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Spino-dendritic cross-talk in rodent Purkinje neurons
mediated by endogenous Ca2+-binding proteins

Hartmut Schmidt1, Svenja Kunerth1, Christian Wilms1, Rainer Strotmann2 and Jens Eilers1

1Carl-Ludwig-Institut für Physiologie, Liebigstrasse 27, 04103 Leipzig, Germany
2Institut für Biochemie, Johannisallee 30, 04103 Leipzig, Germany

The range of actions of the second messenger Ca2+ is a key determinant of neuronal excitability

and plasticity. For dendritic spines, there is on-going debate regarding how diffusional efflux

of Ca2+ affects spine signalling. However, the consequences of spino-dendritic coupling for

dendritic Ca2+ homeostasis and downstream signalling cascades have not been explored to

date. We addressed this question by four-dimensional computer simulations, which were based

on Ca2+-imaging data from mice that either express or lack distinct endogenous Ca2+-binding

proteins. Our simulations revealed that single active spines do not affect dendritic Ca2+ signalling.

Neighbouring, coactive spines, however, induce sizeable increases in dendritic [Ca2+]i when they

process slow synaptic Ca2+ signals, such as those implicated in the induction of long-term

plasticity. This spino-dendritic coupling is mediated by buffered diffusion, specifically by

diffusing calbindin-bound Ca2+. This represents a central mechanism for activating calmodulin

in dendritic shafts and therefore a novel form of signal integration in spiny dendrites.
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Neuronal information processing, associative learning in
particular, requires spatial summation of synaptic inputs
in the postsynaptic cell (Augustine et al. 2003). Classically,
spatial summation is viewed as the integration of electrical
signals and a subsequent generation of action potentials
(Kandel & Siegelbaum, 2000). Spatial summation of
second messengers, such as Ca2+, originating from
neighbouring spines and flooding the dendritic shaft,
seems to be an unlikely mechanism of neuronal integration
because spine necks are assumed to represent substantial
diffusion barriers for messenger molecules (Gamble &
Koch, 1987; Zador et al. 1990; Müller & Connor, 1991;
Svoboda et al. 1996).

While spill-over of spinous Ca2+ into the dendritic shaft
has been observed by several groups (Majewska et al.
2000; Holthoff et al. 2002; Schmidt et al. 2003b), these
experimental findings were significantly influenced by the
buffering action of the Ca2+ indicator dye (Sabatini et al.
2002; Schmidt et al. 2003b). Recently, however, Noguchi
et al. (2005) analysed spinous Ca2+ dynamics under
conditions that perturbed endogenous Ca2+ handling
minimally. They found that, indeed, most spines allow
a sizeable Ca2+ efflux, which is tightly regulated by the
geometry of the spine neck.

This paper has supplemental material.

Here we studied the impact that specific endogenous
Ca2+-binding proteins (CaBPs) have on Ca2+ diffusion
across the spine neck. We also explored the implications of
spino-dendritic coupling for neuronal signal integration.
Our analysis was based on kinetic computer simulations
that were adjusted to fit high-resolution Ca2+ imaging
data from wild-type mice and mutant mice that lack
parvalbumin (PV) and/or calbindin D28k (CB; Schmidt
et al. 2003b). Fluorescence recovery after photobleaching
(FRAP) complemented the analysis by providing the
diffusional mobility of the Ca2+ sensor calmodulin (CaM).
We found that slow synaptic Ca2+ signals are associated
with a substantial efflux of Ca2+ from the spine into the
dendrite that relies on mobile CaBPs. This diffusional
coupling is capable of driving a spatial summation process
in which coincident activity of neighbouring spines is
integrated in the dendrite. Spatial summation by mobile
CaBPs appears to be a prime mechanism for activating
calmodulin in dendritic shafts.

Methods

Fluorescence recordings

As previously described (Schmidt et al. 2003b), Ca2+

imaging experiments were performed in acute cerebellar
slices from wild-type, PV null-mutant (Schwaller
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et al. 1999) and CB/PV null-mutant mice (Vecellio
et al. 2000; decapitated under isoflurane (Baxter)
anaesthesia). Purkinje neurons (PNs) were equilibrated
with the dye-containing pipette solution (200 or
50 μm Oregon-Green BAPTA-1; OGB) in the whole-cell
patch-clamp configuration. Experiments were performed
60–120 min after the whole-cell configuration was
established, a time period in which the dendritic dye
concentration reaches 70–80% of that in the pipette
solution (Eilers et al. 1995a; Müller et al. 2005).
Fluorescence signals were recorded with a confocal
laser-scanning microscope (Fluoview-300, Olympus)
equipped with a 60×/0.9 NA water immersion objective.
For FRAP recordings (Schmidt et al. 2003a, 2005), OGB
was replaced by 100 μm Alexa 488-labelled CaM and the
confocal scanner was converted to a two-photon system
by adapting a mode-locked Ti–sapphire laser (Tsunami;
Spectra Physics, Darmstadt, Germany set to 765 nm) and
a Pockels cell (Conoptics, Danbury, CT, USA).

Data analysis

Fluorescence data were analysed with custom-written
routines in Igor Pro 5.0 (Wavemetrics, Lake Oswego,
OR, USA). Calcium ion imaging data were expressed
as normalised relative fluorescence increase (�F/F0)
and converted to free intracellular Ca2+ concentrations
([Ca2+]i) based on a cuvette calibration (Schmidt et al.
2003b). Median decays were computed as previously
described (Schmidt et al. 2003b). Data for FRAP were
analysed as described by Schmidt et al. (2005). In brief,
the FRAP time course was converted to the mean apparent
diffusion coefficient, D, according to the equation:

D = l V

τ̃πr 2
(1)

Where τ̃ denotes the time median constant of FRAP, r the
radius, l the length of the spine neck, and V the volume
of the spine head (for values see Supplementary Table 1).
The immobilized fraction of CaM was estimated from the
offset after the bleach pulse (see Fig. 4 A and Schmidt et al.
2005).

Calmodulin expression and labelling

The mouse CaM coding sequence was amplified by PCR
and ligated into the pGEX-2TK vector (Amersham) using
EcoR1 and BamH1 restriction sites in the sense and
antisense primers. After expression in the E.coli host
BL21 (DE3), the protein was purified using glutathione
sepharose and the GST (glutathione S-transferase)
fusion domain cleaved off with thrombin (Amersham).
Fluorescence labelling was performed with Alexa-488 TFP
(2,3,5,6-tetrafluorophenyl) ester (Invitrogene, Carlsbad,
CA, USA). The labelling product was purified by HPLC.

Kinetic, two-compartment model

Ca2+ dynamics were simulated by ordinary differential
equations in Mathematica 5.0 (Wolfram Research,
Champaign, IL, USA) according to previously published
formalisms (Markram et al. 1998; Schmidt et al. 2003b)
and parameters (Schmidt et al. 2003a,b; 2005). For CaM,
which binds four calcium ions, only the kinetics of the
first, rate-limiting step (Linse et al. 1991; Holmes, 2000;
Sabatini et al. 2002; Faas et al. 2004) were considered.
The spine and the parent dendrite were modelled as two
well-mixed compartments optionally coupled by diffusion
across the spine neck. The spine geometry and diameter
of the adjacent dendrite were set to the corresponding
mean values of spiny dendrites of PNs (Harris & Stevens,
1988). In order to simulate the impact of Ca2+ signals
from neighbouring coactive spines, the length of the
dendritic compartment was set to 0.3 μm according to
the following line of argument. Assuming homogeneous
Ca2+ signals in the coactive spines, the volume-averaged
Ca2+ signals in the adjacent dendritic compartments
will also be identical and, thus, diffusional net fluxes
between the spino-dendritic units do not take place. The
spine density of distal dendrites (3.4 μm−1; Vecellio et al.
2000) then determines that the length of the dendritic
compartment proprietary to individual spines is 0.3 μm.
The amplitude and time course of metabotropic glutamate
receptor (mGluR)-mediated Ca2+ signals were adjusted
according to published data (Takechi et al. 1998; Barski
et al. 2003). For fitting the model to experimental data,
the concentrations of CB and PV were corrected for the
wash-out that occurs during patch-clamp experiments
(Schmidt et al. 2003b). The only free variables in the model
were the amplitude of the Ca2+ influx and the maximum
pump velocity. In simulations that reflect the situation in
unperturbed cells, OGB and the wash-out correction for
CB and PV were omitted. A detailed description of the
model and full listing of all parameters are given in the
Supplementary Methods and Supplementary Table 1.

Kinetic, spatially resolved models

For analysing spatial aspects of spino-dendritic Ca2+

signalling, the above formalism was extended to partial
differential equations with the Cartesian co-ordinates
as additional independent variables. Two models with
one spine each were constructed. One model reflected
simultaneous activity in neighbouring spines, in which
the dendritic length was set, as in the two-compartment
model, to 0.3 μm (Figs 2C, 3D and 4C). While the
above-mentioned assumption of identical Ca2+ signals
in neighbouring dendritic disks will only apply to the
spatially resolved model if spines are located on identical
radial positions, interdisk variations in [Ca2]i owing to
radially staggered spines can be expected to be minimal.
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These variations were ignored in order to minimize the
computational load of the simulations, which otherwise
would have to incorporate dozens of spines and a long
dendritic branch. The second model reflected activity in
a single spine. Here, inactive spines were omitted for
simplicity and the length of the dendritic segment was
set to 10 μm (Fig. 3C). The simulations were carried
out in the ‘Chemical Engineering Module’ of the finite
element modelling environment FEMLAB 3.1 (Comsol,
Stockholm, Sweden) using the following reaction diffusion
equation:

∂ci

∂t
+ ∇( −Di∇ci) = Ri (2)

Where Ri is the reaction rate (–kon × educts +
koff × products) for the ith reactant with concentration c i

and diffusion coefficient Di. Using a conventional desktop
computer (Pentium 4; CPU, 2.8 GHz), the computing
times were ∼72 and ∼3 h for the two types of spatially
resolved models, respectively.

Results

Kinetic model of spino-dendritic Ca2+ signalling
based on Ca2+-imaging data

Ca2+ transients, elicited by stimulating the suprathreshold
climbing fibre (CF) input, were recorded in the linescan
mode in spiny dendrites of cerebellar PNs (Fig. 1A
and B). As reported previously (Schmidt et al. 2003b),
both the dendritic and the spinous Ca2+ transients
relied on voltage-operated Ca2+ channels (VOCCs) and
showed complex decay kinetics (Fig. 1C). From a total of
252 spine and 131 dendritic recordings, median spinous
and dendritic decays were calculated. These averaged
transients were fitted with a two-compartment model
(representing the spine and the adjacent dendritic shaft)
that optionally included diffusional coupling across the
spine neck. During fitting, only the Ca2+ influx and the
maximum pump velocity were variables in the model;
the remaining parameters (up to 43, see Supplementary
Methods) were taken from the literature.

The geometrical parameters of the model reflected
the experimental situation in two crucial aspects. First,
the length of the dendritic segment was set according
to the spine density of distal dendrites such that
each spine was coupled to its proprietary dendritic
volume. Thus, assuming homogeneous Ca2+ transients
during CF activation (Schmidt et al. 2003b), diffusion
along the dendrite could be neglected. Second, the
two compartments represent the resolvable structures
from which volume-averaged fluorescence signals where
obtained by confocal live cell imaging.

In total, ∼4700 and ∼35 000 Ca2+ ions entered the spine
and the dendrite, respectively, during the CF-evoked Ca2+

transient; ∼95% of these ions were buffered by calbindin
(CB), parvalbumin (PV), or the Ca2+ indicator dye
(Oregon-Green BAPTA-1, OGB, ∼160 μm). As expected
(Sabatini et al. 2001; Schmidt et al. 2003b; Noguchi et al.
2005), incorporation of diffusion improved the overlap
between the spinous data and the simulation substantially,
especially during the initial 200 ms of the decay, but had
little effect on the accuracy of the dendritic simulation
(Fig. 1D). Extracting the fluxes across the spine neck
from the simulation (Fig. 1E) revealed that diffusional
exchange between the spine and the dendritic shaft was
pronounced during this time window. Approximately 20%
of the Ca2+ ions that entered the spine diffused into the
dendritic compartment. This spino-dendritic Ca2+ flux
was dominated by buffered diffusion of Ca2+, mainly
bound to the indicator dye, while the contribution of free
Ca2+ ions was negligible (compare Sabatini et al. 2002).
Despite its lower diffusional mobility (Schmidt et al. 2003a,
2005), CB transported about three times more Ca2+ than
PV across the neck. This behaviour is explained by the
Mg2+ saturation of PV under physiological conditions,
which substantially limits the Ca2+ buffering capacity of
PV (Lee et al. 2000; Schmidt et al. 2003b).

We validated our model by performing the above
analysis on mutant mice that lacked either PV or CB and PV
(PV–/– and PV/CB–/–, respectively, see Supplementary
Fig. 1). In the PV–/– model, all parameters were kept
as in the wild-type (WT), except that PV was removed
from the simulation. In the PV/CB–/– model, CB and
PV were removed, and the morphology of spines was
changed according to the known differences from the
WT (Vecellio et al. 2000). Consistent with our previous
report on dendritic Ca2+ decays (Schmidt et al. 2003b),
an approximately twofold stronger clearance mechanism
was required for a reliable fit of the PV/CB–/– data. In
both strains, our parameter space successfully described
the recorded data and underlined the importance of CB
for buffered diffusion.

As a step towards the naı̈ve, zero indicator dye situation,
we analysed experiments performed with only 40 μm OGB
(Supplementary Fig. 2). Without changing any parameter
but the dye concentration, the simulation yielded a good
overlap with the data (Supplementary Fig. 2A and B). At
this dye concentration, CB dominated the Ca2+ transport
across the spine neck; only one-quarter of the diffusing
Ca2+ was transported by OGB (Supplementary Fig. 2C and
D).

Spino-dendritic coupling during rapid spine signals

Since the model robustly reproduced the Ca2+ imaging
data obtained under the different experimental conditions,
we used it as a tool to analyse spino-dendritic cross-talk
under unperturbed conditions, i.e. in the absence of
the Ca2+ indicator dye and without the wash-out of

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



622 H. Schmidt and others J Physiol 581.2

endogenous CaBPs that occurs during prolonged
whole-cell recordings (Eilers et al. 1995a; Müller et al.
2005; see Methods for details). All other parameters were
kept as in the simulations of the WT data. We began

Figure 1. Spino-dendritic coupling under experimental conditions
A, Purkinje neuron filled with the Ca2+ indicator Oregon Green BAPTA-1 (OGB; ∼160 μM) via a somatic patch
pipette. The box indicates the region in which climbing fibre (CF)-evoked Ca2+ transients were recorded. The
inset shows the corresponding complex spike (scale bar represents 20 mV, 20 ms). B, higher magnification of
the spiny branchlets marked in A. The grey line and arrowheads indicate the location for a linescan recording.
C, CF-evoked spinous and dendritic Ca2+ transients (left and right, respectively, black traces). The grey lines
represent double-exponential fits to the decays of the transients. D, median decays (black lines) in spines and
dendrites (large and small transient, respectively, n = 252 and 131). The red and green lines represent decays
simulated with a kinetic, two-compartment model that excluded (left) or included (right) diffusional coupling
between spine and dendrite via the spine neck. The size of the dendritic compartment was calculated according
to the spine density of distal dendrites. The insets show the temporal development of the integrated deviation of
the spinous simulation from the measured data. E, corresponding diffusional flux (left) of free and buffer-bound
Ca2+ across the spine neck. The temporal integration is shown on the right. Abbreviations: CB, calbindin D28k;
and PV, parvalbumin.

by analysing rapid spine Ca2+ transients, such as those
occurring during synaptic activation of VOCCs and/or
ionotropic glutamate receptor channels (iGluRs; Denk
et al. 1995) in neighbouring spines. Accordingly, Ca2+
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influx was restricted to the spine and dendritic influx
was omitted in the model. As illustrated in Fig. 2A, the
spinous [Ca2+]i reached peak values of ∼2 μm before
binding by CB and to a lesser extend by PV, and diffusion
rapidly reduced it to ∼300 nm. The later decay phase
was dominated by buffered Ca2+ diffusion and Ca2+

extrusion.
Despite the large concentration gradient between the

spine and the inactive dendrite, diffusion of free Ca2+ was
negligible (Fig. 2B). Only ∼2% of the Ca2+ that entered
the spine (i.e. ∼100 ions) diffused unbuffered into the
dendrite, a number that is in close agreement with the
findings of Zador et al. (1990), as well as Sabatini et al.
(2002) who studied spiny dendrites of CA1 pyramidal
neurons that are endowed with a low concentration of
immobile CaBPs. However, in contrast to the assumed
absence of buffered transport in CA1 neurons, the mobile
CaBPs of Purkinje neurons, CB and PV, shuttled ∼74% of
the spinous Ca2+ load (i.e. ∼3500 of the 4700 ions) into the
dendrite. This significant number did not, however, lead
to a sizeable increase in the dendritic [Ca2+]i (< 10 nm,
Fig. 2A inset), presumably because of the large volume

Figure 2. Spino-dendritic coupling in the absence of indicator dye
A, Ca2+ transient in a spine (black) and the adjacent dendritic compartment (grey; enlarged in the inset) simulated
in the two-compartment model in the absence of indicator dye and with the Ca2+ influx being restricted to spines.
B, diffusional flux of buffer-bound and free Ca2+ across the spine neck for the simulation in A. The inset shows the
temporal integral of the flux. C, spatially resolved simulation of the situation in A, generated by a finite element
approach. Note that the spine Ca2+ signal is saturated on the chosen colour scale and that even at the exit of the
spine neck there is no significant elevation in dendritic [Ca2+]i.

difference between the spine and the dendrite and because
of the effective Ca2+ extrusion mechanisms.

We wondered whether the localized ejection of Ca2+

into the dendrite may generate a Ca2+ microdomain
at the exit of the spine neck. We therefore developed
a spatially resolved model of the spino-dendritic Ca2+

homeostasis based on a finite element analysis. In this
model, we simulated coactivity in neighbouring spines
under the assumption that all spines emerge from the
dendritic shaft at the same radial position. This allowed
us to reduce the model to a single spine and its adjacent
dendritic shaft segment of 0.3 μm length (see Methods).
The corresponding four-dimensional (4-D) simulation
revealed that the strong spinous Ca2+ efflux failed to build
up significant Ca2+ gradients in the dendrite (Fig. 2C).
Thus, in the case of rapid spinous Ca2+ transients, mobile
CaBPs breach the spine limit via buffered diffusion. For
free Ca2+, however, the spine represents a functional
compartment that is well separated from the dendrite, even
if neighbouring spines are coactive. The large dendritic
shaft instead acts as a ‘clearance compartment’ for the
spine.
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Coupling during slow spine signals

We proceeded by simulating slower spine Ca2+ signals with
the spatially resolved model, specifically those occurring
during physiological synaptic activation (Chadderton et al.
2004) of mGluRs (Finch & Augustine, 1998; Takechi et al.
1998; Wang et al. 2000). Single spine mGluR-mediated
responses were modelled according to published data

Figure 3. Spatial integration of slow synaptic Ca2+ signals in dendrites
A–C, simulated mGluR-mediated Ca2+ release in a single spine with the resulting spinous Ca2+ transient (A), the
diffusional flux and its integral between the activated spine and the dendrite (B) and, in C, the spatially resolved
Ca2+ changes in the neighbouring dendrite (length 10 μm; inactive spines were not considered, see icon in C).
Note that dendritic [Ca2+]i is almost unaffected, despite the pronounced efflux from the spine. D, [Ca2+]i changes
during concurrent mGluR-mediated Ca2+ release in neighbouring spines. The situation was simulated with a single
active spine located on a proprietary dendritic segment of 0.3 μm length as in Figs 1 and 2 (see the dashed lines
in the icon and text for detail). Note the significant increase in dendritic [Ca2+]i in this condition.

(Takechi et al. 1998; Barski et al. 2003; see Methods).
They last ∼10 times longer than VOCC/iGluR responses
(Takechi et al. 1998; Barski et al. 2003; Fig. 3A) and resulted
in a Ca2+ load of ∼54 000 ions for the active spine. In
line with the large buffer capacity of PNs (Fierro & Llano,
1996), this strong Ca2+ influx also was largely buffered
by CB and PV, leading to an ∼10 times larger diffusional
efflux of buffered Ca2+ from the spine (Fig. 3B). About
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75% of the spinous Ca2+ load left the spine by free and
buffered diffusion.

Spatial gradients in the dendrite in response to this Ca2+

efflux from a single active spine were simulated in the
4-D model of a single spine and a 10 μm long attached
dendrite from which all other, inactive spines were omitted
for simplicity (Fig. 3C). Even this massive, long-lasting
spino-dendritic Ca2+ transport failed to induce significant
concentration gradients in the dendrite. With hindsight,
this finding is explained by the fact that one-dimensional
diffusion determines the supply of Ca2+ via the spine
neck while more effective three-dimensional diffusion
determines the drainage of Ca2+ from the exit of the
neck into the dendritic compartment. Thus, owing to the
large spino-dendritic volume difference, even long-lasting
Ca2+ transients in individual spines must fail to induce
local Ca2+ elevations in the dendrite, although they are
associated with a massive Ca2+ transport along the spine
neck.

Spatial integration of slow synaptic Ca2+ signals
in dendrites

The powerful dilution effect of diffusion within the
dendrite, however, may lose its impact, when Ca2+

from neighbouring, coactive spines enters the dendrite.
In this situation, the spino-dendritic volume difference
is significantly reduced because notionally each spine
exhausts its Ca2+ load only into its own, small proprietary
dendritic segment (see Methods). Notably, such activity
patterns do play a role in certain forms of experimentally
induced synaptic plasticity in PNs (Daniel et al. 1998).

We simulated this situation by modelling the average
spine and its proprietary dendritic segment of 0.3 μm
length (Vecellio et al. 2000), according to the spine
density of distal dendrites (see Methods). While this
approach ignores the morphological variability of spines
(Harris & Stevens, 1988) and the corresponding impact
on diffusional coupling (Noguchi et al. 2005), the
exact spine position on the dendritic circumference and
the corresponding spatial variations in dendritic Ca2+

gradients, as well as anomalous diffusion along the
dendrite (Santamaria et al. 2006), it drastically simplified
the simulation and kept computation times within a
reasonable frame. Furthermore, given the high spine
density of PNs, the impact of spine variability can be
expected to average out in a given spiny branchlet.

As illustrated in Fig. 3D, concurrent mGluR-mediated
responses in neighbouring spines indeed caused a
significant build-up of Ca2+ in the dendrite. The dendritic
Ca2+ reached a maximum amplitude of ∼80 nm, i.e.
about one-quarter of the peak amplitude in the spine
(Fig. 3A). This dendritic Ca2+ signal relied on the massive
and long-lasting efflux of Ca2+ from the spine (Fig. 3B).

Approximately 74% of the spinous Ca2+ load was ejected
into the dendrite, with the majority of Ca2+ ions being
ferried by CB, while diffusion of free Ca2+ ions was again
negligible.

Activation of dendritic calmodulin

In order to reveal functional consequences of the
spino-dendritic cross-talk during concurrent mGluR
responses, we studied the resulting activation of the
Ca2+-dependent regulatory protein calmodulin (CaM;
Fig. 4; Xia & Storm, 2005). Since the diffusional mobility
of CaM was unknown, we quantified this parameter by
two-photon fluorescence recovery after photobleaching
(FRAP; Fig. 4A). According to our previously described
formalism (Schmidt et al. 2003a), the average diffusion
coefficient of CaM was determined to be 21 ± 4 μm2 s–1

(median ± s.e. of medians; n = 65, 6 cells), a value similar
to that reported in HEK 293 cells (Kim et al. 2004).
Twenty-three per cent (± 4%, median ± s.e.m.) of CaM
was immobile, indicating binding to intracellular targets
(Schmidt et al. 2005).

Inclusion of CaM into our kinetic simulation revealed
that rapid, VOCC/iGluR-mediated spinous Ca2+ signals
were not associated with a significant increase in the total
amount of activated CaM (CaM∗), not even in active
spines (Fig. 4B, lower panel), a finding that is consistent
with the simulations of Sabatini et al. (2002). In contrast,
mGluR-mediated Ca2+ signals substantially increased the
total concentration of CaM∗ in the spine but not in the
dendrite if only a single spine was active (data not shown).
Only mGluR-mediated activity in neighbouring, coactive
spines led to a significant increase of CaM∗ in both the
activated spines and the adjacent dendritic compartments
(Fig. 4B and C). Remarkably, the total CaM∗ in the
dendrite reached about one-fifth of the spinous value.

Finally, we analysed the origin of dendritic calmodulin
activation. Both diffusion of CaM∗ from the spine into the
dendrite and diffusion of Ca2+ with subsequent activation
of dendritic CaM may be involved. We distinguished
between these two possibilities by immobilizing CB and
PV in our simulation, thereby minimizing Ca2+ transport
across the spine neck (compare Fig. 3B). In this condition,
activation of dendritic CaM was negligible (Fig. 4D).
Thus, in dendrites, CaM activation is a local event,
requiring summation of slow synaptic Ca2+ signals from
neighbouring spines.

Discussion

We established a kinetic, spatially resolved simulation
of Ca2+ and calmodulin signalling in spiny dendrites of
cerebellar PNs that allowed us to study the functional role
of mobile CaBPs in synaptic integration. The simulations
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were based on high-resolution Ca2+-imaging data and
on a first-time determination of the diffusional mobility
of CaM in spiny dendrites. We found that CB and,
to a lesser extent, PV transport a major fraction of
postsynaptic Ca2+ loads from the spine into the dendrite.
This spino-dendritic coupling has the potential to spatially
summate slow synaptic Ca2+ signals at the level of dendritic
branchlets. The resulting activation of dendritic CaM
reaches about 20% of the corresponding spinous signal, by
far surpassing spinous CaM activation during fast synaptic
Ca2+ signals. These findings suggest that spino-dendritic
coupling by CaBPs may serve as a potent form of spatial
signal integration in spiny dendrites.

A direct observation of buffered diffusion of Ca2+ via
fluorescence imaging is, at present, not possible. Available
Ca2+ indicator dyes, such as OGB, inevitably distort Ca2+

Figure 4. Activation of dendritic calmodulin (CaM) by buffered Ca2+ diffusion
A, spiny dendrite (upper panel) loaded with dye-labelled CaM. The red cross-hair marks the spine on which the
FRAP recording shown in the lower panel was performed. The red line in the lower panel represents an exponential
fit to the normalized fluorescence (F/F0) recovery curve. The time constant of recovery (τ ) is related to the apparent
diffusion coefficient of CaM, and the offset reflects immobilization of CaM in the spine. B, simulated increase
in Ca2+-bound CaM (activated CaM, CaM∗) relative to baseline activation (�[CaM∗]/[CaM∗]0, upper panel) and
total CaM activation (i.e. integrated time evolution of CaM activation, lower panel) during fast and slow synaptic
Ca2+ signals occurring simultaneously in neighbouring spines (compare Figs 2 and 3D). The dotted and continuous
green lines overlap in the lower panel. Note that the total CaM activation in the inactive dendrite during slow
synaptic Ca2+ signals is much larger than the CaM activation in the active spine during fast signalling. C, spatially
resolved simulation as in Fig. 3D but for CaM activation resulting from concurrent slow synaptic Ca2+ signals in
neighbouring spines. The spine signal is saturated on the chosen scale. Note that dendritic CaM∗ increases by more
than 60% compared with the resting level. D, total dendritic CaM activation with CB and PV being either mobile
(blue, as in lower panel of B) or immobilized (red). Note that buffered Ca2+ diffusion is required for dendritic CaM
activation.

signals by reducing their peak amplitudes, prolonging their
decays, affecting Ca2+ diffusion and by competing with
endogenous CaBPs (Neher, 1999; Sabatini et al. 2002).
Distortion-free measurements would require either dyes
that sense Ca2+ not by binding but by collision quenching
(as in Cl–-sensitive dyes; Lakowicz, 1999) or genetically
encoded, CB/PV-based reporter proteins (see, for example,
troponin C-based Ca2+ sensors; Heim & Griesbeck, 2004).
As long as such sensors remain unavailable, studies on
buffered diffusion must rely on indirect methods, i.e. on
simulations that reflect the kinetics and the diffusional
mobility of all Ca2+-binding molecules.

It has been argued that Monte-Carlo simulations
are more appropriate for simulations in spines than
deterministic/finite element methods (Franks &
Sejnowski, 2002; Bhalla, 2004b). We felt, however, that
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a simulation of the movement of tens of thousands of
particles (Ca2+, PV, CB and CaM) would overstrain
current stochastic simulation environments, although
there exist algorithms that accelerate Monte-Carlo
simulations (Gillespie, 2001; Puchalka & Kierzek, 2004;
Santamaria et al. 2006). Furthermore, it has been
demonstrated that in the limit of large molecule numbers
the solutions of deterministic and stochastic models
are asymptotically equivalent (Bhalla, 2004a; Blackwell,
2006). In compartments approximately 10 times larger
than spines, even 100 ions are sufficient to give a good
overlap between stochastic and deterministic solutions
to the diffusion equation in most cases; with 1000 ions,
even the fluctuations around the deterministic value
become negligible (Blackwell, 2006). We therefore relied
on the finite element approach, which yielded acceptable
computation times even for Ca2+ signals lasting several
seconds, a prerequisite for fitting models to experimental
data. The latter was achieved with a model of two
well-mixed compartments, reflecting the experimental
situation of line-scan recordings. The two-compartment
and the finite element model yielded almost identical
results for all situations analysed.

Our findings challenge the common notion that
the spine represents a well-separated biochemical
compartment (Gamble & Koch, 1987; Zador et al. 1990;
Müller & Connor, 1991; Denk et al. 1995; Svoboda et al.
1996; Sabatini et al. 2002; Augustine et al. 2003). For
neurons that express significant amounts of mobile CaBPs,
such as cerebellar PNs, the spine neck does not impose a
functional diffusion barrier. We show that about ∼75%
of the Ca2+ load of active spines is discharged into the
dendritic shaft. The apparent compartmentalization in
spines, as measured with Ca2+ indicator dyes, could be
attributed to rapid diffusional redistribution and dilution
of free and buffer-bound Ca2+ within the large dendritic
compartment. Thus, it is the large volume difference
between spines and dendrites, not limited diffusion across
the spine neck, that leads to an apparent restriction of
synaptic Ca2+ signals to spines.

In agreement with a powerful spino-dendritic
cross-talk, we find that spatial summation of slow Ca2+

signals from neighbouring, coactive spines results in
sizeable Ca2+ increases in the dendritic shaft and a
concomitant on-site activation of CaM. Indeed, we may
even have underestimated the activation of CaM, since its
Ca2+ affinity is increased substantially in the presence of
certain CaM target proteins (Xia & Storm, 2005).

Besides mobile Ca2+-binding proteins, the morphology
of individual spines can be expected to influence
spino-dendritic coupling (Noguchi et al. 2005). In
particular, spines with short and wide necks will facilitate
dendritic CaM activation and allow this type of spatial
signal integration to be triggered by a smaller number
of coactive spines. Future work, based on high-resolution

spine reconstructions (Vecellio et al. 2000), may shed light
on the functional role of specific spine morphologies for
signal integration in cerebellar PNs.

Activated CaM may regulate, among other targets (Xia &
Storm, 2005), the voltage dependence of dendritic A-type
(Varga et al. 2004) as well as SK-type potassium channels
(Bond et al. 2005). Given the fact that parallel fibres fire
in high-frequency bursts during physiological activation
(Chadderton et al. 2004) and that such bursts reliably
induce mGluR-mediated spinous Ca2+ transients (Takechi
et al. 1998), dendritic CaM-dependent targets may be
triggered whenever a beam of parallel fibres becomes
active (Eccles, 1967). This situation is comparable to
the requirements for subthreshold spatial integration of
electrical signals in spiny dendrites (Eilers et al. 1995b).
As with this latter, electrical form of integration (Eilers
et al. 1997), spino-dendritic cross-talk driven by mobile
CaBPs may serve as a powerful coincidence detector in the
induction of synaptic plasticity (Xia & Storm, 2005). Since
it potentially also includes nearby inactive spines, it may
be specifically involved in certain forms of heterosynaptic
plasticity (Hartell, 2002; Xia & Storm, 2005). Taken
together, the presence or absence of mobile CaBPs is a
critical determinant of spine compartmentalization and
dendritic integration.
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