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ARTICLE INFO ABSTRACT

Extracellular stimuli evoke a robust increase in the concentration of intracellular Ca?* ([Ca®*].) throughout the
cell to trigger various cellular responses, such as gene expression and apoptosis. This robust expansion of [Ca%* ]
is called Ca®>* propagation. To date, it is thought that intracellular second messengers, such as inositol 1,4,5-
trisphosphate (IP3) and intracellular Ga®>*, and clusters of IP; receptors (IPsRs) regulate Ca®>* propagation.
However, little is known about how the elevation in the [Ca®"]. spreads throughout the cell, especially in non-
polar cell, including HeLa cell. In this study, we developed a novel multi lines analysis tool. This tool revealed
that the velocity of Ca®>* propagation was inconstant throughout cell and local concentration of intracellular
Ca%* did not contribute to the velocity of Ca®>* propagation. Our results suggest that intracellular Ca®>* pro-
pagation is not merely the result of diffusion of intracellular Ca®*, and that, on the contrary, intracellular Ca®*
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propagation seems to be regulated by more complicated processes.

1. Introduction

Ca®* functions as a ubiquitous intracellular second messenger in
many organisms [1,2]. The binding of extracellular ligands, such as
neurotransmitters and hormones, to their receptors on the plasma
membrane activates phospholipase C, following the production of the
inositol 1,4,5-trisphosphate (IP3). IP5 allows the rapid release of Ca®*
from intracellular Ca* stores, endoplasmic reticulum (ER), through IP3
receptors (IP3Rs) [3,4]. This leads to a robust elevation in the con-
centration of intracellular Ca®* ([Ca®*].) that spreads throughout the
cell. This expansion of [Ca®*]. is called Ca®* propagation. Ca®* pro-
pagation is thought to be a key component to regulate various cellular
functions, such as gene expression [5-7], neuronal activity [8], and
apoptosis [9-11], according to extracellular stimuli [12]. Thus, deci-
phering “intracellular codes” contained in Ca®>* propagation is crucial
to elucidate regulatory mechanisms of intracellular Ca®-driven cel-
lular functions. Currently, intracellular second messengers, such as IP3
and Ca®*, and clusters of IP;Rs are thought to regulate intracellular
Ca®* propagation [13,14]. However, there seems to be several varia-
tions in the regulation of Ca®>* propagation. For example, in polarized
cell, such as pancreatic acinar cell, the state of Ca®>* propagation was
not uniform [15]. This nonuniformity Ca>* propagation in acinar cell
was due to the heterogeneous distributions of mitochondria that buf-
fered intracellular Ca®* and Ca" release channel on the ER [16]. IP5Rs

were concentrated in the apical region in acinar cell [15,17,18]. In
addition, the unique localization of mitochondria that surrounded the
pancreatic acinar granule region also contributed to the heterogeneous
propagation of Ca%™ [19]. In contract, little is known about the state of
intracellular Ca®>* propagation in non-polar cell, such as HeLa cell, e.g.,
it is not well known whether the velocity of Ca>* propagation is con-
stant throughout the cell and local concentration of Ca®* affects the
velocity of intracellular Ca®™ propagation. To answer these questions,
we developed a novel multi lines analysis tool that revealed the non-
uniformity of the state of Ca®* propagation. Our results suggest that
there are more complicated regulatory mechanisms of Ca®>* propaga-
tion than those that are expected. Additionally, our tool would be a
powerful tool for analyzing Ca®* propagation in various cell types,
including astrocytes in the central nervous system (CNS).

2. Materials and methods
2.1. Ca®* imaging

To express a genetically encoded Ca®* indicator: GCaMP6f [20]
proteins in HeLa cells, pGP-CMV-GCaMP6f (Addgene #40755) plasmids
were transfected with FugeneHD (Promega, USA). Twenty-four hours
after transfection, the fluorescent intensity of GCaMP6f in HeLa cells
was acquired using an IX83 inverted microscope (Olympus, Japan)
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equipped with UPlanFIN60XOil, Nipkow disk confocal unit (CSU-X1)
(Yokokawa, Japan), EM-CCD camera (iXon EM + DU-897) (Andor
Technology, UK), 488 nm LD laser and the filter set for green fluor-
escent protein (Ex: FF02-472/30-25, DM: FF495-Di03-25 x 36, and
Em: FF01-520/35-25, Semrock, USA). Ca®* imaging was performed
using a stream acquisition mode (exposure time was 30 ms and readout
time of EM-CCD was about 30 ms) of MetaMorph (Molecular devices,
USA). A balanced salt solution, containing 20 mM HEPES (pH 7.4),
115mM NaCl, 5.4mM KCl, 1 mM MgCl,, 10 mM glucose and 2 mM
CaCl, was used for imaging, which was performed at room temperature
(approximately 20 °C-23°C). Offline analysis was performed using
MetaMorph (Molecular device, USA), Fiji and Igor Pro software (Wa-
veMetrics, USA).

2.2. Andlysis of parameters during intracellular Ca®* propagation

Our novel multi lines analysis tool is an ImageJ plugin written in
Java (Oracle Corporation, USA). In this program, we can simulta-
neously draw several lines from the initiation site of Ca>* propagation
(Fig. 2A). Moreover, the initiation site of Ca®>* propagation can be
manually determined. The angle between the lines can be modified in
the range of 10°, 15°, 20°, 30°, and 45°. Thus, e.g., if the angle between
the lines is set to 10° or 45°, 18 or 4 lines are drawn on the cell, re-
spectively. In this study, we drew 12 lines (corresponding to 15°) to
investigate the state of Ca®>* propagation. The IJ method (getPixelValue
in Class FloatProcessor) was used to obtain the fluorescent intensity of
GCaMP6f at each pixel on the line. To create graphical data (Fig. 2B),
we used blank images as palettes (size = line length x number of slice
images), where each pixel had a value of 0, and then the line analyzed
data value was placed in each pixel using the IJ method (putPixelValue
in Class ImagePlus). Additionally, our program exported the line ana-
lyzed data from each line into excel files for further analysis.

The velocity of Ca®>* propagation was calculated from the analyzed
image using the following formula.

v = pixel size/tan (angle)

The pixel size was 267 nm, and the angle corresponded to the angle
between two white lines in Fig. 3A. Offline analysis was performed
using custom-made ImageJ plugins, Fiji and Igor Pro software.

Someone who wants to use our novel analysis tool described here
should contact us (A.M: miyamoto.akitoshi.2c@kyoto-u.ac.jp or K.M:
mikosiba@brain.riken.jp).

2.3. Statistical analysis

A Pearson’s correlation test was used for the measurement of the
strength of a relationship between two variables.

3. Results
3.1. Ca®" propagation did not spread evenly throughout the cell

Histamine induces the production of IP3, following the rapid and
robust increase in the [Ca®"]. in HeLa cells. To precisely analyze the
state of expansion of intracellular Ca®>* in Hela cells, we performed
high-frequency imaging (about 16.7 Hz) of intracellular Ca2* triggered
by exposure to histamine using GCaMP6f [20] (Fig. 1A. and Supple-
mentary movie 1). Treatment with 1 uM of histamine evoked a small
local change in the intensity of GCaMP6f, corresponding to the initia-
tion site of Ca®™ elevation, (white arrowhead in Fig. 1A), and the in-
crease in GCaMP6f intensity gradually spread throughout the cell. This
expansion of intracellular Ca®* is known as Ca®* propagation. Inter-
estingly, several initiation sites appeared during Ca®>* propagation and
contributed to the spread of intracellular Ca®™.

Fig. 1B shows enlarged and binarized images of Ca®>* propagation
initiated in the left part of the cell (corresponding to the region in the
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red dotted box in Fig. 1A). Interestingly, we found that movements of
the front line of Ca>* propagation (red solid line in Fig. 1B) were not
constant, suggesting that the velocity in the direction of
Ca®" propagation was nonuniform. This nonuniformity of Ca®* pro-
pagation was clearly based on the inconstancy in the increment of
spread area (blue line in Fig. 1C); although spread area of intracellular
Ca®" seemed to constantly increase (red line in Fig. 1C). Additionally,
the total amount of [Ca?"]. seemed to constantly increase, but the
increment in the amount of [Caer]C was inconstant (Fig. 1D). Further,
no correlation was found between the increments in Ca®* spread area
and total amount of intracellular Ca®>*. Conversely, the fluctuations in
the increments in Ca®™ spread area and that of total amount of [Ca®*].
were opposed to each other (Supplementary Fig. 1). These results
suggest that Ca®>* propagation was not only regulated by diffusion of
intracellular Ca%* but also by more complicated mechanisms.

3.2. Development of a novel line analysis tool for Ca?* propagation

We attempted to further analyze the relationship between the di-
rection and velocity of Ca2* propagation. Unfortunately, proper tools
to investigate the direction of Ca®* propagation were not found, al-
though there were several line analysis tools. The conventional line
analysis using ImageJ plugin “Plot Profile” is not appropriate to analyze
Ca®* dynamics, because this plugin only shows a graph of line profile
data and the graphical data are not accessible for further analysis.
Hence, we developed a novel multi lines analysis tool to analyze in-
tracellular Ca®>* propagation. This novel analysis tool allowed us to
easily investigate several parameters of Ca®>* propagation, such as the
local changes in [Ca®* ], direction of Ca®* propagation, and graphical
data representing time-series changes in the fluorescent intensities of
GCaMP6f proteins, of each line within seconds (Fig. 3A and B). Using
these graphical data, we can calculate the velocity of Ca®>* propagation
because the angle of Ca®>* propagation represents the velocity of Ca®*
propagation in each direction (Fig. 3A).

3.3. The tool revealed differences in the velocity in each direction

To address the velocity of Ca>* propagation in various directions
from the initiation site, we performed multi-lines analysis of 12 direc-
tions (0°, 15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135°, 150°, and 165°)
(Fig. 2B). However, we here focused on only five directions from the
initiation site (0°, 15°, 30°, 150°, and 165°; Fig. 3A) and analyzed the
velocity of Ca®* spread in each of those directions because they had
long lengths of Ca®>* propagation. In contrast, the line analysis data
from 45°, 60°, 75°, 90°, 105°, 120°, and 135° directions were too short to
analyze the velocity of Ca>* propagation. As expected from the results
shown in Fig. 1B, the velocity of Ca®>* propagation was different in each
direction (Fig. 3A). In this HeLa cell, the velocity of Ca®>* spread at 150°
was fast (v =5.65um/s), whereas at 0°, it was relatively slow
(v = 1.80 um/s). Additionally, many “hot spots” were noticed that had
relatively high concentrations of [Ca®*], (red arrowhead in Fig. 3B).
We hypothesized that the local Ca®>* concentration affects the velocity
of Ca®" propagation. To test this hypothesis, we analyzed the velocity
of Ca®* spread from each of the “hot spots” as well as Ca®* con-
centration in each. No correlation between the local Ca?* concentra-
tion and local velocity of Ca?™ propagation (r = 0.1615; Fig. 3C) was
found. These results indicated that the local Ca>* concentration was
not the sole regulator of the Ca®>* propagation.

4. Discussion

In this study, we focused on the state of intracellular Ca’* propa-
gation that has remained unexplored. Through the use of a novel multi
lines analysis tool, we revealed the nonuniformity of the state of Ca®*
propagation. Understanding the precise way of Ca®>* propagation has
remained unknown due to the lack of proper analysis tools. There are
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various types of analysis tools, such as ImageJ plugin “Line Profile” to
perform line analysis. However, this tool can only analyze single lines.
Thus, it is not suitable for investigating differences in the velocity in
various directions of Ca®?* propagation. But, our novel multi lines
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Fig. 1.Ca?" propagation did not
evenly spread throughout the cell. (A)
GCaMP6f-expressing HeLa cells were
stimulated with 1 uM of histamine
(around 8s). The white arrowhead
indicates the initiation site of Ca®*
propagation in this and following fig-
ures. Scale bar represents 20 um. (B)
Enlarged and binarized images of
Ca®* propagation initiated from the
left part of the cell (red dotted box in
Fig. 1A; from 8940 to 9600 ms of
supplementary moviel). The red solid
and orange dotted lines indicate the
front line of Ca®* propagation in the
current and previous sections, respec-
tively. (C) The temporal changes in the
area of Ca®* propagation. The red and
blue lines indicate the area of Ca®*
propagation and area increment in
each section, respectively. (D) The
temporal changes in the concentration
of [Ca%*].. The red and blue lines in-
dicate the total amounts of [Ca®™].
and [Ca®*]. increments in each sec-
tion, respectively.

analysis tool enabled us to easily investigate the velocity of Ca®* pro-
pagation in each direction from the initiation site.

Currently, the local elevation in the intracellular Ca>* concentra-
tion, called Ca®* puff, is thought to induce the additional release of
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Fig. 2. The novel line analysis tool allowed us to observe differences of Ca®+ propagation in each direction. (A) An analyzed image showing the location of the line
analysis. The white and orange lines indicate the analyzed line of each direction (from 0° to 165°) and cell shape, respectively. The point where all lines cross
represents the initiation site of Ca>* propagation. (B) The line analyzed results of each direction. The x and y axes represent the length (pixel size = 267 nm) and time

(interval = 60 ms), respectively.

Ca®* from the ER through neighboring IPsRs clusters [21]. Thus, the
local concentration of Ca>* seems to affect the spread of intracellular
Ca®™, especially the velocity of Ca>* propagation. However, our re-
sults, showing that there is no correlation between the local Ca®*
concentration and velocity of Ca®* spread, were opposite to this con-
ventional hypothesis. In polarized cell, including pancreatic acinar cell,
the distributions of Ca®>* release channel, such as IP3R and ryanodine
receptor, and Ca®>* buffering intracellular organelle (e.g., mitochon-
dria) contributed to the nonuniformity of Ca®>* propagation [15,17,18].
However, the same nonuniform Ca** propagation also observed in non-
polar cell, such as HeLa cell, in which Ca?* release channels and mi-
tochondria were uniformly distributed throughout the cell. Thus, Ca®*
propagation was not merely regulated by the concentration of second
messengers, including intracellular Ca?*, and clusters of IPsRs. We
think that intracellular Ca®>* dynamics are regulated by the local en-
vironment surrounding the ER, such as organelle-organelle interactions
(e.g., ER-mitochondria.) and organelle-membrane structures interac-
tions (e.g., ER-plasma membrane) and that regulation of the local en-
vironment is a key factor in the formation of intracellular Ca*>* signals
(unpublished data; submitted). Investigating details of the novel reg-
ulatory mechanisms will be the main focus for a future study.

The novel multi-lines analysis tool would be a very powerful tool for
investigating the functional roles of intracellular Ca®* signals in
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various cell types, especially astrocytes. Astrocytes are a type of glial
cells in the CNS that communicate with hundreds of spines of neigh-
boring neurons using fluctuations in the [Ca®*].in astrocytes [22-25].
This tool would help to elucidate the role of astrocytic Ca™ signals in
the regulation of neuronal activity. Thus, this novel tool would play
significant role in this field of research.

5. Conclusion
Ca®" propagation is not constant and is not simply controlled by the
local concentration of intracellular Ca%*. Our novel multi-lines analysis

tool would be a very powerful tool to provide new insights regarding
regulatory mechanisms involved in Ca®* propagation.
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Fig. 3. The novel line analysis tool revealed differ-
ences in the velocity and direction of Ca?* propaga-
tion. (A) The enlarged images of several line-analyzed
data in Fig. 2B (0°, 15°, 30°, 150° and 165°). The white
line indicates the angle of Ca** propagation that cor-
responds to the velocity of the Ca®>* spread (see Ma-
terials and Methods for details). (B) Representative
image of “hot spots” in Ca®* propagation. Red ar-
rowheads indicate the hot spot. (C) The correlation
between the local Ca®>* concentration and velocity of
Ca®* spread.
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