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ABSTRACT

AIM; To shudy the spatial and temporal distribution of
intracellular Ca’* concentration in cultured bovine
pulmonary artery endothelial {( BPAE ) cells.
METHODS: Cultured BPAE cells were loaded with
Fura-2 and observed under an inverted microscope
coupled to a microfluorimeter, which enables pixel-to-
pixel ratio imaging of the BPAE cells in real time.
RESULTS: Addition of C&’* 1 — 2 mmol-L™'to
BPAE cells, which were exposed to Ca** -free medium
containing egtazic acid. resulied in a transient elevation
of cytosolic Ca®* concentration. which rapidly retarned
to the resting level. Biphasic elevation (a larger
transient phase followed by a smaller sustained phase )
of intracellular Ca®* concentration was observed upon
the addition of ATP ( via activation of surface
membrane receptor) . 4-Chloro-3-ethyl phenol ( CEP;
an activator of Ca?*-induced Ca®* channels) potently
induced elevation of Ca®* level. Cyclopiazonic acid
{CPA;: an inhibitor of endoplasmic reticulum Ca"*-
ATPase pump) offered a more sustained elevation of
Ca®*. In most cases, the highest level of Ca'*
elevation was observed around the cell peripheries,
sometimes at rest and particularly upon stimulation.
Ca®* elevation associated with nuclear complex seemed
to be higher compared to that in the cytosolic
comparment. CONCLUSION; Changes of cell Ca**
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upon stimulation by various agents that acted at
different intracellular sites were found 10 be temporarily
and spatially heterogeneous among BPAE cells. At the
single cell level, Ca** elevation seemed w0 occur
initially near the peripheral region followed by the
nuclear region. This study raised the possibility that
nuclear Ca°* and cytosolic Ca®* might be regulated
independently in BPAE cells.

INTRODUCTION

Calcium ion (Ca?* ) is ubiquitous in all living
cells irespective of their physiological function and the
maintenance of an asymmetric distribution of Ca®*
across the cell membrane is pivotal to the cellular
functionality,  Ca®* plays multiple roles in cell
physiology as a membrane stabilizer, a second
messenger, an enzyme cofactor, and an effector as well
as a modulator for many ion channels and trans-
porterst"’ . Considerable amount of energy expenditure
is aftribited to the restoration of the sweep
electrochemical gradient of Ca®* across the cell
membrane under physiological conditions. Uncontroll-
ed dysfunction of Ca?* regulation will inevitably lead w0
pathophysiclogical state and ultimately 1o cell death'?) .
Therefore, it is conceivable that the presence and the
control of intracellular compartmentalization of Ca®*
are important and necessary for various intracellular
events: for example, the rapid release and sequestration
of Ca®* by sarcoplasmic reticulun for contractile
function'® , continuous entry of Ca®* via plasmalernmal
Ca?* channels for secretory function'* ., and localized
elevation of central Ca®* for nuclear function in gene
expression and proliferation®!

The advancement in the development of
fluorescence Ca™* indicators, computer technology and


http://www.cqvip.com

ISSN D253-9756  Acta Phantpacol Sin
+ 386 -

E-mail aps@ server, shene. =, cn

FHEEBLER 1909 May; D (3)
PhoFax 86-21-6174-2620

optical enginecring nowadays has allowed real-time
observation of the spatial and femporal distribution of
Ca®* in single living cells, The purpose of this
communication is to use couliured bovine polmonary
artery endothelial ( BPAE ) cells as an example to
describe the application of dynamic digital fluorescence
ratio imaging to the study of spatial and temporal
distribution of intracellular Ca®* concentration .

MATERIALS AN} METHODS

Vascular endothelial cell culture Bovine
pulmonary artery endothelial cells were obtained from
ATCC (USA) and coltured in minimum essential
medium ( MEM from Gibce, Grand Island NY, USA)
supplemented with 20 % fetal bovine serum. 0.1 %
gentamicin and 0.1 % fungizone in a humid
atmosphere of 95 % air/5 % CQ, at 36 T. These
cells were rtodtinely used as a positive control for
endothelial nitric-oxide synthase (eNOS) and immuno-
histochemical staining for eNOS confirmed their
identification as a true population of endothelial cells.
For digital Ca®* imaging experiments, cells were
exposed to 0.5 % trypsin to dislodge cells, which were
then collected by low speed centrifugaton and
resispended  in  HEPES-buffered  saline! solution
containing 0.2 % bovine serum albumin and in mmol -
L-!, NaCl 126, KCl 6, glueose 10, CaCl, 1.3,
MgCL, 0.3, and HEPES [0 with pH adjusted to 7.4
with NaOH. Cells were plated on coverslips and were
about 40 % — 80 % contluent at the time of use. The
cells were loaded with Fura-2 by incubating the cells for
about [ h with Fura-2 acetoxymethyl ester 8 yemol-L™!
{ prepared in dimethyl sulfoxide as [ mmol: L™’ stock
concentration) . One run of each culture dish sample
takes [5 ~ 30 min and a typical experiment contains 5 —
7 dishes. Loading of cells with Fura-2Z was staggered
over the course of the experiment. The endothelial
cells were mostly cobble-stone shape and remained
firmly immobilized during the entire course of the
measurement .

Digital fluorescence ratio calcium imaging
Cytosolic  distibution and changes of Ca*
concentration i single endothelial cells were studied
using o dynamic digital Ca"* imaging system ( Image-
1/FL, Universal Imaging Corporation) with a Zeiss
lamp (HBO 100 W/DC) coupled to a Zeiss inverted

microscope { Zeiss IM 33) with a 100 x o1l immersion
lens and o numerical aperture of 1.25, as previously
described'™ .  Filter wheel held filters at 340 and 380
nmi, which altemated and images captured on the first
and second quadrant of the monitor screen.  The ratio
hetween these two wavelengths (340 nm 380 nm) was
displayed on the third quadrant and the time event of
the ratio changes at selected regions of the cells was
displayed at the forth quadrant. Emitted fluorescence
was detecied with a 540 nm filter. Images were
integrated and collected by a Pulnix camera ( TM-720)
at a maximal speed of 3 s/frame. Background values
were obtained by defocusing. Pror to each set of
experiments. the pseudocolor grading was calibrated
against in situ Fura-2 fluorescence ratio for maximum
in the presence of ionomycin 10 wmol - L' and for
minimum in the presence of egtazic acid ( EGTA) 5
mmol*L~? (2.5 times more concentrated than the Ca**
concentration in the cell medium). The software for
the imaging processing converied the fluorescence data
obtained ot 340 and 380 om to 340 nm/380 om ratios
pixel by pixel, which were then expressed by the
comesponding pseudocolors.  Further conversion from
the ratio values to the Ca’* concentration values was
not attempted due to intrinsic problems in the estimation
of absolute cytosolic Ca®* concentration™ .

In all cases, vascular endothelial cells were always
exposed to C&* 1 — 2 mmol - L except for the
experiments requiring Ca®*-free condition, in which
the medium was replaced by the Ca*-free isotonic
physiological medium containing eplavic acid 0.1
mmol*L~" immediately prior to the measurement.
Although distilled and de-ionized water was used for the
preparation of solutions, contaminating Cs** from
containers and other chemicals may contribute up to
Ca®* [0 pmol*L~". Therefore. EGTA 0.1 mmol*
L~! was always included in the Ca * -free medium.

Chemicals All inorganic and organic chemicals
used for preparing the solutions were purchased as the
reagent grade from commercial sources including Sigma
and Aldrich. Fura-2 and Fura-2 acetoxymethyl ester
were obtained form Molecular Probes ( Portland OR,
USA)., Culure media and reagents used for cell
culture were purchased from Gibeo { Grand Island NY,
USA ). Distilled and de-iomized water was used for the
preparation of solutions.
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RESULTS

Response to extracellular Ca’*: Ca’*
tolerance Since freshly isolated cells are frequently
exposed to low Ca”* over an extended period of time
during isolation for better stability and viability,
reintroduction of physiological concentration of Ca®* (1
-2 mmol-L ') may cause Ca®*-intolerance; ie. the
cells become leaky to Ca®* and elicit Ca°* overload.
When culture cells were left in the Ca®* -free medium
for over 30 min, they became increasingly Ca*-
intolerant; ie, the cells elicited a sustained elevation of
cytosolic Ca®* concentration over a long period (eg.
>20 min} upon re-introduction of Ca®*, suggesting
Ca’* overload. Under our standard Ca®*-free
condition ( containing EGTA 0.1 mmol * L™ 1), re-
introduction of Ca’* to the cultured bovine pulmonary
artery endothelial (BPAE) cells, following 10 - 15 min
Ca** -free medium resulted in a transient elevation of
cytosolic Ca®* concentration near the cell peripheral
regions and, sometimes, in the nuclear region (Fig 1).

The cytosolic and nuclear Ca®* concentration
shortly restored to the original resting level in 3 - 5
min. The time taken to restore the Ca®* transient to
the resting level becames longer when BPAE cells were
left for >30 min in Ca”* -free medium.

Ca’* response to cyclopiazonic acid, a
Ca’* -ATPase inhibitor 1t has been demonstrated in
a number of cells that inhibition of the endoplasmic
reticulum Ca®*-ATPase by a selective inhibitor,
thapsigargin ( TSG) or cyclopiazonic acid { CPA),
caused  sustained cytosolic  Ca®*
concentration-*+* leading to. eg. contraction in smooth
muscle cells ") and platelet aggregation. Unlike
the agonist ATP, the elevation of Ca®* induced by TSG
or CPA does not involved the generation of IP; and is
probably mediated by Ca** influx via Ca’* -release
activated Ca’* channels ™!, Information on the
characteristic of the spatial and temporal distribution of
Ca* in single endothelial cells has been very meager.
CPA 10 umol-L.! caused a transient elevation of Ca” *
concentration in Ca®* -free medium most likely due to
the release of Ca®* from the intracellular stores,
primarily the endoplasmic reticulum.  Subsequent
addition of Ca®* 1 mmol*L~' cansed a more sustained
elevation of Ca** concentration, thus aftesting to the

elevation of

capacitative Ca*>* entry hypothesis-" ( Fig 2).

Ca’* response to ATP, a membrane-
receptor agonist The BPAE cells elicited elevated
Ca** concentration in response to ATP 100 prmol: L~!
in a biphasic manner with the initial transient
component much bigger than the slower sustained
component (Fig 3).

Elevation of Ca®* in both the peripheral region and
central nuclear region of the BPAE cells was relatively
higher than that in the cytosolic compartment. The
magnitudes of the Ca®* responses were not homogenous
and varied from experiment to expetiment. Majority,
but not all, of the cells responded to ATP and not all
the cells responded simultaneously to ATP ( not
shown). It is not clear whether this heterogeneity
represents differential distribution of purinergic receptors
among the cell populaton or is due to differential
susceptibility of the cells to the culture or handling
conditions.

Ca** response to 4-chloro-3-ethyl phenol, a
Ca’* -releaser 4-Chloro-3-ethyl phenol ( CEP)} has
recently been shown to cause release of Ca’* from
isolated skeletal muscle sarcoplasmic reticulum, via
Ca?* -induced Ca** release channels”™®'. We have also
recently confirmed in BPAE cells that CEP caused
elevation of Ca** in cultured BPAE cells in Ca®*-free
medium 7. We have now examined the effect of
CEP on the Ca** level after the ATP response in the
presence of extracellular Ca®*. The addition of CEP
10 pmol* L~ caused an immediate elevation of Ca®*
beyond the preset threshold level (Fig 3). The influx
of Ca®* occumed very rapidly from the peripheral
regions and raised the Ca’* level so that within the
measurement time {30 s the fluorescence ratio near the
peripheral regions exceeded the threshold level ( ratio
value of 5 in this specific experiment) and was seen by
the computer as the background pseudocolor { black ).
When lower CEP concentration (1—3 pamol* L™} was
used, the time profile of the Ca®* response was similar
to that of ATP (not shown) .

DISCUSSION

In this work. we have demonstrated that cultured
BPAE cells contained functionally active endoplasmic
reticulum Ca®* -ATPase pump, Ca®* -release channels
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340 nm 380 nm Ratio
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Fig1. Eifects of extracellular Ca?* 2 mmol- L-' on
the cellular distribution of BPAE cells. The pichure
frame showed two cells. Frames in A {in Ca’* -free
medium for 5-10 min) show that the Fura-2 excitation
fluorescence intensities at 340 nm and 380 nm were
higher in the larger cells compared to those of the
smaller cell. Also, the fluorescence intensities at
340 mn were lower than those at 380 nm. However,
the rato images of both cells show homogeneous
distribution of low level of Ca®* (ratio <0.62) across
the whole cell space. Frames in B and C show
distributions of cell Ca?* 30 s and 60 s, respectively,
after the addition of extracellular Ca?* 2 mmmol® L},
Note that the elevation of Ca?* in the central nuclear
region and the cell peripheries and the higher
fluorescence intensities at 340 nm compared to those
at 380 nm was in parallel. Frames in C indicate that
after 2 min the cell Ca’* has returned close to the
resting level in the presence of Ca’* 2 ommol-I.7.

and active plasma membrane entities that will protect
the cells from overload with Ca’* under physiological
conditions. We have also demonstrated the functional
cross-talk between the endoplasmic reticulum Ca”* store
and the plasma membrane Ca®* channels, From these
results, we conclude that BPAE cells represent a useful
model for the study of the homeostasis of cellular
Ca*.
more discussion below .

There are other interesting aspects deserving

We have noted in many occasions that the nuclear
Ca"* became prominently elevated in parallel with the

'

380 nm

Fig 2. Effects of CPA 10 pmol-L ' and extracellular
Ca’* on the Ca’* distribution in BPAE cells. The top
two frames are the fluorescence intensity images at
340 and 380 nm for the ratio images in Ca’*-free

medium for 2 min {frame 1). CPA was subsequently
added (first time-event tick) and did not result in the
rise of Ca’* (frame 2} until Ca’~ 2 mumol « L~" was
added {second time-event tick and frames 3 and 4).
Addition of EGTA 5 mmol - L-! resulted in rapid
return of the Ca’* concentration to the resting level
{frame 5). Note that CPA-induced elevation of Ca®*
was most prominent in the peripheries and the
nuclear regions as indicated by the time-event
tracings with higher ratio values at time points 3 and
4, which corresponded to the ratio images in frame 3
and 4. The two tracings with lower fluorescence
ratio intensities were from windows positioned in the
cytosolic space in two separate cells. The
observation is typical of art least 4 similar
measurements using separate batches of cells.

elevation of C2* level near the peripheral region of the
cell, whereas the cytosolic concentration remained
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Fig 3, Effects of ATP 200 pmol'L~" on the cellular
distributions (ratio images) of Ca®* . The cells were
preincubated in Ca’* -free medium for a couple of
min | frame A) and Ca®* 1 mmel- L' was added at
the first dme-event tick. Note the lack of elevation
of Ca** in this case wpon addition of C2**. ATP was
added at the second time-event tick and caused
immediate rise of Ca’* level {frame B), which
gradually returned to a lower sustained level { frame
C). Abfer that, CEP 10 pmul'L"‘was added and it
caused immediate elevation of Ca’* (frame D), The
time events were monitored from windows positioned
at the center of these two cells. Similar findings
were obtained from at least 3 separate expetiments.

relatively low. This mises the possibility that the
nuclear complex in the BPAE cells seem to have
independent Ca"*  regulating machinery and the
elevation of nuclear Ca** may not be a manifestation of
diffusion of Ca’' from the cytosolic compartment

following the elevation of cytosolic Ca®* concentration.
It is conceivable that the elevation of nuclear Ca** level
may contribute to important muclear function as in gene
expression, cell prowth, and cell death ®-%),
However ., there has been a considerable debate in recent
years on the question whether the nucleus indeed has its
independent Ca®* regulatory system so that the nuclear
Ca** concentration is not merely dependent on the
elevation of cytosolic Ca®* concentrationt® !,
Factors contributing to this confusion are generally of
methodological origin.  An earlier laser confocal
microscopy study of the culmred vascular smooth
muscle cells and calf pulmonary artery endothelial cells
suggested that Fluo-3 seemed to be a betier indicator of
nuclear Ca®* than thod 2. In such studies using
scanning laser confocal fluorescence imaging technique
with fluorescence dyes ( such as Fluo-3 or thed 2) at
single excitation and emission wavelengths. higher
Nworescence intensity in the nuclear region may be due
to differential loading of dyes in the mucieus, or
thickness of cell layer, which is usually thicker near the
nucleus at the central part of the cell.  Fluorescence
ratio image intensity using Fura-2 in this work has the
advantage of being independent of the dye concentration
and cell layer volume'®*'.  However, it is possible that
the apparent increase of the fluorescence ratio may
reflect  the  overlaying perinuclear  organelles,
particularly the central endoplasmic reticulom  and
perhaps also the nuclear envelope.  This possibility is
unlikely, since the stimulation by CPA or ATP would
also deplete the central endoplasmic reticulum Ca®™*
store and elevate the Ca®* in the cytosolic space rather
than the puclear region. On the other hand, the
elevation of Ca®* near the peripheral region of the cell
is consistent with the superficial buffer barrier
hypothesis %/, in which the peripheral endoplasmic
reticulun elicits vectorial release of Ca’® toward the
plasma membrane thus elevating the Ca** concentration
in the peripheral space between the network of the
endoplasmic retionium and the plasma membranes
(including the caveolae). In studies of this nature, one
should not assurne that all cells would respond 1o the
same stimulus in @ homogeneous manner. Indeed, we
have previously observed spatial and temporal
heterogeneity in the Ca®* response of BPAE cells to
CEP'™, VIP'®), ATP and Ca’* ( this work; following
prolonged incubation in Ca®* -free medium ) .
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