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It is known that endoplasmic reticulum (ER), being a calcium store participates in the regulation of intra- 
cellular calcium concentr ation. Ca-ATPase of the ER is one of the crucial agent s providing the calcium- 
accumulating function of this intracellular structure. We studied the role of the ER in modulation of cal- 
cium signalling in Carassius neurons using a Ca 2+-imaging technique. We tested the role of the ER in the 
maintenance of a steady state calcium leve l in the cytoplasm and in modulation of Ca 2+ transients evoked 
by cell depolarizations. The ER calcium stores were depleted using inhibitors of ER Ca-ATPase, which pro- 
vided blocking of Ca 2+ uptake by the ER. Our experiments firstly showed that the ER can significantly
modulate the characteristics of intracellular calcium signals in Carassius neurons during their activity. 
These findings also indicate that the ER modulates the shape of Ca 2+ signals rather than the basal leve l
of intracellular Ca 2+ in these neurons. 

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction 

At rest, the free calcium concentr ation in the cytoplasm of the 
cells is only 50–100 nM, while the respective concentration in 
the extracellular environment surrounding the cell is about 
2 mM. The endoplasmi c reticulum (ER) is one of the most impor- 
tant cellular structure s participatin g in the maintenanc e of a low 
intracellular calcium level. The dysfunction of the ER can promote 
cell death in the case of ER stress [6], influences upon this intracel- 
lular structure , which is observed in neurodegen erative diseases 
[5,19]. The work of the relevant energy-dependen t sarco/endoplas- 
mic transport ATPase (pump), SERCA, provides absorption of cal- 
cium from the cytoplasm by the ER and the maintenanc e of a
very high Ca 2+ concentr ation gradient between the ER lumen 
([Ca2+]ER) and the cytoplasm . An important feature of the SERCA- 
pump is a high dependence of the rate of calcium transport on 
the concentration of these ions in the ER; decrease s in the [Ca 2+]ER

dramatically increase the rate of accumulation of calcium in the ER. 
The ER function is also significantly regulated by the pH level 
[12,22].

Endoplasmi c reticulum significantly affects time and amplitud e
characterist ics of calcium signals in mammalian neurons [8,24]. An 
important role of this structure in coordinatio n of intercellular and 
intracellular signals via long-term adaptive responses was estab- 
lished. The ER has also been identified as a source of rapid physio- 
logical signaling; it works as a dynamic calcium store [2,11,21] is
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activated by electrical or chemical stimulation of the cells. It was 
found that the ER also plays an important role in the distribution 
of cytosolic Ca 2+ waves [1]; its ability to function as an intracellular 
calcium tunnel was demonstrat ed. Calcium ions are molecular 
mediators that integrate diverse signals in the ER. Within the 
structure of the calcium cascade, the ER serves as a ‘‘quick exchan- 
ger’’ of the reserve Ca 2+; it is able to release Ca 2+ ions at the appro- 
priate physiologica l stimulati on [9,10,18]. Functioning of the ER as 
a dynamic calcium store requires the maintainance of a high con- 
centration of Ca 2+ within its lumen ([Ca2+]ER), within a 0.2/2 mM 
range. The ER preserves a significant amount of Ca 2+ at the rest, 
and this amount can be immediatel y released from the ER in the 
case of neuron activation. However, the ER fails to maintain a large 
amount of calcium ions consisten tly in most central neurons; 
therefore, previous activation of the cells and refilling of the store 
are required for the release of Ca 2+ from this store [20].

An alkaloid, thapsigargin is a specific inhibitor of calcium trans- 
port Ca 2+-ATPase in the ER. This agent can pass through the cell 
membran e and act in nanomolar concentr ations. By binding with 
a molecule of Ca 2+ ATPase, a promoter of tumor growth, thapsigar- 
gin irreversible blocks this enzyme. Among other specific blockers 
of Ca 2+-ATPase are cyclopiazon ic acid (acting in micromol ar con- 
centrations) and BHQ (2,5-di-(tert-butil)-1,4-benzohidroquin- 
alone). Cyclopiazon ic acid and BHQ posses the same mechanism 
of blocking, and are also very specific for Ca 2+-ATPase of the ER 
and do not affect other ATPases. Ca 2+-ATPase of the ER can also 
be nonspeci fically blocked by orthovanad ate and fluoride ions. 

Although more and more researches were carried out on fishes
in recent years, most experiments were performed on the zebra- 
fish. The transparency of the body of the larvae of this species, a
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simple arrangement of the nervous system, and its small size allow 
experimenter s to monitor the activity of the whole brain. However ,
these studies were focused mainly on the development of genetic 
and molecular tools for studying of the gene functions, in particu- 
lar, genetic approaches for imaging of calcium were developed [7].
Some experiments on fishes were devoted to the investigatio ns of 
calcium channels [13,25], synaptic transmission [3,4,16,17,23], and 
the visual system [23]. However , rather little is known about cal- 
cium signalling and properties of the ER in the Carassius neurons
and possible protecting role of these phenomena in this hypoxia- 
tolerant species. Therefore, the aim of our experiments was to 
examine modulation of Ca 2+ signaling by the ER in Carassius cere-
bellar neurons. 
2. Materials and methods 

2.1. Animals 

Experiments were carried out on isolated cerebellar neurons of 
Carassius gibelio removed from the brain of fishes (mean body mass 
70 g); the technique for isolation was described in detail earlier 
[14,15].
2.2. Isolation of cerebellar neurons 

Briefly, we used a techniqu e of cooling for anesthet ization. The 
fish was placed in a special pool put in a freezing chamber at 
�19 �C for 5–10 min. The removed cerebellum was immediately 
immersed for 7 min in a DMEM solution (Sigma Aldrich, USA)
cooled to +5 �C. After enzymatic treatment, blocks of the cerebellar 
tissue were washed out with the enzyme-free DMEM solution and 
divided into smaller fragments for further dispersio n, by passing 
through pipettes. The obtained single neurons were transferred 
on the coverslips and placed to a recording chamber mounted on 
an inverted Olympus IX70 microscope (Olympus, Japan).
2.3. Fura-2 Ca 2+ imaging analysis 

To load the neurons with a calcium-s ensitive indicator, the cells 
were kept in the Tyrode solution with the addition of 5 lM of a
fluorescent dye, Fura-2AM, and 0.02% of a detergent, Pluronic F- 
127. The cells were loaded with the above dye for 30 min at room 
temperature (+22 P). After this procedure, the cells were incubated 
in pure Tyrode solution for 30–40 min for de-estherification of the 
dye.

The level of intracellular free calcium was measured using 
microfluorescent analysis. The dye Fura-2 was alternately excited 
by UV-light at two waveleng ths (360 and 390 nm); a monochro- 
mator and an Imago-QE CCD camera (TILL Photonic s, Germany)
were used. Signals from the CCD camera were entered into a com- 
puter for further measureme nts of the ratio of intensities of fluo-
rescent signals at two wavelengths (R = F1/F2). This ratio 
adequately reflects changes in the intracellular calcium concentra- 
tion. Recording and processing of the data obtained were per- 
formed using TILvisION software (TILL Photonic s, Germany).
2.4. Solutions and drugs 

The composition of the Tyrode solution used was the following 
(mM): NaCl, 125; CaCl 2, 2; KCl, 2.5; MgCl, 1; HEPES, 20; glucose, 10 
(pH 7.4). All experime nts were carried out at room temperature. 
Most chemicals were obtained from Sigma–Aldrich (USA), while 
Fura-2AM and Pluronic F-127 were from Molecular Probes (USA).
2.5. Statistica l analysis 

Statistica l processing was performed using OriginPro 8.0 soft- 
ware. All numerical data are presented below as means ± s.e.m. 
The level of significance was estimated using one-way ANOVA; 
intergrou p differences were considered significant at P < 0.05.
3. Results 

3.1. KCl-induced calcium transients in Carassius neurons 

To study the role of the ER we first tested calcium transients 
evoked by membrane depolariz ation of Carassius cerebella r neu- 
rons induced by high KCl concentr ations. We used the cells with 
clearly delineated membrane without visible damage and intracel- 
lular inclusions. We measured the intracellular level of Ca 2+ as
R = F1/F2 (see Methods). Application s of a hyperpotass ium solution 
(50 mM KCl) evoked intense depolarizati ons of the plasma mem- 
brane. In response to the membrane depolarizati ons of neurons 
by KCl, a rapid increase in the intracellular Ca 2+ concentr ation 
([Ca2+]i) followed by a rapid exponential decline to the initial level 
of this paramete r was observed. To test the cell viability and repro- 
ducibility of the responses, we usually used 5 s long KCl applica- 
tions, (Fig. 1A).

The amplitude of calcium transients in response to membrane 
depolariz ation was stable and sustained throughout the period of 
the experime nt (25–30 min). Fig. 1B shows values of the amplitude 
of Ca 2+ transient s evoked by KCl applications lasting 1, 5 and 10 s, 
that were normalized with respect to maximal in the set value. The 
amplitud e and time paramete rs of calcium transients at the begin- 
ning of the experime nt and in 25 min demonstrat ed similar values, 
indicative of the normal functioning of cells during the study, 
Fig. 1C.

In the next experiments, we conducte d the measureme nts of 
Ca2+ transients under control conditions, where we induced mem- 
brane depolarizati ons using different durations of KCl applicati ons 
(1, 3, 5 and 10 s, Fig. 2A, the left part of the trace). The amplitud es 
of calcium transients at all tested time values of stimulati on were 
similar each other or slightly increased during prolonged depolar- 
izations under control conditions. However, the time of returning 
of the Ca 2+ concentration to the basal level and relative amount 
of Ca 2+ that entered the cell during depolariz ations increased with 
increasing of the duration of KCl applicati ons (Fig. 2A).
3.2. The effect of cyclopiazoni c acid (ER Ca 2+-ATPase blocker)

To study the role of the ER in Ca 2+ signalling of fish neurons, we 
prevented ER Ca 2+-absorbing function by blocking ER Ca 2+-ATPase
(SERCA). We used a specific blocker of Ca 2+-ATPase, cyclopiazon ic 
acid (CPA), in a concentr ation of 20 lM, which reversibly blocks 
ER Ca 2+-ATPase activity. To test the CPA effect, we applied the pro- 
tocol similar to that in the control, using different time periods of 
KCl applications (1, 3, 5 and 10 s, respectively), but in the presence 
of the blocker in the applied solution (Fig. 2A, the right part of the 
trace). As is shown, the amplitude of Ca 2+ transient s increased sig- 
nificantly after blocking of Ca 2+-ATPase at all time intervals used. 
After every application, washing out with the control solution 
was performed. This was necessar y to prevent cell death because 
of Ca 2+ overloading. Quantitati ve measureme nts showed that the 
amplitud e (A) of Ca 2+ transients at 3 s and 5 s long depolarizati ons 
in the presence of the blocker, increased by 96.1% ± 0.09% (p < 0.01)
and 79.7% ± 0.12% (p < 0.05), respectively , as compare d with the 
control values (Fig. 2B and D). The relative amount of Ca 2+ entering
the cell during depolarizati on (S) also increased in all cases. This 
value we calculated as the integral value of the area under a graph 
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Fig. 1. Reproducibility of Ca 2+ transients in Carassius cerebellar neurons. (A) Ca2+

transients evoked by 5 s long KCl (50 mM) applications (indicated near the peaks).
(B) Amplitude values of Ca 2+ transients evoked by 1, 5 and 10 s long KCl applications 
during a long-lasting experiment are shown. The values are normalized with 
respect to maximal ones in the set. (C) Temporal properties of Ca 2+ transients at the 
beginning (7 min) and the end (25 min) of the experiment. 
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Fig. 2. Action of CPA on Ca 2+ transients in Carassius cerebellar neurons. (A) Changes 
in the amplitude and shape of Ca 2+ transients after 50 mM KCl applications of 
different durations (1, 3, 5 and 10 s, indicated near the peaks). Measurements were 
performed in the control and in the presence of a Ca 2+-ATPase blocker (20 lM CPA).
(B–E) Quantitative estimation of the CPA effects on Ca 2+ transients caused by 
membrane depolarizations. Changes in the amplitude of Ca 2+ transients (A/A0)
caused by KCl application lasting 3 s (B) and 5 s (D); the values are normalized with 
respect to control ones (A0). (C) and (E) The changes in the amount of Ca 2+ entering 
the cell during depolarizations, represented as areas under Ca 2+ transients (S/S0)
during KCl application lasting 3 (C) and 5 s (E). Values are normalized to control 
ones (S0). Bars correspond to the control values (black) and 20 lM CPA ones (gray).
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for each transient observed in the experiment. As can be seen from 
the above figure this index also significantly increased relatively to 
the control values, but to a lesser degree. The respective incre- 
ments were 47.4% ± 0.05% (p < 0.01) for 3 s long stimulation and 
23.1% ± 0.04% (p < 0. 05) for 5 s long one, (Fig. 2C and E).
3.3. The effect of thapsigargin (another ER Ca 2+-ATPase blocker)

Switching off of Ca 2+- accumulating function of the ER could be 
also provided by another selective blocker of SERCA. In this set of 
the experiments , we used 20 nM thapsigargin (Tg), which is also 
a specific blocker of ER Ca 2+-ATPase. For this purpose, we applied 
the same protocol as in the previous case, with two time intervals 
of KCl-induced membrane depolarizati on, 3 and 5 s long (Fig. 3A).
The amplitud e of Ca 2+ transients in the presence of the blocker in- 
creased by 71.4% ± 0.09% (p < 0.01) for 3 s long stimulation and 
56.3% ± 0.1% (p < 0.05) for 5 s long one, as compared with the con- 
trol values (Fig. 3B and D). Fig. 3C and E illustrates integral Ca 2+ en-
try values (areas under each Ca 2+ transient obtained in the 
experiment). The Figure shows that the area also grew, but to a sig- 
nificantly lesser extent than the amplitude. The average incre- 
ments were 33.6% ± 0.11% (p < 0.05) for 3 s long stimulati on and 
28.3% ± 0.04% (p < 0.05) for 5 s long ones. Thus, the data obtained 
are clearly indicative of the presence of ER Ca 2+-ATPase activity 
in cerebellar neurons of Carassius and a significant contribution 
of the ER to Ca 2+ signaling system of neurons in this fish.
4. Discussion 

Our previous investigations showed that several participants of 
intracellul ar calcium signalling, such as mitochondr ia [15], mem- 
brane Ca 2+-ATPase (PMCA) and membran e Na +/Ca2+ exchange r
(NCX) [14], significantly influence intracellular calcium exchange 
providing the clearing of the cytoplasm from Ca 2+ excess. We have 
shown that PMCA and NCX participa te in the maintenanc e of an 
adequate basal Ca 2+ level in Carassius neurons [14], whereas the 
mitochondr ia provide a relatively small impact on the basal Ca 2+

level but significantly modulate temporal characteristics of Ca 2+

signals [15]. In this our study, we found that cyclopiazonic acid 
and thapsigargin evoked in all tested neurons of the Carassius cer-
ebellum near twofold increases in the peak amplitude of Ca 2+ tran-
sients. This fact confirms the important role of the ER as a Ca 2+

store in neurons of this fish species. We found that ER Ca 2+-ATPase
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provides the clearance of the cytoplasm of Ca 2+ excess, which has 
entered the cell during KCl stimulation. The amount of Ca 2+ de-
pends on the duration of depolarizati on. 

The fact that an increase in the Ca 2+ transient amplitude is 
much greater than an increase in the area of such transient after 
the blocker action may indicate that SERCA pump is activated 
immediatel y after the beginning of Ca 2+ entry the cell, while it ex- 
ert lesser effects within more remote intervals after stimulati on. A
lower efficiency of the blockers at longer stimulati ons of cells also 
agrees with such explanation . These data suggest that the ER is sig- 
nificantly involved in the clearance of the cytoplasm from Ca 2+ ex-
cess during stimulation of the cells and plays a significant role in 
the short-term modulation of calcium signals in fish neurons. By 
this property , the ER differs from the plasmati c membrane compo- 
nents (PMCA and NCX) [14], and is similar, in a certain senses in its 
function to mitochondr ial one. Both types of the cell organelles 
provide considerable modulation of Ca 2+ signals [15].

Acknowled gments 

The work was supported by grants from the National Academy 
of Science of Ukraine, Ukrainian Complex Program (c# RP-L03-12)
to EAL. 
References

[1] M.D. Bootman, P. Lipp, M.J. Berridge, The organisation and functions of local 
Ca(2+) signals, J. Cell Sci. 114 (2001) 2213–2222.

[2] S.A. Brown, L.M. Loew, Computational analysis of calcium signaling and 
membrane electrophysiology in cerebellar Purkinje neurons associated with 
ataxia, BMC. Syst. Biol. 6 (2012) 70. 

[3] J. Cordeiro, P.P. Goncalves, Y. Dunant, Synaptic vesicles control the time course 
of neurotransmitter secretion via a Ca(2)+/H+ antiport, J. Physiol 589 (2011)
149–167.

[4] A. Denker, I. Bethani, K. Krohnert, C. Korber, H. Horstmann, B.G. Wilhelm, S.V. 
Barysch, T. Kuner, E. Neher, S.O. Rizzoli, A small pool of vesicles maintains 
synaptic activity in vivo, Proc. Natl. Acad. Sci. USA 108 (2011) 17177–17182.

[5] S. Gallego-Sandin, M.T. Alonso, J. Garcia-Sancho, Calcium homoeostasis 
modulator 1 (CALHM1) reduces the calcium content of the endoplasmic 
reticulum (ER) and triggers ER stress, Biochem. J. 437 (2011) 469–475.

[6] T. Higo, K. Hamada, C. Hisatsune, N. Nukina, T. Hashikawa, M. Hattori, T. 
Nakamura, K. Mikoshiba, Mechanism of ER stress-induced brain damage by 
IP(3) receptor, Neuron 68 (2010) 865–878.

[7] P. Kettunen, Calcium imaging in the zebrafish, Adv. Exp. Med. Biol. 740 (2012)
1039–1071.

[8] P.G. Kostyuk, A.V. Shmigol, Intracellular stores and calcium signalling in 
mammalian sensory neurones, Bioelectrochem. Bioenerg. 42 (1997) 197–205.

[9] C. Lazzari, C. Peggion, R. Stella, M.L. Massimino, D. Lim, A. Bertoli, M.C. Sorgato, 
Cellular prion protein is implicated in the regulation of local Ca 2+ movements
in cerebellar granule neurons, J. Neurochem. 116 (2011) 881–890.

[10] S.H. Lee, W.K. Ho, S.H. Lee, Characterization of somatic Ca 2+ clearance
mechanisms in young and mature hippocampal granule cells, Cell Calcium 
45 (2009) 465–473.

[11] Y.S. Lee, W. Dun, P.A. Boyden, E.A. Sobie, Complex and rate-dependent beat-to- 
beat variations in Ca 2+ transients of canine Purkinje cells, J. Mol. Cell Cardiol. 
50 (2011) 662–669.

[12] D. Lewis, R. Pilankatta, G. Inesi, G. Bartolommei, M.R. Moncelli, F. Tadini- 
Buoninsegni, Distinctive features of catalytic and transport mechanisms in 
mammalian sarco-endoplasmic reticulum Ca 2+ ATPase (SERCA) and Cu+ 
(ATP7A/B) ATPases, J. Biol. Chem. 287 (2012) 32717–32727.

[13] S.E. Low, I.G. Woods, M. Lachance, J. Ryan, A.F. Schier, L. Saint-Amant, Touch 
responsiveness in zebrafish requires voltage-gated calcium channel 2.1b, J. 
Neurophysiol. 108 (2012) 148–159.

[14] I.A. Lukyanetz, P.G. Kostyk, E.A. Lukyanetz, The involvement of calcium 
transport systems of the plasma membrane in calcium exchange in neurons of 
the Carassius gibelio cerebellum, Neurophysiology 41 (2009) 231–237.

[15] I.A. Lukyanetz, P.G. Kostyk, I.A. Lukyanetz, Calcium signaling in Carassius
cerebellar neurons: role of the mitochondria, Neurophysiology 41 (2009) 375–
379.

[16] E. Maximova, I. Pushchin, P. Maximov, V. Maximov, Presynaptic and 
postsynaptic single-unit responses in the goldfish tectum as revealed by a
reversible synaptic transmission blocker, J. Integr. Neurosci. 11 (2012) 183–
191.

[17] M. Mirjany, D.S. Faber, Characteristics of the anterior lateral line nerve input to 
the Mauthner cell, J. Exp. Biol. 214 (2011) 3368–3377.

[18] R. Narayanan, K.J. Dougherty, D. Johnston, Calcium store depletion induces 
persistent perisomatic increases in the functional density of h channels in 
hippocampal pyramidal neurons, Neuron 68 (2010) 921–935.

[19] C.R. Shideman, J.L. Reinardy, S.A. Thayer, Gamma-Secretase activity modulates 
store-operated Ca 2+ entry into rat sensory neurons, Neurosci. Lett. 451 (2009)
124–128.

[20] A. Shmigol, P. Kostyuk, A. Verkhratsky, Role of caffeine-sensitive Ca 2+ stores in 
Ca2+ signal termination in adult mouse DRG neurones, Neuroreport 5 (1994)
2073–2076.

[21] G.E. Stutzmann, M.P. Mattson, Endoplasmic reticulum Ca(2+) handling in 
excitable cells in health and disease, Pharmacol. Rev. 63 (2011) 700–727.

[22] R.C. Thomas, Calcium content of the endoplasmic reticulum of snail neurones 
releasable by caffeine, Cell Calcium 53 (2013) 120–124.

[23] H.P. Wei, Y.Y. Yao, R.W. Zhang, X.F. Zhao, J.L. Du, Activity-induced long-term 
potentiation of excitatory synapses in developing zebrafish retina in vivo, 
Neuron 75 (2012) 479–489.

[24] J.L. Werth, Y.M. Usachev, S.A. Thayer, Modulation of calcium efflux from 
cultured rat dorsal root ganglion neurons, J. Neurosci. 16 (1996) 1008–1015.

[25] Y.J. Won, F. Ono, S.R. Ikeda, Identification and modulation of voltage-gated Ca 2+

currents in zebrafish Rohon-Beard neurons, J. Neurophysiol. 105 (2011) 442–
453.


	Modulation of calcium signalling by the endoplasmic reticulum in Carassius neurons
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Isolation of cerebellar neurons
	2.3 Fura-2 Ca2+ imaging analysis
	2.4 Solutions and drugs
	2.5 Statistical analysis

	3 Results
	3.1 KCl-induced calcium transients in Carassius neurons
	3.2 The effect of cyclopiazonic acid (ER Ca2+-ATPase blocker)
	3.3 The effect of thapsigargin (another ER Ca2+-ATPase blocker)

	4 Discussion
	Acknowledgments
	References


