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Abstract Calcein is an intracellular fluorescent probe that
has been used as an indicator of cell volume in several
previous studies. These studies have reported two different
fluorescence responses depending on the optical setup used
to collect the data: wide-field microscopy has resulted in a
decrease in fluorescence upon cell shrinkage, whereas con-
focal microscopy has been shown to yield the opposite
result. In this short communication, we have investigated
the effect of optical setup on detection of cell volume
changes in calcein-stained endothelial cells. A confocal
microscope was used to collect the fluorescence data, and
the pinhole diameter was varied in order to examine the
effects of optical section thickness on fluorescence response.
For large pinhole diameters – which correspond to relatively
thick optical sections – fluorescence intensity decreased
when cells were induced to shrink. In contrast, for small
pinhole diameters the fluorescence intensity increased with
cell shrinkage. The transition between these two types of
fluorescence responses occurred when using a pinhole di-
ameter of 285 μm, which corresponds with an optical sec-
tion thickness slightly less than the height of the cells. Our
results have implications for the design and interpretation of
experiments involving the use of calcein as a cell volume
indicator.
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Introduction

Measurement of the dynamics of cell volume changes is
important in several areas, including investigation of cell
membrane permeability [1] and regulatory volume changes
[2, 3]. Several methods have been developed to detect
volume changes in adherent cells (reviewed in [2]). In
particular, calcein has been used as a volume indicator in
several previous studies [4–15]. To load calcein into cells, a
nonfluorescent calcein derivative, calcein acetoxymethyl
ester (calcein-AM) is typically used. Calcein-AM readily
crosses the cell membrane, but once inside the cell, the
acetoxymethyl functional group is hydrolyzed by intracel-
lular esterases, leaving the fluorescent and membrane im-
permeable calcein molecule trapped inside the cell.

Two conflicting relationships between cell volume and
calcein fluorescence have been reported in the literature.
Studies using wide-field epifluorescence microscopy have
reported a decrease in fluorescence when cells shrink after
exposure to hypertonic solution [4–6, 9, 11–13, 16]. This
decrease in fluorescence has been attributed to quenching of
calcein fluorescence by endogenous molecules present in
the cytoplasm [14]. However, when using confocal micros-
copy an increase in fluorescence is detected when cells
shrink [7, 15, 17, 18]. The increase in fluorescence has been
attributed to an increase in the intracellular concentration of
calcein. These conflicting results raise questions on the
validity and limitations of the two imaging methods, and
we have not been able to locate direct comparisons of the
two methods in the literature.

We have previously used calcein as a volume indicator in
wide-field epifluorescence microscopy experiments to mea-
sure the permeability properties of cultured endothelial cells
[19]. These experiments were undertaken with the goal of
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developing new cryopreservation strategies for adherent
cells and tissues. Mathematical models of cell membrane
transport have previously been used to rationally design
cryopreservation procedures [20–23]. However, it is partic-
ularly challenging to apply these rational design strategies to
three-dimensional tissues because there are not convenient
methods for measuring the permeability properties of cells
within tissue. Consequently, one of our long-term goals is to
adapt the calcein-based method that we used with adherent
endothelial cells [19] for use with three-dimensional tissues.
This will require an understanding of the differences be-
tween confocal and wide-field imaging when using calcein
as a cell volume indicator.

The purpose of this study was to investigate the effect of
optical setup on the response of calcein fluorescence during
cell shrinkage. Cultured endothelial cells were exposed to
hypertonic solution in a simple microfluidic chamber while
simultaneously collecting fluorescence images with a con-
focal microscope. Images were acquired while varying the
detector pinhole aperture such that images acquired with a
minimum pinhole diameter were true confocal images, but
images acquired with a maximum pinhole diameter approx-
imated those collected with a wide-field epifluorescence
microscope. Our results clarify the effects of confocal and
wide-field imaging modalities on the fluorescence response
of calcein-loaded cells, and provide information that will
facilitate the adaptation of calcein-based methods for deter-
mination of membrane permeability in three-dimensional
tissue.

Methods

Cell Culture

Cell culture supplies were purchased from Invitrogen (Carls-
bad, CA) unless otherwise noted. Bovine pulmonary artery
endothelial cells (Cambrex, San Diego, CA) were cultured on
tissue culture treated plastic T25 flasks in a 5 % CO2 environ-
ment at 37 °C. The culture medium was composed of
Dulbecco’s Modified Eagle Medium low glucose nutrient
mixture supplemented with 5 % v/v fetal bovine serum,
100 U/ml penicillin, and 100 μg/mL streptomycin in cell
culture grade UltraPure water (ThermoFisher, Waltham,
MA). Medium was changed every 48 h. Flasks were
subcultured when they reached approximately 80 %
confluency and split at a ratio of 1:5 using 0.05 % trypsin-
EDTA solution. To prepare samples for experiments, 25 mm
diameter glass coverslips were placed into separate 30 mm
petri dishes and sterilized with 70 % ethanol. Cells were
seeded onto coverslips at a density of 1×105 cells per cover-
slip and cultured for 3 days before experimentation, at which
point they had reached a confluency of 80 %.

Perfusion Chamber

To create the perfusion chamber, two pieces of acrylic,
2.25 mm and 9.25 mm in thickness, were first cut to be
approximately 6 cm×10 cm. An imaging windowwas created
by drilling a 3/4 in. hole in the center of the thinner acrylic
piece. Inlet and outlet ports were inserted into the thicker
acrylic piece so that they were flush with the top surface of
the acrylic. A gasket of 100 μm thick medical grade silicone
(BioPlexus, Ventura, CA) with a 3 mm × 15 mm (width ×
length) cutout was adhered to the thicker acrylic piece,
aligning the cutout with the fluidic ports. To assemble the
chamber, a 25 mm coverslip with cultured cells was inverted
onto the silicone gasket. The thinner acrylic piece with the
imaging window and a matching 1/16 in. ethylene-vinyl ace-
tate foam gasket was placed on top and the assembled perfu-
sion chamber was held firmly together with foldover clips.
Solutions were delivered to the chamber with dual computer-
controlled NE-500 OEM syringe pumps (New Era Pump
Systems, Farmingdale, NY). The inlet port was attached to a
Y connector which enabled delivery of alternating isotonic
and hypertonic test solutions using the dual syringe pumps.

Experimental Solutions

Isotonic (300 mOsm/kg) Dulbecco’s phosphate buffered
saline with calcium and magnesium (PBS) was made in-
house. Hypertonic solution was prepared by adding sucrose
(Mallinkrodt, Hazelwood, MO) to the isotonic PBS to create
a solution osmolality of 1000 mOsm/kg. The actual osmo-
lalities were confirmed to be within 1 % of the nominal
values using a freezing point depression osmometer (Ad-
vanced Micro Osmometer Model 3300, Advanced Instru-
ments, Norwood, MA).

Confocal Microscopy

To prepare endothelial cells for fluorescence imaging, cov-
erslips were treated with a solution of 1.25 μg/mL calcein-
AM (Sigma Aldrich, St. Louis, MO) in isotonic PBS for
15 min at 37 °C. Coverslips were assembled into the perfu-
sion chamber which was then placed onto the Axiovert 200
motorized stage of a Zeiss LSM 510 Meta confocal micro-
scope. An argon laser at 6.1 Amps and 1 % intensity was
used as the excitation source. All imaging was performed in
single track mode with a long pass 505 nm filter.

Cells were manually located on the coverslip with a FITC
filter and mercury lamp excitation source. To determine the
height of the cells, a z-stack was acquired using a 40x air
objective with a numerical aperture of 0.75 and a pinhole size
of 1 Airy unit. In order to minimize photobleaching, scanning
was performed in bidirectional lines with no averaging at the
fastest scan speed possible in order to reduce the time for
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acquiring a full z-stack. The time to acquire a single image
was set to less than 300 msec and a full z-stack was collected
in less than a minute.

The z-stack information was used to select a focal plane
approximately 2 μm from the coverslip surface for time-
lapse imaging during exposure of the cells to hypertonic
solution. Time series images were collected at a rate of
0.5 Hz while cells were being exposed to solutions at a flow
rate of 200 mL/h. Cells were initially exposed to isotonic
PBS for 1 min, switched to hypertonic for 1 min, and
returned to isotonic PBS for a final 1 min. Fluid flow caused
minor bowing in the coverslip which resulted in deviations
in the focal plane from the initial set-up. To compensate for
these deviations, during the initial 10–20 s of imaging with
isotonic flow, the detector gain and amplifier offset were
adjusted to minimize saturation and maintain the maximum
fluorescence dynamic range. The pinhole diameter was var-
ied between 57 μm and 513 μm (i.e., between 0.5 and 4.5
Airy units), and time series were collected for each pinhole
diameter.

Data Analysis

Time series images were exported as tiff images using the
LSM 510 (Carl Zeiss Inc, Thornwood, NY) software and
converted to multipage tiff files using Phantom 663 imaging
software (Vision Research Inc, Wayne, NJ). The average
fluorescence intensity for each image was determined using
ImagePro software (Media Cybernetics, Bethesda, MD). Data
was corrected for non-volume-dependent fading of fluores-
cence (e.g., photobleaching, dye leakage) by fitting an expo-
nential decay model to measurements made while cells were
in equilibrium with isotonic solution, as described previously

[19, 24]. The nondimensional cell fluorescence F was deter-
mined by normalizing the fluorescence intensity measure-
ments to the best-fit exponential model.

Membrane water permeability was determined using
methods similar to those published previously [24, 25].
Briefly, membrane water transport was described using the
following model

dVw

dt
¼ LpRT

ρwM0

Vw
� ρwMe

� �
ð1Þ

where R is the ideal gas constant, T is the absolute temper-

ature, Lp is the effective water permeability, M0 is the
isotonic osmolality, Me is the osmolality of the extracellular

solution, Vw is the nondimensional cell water volume, and
ρw is the density of water (assumed to be 1 kg/L). A linear

relationship was assumed between Vw and F

F � 1
� � ¼ a Vw � 1

� � ð2Þ

where a is a constant. Equations (1) and (2) were combined
to obtain the following model:

dF

dt
¼ LpRT

a2ρwM0

F þ a� 1
� aρwMe

� �
ð3Þ

To determine best-fit values for Lp and a, we used the
experimental data directly after exposure to hypertonic so-
lution. A step change in solution composition was assumed
when the hypertonic solution first reached the cells. The
time at which this step change occurred was calculated using
the switch time recorded by the pumps, the length of tubing
from the Y-connector to the channel inlet, and the flow rate.
Equation 3 was numerically integrated and the sum of the
squared residuals between the measured and predicted

values of F was computed. This error was minimized by

systematically iterating the values of Lp and a to determine
best-fit values.

Results

Images collected from a z-stack reconstruction of a group
of cells are shown in Fig. 1. These images were used to
estimate the approximate height of the cells to be 5–
6 μm. Eleven images were included in the z-stack, each
with an optical slice thickness of 2.2 μm spaced 0.7 μm
apart so that imaged sections of the cells overlap. The
brightest image was the 6th image collected in the z-
stack. This image was estimated to be 3–4 μm away
from the coverslip. We chose to center our time-series
images approximately 2 μm away from the coverslip,
which ensured that cell images would be acquired when
the cells were in the shrunken state.

Fig. 1 Confocal images for z-stack reconstruction. Measurements represent the step distance within the z-stack
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The cells shown in Fig. 1 were imaged during exposure
to hypertonic solution and the resulting measurements of the

nondimensional cell fluorescence F
� �

are shown in Fig. 2
for various pinhole diameters. There was a clear difference

in the magnitude of F when the cells were in hypertonic and
isotonic solutions, with the exception of a pinhole diameter
of 285 μm, which corresponds with an optical slice thick-
ness of 5 μm. This demonstrates that in general, cell shrink-
age upon exposure to hypertonic conditions was associated
with a change in fluorescence. However, the magnitude of
this change in fluorescence was dependent on the pinhole
diameter. For small pinhole diameters, the fluorescence
increased upon exposure to hypertonic conditions, with the
largest increase in fluorescence occurring when the pinhole
diameter was at a minimum of 57 μm (which corresponds
with an optical slice thickness of 1.5 μm). In contrast, large
pinhole diameters were associated with a decrease in fluo-
rescence upon exposure to hypertonic conditions. A maxi-
mum decrease in fluorescence was observed with a pinhole
diameter of 513 μm (which corresponds with an optical
slice thickness of 9.1 μm).

Table 1 gives estimates for the parameters Lp and a
obtained by fitting the data shown in Fig. 2 with the perme-
ability model (Eq. 3). For a pinhole diameter of 285 μm, the
change in cell fluorescence upon exposure to hypertonic
conditions was so small that it was indistinguishable from
the noise in the data, and consequently the best-fit water
permeability in this case is probably not very accurate. For
all of the other pinhole diameters, permeability estimates
varied by less than 2-fold. At the highest and lowest pinhole
diameters used in this study, permeability estimates only
differed by 30 %, resulting in an average value of approx-

imately Lp ¼ 6� 10�8 Pa�1s�1. This value is comparable to
water permeability values reported for cultured endothelial
cells in previous studies [19, 25].

The parameter a characterizes the relationship between cell
volume and fluorescence, with negative values indicating an

increase in fluorescence when the cell shrinks and positive
values indicating a decrease in fluorescence when the cell
shrinks (see Eq. 2). As shown in Table 1, negative a-values
were observed when the pinhole diameter was smaller than
285 μm and positive a-values were observed for pinhole di-
ameters larger than 285 μm. To quantitatively examine the
relationship between cell fluorescence and cell volume, the a-
values in Table 1 were used with Eq. 2 to calculate the
equilibrium cell fluorescence under hypertonic conditions.
The resulting values of the equilibrium cell fluorescence are
plotted against the optical slice thickness in Fig. 3. Linear
regression to the data yielded a slope that was significantly
less than zero (p=0.006) and a correlation coefficient of R2=
0.88, which indicates that the equilibrium cell fluorescence
and the optical slice thickness are negatively correlated.

Discussion

It has been shown in previous studies that calcein fluores-
cence is quenched by molecules present in the cytosol [14].
This property of calcein would be expected to affect the
fluorescence emitted when a cell shrinks or swells. For
instance, when cells are exposed to a hypertonic solution
they will shrink due to the loss of water required to reach

Table 1 Best-fit parameters from permeability model (Eq. 3)

Pinhole diameter Optical slice
thickness (μm)

Lp � 108 Pa�1s�1ð Þ a

(Airy) (μm)

0.5 57 1.5 6.89 −1.07

1 114 2.2 7.92 −0.74

1.5 171 3.2 10.2 −0.38

2.5 285 5 2.94 0.04

3.5 399 7.1 5.12 0.24

4.5 513 9.1 5.12 0.31

Fig. 2 Response of cell fluorescence after exposure to hypertonic
conditions for various pinhole diameters. Best-fit trends (dashed lines)
were determined using the permeability model (Eq. 3)

Fig. 3 Effect of optical slice thickness on the equilibrium fluorescence
after exposure of a group of cells with a thickness of 5–6 μm to
hypertonic conditions. The line shows a linear regression to the data.
The approximate cell thickness is shown for reference (dotted lines)
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osmotic equilibrium. As the cell volume decreases, calcein
fluorophores trapped in the cytoplasm have more interac-
tions with intracellular quenchers, resulting in a decrease in
the amount of fluorescence that is emitted. Many studies
have used wide-field epifluorescence imaging techniques
with calcein as a volume indicator to study changes in cell
volume [4–6, 9, 11–14, 16]. These studies have shown that
as cell volume decreases, there is a corresponding decrease
in fluorescence intensity. However, the exact opposite result
has been observed in studies that have used confocal mi-
croscopy [7, 15, 17, 18].

The differences in the fluorescence response that have
been observed using wide-field and confocal microscopy
can be explained in terms of the differences between these
two imaging modalities. When capturing wide-field images,
fluorescence is collected from a relatively thick sample
section. If the optical slice thickness is greater than the
thickness of the cell, then fluorescence emission will reach
the detector no matter where the fluorophores are located
within the cell. Thus, the number of fluorophores being
imaged is approximately the same before and after hyper-
tonic exposure, and a decrease in fluorescence would be
expected due to quenching. However, confocal images
correspond with fluorescence from a relatively thin sam-
ple section. When the cell shrinks, fluorophores become
concentrated in the cell and the quantity contained with-
in the imaging section increases. This introduction of
fluorophores into the focal plane would be expected to over-
whelm the fluorescence quenching taking place, resulting in
an overall increase in fluorescence with cell shrinkage.

Our data is consistent with this description of the fluores-
cence response. When the optical section was thick (≥7.1 μm)
cell shrinkage caused the fluorescence to decrease, as
expected for fluorescence quenching. On the other hand, when
the optical section was thin (≤3.2 μm) cell shrinkage caused
the fluorescence to increase, which is consistent with an
increase in the number of calcein molecules within the imaged
volume. The approximate thickness of the cells that we inves-
tigated in this study was 5–6 μm under isotonic conditions.
The relationship between the fluorescence response and the
cell thickness is illustrated in Fig. 3. This figure shows that
when the optical section thickness was at least 20 % greater
than the cell height, a decrease in fluorescence was observed,
and when optical section thickness was about half the cell
height (or thinner), an increase in fluorescence was observed.

The results of this study have implications for the devel-
opment of methods to measure the permeability properties
of cells within three-dimensional tissue. In particular, it may
be possible to estimate permeability properties by using
confocal microscopy to quantify the calcein fluorescence
at a specific depth within a tissue sample after exposure to
a hyper- or hypotonic solution. The results of the present
study show that it will be important to consider the pinhole

diameter – and the concomitant optical section thickness –
when conducting this type of experiment.

Conclusion

Previous studies provide conflicting results indicating that
calcein fluorescence can both increase and decrease when
cell shrinkage is induced, depending on whether confocal or
wide-field microscopy is used. In this study, we have dem-
onstrated that this discrepancy is a result of the optical slice
thickness and its relationship to the height of the cells being
imaged. Our results provide guidelines for selection of op-
tical slice thickness for measuring volume changes in
calcein-stained cells, potentially facilitating the develop-
ment of methods for measuring cell membrane permeability
in three-dimensional tissues.
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