
176

MODEL STUDY OF Ca2+ HANDLING
SYSTEMS IN CEREBELLAR GRANULE CELLS
O.E. SAFTENKU
Bohomolets Institute of Physiology, Ukraine
esaft@biph.kiev.ua

Dr. O.E. Saft enku is a graduate of the Department of biophys-
ics at Kyiv State University. She fi nished a post-graduate course 
at the Institute of Cybernetics in Kyiv in speciality Control in 
Biological and Medical Systems, where she received a PhD for 
her thesis on mechanisms of neuronal bursting activity in central 
snail neurons. Th en she completed a post-doctoral fellowship at 
the National Heart and Lung Institute in London deve loping 
computer models of single calcium channels. Since 1995, she has 
been working as a researcher at the Department of general 
physiology of nervous system at the Bohomoletz Institute of Phy-
siology. A variety of her papers are devoted to computational 
study of single channel kinetics, neurotransmitter dynamics and 
diff usion in the extracellular environment, short- and long-term 
plasticity-related synaptic changes, mechanisms of intrinsic ex-
citability, dynamics of intracellular Ca2+ and Ca2+ handling 
systems. Her models are included in international databases.

Simulation of Ca2+ gradients
in thapsigargin (TG)-treated GrCs

Th e objective of this study was to investigate the mechanisms that regulate the 
amplitude, shape, and duration of cytosolic Ca2+ signals in cerebellar GrCs. A 
mature GrC has 4 parent dendrites, which end in average with three digits. Gall et 
al. (2005) showed that the peak amplitudes of fl uorescence transients induced by 
either synaptic stimulation or depolarizing voltage steps progressively and sig-
nifi cantly decreased with distance from the dendritic endings. Regional [Ca2+]i 
signals in dendrites are thought to play an important role in the induction of 
long-term depression and potentiation at the cerebellar MF-GrC synapses, which 
regulate information transfer at the input layer of the cerebellar cortex. Since spa-
tial heterogeneity of Ca2+ handling systems is thought to be important for defi n-
ing localized [Ca2+]i gradients evoked by depolarizing stimuli, the complexity of 
Ca2+ regulation makes it diffi  cult to address this problem rigorously. Mathemati-
cal modeling represents a useful approach which facilitates testing of various hy-
potheses and rejection of those ones that fail to match experiment. While this 
approach alone cannot determine whether a specifi c distribution of particular 
Ca2+ handling systems is necessary to reproduce in the model measured [Ca2+]i 
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responses in given cell, it can determine whether such a distribution is suffi  cient 
to account for observed [Ca2+]i transients. Th e Ca2+ dynamics was modeled by a 
set of diff erential equations. Th e eff ects of repetitive stimulation on glutamate 
release at MF-GrC synapses, glutamate diff usion and NMDA receptor-mediated 
current in Mg2+-free solution have been described in our earlier paper (Nieus et 
al., 2006). We tested various combinations of Ca2+ handling systems (endogenous 
buff ers, calcium channels, extrusion mechanisms, and mitochondria) in the con-
text of a realistic description of GrC morphology and model parameters.

Simulating Ca2+ responses that were elicited by 200 ms depolarization from 
−70 to 0 mV in TG-treated GrCs, we have shown that heterogeneities in the dis-
tribution of Ca2+ pumps or in cytosolic fractional volume cannot account for the 
formation of [Ca2+]i gradients in GrCs. Observed progressive decay of depolariza-
tion-evoked Ca2+ transients from the dendritic endings to the soma could be re-
produced only under suggestion of steep decrease in the calcium current density 
or large increase in the concentration of endogenous buff ers in the dendrites of 
GrCs from their distal to the proximal parts (Saft enku, 2009a). Th ese two possi-
bilities can be easily distinguished by recordings of fl uorescence transients in both 
parent dendrites and digits with two indicator dyes of diff erent affi  nities when 
Ca2+ uptake and release by internal stores are inhibited (Fig. 1). Th e total Ca2+ buf-
fer capacity is the sum of the endogenous and indicator buff er capacities. If the 

Fig. 1. Spatial heterogeneites that can account for Ca2+ 
gradients in GrCs; a—c, [CaOGB1] profi les in the digit 
at locations shown in the inset of (a). In the inset, D is 
the digit, PD is the parent dendrite and S is the soma. In 
a — the total buff er concentration [Buf]T = 0.95 mM in 
the digits and soma and [Buf]T = 18.7 mM in the parent 
dendrite. Th e maximal calcium conductance gmax,Ca =
= 2.0 × 10–5 S cm–2 in both cell compartments; b — the 
buff er concentration increases linearly from the digits 

to the soma with an averaged [Buf]T = 18.7 mM. In c — in the digits gmax,Ca = 1.93 × 10–5 S cm–2, in 
the parent dendrites gmax,Ca = 0.52 × 10–5 S cm–2, [Buf]T = 0.8 mM; d — the ROM in the middle 
of the parent dendrite normalized to the value of ROM in the digit. Vertical bars represent the 
normalized ROM within the tested ranges of maximum fl uorescence change and [Buf]T
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buff er is distributed uniformly, the ratio of the half-decay times of fl uorescence 
transients measured with Oregon Green BAPTA-1 (OGB1) and Mag-Fura-2 (ROM) 
is always larger in the parent dendrite than in the digit owing to lower [Ca2+]i in 
this cell compartment and the Ca2+-dependence of the OGB1 Ca2+ buff er capacity. 
But if the buff er with a very large buff er capacity is localized in the parent den-
drite, the Ca2+ buff ering is dominated by the endogenous Ca2+ buff ering capacity. 
Th erefore, the ROM in the parent dendrite is close to one, whereas the ROM is 
the digits and is expected to be much larger since OGB1 slows signifi cantly the 
clearance of Ca2+ from the cytosol in the digits of GrCs (Gall et al., 2005).

Evidences for heterogenous
distribution of buffers in GrCs

In the experimental work of Rossi et al. (1994), the peak amplitude of high-volt-
age-activated calcium currents (ICa) measured in GrCs acute slices from the cer-
ebellum of rats of the same age (19-23 days) and at the same temperature and 
other experimental conditions as in the paper of Gall et al. (2005) was 120-150 pA. 
To compare ICa in our model with this current, we multiplied peak Ca2+ current 
density in each cell compartment by the surface area of this compartment and the 
number of compartments in a GrC and then summed them. Th e calculated peak 
ICa in the model with uniformly distributed endogenous buff er appeared to be 13-
79 times lower than the experimental ICa. Such discrepancy could not be explained 
by the presence of homogeneously distributed endogenous buff ers with higher 
buff er capacity since a half-decay time of fl uorescence transients measured in the 
digits of GrCs with the low-affi  nity indicator Mag-Fura-2 was 4-8 times shorter 
compared to the recordings performed with the high-affi  nity indicator OGB1. 
Our simulations of NMDA receptor-mediated fl uorescence transients in condi-
tions of 1 s stimulation of MFs with frequency 100 Hz, when GrCs were main-
tained at –70 mV in Mg2+-free solution in the presence of the blockers of me-
tabotropic glutamate receptors (mGluRs) revealed that an estimate of the maxi-
mum conductance of NMDA receptors per digit which was necessary to repro-
duce fl uorescence changes was also at least 8-50-fold lower than the value esti-
mated from the direct measurement of NMDA receptor-mediated currents in 
GrCs. When the latter was used in the model, OGB1 was completely saturated. 

An increasing Ca2+ extrusion across the PM in the restricted apical part of the 
digit could not be suggested since it increased greatly the half-decay time of de-
polarization-induced fl uorescence transients in TG-treated cells. Th en we sug-
gested that some immobile buff er could be highly concentrated immediately un-
derneath the sites where MF-GrC synapses and extrasynaptic NMDA receptors 
are situated. Since calretinin is a predominant calcium buff er in GrCs and it is 
known to be localized beneath the PM in other cells (Hack et al., 2000), we in-
cluded in the model a buff er with properties of calretinin. Recent detailed study 
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on the binding parameters of calretinin revealed that this buff er has four coop-
erative binding sites and one independent binding site with diff erent kinetics 
(Faas et al., 2007). Th e simulated Δ[CaOGB1] reproduced the peak amplitude 
and the time course of experimental fl uorescence transient in the digits in the 
presence of mGluR blockers when we placed 3-18 mM of calretinin in the most 
apical compartment of the digit (Fig. 2).

Our simulations show that when an immobilized calretinin is localized only 
in the apical part of the digits, the ratio of the measured and calculated in the 
model peak amplitudes of depolarization-induced calcium currents decreases to 
4-6 fold. In this case, the maximal Ca2+ conductance also should be much larger 
in this compartment than in the rest of the digit. Otherwise a large Ca2+ fl ux from 
the part of the digit where the high-affi  nity buff er is absent to the part where this 
buff er is highly concentrated would evoke a very rapid decay of fl uorescence tran-
sient in the middle of the digit that is not observed.

.Local accumulation of calretinin signifi cantly attenuates global rises of [Ca2+]
i in the upper part of the digit and decreases Ca2+ gradients along the digit by a 
factor of 15 in comparison with uniform distribution of the buff er within the 
digit. Only such localization of the buff er can be reconciled with a pronounced 
slowing of the decay of depolarization-induced fl uorescence responses in the dig-
its of GrCs aft er introducing a high-affi  nity Ca2+ indicator OGB1 (Saft enku, 
2009a,b). Th is situation occurs because the ROM depends not only on the ratio of 

Fig. 2. Simulation of synaptically induced fl uorescent tran-
sients in the presence of mGluR blockers: a — the ratio of 
an estimate of the maximum conductance of NMDARs per 
digit (gmax,NMDA) from direct measurement of NMDAR-me-
diated currents in GrCs to the gmax,NMDA value which was 
necessary to reproduce Δ[CaOGB1]peak in our model with-
in the range of maximum fl uorescence change; b — simu-
lation of the calcium current through NMDAR channels in 
GrC digit caused by a train of 100 presynaptic stimuli de-

livered at frequency 100 Hz in Mg2+-free solution at holding membrane potential –70 mV; c — 
[CaOGB1] profi les evoked by NMDAR-mediated calcium infl ux. Calretinin concentration in 
the apical part of digit was set at 3.1 mM; d — an average [CaOGB1] in the digit when mito-
chondrial transport with the rate constants of uptake and release 11.4 ms–1 and 5.25 ×10–6 mM 
ms-1, respectively, were included in the model instead of calretinin
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total buff er capacities, but also on the Ca2+ axial fl uxes determined by the extent 
of heterogeneity in the distribution of Ca2+ channels along the digit.

In contrary, the model with 16 mM of calretinin with non-linear binding 
properties which was concentrated under the plasma membrane of the GrC soma 
yielded much less attenuation of Ca2+ signals in comparison with the model where 
the buff er had fast independent binding sites and the same apparent dissociation 
constant. Th is occurs because Ca2+ can bind to a cooperative site in the state with 
a high affi  nity to Ca2+ only aft er binding to a site with a low affi  nity to Ca2+. Using 
the model with independent binding sites, we obtained calcium currents with the 
peak amplitude that was only 1.5-3 times lower than that of typically measured 
calcium currents. Th erefore, it is possible that another high-capacity buff er can be 
localized in the soma of GrCs. Otherwise the discrepancy between the character-
istics of typically measured and simulated depolarization-induced ICa are likely to 
be due to the experimental errors or insuffi  cient statistics.

Th e functional consequences of calretinin localization in the apical part of 
the digits, most of all under the plasma membrane, as it was found in the brain-
stem auditory neurons (Hack et al., 2000), could be an adaptation to large calcium 
infl uxes through NMDA-receptor mediated channels. In vivo studies show that 
the cerebellar MF terminal can fi re at over 200 Hz for sustained periods (van Kan 
et al., 1993) and sustained vesicular release at high rates is preserved at each re-
lease site of MF to GrC synapse (Saviane and Silver, 2006). Our estimation of an 
averaged throughout the cell concentration of immobilized calretinin (57-329 μM) 
is consistent with the estimate of the concentration of mobile calretinin (1.2-
1.3 mM) based on the similarity of its eff ect on big Ca2+-activated potassium (BK) 
channels compared to 150 μM BAPTA (Gall et al,, 2003) and the estimates of the 
calretinin fraction in the cerebellum associated with the particulate fraction (10-
27%; Hubbard and McHugh, 1995; Winsky and Kuźnicki, 1995). Th e association 
of calretinin with the plasma membrane may promote tight compartmentaliza-
tion of local Ca2+ signals and attenuate large [Ca2+]i responses. In contrast, small 
[Ca2+]i responses will not be attenuated at some distance from the sites of Ca2+ 
entry because of nonlinear binding properties of calretinin (Faas et al., 2007). 
Th ese fi ndings explain how GrCs, which are the smallest neurons in the brain and 
fi re in vivo with frequency up to 1000 Hz without accommodating, enable to 
maintain Ca2+ homeostasis.

Influence of calretinin on Ca2+ microdomains

To explore how calretinin infl uences [Ca2+]i near a single Ca2+ channel, a model of 
buff ered Ca2+ diff usion near a point source that released Ca2+ into a large hemi-
sphere with refl ective boundary conditions was considered, Fig. 3. 

We used a large concentration of mobile calretinin (1.3 mM) estimated from 
apparently similar sensitivity of Ca2+-activated K+ channels in cerebellar GrCs to 
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this concentration of the endogenous buff er and to 150 μM BAPTA (Gall et al., 
2003). Th e concentration of immobilized calretinin was set to be 3.5 mM within 
100 μm from an open Ca2+ channel. We showed that the action potential associated 
increment of free Ca2+ at a distance of 30 nm from the single calcium channel can 
be reduced by both mobile calretinin and an immobile fraction of this buff er local-
ized underneath the sites of Ca2+ entry through NMDA receptors by 41-54%. Mo-
bile calretinin strongly accelerated the collapse of Ca2+ gradient aft er channel clo-
sure. In contrast to clustered channels, the maximal intracellular free calcium con-
centration reached during the prolonged repetitive channel openings of the single 
calcium channel with frequency <80 Hz did not increase because of non-linear 
properties of calretinin, Fig. 3. It was suggested that in cerebellar GrCs, Ca2+-activated 
K+ channels can be operated by nanodomains of single N-type Ca2+ channels.

Ca2+ release from endoplasmic reticulum
and mitochondrial transport 

To study the role of mitochondria in shaping Ca2+ transients in GrCs, we used 
quantitative description of the dependence of mitochondrial transport on the 
global [Ca2+]i developed in the work of Colegrove et al. (2000). Our results show 
that mitochondrial Ca2+ uptake can decrease the glutamate-induced [Ca2+]i eleva-
tions in GrCs, but it scarcely infl uences Δ[Ca2+ ]i evoked by 200 ms depolariza-
tion. However, simulated [CaOGB1] transients evoked by synaptic stimulation 
had almost twice shorter time to peak (~1 s) than in the experiment. Inclusion of 

Fig. 3. Eff ect of calretinin on Ca2+ signals evoked by repe ti-
tive openings of calcium channels every 12.5 ms (80 Hz). 
[Ca2+]i in the end of each 0.84 ms channel opening (a and 
c) and immediately before the channel openings (b and 
d) is shown. Th e traces were computed with 1.3 mM of 
mobile calretinin and 3.5 mM of immobile calretinin 
within 100 nm around a calcium channel. Th e single 
channel current amplitude was 0.2 pA (in a and b) and 2 
pA (in c and d)
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inositol-1,4,5-triphosphate (IP3)-induced Ca2+ release in the model resulted in 
6-11 % increase in the peak amplitude of the [CaOGB1] transient, which was 
lower than 25% increase expected from the experiments with the use of mGluR 
blockers (Gall et al., 2005). In addition, a prominent Ca2+ gradient was observed 
along the digit in these simulations, whereas in the experimental measurements 
and in the simulations with a high-capacity buff er placed to the apical parts of the 
digits, the gradient was almost absent. 

Mitochondria had a slight additive infl uence on the amplitude of calcium 
transients when a high-capacity endogenous buff er was included in the model. 
Th e signifi cant delay in time to peak of the [CaOGB1] transient in the digit aft er 
termination of synaptic stimulation can be used as an indication onsuch a buff er 
if it will be observed in the experiments performed in the presence of mGluR 
blockers and TG. Th us, mitochondrial uptake can explain lower [Ca2+]i transients 
in GrCs than ones expected from typical measurements of NMDAR-mediated 
current during synaptic stimulation with some additional assumptions such as 
contribution of CICR to synaptically induced calcium transients and its signifi -
cant enhancement by IP3-induced calcium release. But it cannot explain low de-
polarization-induced [Ca2+]i transients.

Gall et al. (2005) have demonstrated the amplifi cation and protraction of depo-
larization-induced Ca2+ entry by Ca2+-induced Ca2+ release (CICR) in the digits of 
cerebellar GrCs. Th e results of our simulations are rather consistent with much low-
er density of the ER in the parent dendrites and soma as compared to the digits of 
GrCs. When ER transport was added to our model only to the digit compartment, 
the spatial profi les of experimental fl uorescence and simulated [CaOGB1] changes 
were in close agreement. Th e long [Ca2+]i recovery times observed in control cells 
compared to cells preincubated with TG can be explained by continued CICR with 
declining rate during the decay phase of Ca2+ transients. Th e model based on the 
interplay between fl uxes across the ER and plasma membranes, with decrease of the 
driving force for passive Ca2+ release from the ER as the sole mechanism of CICR 
termination and without inclusion of any inhibitory mechanisms of RyR gating or 
stochastic attrition can reproduce the main experimental observations. Th is is con-
sistent with the results of Albrecht et al. (2002) who for the fi rst time separated and 
described Ca2+ release and uptake fl uxes in intact neurons and showed that the Ca2+ 
permeability of the endoplasmic reticulum was not very sensitive to intraluminal 
Ca2+ concentration and did not show intrinsic time-dependence.
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