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the Compartmental Models
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In neurons, the endoplasmic reticulum (ER) modulates elevations of the cytosolic free Ca2+ concentration 
([Ca2+]i) in response to extracellular stimulation by accumulating Ca2+ via the sarcoplasmic/endoplasmic 
reticulum Ca2+-ATPases (SERCAs) or by releasing Ca2+ via the ER Ca2+ channels. SERCA inhibitors are 
often used as a tool for investigating the contribution from ER Ca2+ transport to the [Ca2+]i dynamics. 
The respective effects on Ca2+ responses in different neurons are characterized by a large diversity. 
However, the factors that determine this diversity have not been completely understood. Using a simple 
two-compartment model of the Ca2+ dynamics, we showed that changes in the density and relative 
contribution of ryanodine receptors and SERCA pumps, stimulation conditions, and dye concentration 
are sufficient to reproduce either smoothly graded, or non-linearly graded, or all-or-non ER Ca2+ release 
and many effects of SERCA inhibitors on the Ca2+ transients observed in different neurons. Here, we 
have redefined main modes of the net ER Ca2+ transport (net Ca2+ uptake, non-regenerative Ca2+ release, 
and regenerative Ca2+ release) and showed that these modes are completely determined by the interplay 
between Ca2+ fluxes and the Ca2+ buffering rate. Our simulations demonstrate that low-gain models 
of Ca2+-induced calcium release (CICR) do not require any counteracting termination mechanism for 
the release termination. The simulations also suggested that Ca2+ transients in some neurons may be 
modestly amplified by regenerative CICR, which is, nonetheless, graded and self-limiting due to CICR 
termination mechanisms, such as store depletion and/or Ca2+-dependent inactivation of ryanodine 
receptors. However, a spatially homogeneous model fails to reproduce both smoothly graded and high-
gain CICR.
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INTRODUCTION

Ca2+ is a universal signaling agent involved 
in the regulation of most neuronal functions [1]. 
The endoplasmic reticulum (ER) in neurons and 
its specialized counterpart in muscle cells, the 
sarcoplasmic reticulum (SR), accumulate Ca2+ via 
the SR and ER Ca2+-ATPases (SERCAs) and release 
Ca2+ into the cytosol via Ca2+-activated calcium 
channels of the store membrane. In contrast to Ca2+ 
transport by the SR in cardiac muscle cells, Ca2+ 
release from the neuronal ER is characterized by 
a wide diversity [2]. The mechanisms underlying 
this diversity have been poorly understood. During 

neuronal depolarization, the ER may act as a Ca2+ 
source or as a sink [3]. The release of Ca2+ from the 
ER in neurons may be smoothly graded [4], non-
linearly graded [5], or an all-or-none event [6]. In 
some neurons, Ca2+ release operates in a low-gain 
regime, i.e., the amount of Ca2+ released from the 
ER is lower than the amount of Ca2+, which enters 
the cell through plasma membrane (PM) channels 
(gain < 1.0). In some other types of neurons, a 
10-fold amplification of the Ca2+ transient may, 
however, be achieved [2, 5]. There are two families 
of Ca2+ release channels in neurons, namely Ca2+-
activated ryanodine receptors (RyRs) and inositol 
1,4,5-trisphosphate (IP3) receptors activated by 
both IP3 and Ca2+ [2]. In this paper, the IP3-induced 
calcium release will not be analyzed.

The contribution of Ca2+ transport by the ER 
to [Ca2+]i transients is often studied with the use 
of inhibitors of SERCAs, thapsigargin (TG) or 
cyclopiazonic acid (CPA). Prolonged treatment of 
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different neurons with SERCA inhibitors results 
in the elimination of ER Ca2+ transport. Calcium 
transients in the spines, dendrites, presynaptic 
terminals, and somata of some neuronal subtypes 
do not demonstrate any significant changes in 
the amplitude but show a slower decay after such 
treatment [7, 8]. In other neuronal subtypes, 
SERCA inhibitors decrease the amplitude of [Ca2+]i  
transients and may accelerate [9, 10], exert no 
influence on [11−13], or slow the decay [13, 14] of 
these transients.

Spatially homogeneous compartmental models  
of Ca2+ dynamics are thought to be an adequate tool 
for interpreting depolarization-induced fluo rescence 
signals in the dendritic segments and axonal boutons 
of neurons [15, 16]. In previous works [17, 18], three 
modes of Ca2+-induced calcium release (CICR) in 
bullfrog sympathetic neurons were described. These 
modes, however, were proposed for a condition 
of the constant free Ca2+ concentration in the ER 
([Ca2+]ER); the authors did not explicitly model the 
counteracting termination mechanisms and buffers. 
In our study, we have tested determinants of the 
modes of net ER Ca2+ transport, which accounted 
for a variety of the action of SERCA inhibitors on 
Ca2+ transients in different neurons. 

METHODS

In our model, a neural cell was represented 
by a cylinder with a diameter of 0.76 µm (that 
corresponds to the diameters of dendritic endings in 
cerebellar granule cells, GrCs [10], small dendrites 
of hippocampal CA1 pyramidal neurons [8], or small 
presynaptic boutons [19]). The model consists of 
two compartments, the cytosol and the ER. The 
fractional cytosolic volume was set at 83.3%. This 
value was selected according to an assumption 
that the ratio of both ER vs. cytosolic volumes and 
mitochondrial vs. cytosolic volumes is 0.1 [18, 20]. 
Mitochondrial Ca2+ transport was not included in the 
model, since its contribution to the Ca2+ dynamics 
was found to be negligible at submicromolar 
values of [Ca2+]i elicited by depolarization within a 
millisecond time scale [21–23]. 

A change of [Ca2+]i in the cytosolic compartment 
was represented as 

 ,    (1)

where the terms on the right side describe rates 
of the [Ca2+]i change due to buffering, Ca2+ loss 
because of extrusion across the PM and diffusion, 
calcium influx into the cytosol, CICR, and Ca2+ 
leakage from the ER. 

The rate of change in the [Ca2+]i due to Ca2+ influx 
is defined as

where ICa is the calcium current through voltage-
dependent channels, VCyt is the cytosolic volume, 
and F is the Faraday constant. The depolarization-
induced Ca2+ current was described according 
to D’Angelo et al. [24]. The charge influx was 
calculated by integrating the current in time.

Removal  of  Ca 2+ f rom an in t racel lu lar 
compartment attributable to pumping out across the 
PM and diffusion was calculated with the use of a 
first-order reaction 

where P is the rate constant of Ca2+ removal, 
and [Ca2+]i,rest is the resting [Ca2+]i. The RLoss in our 
definition also includes a constant Ca2+ leak across 
the PM, which balances the Ca2+ removal at the 
resting Ca2+ concentration. We did not include Ca2+ 
influx into the cytosol through store-operated Ca2+ 
entry (SOCE). The process of SOCE activation is 
rather slow and requires at least several tens of 
seconds [25]; therefore, it was not suggested to 
affect Ca2+ transients within the time scale of our 
simulation.

Binding of Ca2+ to buffers was described as 
follows:

,  

where Y represents exogenous and endogenous 
buffers, kf,y and kb,y are the forward and backward 
binding rate constants, [TotalY] is the total buffer 
concentration, and [CaY] is the concentration of 
a Ca2+-bound compound. A complete washout of 
mobile endogenous buffers typically occurs in 
whole-cell recordings. A Ca2+ indicator dye, Oregon 
Green 488 BAPTA-1 (OGB1), was included in the 
model. Since the concentration of the Ca2+-bound 
indicator is proportional to the recorded intensity 
of single-wavelength fluorescence [26], it was used 
in some of our simulations to compare the recorded 
fluorescence changes and the model outcome.
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The ER Ca2+ transport was described by Eqs. 2–5. 
The rate of Ca2+ uptake via SERCAs and CICR were 
simulated according to Albrecht et al. [18]. Since 
Ca2+-dependent inactivation of CICR was suggested 
as one of the mechanisms of CICR termination [27], 
the inactivation variable h was included in some 
simulations:

    ,  (2)

, (3)

 ,  (4)

, (5)

where VER and VCyt are the ER and cytosolic 
volumes, [Ca2+]ER is the free Ca2+ concentration in 
the ER, kleak,ER is the rate constant of the background 

Ca2+ leak across the ER membrane, Kd,CRC is 
the dissociation constant of the ER Ca2+ buffer 
calreticulin, [TotalCRC] is the total concentration 
of the latter buffer, vmax,SERCA is the maximum rate of 
SERCA, kCICR is the rate constant of ER Ca2+ release 
due to CICR, KM,SERCA is the Michaelis constant, 
and N is the Hill coefficient for Ca2+ binding with 
SERCA. The Kd,CICR is the dissociation constant for 
Ca2+ binding with RyRs, M is the Hill coefficient 
for Ca2+ binding with RyRs, and κER is the ratio 
of a change in the total Ca2+ concentration to the 
accompanying change in the free Ca2+ concentration 
in the ER. 

To take into consideration the mechanism of 
CICR inactivation, an additional equation was added 
to the system of Eqs. 1 and 5:

      . (6)

Here, kb,h and kf,h are the dissociation and 
association rate constants of Ca2+ binding with an 
inactivating site of the RyR channel, and NH is 
the Hill coefficient. The use of Hodgkin−Huxley 

Table 1. Calcium Dynamics-Related Parameters 
Parameter Symbol Standard value and limits Refs
Calcium dynamics
Initial cytosolic Ca2+ concentration [Ca2+]i,rest 0.06 (0.03−0.1) µM [15, 26]
Fixed buffer
Total concentration [Buf]T 500 µM [19, 29]
Dissociation constant Kd,Buf 10 (5–10) µM [30]
Forward binding rate constant kf,Buf 100 µM–1∙sec–1 [31]
Exogenous buffer OGB1
Total concentration [OGB1]T 200 (10–200) µM [10]
Dissociation constant Kd,OGB1 0.2 (0.325) µM [8]
Forward binding rate constant kf,OGB1 400 µM–1∙sec–1 [32]
Plasma membrane
Rate constant of Ca2+ removal P 214 (100–500) sec–1 Fits to the experiment in [10]
Maximal Ca2+ conductance gmax,Ca 1.81∙10–5 S∙cm–2 Fits to the experiment in [10]
Endoplasmic reticulum
Initial Ca2+ concentration [Ca2+]ER,rest 160 (100−400) µM [18, 33, 34]
SERCA
Michaelis−Menten constant KM,SERCA 0.04 µM* [18]
Hill coefficient NSERCA 2.5 [18]
CICR
Dissociation constant KD,CICR 2.641 µM [18]
Hill coefficient MCICR 1.0 [18]
Calreticulin
Total concentration [CRC]T 43 mM [35−37]
Dissociation constant Kd,CRC 2 mM [35−37]

Footnotes: *In Albrecht et al. [18], KM, SERCA = 0.03 µM; in our model, KM, SERCA was set at 0.04 µM to provide a stable steady state at the resting [Ca2+]i  
for the entire range of simulated parameters.
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formalism allowed us to describe the inactivation 
process phenomenologically.

Simulations were performed using the NEURON 
simulation environment [28], and those will be 
available for download from the ModelDB database 
at http://senselab.med.yale.edu/modeldb/ after 
publication. All parameters of the model were 
selected as those for the room temperature. The 
parameter values are given in Table 1. To provide 
identical initial conditions for all simulations, we 
varied the model parameters vmax,SERCA and kCICR, 
adjusting the constant of the ER Ca2+ leak kLeak,ER in 
such a manner that the zero net flux across the ER 
membrane was obtained at rest.

RESULTS 

We first examined whether a simple two-
compartment model describing dynamic changes  
in the [Ca2+]i and [Ca2+]ER is sufficient to reproduce 
the effects of the prolonged preincubation of neurons 
with SERCA inhibitors that abolishes CICR. Any 
mechanisms of CICR termination besides of global 
depletion of the ER were not included in the model. 
To test the model behavior, we simulated Ca2+ 
transients elicited by 200-msec-long voltage-clamp 
depolarization from –70 to 0 mV at different values 
of the maximal rate of ER Ca2+ uptake (vmax,SERCA) 
and rate constant of Ca2+ release (kCICR). These 
simulations started from identical steady-state initial 
conditions. We checked that a single equilibrium 
point of the system of ordinary differential equations 
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Fig. 1. Effects of SERCA inhibitors on Ca2+ transients in the models with net ER Ca2+ uptake and non-regenerative net ER Ca2+ release. 
A) Simulated changes in the concentration of OGB1, a Ca2+-bound indicator ([CaOGB1]), B) those in the [Ca2+]i, and C) those in the 
[Ca2+]ER after pretreatment with SERCA inhibitors (1), during net Ca2+ uptake by the ER (2), and during non-regenerative net Ca2+ 
release from the ER (3). In D), rates of changes in the [Ca2+]i due to ER Ca2+ transport (RER, 1 and 3) and due to Ca2+ extrusion and 
diffusion (RLoss, 2 and 4) are shown for the cases of net ER Ca2+ uptake (1 and 2) and non-regenerative net ER Ca2+ release (3 and 4). 
The Rloss value was corrected by subtraction of the leak. The parameters of the model with net ER Ca2+ uptake, vmax,SERCA = 80 µM∙sec–1 
and vmax,CICR = 1 sec–1. The parameters of the model with non-regenerative net ER Ca2+ release, vmax,SERCA = 9.5 µM∙sec–1 and vmax,CICR =  
= 1.9 sec–1. Other parameters are given in Methods and Table 1. In A), a half-decay time is 1.62 sec, 1.04 sec, and 2.60 sec for traces 
1–3, respectively. Abscissa) Time, sec; ordinate) µM in A−C) and µM sec–1 in D). An inset in A) shows the calcium current in the 
model. Ordinate) Calcium current, µA∙cm–2; abscissa) time, sec.
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was stable for all sets of the parameters examined of 
Eqs. 1 and 5. Here we show the results for initial 
[Ca2+]i and [Ca2+]ER equal to 60 nM and 160 nM, 
respectively, but the same qualitative predictions 
were obtained for other initial conditions remaining 
within physiological ranges (see Table 1).

For some parameter values, the peak of Ca2+ 
transient in our model occurred immediately after 
termination of the depolarizing step. As was shown 
earlier [17], this was observed when the rate of 
net Ca2+ release from the ER was lower than the 
rate of Ca2+ clearance from the cytosol, i.e., when  
Ri < 0 (Fig.1). Otherwise, the net Ca2+ flux from the 
ER increased in a regenerative manner (Ri > 0) to 
the point where the rate of Ca2+ extrusion across the 
PM became equal to the net Ca2+ flux from the ER, 
i.e., Ri = 0 (Fig. 2). At a relatively large value of the 
vmax,SERCA, as compared with kCICR, elimination of the 
ER Ca2+ transport resulted in the slowing down of 
the decay of Ca2+ transients. In this case, net Ca2+ 
uptake (RER < 0) was observed (trace 2 in Fig. 1A, 
B, C) or Ca2+ release was followed by uptake Ca2+ 

during the decay phase of the [Ca2+]i transient (trace 
3 in Fig. 2A, B, C). At a relatively large value of the 
kCICR, as compared with vmax,SERCA, a net Ca2+ release 
(RER > 0) was observed (traces 3 in Fig. 1A, B, C 
and trace 2 in Fig. 2A, B, C), and elimination of 
the ER Ca2+ transport, resulted in acceleration of the 
decay of Ca2+ transients.

Any counteracting termination mechanism was 
not necessary for the termination of Ca2+ release in 
the model with a value of CICR gain smaller than a 
unity (as in Fig. 1). Simulated changes in the [Ca2+]i 
were almost undistinguishable in models with fixed 
and dynamic [Ca2+]ER (Fig. 3A, B). The ER Ca2+ 
release corresponded to a smoothly graded function 
of the trigger Ca2+ influx, which is seen from a 
perfectly linear dependence of the amplitude of the 
[Ca2+]ER transient decrease (∆[Ca2+]ER) on the total 
charge carried by the Ca2+ current (Fig. 4A, trace 
1). This release became non-linearly graded and 
then saturated at high levels of [Ca2+]i because of 
saturation of the Ca2+ release mechanism. When net 
CICR had a regenerative phase (Fig. 2), it was still 
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Fig. 2. Effects of SERCA inhibitors on Ca2+ transients in the models with regenerative net ER Ca2+ release. A) Simulated changes 
in the [CaOGB1], B) those in the [Ca2+]i, and C) those in the [Ca2+]ER shown after pretreatment with SERCA inhibitors (1) and for 
the cases of regenerative net Ca2+ release from the ER, which resulted in a decreased (2) or increased (3) half-decay time (t1/2) after 
application of the inhibitors. In D), rates of the changes in [Ca2+]i due to ER Ca2+ transport (RER, 1 and 3) and due to Ca2+ extrusion and 
diffusion (RLoss, 2 and 4) are shown for cases of the decreasing (1 and 2) or increasing (3 and 4) t1/2 after application of the inhibitors. 
The parameters of the model with regenerative net Ca2+ release and increased half-decay time in the absence of CICR, vmax,SERCA =  
= 510 µM∙sec–1 and kCICR = 2.5 sec–1. The parameters of the model with regenerative net Ca2+ release and a decreased half-decay in the 
absence of CICR, vmax,SERCA = 60 µM∙sec–1, and kCICR = 1.1 sec–1. Other parameters are given in Methods and Table 1. In A), t1/2 = 1.62 
sec, 2.05 sec, and 0.75 sec for traces 1–3, respectively. Designations are the same as in Fig. 1.
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graded by Ca2+ entry. Thus, a two-fold increase in 
the charge for values of the parameters (as for trace 
3 in Fig. 2A) resulted in a 90% greater ∆[Ca2+]ER  
(104 µM vs. 54 µM; trace 3 in Fig. 4A). These 
simulations indicate that the regenerative (self-
reinforcing) mode of net CICR does not preclude 
it from increasing in a graded manner with an 

increasing stimulus strength. In other words, 
regenerative CICR can be graded owing to the 
interplay between Ca2+ fluxes influenced by 
counteracting termination mechanisms. This 
gradation, however, is not strictly linear. Further 
increases in the maximal Ca2+ conductance (gmax,Ca) 
or duration of the depolarizing pulse resulted 
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in the almost complete saturation of the release 
mechanism by Ca2+ within the depolarizing step 
(Fig. 4A). When the [Ca2+]ER in the model was fixed, 
a constant (all-or-none) Ca2+ release was observed 
(Fig. 3C, D), which is indicative of the importance 
of the termination mechanism. All-or-none Ca2+ 
release characterized by the same maximal [Ca2+]i  
response at any higher-threshold strength of the 
stimulus could also be obtained in the model, e.g., 
when fluorescent dyes were not included (Fig. 4B). 

Other parameters can also noticeably affect Ca2+ 
fluxes. Therefore, the transition between modes of 
CICR operation through regulation of the [Ca2+]i 
and/or [Ca2+]ER can be modified. Varying the value 
of the fractional ER volume within a plausible 
range (0.02−0.2 [23, 38]) resulted in a significant 
increase in the time to peak with increasing of the 
fractional volume in the models with regenerative 
net Ca2+ release. When the Hill coefficient M for 
Ca2+ binding with RyRs was increased in the model, 
non linear grading was observed for a narrower 
range of parameters, and saturation of RyRs 
occurred more quickly. This also allowed us to elicit 
a large increase in the [Ca2+]i by introducing a small 
submicromolar Ca2+ concentration. Reducing the 
rate of Ca2+ removal from the cytosol (P) resulted in 
the model in transitions from the net ER Ca2+ uptake 
to non regenerative net ER Ca2+ release, from non-
regenerative net Ca2+ release to non-linearly graded 
regenerative net Ca2+ release, and from non-linearly 
graded regenerative net Ca2+ release to steady-state 
Ca2+ oscillations.

Ca2+ fluxes across the ER and PM membranes 
are not the only players determining the mode of 
operation of the ER Ca2+ transport systems. Slow 
high-capacity buffers affect Ca2+ transients in a 
similar manner to calcium fluxes that remove Ca2+ 
from the cytosol, e.g., similarly to what is observed 
at the mitochondrial uptake. The replacement 
of a fast low-capacity buffer by a buffer with the 
properties of parvalbumin (Fig. 2) resulted in the 
model in the transition from regenerative net CICR 
to non-regenerative and smoothly graded net CICR 
(Fig. 5). This effect showed no dependence on the 
affinity of the buffer. In contrast, RBuf is always zero 
at the peak of Ca2+ transient if only fast buffers were 
included in the model (Fig. 6D).

A

B

C

0

0.1

150

125

100

50

0

-50

-100

0 4 8 sec

0.2

1 2 3 sec

μM

μM

μM∙sec–1

2

1

1

1

2

3

2

0 1 2 3 sec

Fig. 5. Effects of slow Ca2+ buffers on the modes of net ER Ca2+ 
transport. In the presence of parvalbumin instead of a low-affinity 
endogenous buffer, as in Fig. 1B, the time to peak of the Ca2+ 
transient and the character of CICR are significantly determined 
by the rate of [Ca2+]i change due to buffering. Ordinate in A), 
changes in the [Ca2+]i, µM; that in B), changes in the [Ca2+]ER 
elicited by different Ca2+ influxes, µM, and that in C), rates of 
change of [Ca2+]i due to ER Ca2+ transport (RER, 1), Ca2+ extrusion 
and diffusion (RLoss, 2), and buffering (RBuf, 3); ordinate, µM∙sec–1. 
The Rloss value was corrected by subtraction of the leak. The 
parameters of ER Ca2+ transport are the following: vmax,SERCA =  
= 60 µM∙sec–1 and kCICR = 11 sec–1. Parvalbumin was modeled with 
the apparent forward binding rate constant kf,PV = 5 μM–1∙sec–1 and 
dissociation constant Kd,Buf = 0.2 μM [26]. Other parameters are 
given in Methods and Table 1. Abscissa) Time, sec.



9Modes of Operation of Ca2+ Transport in the ER: Compartmental Models

50

40 -800

-400

0

400

80

120

160

0

1

2

100

150

0

0

0

0

1

1

1

1

2

2

2

2

3

3

3

3

sec

sec

sec

sec

2

2

2
1

3

1

1

μM

μM

μM

μM∙sec-1

A

C

B

D

Fig. 6. Effects of stimulation conditions on the modes of net ER Ca2+ transport. A and B) Changes: in [CaOGB1] (A), in the [Ca2+]i (B) 
with and without CICR (1 and 2 respectively). C) Changes in the [Ca2+]ER elicited by different Ca2+ influxes; gmax,Ca = 3.62∙10-5 S∙cm–2 

(1) and gmax,Ca = 1.81∙10-5 S∙cm–2 (2). D) Rates of changes in the [Ca2+]i due to buffering (RBuf, 1), ER Ca2+ transport (RER, 2), and Ca2+ 
extrusion and diffusion (RLoss, 3s). Parameters of the model, vmax,SERCA = 60 µM∙sec–1, kCICR = 11 sec–1, and gmax,Ca = 3.62∙10–5 S∙cm–2. 
Depolarizing pulses are 500 msec long. Other parameters are given in Methods and Table 1. Designations are the same as in Fig.1.

Fig. 7. Effects of CICR inactivation on the Ca2+ transients. A) and B), [Ca2+]i and [Ca2+]ER changes respectively (ordinate, µM) in 
the model with Ca2+-dependent inactivation of CICR added. In an inset of B), relationships between the charge carried by the Ca2+ 
current (abscissa, 10–2 pC) and the amplitude of the [Ca2+]ER decrease (ordinate, µM). The association and dissociation rate constants 
of Ca2+ binding with the inactivation site of RyRs and the Hill coefficient are kf,h = 50 µM4∙sec–1, kb,h = 0.05 sec–1, and NH = 4 in 
A) and B) respectively. The kf,h = 13 µM–1∙sec–1, kb,h = 6.5 sec–1, and NH = 1 in C) and D). In A−D), vmax,SERCA = 60 µM∙sec–1 and  
kCICR = 11 sec–1. Depolarizing pulses are 1 sec long in A) and 200 msec long in B). Other parameters are given in Methods and  
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To evaluate different putative mechanisms that 
may be responsible for the interruption of positive 
feedback of CICR in neurons, we examined the 
effects of Ca2+-dependent inactivation of CICR 
in our model (Eqs. 3 and 6). This resulted in a 
significantly smaller decrease in the [Ca2+]ER and 
in a shorter time to peak of the [Ca2+]i transient 
than in the model with the ER depletion as the only 
termination mechanism (Fig. 7). For some sets of 
the parameters, a decrease in the [Ca]ER content was 
followed by a recovery phase, whereas the neuronal 
membrane remained depolarized (Fig. 7A, B). The 
presence of such a recovery phase observed in the 
experimental measurements can be indicative of 
a situation when Ca2+ release channels enter the 
inactivated state. However, in the absence of the 
recovery phase during depolarization (Fig. 7C, D), 
the contribution of Ca2+-dependent inactivation of 
RyRs to the CICR termination cannot be ruled out. 

DISCUSSION

Our simulations showed that the interplay 
between Ca2+ transport systems and Ca2+ buffers 
may completely determine the modes of operation 
of the ER Ca2+ transport systems. Albrecht et al. [17, 
18] described previously three modes of net CICR 
in sympathetic neurons in the absence of stimulated 
Ca2+ entry, i.e., after the termination of stimulation 
and at a fixed [Ca2+]ER: i) attenuated net Ca2+ 
uptake (RER < 0), ii) graded net Ca2+ release (RCyt < 
< 0, RER > 0), and iii) regenerative net Ca2+ release 
(RCyt > 0, RER > 0). Our simulations indicated that 
net CICR may demonstrate regenerative behavior 
for some period of time until the rates of changes in 
the Ca2+ concentration due to Ca2+ fluxes and buffers 
are equilibrated but are graded by Ca2+ influx owing 
to counteracting termination mechanisms. On the 
other hand, non regenerative net Ca2+ release can be 
non linearly graded and saturated at higher values 
of [Ca2+]i. Thus, we propose to define the main 
modes of net ER Ca2+ transport as i) net Ca2+ uptake  
(RER < 0), ii) non regenerative net Ca2+ release  
(RCyt < 0, RER > 0), and iii) regenerative net Ca2+ 
release (RCyt > 0, RER > 0). The number of modes can 
be extended if we take into account gradation by the 
trigger current. Thus, it is possible to distinguish 
such different modes of the net ER Ca2+ transport: 
i) net Ca2+ uptake, ii) non regenerative smoothly 
graded net Ca2+ release, iii) non regenerative, non 
linearly graded net Ca2+ release, iv) regenerative 

graded net Ca2+ release, and v) all-or-none Ca2+ 
release. 

Separation and characterization of experimentally 
measured Ca2+ fluxes in sympathetic neurons [18, 
23] revealed that the apparent Ca2+ sensitivity 
of the uptake pathway is much higher than the 
sensitivity of the release pathway, and SERCA 
becomes close to saturation at nanomolar [Ca2+]i 
values. Our simulations showed that smoothly 
graded non regenerative CICR can be obtained for 
any pair of vmax,SERCA and kCICR, but a range of the 
Ca2+ levels at which it can be observed may vary 
from very wide (e.g., with the parameters shown 
in Fig. 1) to very narrow (e.g., with those shown 
in Fig. 2). At higher [Ca2+]i levels, Ca2+ release 
becomes non-linearly graded and then saturated 
because of saturation of the ER permeability, 
which is determined by saturation of RyRs. These 
results are in line with the data of experimental 
measurements of the [Ca2+]ER in dorsal root ganglion 
neurons, where Ca2+ release was saturated only at 
long Ca2+ pulses [4]. Low-gain amplification confers 
an intrinsic stability to CICR. Unlike cardiac cells 
where CICR with high-gain amplification cannot be 
described within the framework of a common pool 
model, the results of our simulations suggest that 
a common-pool mechanism may be sufficient for 
some neurons in which CICR develops relatively 
slowly to achieve moderate amplification of the 
Ca2+ transients and still be graded by Ca2+ entry. 
As defined by Stern [39], common-pool models are 
those in which the trigger Ca2+ and released Ca2+ 
fluxes are passed through a common cytosolic pool, 
and all RyRs are controlled by the whole-cell trigger 
Ca2+ current.

Besides Ca2+ transport systems, the mode of CICR 
depends on Ca2+ buffering. When the rapid buffer 
approximation is valid, Ca2+ binding to buffers is 
fast compared with changes in [Ca2+]i. Fast Ca2+ 
buffers influence the interaction between Ca2+ fluxes 
indirectly, through regulation of the Ca2+ level in the 
cytosol, and the equilibrium with Ca2+ is reached at 
a peak of the Ca2+ transient at the time moment when 
RER + RLoss + RBu f + REntry = 0. On the contrary, slow 
high-capacity buffers determine the time to peak of 
the Ca2+ transient in a similar manner to Ca2+ fluxes 
through the cell membranes. Slow buffers, such as 
parvalbumin, may be expressed in some neurons in 
very high concentrations. For example, cerebellar 
basket cells contain about 563 µM of parvalbumin, 
on average [40], whereas outer hair cells of the frog 
sacculus contain 2.0−3.5 mM of parvalbumin-β, a 
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buffer with two functional Ca2+-binding sites [41].
Our simulations suggest that a simple common-

pool model for a small neuronal compartment 
may be sufficient to reproduce results of the main 
experimental observations concerning the action of 
SERCA inhibitors on depolarization-induced Ca2+ 
transients in different neurons. Several dissimilar 
modes of the effect of SERCA were distinguished. 
We define here modes of the effects of SERCA 
inhibitors as qualitative changes in the amplitude, 
decay time, and time to peak of the Ca2+ transient 
after preincubation with the drugs. Modes of the net 
ER Ca2+ transport do not always coincide with modes 
of the effects of SERCA inhibitors. For example, 
the removal of CICR may decrease or increase the 
decay time of the Ca2+ transient characterized by 
regenerative net Ca2+ release (Fig. 2). Thus, the 
peak amplitude and the time to peak of AP-evoked 
Ca2+ transients in the spines and dendrites of CA1 
pyramidal neurons remained unchanged after CPA 
treatment, whereas the decay time increased by 
50% [8]. In the somata of Purkinje cells, TG and 
CPA provided similar effects [7]. These effects are 
consistent with the net ER Ca2+ uptake simulated 
in our model (Fig. 1A). In the dendritic endings 
of cerebellar GrCs, preincubation of slices with 
0.5 µM TG resulted in a 42% decrease in the peak 
amplitude, a decrease in the time to peak, and a 
decrease in the half-decay time of fluorescence 
transients from 2.59 to 1.62 sec [10]. Similar 
effects of CPA and TG were described at mossy 
fiber presynaptic terminals in the rat hippocampus 
[12]. In both cases, the gain value was larger than 
unity. These effects are consistent with regenerative 
net Ca2+ release in our model (Fig. 2). The effects 
of SERCA inhibitors demonstrated in Fig. 6A 
were similar to those described in the dendrites of 
hippocampal CA1 neurons during and after 1-sec-
long depolarization [11] and in the cell bodies of rod 
photoreceptors [13]. It is important that experiments 
on photoreceptors were performed in the presence 
of mitochondrial blockers. As our model does 
not include mitochondria, the modeling results 
could be most directly related to the experimental 
recordings obtained in the presence of inhibitors of 
mitochondrial Ca2+ transport.

However, some additional assumptions may 
be necessary to reproduce qualitatively the action 
of SERCA inhibitors. Such inhibitors usually 
decrease the peak amplitude of Ca2+ transients 
when net non-regenerative Ca2+ release is observed 
(in particular Sandler and Barbara and Hackney 

et al. [14, 41]). We were able to reproduce this 
effect of SERCA inhibitors either by including 
some additional mechanisms of CICR termination  
(Fig. 7), or assuming a low Ca2+ ER load and 
a large ER volume fraction (e.g., 90 µM and 0.2 
respectively, as in Fig. 5B in Albrecht et al. [17]), 
or using models CICR was largely saturated by Ca2+ 
influx (Fig. 6). Moreover, a smoothly graded and 
high-gain CICR may significantly contribute to Ca2+ 
transients in some neurons (e.g., Cohen et al. [5]), 
which could not be described by our model.

Thus, it can be concluded that the simplest 
spatially homogeneous compartmental models allow 
researchers to reproduce a number of experimental 
observations of Ca2+ ER transport, such as effects 
of the drugs that abolish CICR. Such models can 
successfully describe low-gain CICR in neurons. 
Our simulations suggest that Ca2+ transients in 
some neuronal types may be modestly amplified 
by regenerative CICR, which is graded and self-
limiting owing to the presence of counteracting 
termination mechanisms. However, such models 
have limitations for the description of both high-
gain and smoothly graded Ca2+ release in neurons 
meets certain difficulties. 
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