca**] tran-
sients in the micromolar range?!. As an assay of [Ca?*] levels
reached in response to synaptic stimulation, we measured the
mean relative fluorescence increase (AF/F) in the 200 ms follow-
ing the end of stimulation. We stimulated PF inputs (second EPSP,
1.5t0 7.8 mV; 4.2 + 0.4 mV, mean * s.e.m., n = 27) at physiolog-
ically plausible?® frequencies (3 to 10 stimuli at 100 Hz). Com-

bining PF stimulation with CF activation evoked large Ca" signals
in both spines (Fig. 1b; 30.4 + 7.4% AF/F;) and shafts (19.0 +
4.1% AF/F, n = 27) of spiny branchlets. Activation of the PF
inputs alone generated smaller fluorescence transients (5.5 + 1.6%
AF/F, 16 spines). Single stimuli to the CF generated complex
spikes in the voltage recording and fluorescence transients in the
Purkinje cell. These were much smaller (0.8 £ 0.3% AF/F in
spines, 200-ms window, 1 = 22) but still corresponded to [Ca®*]
changes of about 150 nM; both this averaged response and the
peak transient (Fig. 1b) are consistent with previous measure-
ments of [Ca?*] during CF activation!® (M. H., G. Parésys &
W. D., Soc. Neurosci. Abstr. 23, 781.5, 1997) and Ca®" spikes!>2,

Coincidence Ca?* signals were thus much larger than the lin-
ear sum of responses to either PF or CF activation alone; their
peaks reached values above 10 uM (Fig. 1b). This supralinearity
was quantified as the ratio of the coincidence response to the

Fig. 2. Supralinear Ca2* signals in single spines. (a) Top, monitored spines, within gray frames. Traces, somatic voltage (V) and fluorescence
responses (spine 1 and spine 2) under three stimulus conditions: 3 PF stimuli (within vertical shaded band) at 100 Hz (left), and an identical PF burst
combined with CF activation (long vertical black lines) either 60 ms before (middle) or 150 ms after (right) the beginning of the PF burst. The

response to conjunctive stimulation

is indicated by black traces in the cen-

ter and right columns; response to PF a
alone is indicated by the black traces

on the left column and by the gray

traces. (b) Average time course of
supralinear Ca?* signals from 14

spines. The responses to separate

activation of PF and CF inputs, and

their linear sum, are also shown.

Horizontal bars, bottom, duration of

PF or CF stimulation. (c) Relationship \Y
between type of the Ca?* responses

and PF-EPSP size. Cumulative his-

togram of EPSP size (second EPSP in

the train) in response to 2 PF stimuli

whether the Ca?* responses to coin- |
cident PF&CF activation were limited
to spines (sparse PF stimulation,
SPFS) or spread into branchlets
(dense PF stimulation, DPFS).

spine 2
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Fig. 3. Discriminating coincidence evoked spine and branchlet g L g " o] 3'—
Ca?* signals by hyperpolarization. (a, b) Block of branchlet coin- RN - 425 4 % Foll - P
cidence signals by hyperpolarization. (a) Top, coincident delivery e J ¥ ] »

of 7 PF stimuli with 1 CF stimulus caused a branchlet-wide signal.
Images were taken at 64 ms intervals and aligned to match the
voltage trace below. Bottom, somatic injection of a 6 ms, =10 nA
current pulse 15 ms after the CF stimulus caused a hyperpolar-
ization of tens of millivolts (voltage trace) and blocked the Ca2*
signal in all but two spines (indicated by white arrowheads in
image sequence). (b) Similar experiment to (a), but with PF
stimuli starting at 70 ms before the CF stimulus. Injection of a
60 ms, —1 nA current pulse during PF stimulation hyperpolarizes
the neuron (blue trace) and blocks the Ca2* signal in the den-
dritic shaft, but spares the response in three spines (white
arrowheads). The somatic CF voltage response is unaffected by
the hyperpolarization. (c) Spine supralinearity survives when
branchlet signals are suppressed by hyperpolarization. Each sym-
bol represents the Ca2* signal in spines where the correspond-
ing branchlet signal was suppressed by hyperpolarization (timing
condition as in a). A subset of spines (filled symbols) remained |
at least 20% supralinear relative to PF stimulation alone.
(d) Comparison of the coincidence response in the presence
and absence of hyperpolarization. Many of the non-supralinear
spines are suppressed by hyperpolarization, but the spines
selected in (a) (filled symbols) are relatively unaffected.

sum of the responses to PF and CF stimulation alone (see Meth-
ods). Supralinearity of the Ca?* signals was observed in spines
(supralinearity 8.2 + 2.2, n = 12; p < 0.01) as well as in dendrit-
ic shafts (supralinearity 4.5 + 1.3, n = 16).

The strong stimuli used in the previous experiment might acti-
vate a large fraction of PFs passing in the vicinity of the stimula-
tion electrode (‘dense parallel fiber stimulation, DPFS) and may
not, therefore, be representative of the natural activity pattern of
parallel fibers. We thus reduced the stimulation intensity to levels
that activate only small numbers of synaptic inputs (‘sparse par-
allel fiber stimulation, SPES). Under SPFS, we frequently saw coin-
cidence signals confined to single spines (Fig. 2a and b; second
EPSP in train 0.3 to 2.6 mV; mean 1.2 + 0.2 mV, n = 19; EPSP size
distribution for SPFS and DPFS were different, leading to branch-
let signals; Kolmogorov-Smirnov test, p < 0.05). The peak spine
[Ca?*] changes with SPFS were somewhat smaller than peak spine
changes observed during branchlet-wide coincidence events
(12.4 + 2.0% AF/F,, p < 0.05) but the Ca* signals remained sig-
nificantly supralinear (supralinearity 3.5 + 1.1, p < 0.01). Supra-
linearity confined to spines was observed for short high-frequency
bursts (3—10 PF stimuli at 100 Hz, data not shown), demonstrat-
ing that a single-spine form of coincidence detection can be evoked
by combining CF activation with realistic temporal patterns®* of
PF activity. Supralinear Ca** signals were sensitive to the temporal
order of the two inputs, with larger responses observed with PF
preceding CF activation (Fig. 2a; see below).

Mechanisms of calcium supralinearity

The critical contribution of the CF input to coincidence detec-
tion could be mediated either by the widespread depolarization
in the dendritic tree during a complex spike? or by the conse-
quent Ca** entry!®. To distinguish between Ca®* entry and depo-
larization per se, Purkinje cells were hyperpolarized after
CF-induced Ca?* entry was nearly complete. This was achieved
by delivering hyperpolarizing current pulses (—10 nA, 3—6 ms)
10-15 ms after CF activation, a time when Ca?* entry is complete
but residual depolarization persists!® (Fig. 1b). Such current puls-
es, which transiently hyperpolarize the soma and dendrites by
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tens of millivolts®® (Fig. 3a), suppressed the coincidence-evoked
supralinear Ca?* signal in branchlets (DPFS, Fig. 3a, c and d; PF
alone 3.1 * 1.8% AF/F; coincident stimulation 16.4 £ 3.3% AF/E;
coincident stimulation with hyperpolarizing pulse 3.7 = 0.5%
AF/F;, n = 3). Branchlet signals could also be suppressed if DPFS
was initiated before the CF, using a hyperpolarizing current pulse
during PF stimulation (Fig. 3b). Under this condition, the somat-
ically recorded voltage response to CF stimulation was virtually
unaltered by the preceding hyperpolarizing current injection
(Fig. 3b, compare black and blue traces).

Conversely, strongly supralinear branchlet-wide [Ca®']
responses could be evoked if the CF input were replaced by a
somatic depolarizing current pulse (+0.4 nA, 50 ms). Such con-
ditions are often used to evoke LTD in Purkinje cells27-28,
Because depolarization can be used as a surrogate for CF activa-
tion of AMPA receptors!®, we could test the ability of the
AMPA/kainate receptor antagonist 6,7-dinitroquinoxaline-2,3-
dione (DNQX) to block branchlet coincidence signals mediated
by PF activation. Application of DNQX (20-50 uM, n = 3)
reduced branchlet responses to PF stimulation alone (7 + 3%
AF/F, control; 2 + 2% AF/F,in DNQX), and blocked coinci-
dence-evoked Ca?" signals (18 + 5% AF/F, control coincidence
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Fig. 4. Metabotropic glutamate receptor
requirements in coincidence evoked Ca?* sig-
nals. Horizontal bars at bottom of figure
denote duration of PF or CF stimulation.
(a) Inhibition of spine signals by metabotropic
glutamate receptor blockade. Single-spine
coincidence signals (black traces, bottom) are
blocked by local application of the
metabotropic glutamate receptor antagonist \Y;
(S)-4-carboxyphenylglycine (4-CPG, 1 mM).
The gray traces in all panels of the bottom row
denote the linear sum of PF and CF signals, and
indicate that supralinearity was also blocked by
4-CPG. This effect was reversible after
washout of the antagonist (right). Fluorescence
traces, average of four experiments. PF&CF
(b) Branchlet signals (far right panels) are not

affected by 4-CPG. Fluorescence traces are PF
averages of three different experiments. CF

Control

PF

TR e

signal; 1.1 £ 0.8% AF/F in DNQX; significant reduction,
p < 0.025). These results indicate that depolarization by both the
PF and CF inputs is necessary for generating branchlet-wide
DPEFS coincidence signals, and support a model in which a com-
plex spike enhances local depolarization from DPFS, to augment
the highly nonlinear activation of voltage-gated Ca®* channels.

Even though hyperpolarization was able to suppress branch-
let responses to coincident activation of PF and CF inputs, a
supralinear calcium signal could often still be observed in some
spines under these conditions (arrowheads, Fig. 3a and b). In the
spines showing supralinearity, the response to coincident PF and
CF stimulation with a hyperpolarizing pulse (15 + 2% AF/F,
n = 6) was not reduced from the response to coincident stimu-
lation alone (16 + 3% AF/F, n = 6; Fig. 3a, c and d). These results
indicate that single-spine coincidence detection does not require
persistent depolarization by the complex spike.

The remaining plausible contribution of the CF input to coin-
cidence detection is complex-spike-mediated Ca?* entry'” acting
as a co-activator of IP; receptor channels”® to cause Ca?* release,
an effect that could be accentuated by buffer saturation?. We there-
fore applied compounds that block various steps along the Ca**
release pathway. First, we applied the mGluR antagonist (S)-4-car-
boxyphenylglycine (4-CPG; 0.5-1.0 mM). Under conditions of sin-
gle-spine coincidence detection (SPES), 4-CPG reversibly inhibited
both PF-alone Ca?* signals (25 + 1% of control, # = 4) and coinci-
dence-evoked Ca?* signals (25 + 16% of control) in single spines;
the small remaining signal was linear (Fig. 4a). EPSPs were
unchanged by 4-CPG, as measured by either the PF-alone EPSP
(control, 1.6 = 0.5 mV; in 4-CPG, 1.5 + 0.5 mV; not different,
p =0.5) or the number of somatic sodium action potentials (APs)
evoked by coincidence (control, 4.0 £ 0.6 APs; in 4-CPG, 3.5
0.3 APs; not different, p = 0.3). Unlike the spine signals, branchlet
coincidence signals were unaffected by a metabotropic receptor
antagonist (Fig. 4b; 4-CPG, response 92 + 10% of control, n = 3).
These results support a mechanism for single-spine supralinearity
in which the PF pathway must activate mGluRs.

To identify the contribution of Ca’" release from stores, we next
blocked Ca?* release with thapsigargin, an irreversible blocker of the
endoplasmic reticulum family of Ca>* pumps®’. After application
of thapsigargin (2 uM) for 15-30 minutes, SPFS single-spine coin-
cidence signals were reduced from 7.5 £ 3.2% AF/F; to 2.2 £ 1.4%
AF/F;, (0.26 % 0.08 of control n = 3; Fig. 5a). PF-only Ca®" signals
were nearly unchanged (normal, 1.2 + 0.6% AF/F; in thapsigargin,
1.0 + 0.3% AF/F,), whereas the supralinearity factor was reduced
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from 7.1 £ 1.7 to 2.2 £ 1.3. In contrast, DPFS-induced branchlet
signals persisted (before, 11.5 + 1.7% AF/F, in thapsigargin, 9.8 +
1.8% AF/F; 0.83 + 0.04 of control, 4 branchlets; Fig. 5a). To con-
firm that IP;-mediated release does not contribute to branchlet
signals, Purkinje cells were dialyzed with heparin, a competitive
blocker of IP; receptors®. Under these conditions, large supralin-
ear Ca* signals were still observed with DPFS in both shafts
(9.6 £ 1.4% AF/F, supralinearity 5.9 = 1.9, n = 4) and spines
(8.2 £ 0.9% AF/F, supralinearity 2.7 + 0.5, n = 4). In a few experi-
ments under SPFS plus CF stimulus conditions with heparin in the
patch pipette, no responding spines were found (31 spines in 3
branchlets), as predicted by the IP; hypothesis. However, we could
not completely rule out that the spines where EPSCs were generat-
ed were out of the field of view. Finally, we compared the number
of sodium APs evoked at the soma under the different stimulation
conditions used. DPFS alone evoked 2.9 + 0.9 APs, whereas DPFS
paired with CF activation evoked 3.6 + 1.0 APs, a moderate increase
(n = 22; change, +0.7 = 0.5 APs; p = 0.1), which is consistent with the
voltage dependence of branchlet signals. For SPFS we did not find a
difference between PF alone (1.73 + 0.54 APs) and paired activa-
tion (1.67 + 0.48 APs; n = 16, p = 0.6), which is consistent with the
IP; hypothesis of single spine coincidence detection and with pre-
vious evidence?>? that dendritic depolarization is only weakly cou-
pled to somatic membrane potential. Taken together, these results
indicate that Ca?* release is required for spine coincidence signals,
but not for branchlet coincidence signals.

Timing dependence of supralinear spine calcium signals

To determine the timing requirements for supralinear ‘summa-
tion” of Ca2t signals, we varied the interval between the start of
the PF burst (At = 0; Figs. 2a and 6a) and CF firing. The largest
Ca?* signals were observed when PF and CF activity were approx-
imately, but not exactly, synchronous (Figs. 2a and 6b). For opti-
mal timing for the spine signals, the PF activity had to begin
before the CF complex spike (Figs. 2a and 6a). When we fitted
the pooled transient (200 ms window) [Ca?*] data with a Gauss-
ian, we found an optimal Af of +64 £ 12 ms with a half-maximal
width of 94 £ 37 ms. When, alternatively, response amplitude was
measured by integrating the total response from the time of the
first stimulus to 500 ms after the last stimulus, the Gaussian fit to
these data (Fig. 6¢) showed a comparable offset (At = +92 +
37 ms) but a much larger half-maximal width (212 + 85 ms) than
the transient measurement. By both measures, the largest non-
linearity occurred when the CF fired near the end of the PF burst.
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Fig. 5. Block of spine signals and weak-stimulus LTD by thapsigargin. (a) Ca2* signals measured in line-scan mode in a single spine (top) resulting
from SPFS-CF coincidence and in its parent spiny branchlet (bottom) resulting from DPFS-CF coincidence. Signals in response to PF stimulation
alone (black traces) and conjunctive PF and CF stimulation (red traces) are shown, in control conditions and in the presence of thapsigargin (2 uM).
Thapsigargin inhibits the supralinear Ca2* signal in response to SPFS, but not DPFS. (b—d) Induction of synaptic plasticity in the presence of thapsi-
gargin (2 uM). Blue symbols, EPSPs taken following induction by pairing CF stimuli with SPFS. Green symbols, EPSPs taken following induction by
pairing CF stimuli with DPFS. Black symbols, EPSPs taken before induction by pairing CF stimuli with SPFS. Gray symbols, EPSPs taken before induc-
tion by pairing CF stimuli with DPFS. (b) Left, representative EPSPs taken before (black and gray traces) and after (green and blue traces) the induc-
tion protocol. EPSPs before and after induction were superimposable when CF stimuli were paired with SPFS. Right, mean time course of PF synaptic
strength following induction by pairing CF stimuli with either SPFS (blue symbols) or DPFS (green symbols). (c) An experiment in which pairing of
CFs with SPFS (left arrowhead) was followed, in the same cell, by pairing with DPFS (right arrowhead). (d) The net change in synaptic efficacy, mea-

sured 20 min after induction for all experiments performed in the presence of thapsigargin. Horizontal bars, means.

DPFS-evoked branchlet [Ca?*] coincidence signals showed a
much broader timing window (At = -3 + 43 ms, width = 460 +
140 ms, integrated total response; data not shown).

Timing dependence and pharmacology of SPFS-LTD

If the supralinear Ca?* signals we observed are indeed the trigger
for LTD, then we would expect to find a similarly offset timing
dependence for LTD induction. We therefore did LTD experi-
ments, using SPFS. To ensure SPFS conditions, stimulus intensi-
ty was adjusted to give an EPSP amplitude of < 1 mV for the
second stimulus, an amplitude at which supralinear Ca?* signals
are almost completely restricted to single spines (Fig. 2¢). Co-acti-
vation of PF and CF inputs produced a lasting depression of the PF
response (Fig. 6d and e; 0 ms interval, —32 £ 18%, p < 0.05),
whereas activation of the PFs alone (+4 + 6% increase, n = 3,
p =0.3) or the CF alone (+0.2 £ 2.6% increase, n = 4, p = 0.5)
had no significant effect. The magnitude of the depression
depended on the timing of CF and PF activation in a manner con-
sistent with the timing dependence of supralinear spine Ca* sig-
nals (Fig. 6b and c). In particular, the delivery of PF bursts 150 ms
before, but not after, CF firing caused depression (+150 ms, —27 +
15%, n = 6; =150 ms, +1 £ 11%, n = 4). More widely separated
pairings also did not cause depression (—500 ms, —10 + 6%, n = 3;
+500 ms, +6 £ 17%, n = 3). This match in timing dependence sup-
ported the idea that supralinear Ca** signals are a necessary step
in the induction of plasticity.

To further strengthen the link between the supralinear Ca?*
signals and synaptic plasticity, we took advantage of the ability of
thapsigargin to discriminate between spine and branchlet [Ca?"]
supralinearity. During the induction period, CF activation was
paired with either DPFS or SPFS. Under normal recording con-
ditions, pairings with SPFS led to a decrease in PF transmission
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(=27 £ 15% from baseline, n = 6). In the presence of thapsigar-
gin, pairing with SPFS led, if anything, to an increase in PF trans-
mission (+46 * 33%, n = 7, Fig. 5b—d; different from normal LTD,
P <0.05). With DPFS (EPSP > 2 mV; Fig. 2¢), pairing still led to a
decrease in PF transmission (—24 + 7% from baseline, n = 6, Fig.
5b—d; not different from normal LTD, p = 0.4). These results
(summarized in Fig. 6e) show that Ca>" release from stores is nec-
essary for both spine Ca?" coincidence signals and LTD under
sparse stimulation (SPFS) conditions, but for neither branchlet
Ca”" signals nor LTD using dense stimulation (DPES).

DiscussioN
We have shown that conjunctive activation of PF and CF inputs
to Purkinje cells generates calcium signals in spines and dendrites
greatly exceeding the linear sum of responses to the individual
inputs. Our findings indicate that Purkinje cell dendrites are capa-
ble of at least two types of supralinear [Ca**] dynamics. These
two types differ most obviously in their dependence on PF activ-
ity and in the spatial extent of the resulting Ca?* signal. When
small numbers of PFs are activated (sparse activation), supralin-
ear Ca®" signals are restricted to single spines, and depend on
Ca”" release from internal stores. When many neighboring PFs
are activated (dense activation), supralinear Ca’* responses
spread throughout entire branchlets and can be supported entire-
ly by voltage-dependent Ca?* entry through the plasma mem-
brane. In both cases, peak Ca®" signals can exceed 10 uM, and
hence are well within the range where Ca?*-sensitive intracellu-
lar kinases are activated3!32. Together with the similarity in tim-
ing dependence we observe for induction of LTD at PF synapses,
our findings suggest that supralinear Ca?" signals are the coin-
cidence detection mechanism for LTD induction.

This discovery of a coincidence detection pathway involving

nature neuroscience * volume 3 no 12 * december 2000
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Fig. 6. Timing dependence of
spine signals and synaptic plastic-
ity. (a) The PF-CF interval was
defined as the interval between
the first PF stimulus and the CF
stimulus (At, left). The example

shows an interval of +300 ms (PF b = F—at—
first). (b, c) [Ca?*] responses to a £ 30 4
range of timing conditions. £ 254 R

Responses were defined as the
‘transient response’ in the 200 ms
after the last stimulus (b) or the
total integrated response (c; see
Methods). Black trace, box-
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Peak time +64 + 12 ms
Half-width 94 + 37 ms

articles

EPSP slope

Transient Ca” response (
>
1

smoothed average over three
points. Gray curves, best fits of
the raw data points to Gaussian
functions. (d) Top, representative 12
EPSPs taken before (thin trace)
and after (thick trace) induction of
long-term depression. Each trace
represents the average of 20-30
sweeps. Bottom, mean time
course of plasticity at PF synapses
arising from conjunctive stimula-
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symbols) or +150 ms (PF first, closed symbols). Time courses are averages of 5-6 experiments. (e) Relationship between synaptic plasticity and amplitude
of spine [Ca2*] responses under different experimental conditions. Transient spine [Ca2*] response and change in PF-EPSP slope in response to SPFS alone
(), CF activation alone (M) and SPFS-CF coincidence (®); SPFS-CF (O) and DPFS-CF (A) coincidence in thapsigargin.

metabotropic glutamate receptors provides the first direct evidence
that IP; receptors mediate coincidence detection for cerebellar
LTD”. Interestingly, mGluR coincidence detection requires activi-
ty in only a small number of PFs (indeed, a single active fiber may
be sufficient) with a temporal firing pattern similar to that observed
in vivo?. An important involvement of the metabotropic pathway
is further supported by evidence from transgenic animals show-
ing that mice lacking metabotropic receptors have deficient cere-
bellar synaptic plasticity and impaired motor learning!®.
Pyramidal neurons, which possess NMDA receptor-dependent
coincidence detection!, also display metabotropic coincidence
detection®. Unlike in Purkinje cells, the mGluR-dependent Ca**
signals observed so far in pyramidal neurons have a much larger
spatial extent, and require many presynaptic fibers to be active at
once, and thus may lack specificity for individual dendritic spines.
Remarkably, when the density of PF stimulation is increased,
an entirely distinct mechanism that generates supralinear Ca>*
signals is recruited, based on Ca®" entry through the plasma
membrane. This coincidence mechanism no longer requires
mGluR activation or release from intracellular stores, and because
it is highly sensitive to hyperpolarization, it seems to rely on the
voltage-dependence of Ca?* channel activation. Because sodium
action potentials do not backpropagate?>26 or generate [Ca?*]
transients!” in Purkinje cell dendrites, this supralinear activation
of voltage-gated Ca" channels is likely to result from summa-
tion of depolarization generated at the PF spines by the respective
PF and CF synaptic currents. Because the resulting Ca" signals
fill entire branchlets (likely beyond the directly activated synap-
tic inputs), they represent a way for activity in a subset of PF
spines on a branchlet to elevate [Ca?*] in all the spines of that
branchlet. Such a spread could explain the observation that LTD
can spread from active to inactive synapses®**°. The physiologi-
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cal relevance of these voltage-dependent branchlet coincidence
signals depends, however, on whether correlated activity nor-
mally occurs among neighboring PFs, for which there is yet no
direct evidence (but see ref. 36). What is established is that the
voltage-dependent mechanism can be readily activated during
experimental stimulation of the PF pathway in vitro.

Our results may thus reconcile seemingly conflicting findings
regarding the mechanisms of LTD induction (reviewed in ref. 4).
Metabotropic receptor antagonists can block LTD induction!?,
but in several studies done at high PF stimulus intensities, LTD
could still be induced?”-33. Likewise, a previous report that thap-
sigargin fails to block LTD induction®” matches our finding at
high, but not low PF stimulus intensities. We find that at low PF
stimulus intensities, thapsigargin not only blocks LTD induction
but unmasks a mild potentiation, an effect that may reflect a pre-
viously observed, mGluR-independent, presynaptic form of LTP%.

Our experiments show that the number and likely the spatial
distribution of PF fibers activated are crucial in determining
whether the coincidence-detection mechanism called into action
is predominantly mediated by Ca?* release from stores or Ca?*
influx through the plasma membrane. This dependence on the
stimulus intensity may also be partly responsible for the seem-
ingly inconsistent timing rules previously found for LTD induc-
tion38404L, Another suggested locus for coincidence detection is
a slow mGluR-mediated depolarization seen following coincident
PF and CF stimulation!?. We did observe this response (data not
shown), but only at PF stimulus intensities far greater than those
needed to evoke the Ca?* responses reported here. Previous evi-
dence regarding a requirement for the nitric oxide-cyclic GMP
pathway and for activation of protein kinase C is also not incon-
sistent with our results, because these messengers might well act
downstream of Ca?* release3#42 or as necessary cofactors in LTD
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induction®, Alternatively, these signaling pathways may be recruit-
ed at higher levels of stimulation than those used in our study.

We have demonstrated that the supralinearity of the Ca®* sig-
nal depends on the relative timing of the PF and CF inputs, fur-
ther strengthening the view that timing is critical for the
induction of synaptic plasticity. With weak PF stimuli, LTD occurs
when PF bursts begin before CF firing®?, consistent with our plas-
ticity as well as our [Ca®"] dynamics data. The lack of supralin-
earity when the CF precedes the PF burst is expected from a
metabotropic mechanism for two reasons. First, neurotransmit-
ter release from PFs shows a strong use-dependent facilitation4,
causing greater glutamate release in response to bursts of activi-
ty, with glutamate concentrations peaking toward the end of a
PF burst. Second, the dynamics of IP; receptor activation sug-
gest that LTD would depend on the temporal order of PF and CF
activity. In particular, [Ca?"] increases preceding IP; formation
inactivate the receptor*>, which would make the total amount of
Ca®" release triggered by IP; and Ca®* dependent on the order
at which the agonists arrive at the receptor. Other factors that
could affect the timing window include messenger diffusion*®
(M. H., G. Parésys & W. D., Soc. Neurosci. Abstr. 23,781.5, 1997),
degradation*” and removal'>, regulation of complex spike spread
in the dendrite by inhibition*®, and higher-order aspects of the
temporal patterns of PF activity as they might occur in vivo. Some
of these parameters may even be used to adapt the coincidence
timing window to match biological requirements.

The timing rule—PF activity starting before CF firing—
observed in our spine imaging and LTD experiments provides
one way to link this cellular mechanism to behavioral phenome-
na. Studies of the vestibulo-ocular reflex** show that the direc-
tion of the change in the reflex gain can be predicted very well
from the correlation between simple spike firing rate and complex
spike firing 100 ms later. These observations indicate that PF
activity is required before CF firing (without having to make any
assumptions regarding the delay from sensory input to neural
activity), consistent with predictions from the Marr-Albus model
of cerebellar cortical network function?.

An even more direct comparison between cellular and behav-
ioral parameters is provided by eyeblink conditioning, where
experiments have consistently shown that the conditional stim-
ulus (CS; tone) must precede the unconditional stimulus (US;
airpuff) by a minimum of 80 ms in order for associative learn-
ing to occur®. In this situation, the interval from sensory input
to the neural response can be remarkably brief*>: US informa-
tion is thought to be conveyed via the inferior olive and CF path-
way, with a latency as short as ~10 ms from stimulus onset, and
the minimum delay from the CS to the onset of PF firing is sim-
ilarly brief. This predicts that under conditions where learning
takes place, PF firing would begin before CF firing, in accord with
the conditions that generate both LTD and the largest single-
spine Ca®* signals in vitro.

METHODS

Cerebellar brain slices. Standard techniques were used to prepare 300-(im
thick sagittal brain slices from the cerebellum of 17- to 25-day postnatal
rats. Slices were incubated in a holding chamber at 30-32°C for 40-60 min
and then returned to room temperature before recording. ACSF for slic-
ing and incubation contained 124 mM NaCl, 3 mM KCl, 1 mM NaH,PO,,
1 mM CaCl,, 2 mM MgSO,, 26 mM NaHCOj3, 20 mM glucose and
0.02 mM (£) aminophosphonovaleric acid (Tocris Cookson, Bristol, UK).

Electrophysiology. For recording, slices were transferred to a chamber,

secured between two nylon nets, and perfused with recording ACSF at
28-33°C containing 124 mM NaCl, 3 mM KCI, 1 mM NaH,PO,,
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2 mM CaCl,, 1 mM MgSO,, 26 mM NaHCOj; and 20 mM glucose
(305 mOsm). All experiments were performed at 28-33°C. Whole-cell
patch-clamp recordings were made from Purkinje neurons under visual
control using oblique illumination and video contrast enhancement. Patch
electrodes were made from borosilicate glass and pulled to a resistance of
7-10 MQ. Intracellular patch solution contained 133 mM methanesul-
fonic acid (Fluka, Ronkonkoma, New York), 7.4 mM KCl, 0.3 mM MgCl,,
3 mM Na,ATP, 0.3 mM Na,GTP, pH to 7.30 with KOH (285 mOsm);
0.25-0.5 mM Magnesium Green (Molecular Probes, Eugene, Oregon).
Whole-cell current-clamp recordings were made using Axoclamp 2B
amplifiers (Axon Instruments, Foster City, California). Neurons were held
at —65 mV by injecting holding current; if the current exceeded 500 pA,
cells were rejected. Bridge balance was adjusted periodically.

CF and PF inputs were stimulated (10-90 V, 0.2 ms) with ACSF-filled
patch pipettes placed, respectively, near the Purkinje cell body and beneath
the filled dendritic arbor close to its lateral edge. Between trials, CFs were
activated continuously at 0.1 Hz to simulate tonic CF firing in vivo and
unpaired PF stimuli were delivered 1-2 s before a CF pulse. For timing
experiments, the time interval between PF and CF stimuli was varied arbi-
trarily. Data from non-zero time interval trials were accepted only if zero
time interval trials given before and afterward gave Ca* signals similar in
size to one another, as determined in analysis after the experiment. To
quantify the PF response, the amplitude of the second EPSP in the train
was measured, because the paired-pulse facilitation at this synapse** made
this approach more reliable than measuring the first EPSP. For delivery of
receptor antagonists, a 50-um wide capillary tube (Polymicro Technologies,
Phoenix, Arizona) was positioned at the surface of the slice before record-
ing, and its back end was immersed in a reservoir of local perfusion solu-
tion containing 119 mM NaCl, 3 mM KCl, 1 mM NaH,PO,, 2 mM CaCl,,
1 mM MgSO,, 25 mM HEPES and 35 mM p-glucose, pH 7.30 with NaOH.
To this solution, 0.5-1 mM (S)-4-CPG (Tocris Cookson) or 20-50 uM
DNQX (RBI, Natick, Massachusetts) were added. To start the flow of local
solution, 5-10 psi of pressure were applied to the reservoir. Thapsigargin
(Tocris Cookson) was applied via the bath perfusion and heparin (low
molecular weight from porcine intestinal mucosa; Sigma, St. Louis, Mis-
souri) was included at 50 pg/mL in the internal solution. Electrophysiology
data were filtered at 1-2 kHz and sampled at 10-20 kHz using Clampex 7
or Axograph (Axon Instruments), and were analyzed using Clampfit 8
(Axon Instruments) or Igor Pro (WaveMetrics, Lake Oswego, Oregon).
Chemicals were obtained from Sigma, Baker (Phillipsburg, New Jersey)
or Fisher (Hampton, New Hampshire) unless otherwise indicated.

For plasticity experiments, PF strength was measured as the EPSP
slope in response to 3 stimuli (100 Hz) delivered at 0.1 Hz, as was the
CF stimulus, at alternating 5-s intervals. Long-term depression was
induced by halting the test stimuli and delivering 50 pairings at 2-s inter-
vals. Each pairing was composed of 5 PF stimuli (100 Hz) and 1 CF stim-
ulus. The amount of long-term depression was defined as the change in
EPSP slope 20 min after pairing compared with a 10-min baseline imme-
diately preceding pairing.

Two-photon microscopy. Two-photon fluorescence imaging was done
using custom hardware and software (R. Stepnoski, Lucent Technolo-
gies). Pulses (~100 fs long, repeating at 80 MHz) from a Ti:sapphire laser
(Tsunami, Spectra-Physics, Mountain View, California) tuned to 830 nm
and pumped by a frequency doubled diode-pumped Nd:Vanadate laser
(Verdi 5W, Coherent, Santa Clara, California) were directed through a
Zeiss 63X water-immersion objective (NA 0.9; Carl Zeiss, Thornwood,
New York). Fluorescence was detected in whole-area mode!? using an
intensified photodiode (Intevac, Santa Clara, California) with a fluores-
cein emission filter. [Ca®*] dynamics data were acquired using line scans
(64 pixels/1 ms/line) or full field scans (64 ms) and were analyzed using
Igor Pro. [Ca?"] transients were estimated assuming an effective Kp, for
Ca?* of 19 uM?*2! and F,,, /F,in = 2. Starting from low resting Ca?", in
the linear dye regime, this leads to a conversion factor of approximately
200 nM A[Ca?"]; per % AF/F,,.

Electrophysiological signals were recorded in the first few pixels of
each scan line to ensure accurate registration with the optical signal. For
placement of stimulating pipettes, a second detection channel was used
for the transmitted infrared laser light. Responding spines could easily
be identified by visual inspection of full-field fluorescence scans taken
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during coincident PF and CF stimulation. Supralinearity was defined as
the ratio of the coincidence [Ca?*] response to the sum of the responses
to PF and CF stimulation alone. The transient [Ca?*] response was
defined as the mean fluorescence change relative to prestimulus baseline
in the first 200 ms after the last synaptic stimulus. Supralinearity was, in
addition, calculated for the total integrated [Ca>*] response. Total inte-
grated response was defined as the time integral of fluorescence change
taken from the first synaptic stimulus to 500 ms after the last synaptic
stimulus. Traces were filtered using a rolling time window of 30-60 ms.
Statistical comparisons were made using one-tailed #-tests unless other-
wise indicated. All values are given as mean * s.e.m.
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