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Abstract
Background/Aims: The permeability of the plasma membrane for some substances increases 
during osmotic swelling of the cell. Transport systems for cationic dyes were identified 
previously, but the hypotonic uptake of anionic substances remained elusive. We aimed to test 
for the hypotonic uptake of the anionic dye fluorescein and to identify the transport pathway. 
Methods: We quantified the uptake of fluorescein in hypoosmotic medium by fluorescence 
microscopy in several cell lines. To investigate the uptake mechanism, we used pharmacological 
inhibitors for the volume-regulated anion channel VRAC and a genome-edited cell line lacking 
the essential LRRC8A VRAC subunit. Results: Fluorescein was specifically taken up under 
hypotonic conditions in HeLa, MDCK, and 3T3 cells. Both pharmacological inhibition and 
genetic disruption of VRAC strongly diminished hypotonicity-driven dye uptake. Conclusion: 
Cellular uptake of fluorescein is mediated by the volume-regulated anion channel VRAC. The 
measurement of fluorescein accumulation can be used as a convenient method to detect and 
study VRAC activation.

Introduction

It is crucial for animal cells to have compensatory mechanisms in order to counteract 
changes in their volume due to osmotic alterations. Regulatory volume decrease (RVD) occurs 
when cells undergo osmotic swelling caused by extracellular hypoosmolarity or intracellular 
hyperosmolarity. During RVD, the activation of swelling-activated ion channels results in the 
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efflux of ions and osmolytes followed by water, which enables cells to adjust their volume [1, 
2]. Cells may also exhibit isosmotic volume decrease in various physiological processes, such 
as the apoptotic volume decrease (AVD) in programmed cell death [3-5].

Volume-regulated anion channels (VRACs) play a critical role in both RVD and AVD by 
mediating the release of chloride and organic osmolytes [6]. VRACs are formed by hetero-
hexameric complexes of LRRC8 (leucine-rich repeat containing protein 8) family proteins 
(LRRC8A-E), with LRRC8A as the essential subunit [7-11]. VRACs exhibit an outward 
rectification with a relative anion permeability sequence that corresponds to Eisenman’s 
sequence with I− > NO3

− > Br− > Cl− > F− [11-13]. In addition to inorganic anions, VRACs can 
also conduct a wide range of organic osmolytes [7, 8, 14-17]. The subunit composition, i.e. 
which of the LRRC8 proteins combines with LRRC8A, determines the differential permeability 
for taurine, excitatory amino acids, adenosine nucleotides, or glutathione [18-23]. Besides 
such endogenous substrates, VRACs have also been shown to mediate the cellular uptake of 
various compounds, such as the antibiotic blasticidin S and the cytostatic cisplatin [18, 24].

We have previously observed that membrane blebbing stimulated by treatment with 
apoptosis-inducing agents, such as actinomycin D, is accompanied by a temporary increase 
in cellular volume. Under these conditions, cells become more permeable to cationic dyes 
that can enter through organic cation transporters [25]. In the present study, we tested for 
the cellular uptake of anionic dyes upon osmotic cell swelling. We found that in hypoosmotic 
media, different cell types take up fluorescein, an organic dye used in a wide range of 
applications in medicine and science. Fluorescein was provided in the form of sodium salt 
(NaFl). We tested whether fluorescein uptake is mediated by VRACs. To do that, we used 
pharmacological inhibitors of these channels or cells deficient in the essential VRAC subunit, 
LRRC8A. Together, our data indicate a significant role for VRACs in the uptake of fluorescein. 
The simplicity and low cost of this assay make it a promising tool for the detection of VRAC 
activation.

Materials and Methods

Wild-type HeLa, 3T3, and MDCK cells were obtained from ATCC (Manassas, VA). CRISPR/Cas9-
generated LRRC8A-deficient 3T3 cells have been described earlier [26]. Cells were grown in Dulbecco’s 
Modified Eagle Medium (DMEM, 340 mosm/kg according to the manufacturer’s data) with 10% fetal bovine 
serum and antibiotics on loose coverslips or in coverslip-bottom dishes, either home-made or commercial 
(MatTek, Bratislava, Slovak Republic). Sodium fluorescein (NaFl: Sigma-Aldrich, St. Louis, MO; Carl Roth, 
Karlsruhe, Germany) was introduced at room temperature or at 37°C (for Fig. 5) for 10 min as 0.1 mM 
solution in isosmotic 100% DMEM or in hypoosmotic 50% DMEM prepared by a 1:1 dilution of DMEM with 
deionized water. To inhibit VRAC, cells were preincubated either with 100 µM carbenoxolone (CBX; Sigma-
Aldrich, Taufkirchen, Germany) or 50 µM DCPIB (Bio-Techne, Wiesbaden, Germany) for 10 min before the 
addition of NaFl; the inhibitors continued to be present during the incubation with NaFl. Accumulation of 
NaFl was assessed by three methods.

(1) After 10 min of incubation with NaFl, cells were washed and quickly imaged in phenol red-free 
DMEM. Images were acquired with a Leica Thunder imaging system using a PL APO 20x/0.80 objective (Leica, 
Wetzlar, Germany). 140-170 cells per condition obtained from 4 independent experiments were analyzed. 
The total cell-associated intensity was obtained by subtracting the background value determined in the 
vicinity of each cell. The mean value for each condition per experiment was used for the final quantification. 
Statistical significance was tested using Prism9 software (GraphPad, San Diego, CA) and analyzed by one-
way ANOVA. All data are presented as the mean ± SD.

(2) Cells were grown on loose coverslips in 35 mm dishes. The coverslips were removed and affixed 
to glass slides over small spots of silicone grease, with cells facing the slide. Next, DMEM was replaced with 
50% DMEM by adding it from one side of the coverslip and removing it from the opposite side by gently 
touching the edge of the glass with filter paper. In some experiments, 0.1 mM NaFl was added following a 30- 
or 60-min preincubation in NaFl-free 50% DMEM. In control experiments, NaFl was added in 100% DMEM 
for 10 min. To terminate NaFl accumulation, the solution under the coverslip was replaced after 10 min with 
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7 mg/ml Acid Blue 9 (AB9; TCI America, Portland, OR) prepared in the same (i.e., 50% or 100% DMEM) 
NaFl-free media. The samples were imaged within 10 min on an Olympus IX81 microscope using a 20x/0.7 
objective. Each field was imaged twice: in fluorescence, using the standard FITC filters, and in transmission 
through a 630/10 bandpass filter for the determination of cell volume (see below). The purpose of this 
observation was to quantify the intracellular concentration of NaFl in molar units.

(3) Observation was done in real-time on a laser scanning confocal microscope, Olympus FV1000; 
the purpose of these experiments was to assess the dynamics of NaFl accumulation and NaFl loss upon 
its removal from the external solution. NaFl intake was observed in HeLa cells grown in coverslip-bottom 
dishes. Since the media was much brighter than the cells, a high-power objective (oil-immersion 60x/1.4) 
was used, which provided the best depth discrimination. The objective was focused on central cross-sections 
of cells, where fluorescence was almost unaffected by the surroundings; at t=0, 0.1 mM NaFl in 50% DMEM 
was added. The observation continued at specified intervals for 15 min. Photobleaching was estimated at 
0.14% per scan, and thus was insignificant for the small number of time points used in our experiments. The 
retention of NaFl was tested in cells positioned between a coverslip and a slide as described above because 
such a configuration allowed for much more rapid medium replacement. HeLa cells were incubated for 10 
min in 50% DMEM with 0.1 mM NaFl, after which the medium was quickly replaced with NaFl-free 50% 
DMEM, and the observation was started.

Quantification of wide-field fluorescence
Fluorescence was quantified using a previously described approach [27, 28]. In the first step, the 

microscope was calibrated with a solution of 10 μM NaFl in PBS containing an additional 7 mg/ml AB9 to 
stabilize fluorescence [29]. A small drop of this solution was placed on a glass slide, and a half-ball lens with 
radius R 5 mm (Edmund Optics, Barrington, NJ) was immersed in it, forming a variable-depth fluorescent 
layer between the bottom of the lens and the flat surface of the slide. An image of such a sample was captured 
with a 10x/0.4 objective, and the intensity distribution was fit to a linear regression as

𝐼𝐼 = 𝐼𝐼0  + 𝛽𝛽𝛽𝛽
 

 

where z is the depth of the liquid at a distance d from the touchpoint:

𝑧𝑧 = 𝑅𝑅 − √𝑅𝑅2 − 𝑑𝑑2

The values of β obtained in three experiments were 63.1 μm-1, 63.3 μm-1, and 62.2 μm-1. To avoid 
repeating this lens-based calibration every time, we used it to characterize the highly reproducible brightness 
of concentrated 30% NaFl (the same concentrated standard was used to correct all fluorescence images for 
uniformity, including the very image of an immersed lens). At such a high concentration, fluorescein is stable 
under illumination, and the depth of the liquid becomes irrelevant because the excitation light does not 
penetrate beyond a submicrometer depth [30]. Because fluorescein exhibits self-quenching, the standard is 
not particularly bright, and it was characterized in terms of the equivalent surface density Nst of dilute NaFl:

Now the average fluorescein concentration inside a given cell can be expressed by comparing it with 
the standard slide as:

𝐶𝐶(𝜇𝜇𝜇𝜇) = 𝑁𝑁𝑠𝑠𝑠𝑠
600 ∙ 𝐼𝐼𝑠𝑠𝑠𝑠

∙ 𝐼𝐼𝑠𝑠𝑉𝑉
where Ist is the average intensity of the concentrated standard in grayscale units, It is the total cell-

associated intensity, and V is the cell volume determined by AB9 exclusion (see below).

Cell volume measurements
Cell volumes were measured by transmission-through-dye (TTD) imaging [29, 31, 32]. The samples 

containing AB9 were imaged in transmission through a 630 nm bandpass filter (Andover, Salem, NH). AB9 
at 7 mg/ml strongly absorbs at these wavelengths, creating a relatively dark background; however, intact 

𝑁𝑁𝑠𝑠𝑠𝑠 = 16 ∙ 103 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝜇𝜇𝑚𝑚² 
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cells exclude AB9 and appear brighter in transmission in direct relationship to their height hcell. Cell volume 
is calculated as

𝑉𝑉 = 𝐴𝐴(ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐 − ℎ𝑏𝑏𝑎𝑎𝑐𝑐𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏), 

ℎ = 𝑙𝑙𝑙𝑙𝑙𝑙
𝛼𝛼  

 
where A is the cell area and α is the absorbance of the AB9 solution determined by a lens immersion 

method similar to the above-described fluorescence calibration [29, 32, 33]. In some samples, the background 
was uneven across the field due to a small tilt of the coverslip. To simplify the analysis of the entire field, 
background correction was implemented using the ImageJ Fit Polynomial plugin. Further details of cell 
volume measurement can be found elsewhere [29, 31, 32].

Results

To test for fluorescein uptake during osmotic swelling, we treated various cell lines, 
HeLa, MDCK and 3T3, with hypoosmotic medium (50% diluted DMEM) in the presence of 
sodium fluorescein (NaFl) for 10 min. Fluorescence imaging revealed brighter fluorescence 
in cells exposed to NaFl in 50% DMEM compared to 100% DMEM (Fig. 1).

When we quantified the intracellular NaFl concentrations, we consistently observed a 
significant increase in intracellular NaFl in 50% DMEM over a 100% DMEM control, namely 
a 7.5-fold average increase for 3T3 and 3-3.5-fold increase for HeLa and MDCK cells (Table 
1). This enhanced accumulation was limited to early times following hypoosmotic shock: 
preincubation in hypoosmotic 50% DMEM for 30 min or longer before the application of 
NaFl brought intracellular NaFl accumulation down to control levels, or even below control 
in HeLa cells (Table 1). Since cell volumes completely recover by 30 min through regulatory 
volume decrease (Fig. 2), the increased membrane permeability to NaFl clearly correlates 
with cell swelling.

Fig. 1. Fluorescence images of 
HeLa, MDCK, and 3T3 cells ex-
posed to 0.1 mM NaFl in isotonic 
100% DMEM or hypotonic 50% 
DMEM. After a 10-min incubation, 
NaFl was removed, and the cells 
were imaged as described in Meth-
ods. The cells in hypotonic and 
isotonic conditions were imaged at 
the same exposure and displayed 
using identical settings for a 12-to-
8 bit conversion. Scale bar, 200 μm.
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We also addressed the possible concern that intracellular NaFl is partly quenched 
by proteins, so that the increase in fluorescence in a hypoosmotic solution may reflect 
dequenching at reduced protein density [34, 35]. Thus, MDCK were preloaded with NaFl in 
hypoosmotic 50% DMEM, then washed and returned to 100% DMEM for 30 min (by which 
time their volume returns to normal; Fig. 2). The first set of images (TTD and fluorescence) 
was then collected, after which the cells were re-exposed to 50% DMEM. After 5 minutes, 
their volumes and fluorescence were measured again. If cell swelling caused dequenching, 
one would expect an increase in fluorescence; in reality, despite a 40% volume increase, 
fluorescence was reduced by 11% (± 0.05 SD) based on the analysis of four groups of cells. 
The small decrease in fluorescence could have been due to the exit of some dye during the 
second hypoosmotic exposure.

Next, we tested a range of other compounds. Propidium iodide, calcein salt, rose bengal, 
acid fuchsin, fluorescent brightener 28, Orange II, light green SF yellowish, trypan blue, 
and acid blue 9 did not penetrate the membranes of most cells (Fig. 3 shows the results 
of incubation with propidium iodide together with NaFl). Rhodamine B stained all cells 
irrespective of osmolarity (not shown). Thus, the increase in permeability in hypoosmotic 
solutions is specific to NaFl.

Table 1. Intracellular concentration of NaFl (μM) after a 10-min incubation with 266 μM NaFl under various 
conditions: in isotonic medium (100% DMEM), under hypotonic shock (50% DMEM) or in hypotonic medium, 
but with a 30-min or 60-min preincubation in hypotonic medium. The increase in NaFl accumulation under 
hypotonic conditions (without preincubation) compared to isotonic control was significant (p< 0.05 by 
Student’s t-test)

1 
 

 

Fig. 2. Cell volume dynamics following hypotonic shock in 50% DMEM. Coverslip-attached cells were 
mounted on slides in isotonic DMEM containing AB9; at t=0, the medium was replaced with 50% DMEM/
AB9, and the observations of the same cells were repeated at specified intervals. Cell volumes relative to that 
in isotonic DMEM are plotted against time. Representative traces of individual cells from three independent 
experiments are shown.
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To estimate the rate of intracellular accumulation and disappearance of NaFl, we 
observed it in real-time using confocal microscopy. HeLa cells were grown in coverslip-
bottom dishes, and 50% DMEM containing NaFl was added at t=0. The objective was focused 
on the middle parts of the cells, where fluorescence was minimally affected by a much 
brighter background. The observation was carried out for 15 min. A representative curve 
for NaFl uptake by a single cell is plotted in the left part of Fig. 4. The exact shape of the 
curve can be influenced by the choice of the focal plane, but we can certainly conclude that 
significant accumulation occurs as soon as 30 s after the addition of a hypoosmotic medium 
and continues steadily for at least 15 min. To assess the retention of NaFl upon removal of 
extracellular NaFl, a coverslip mounted on a slide was used instead of an open dish, because 
in this configuration, the solution can be exchanged much faster (see Methods). The release 
of intracellular fluorescence in NaFl-free 50% DMEM is slower than its prior accumulation 
(Fig. 4, right part). This may be due to weak binding of NaFl to proteins [36]. At later times, 
the loss of fluorescence slows down further, amounting to approximately ~1% decrease per 
minute (not shown).

Fig. 3. MDCK cells were grown on coverslip and mounted on slides in isotonic 100% DMEM. At t=0 the me-
dium was replaced with 50% DMEM containing 0.1 mM NaFl and 10 µM propidium iodide and imaged for 
NaFl staining (A) and PI staining (B) after 10 min. (C) PI staining after the medium was exchanged second 
time for 70% ethanol. Scale bar, 100 µM.

Fig. 4. Representative images and traces showing the accumulation and loss of NaFl in hypotonic 50% 
DMEM. The intensity was arbitrarily assigned the value of 1 at t=15 min of the accumulation phase (with 
extracellular NaFl, left) and t=45 s (when the first time point was recorded) of the release phase (in NaFl-
free 50% DMEM, right). Scale bars in inserts, 25 µm. See text for more details.
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As cell permeability to fluorescein increases under hypoosmotic conditions, we 
investigated whether the uptake of NaFl was mediated by VRACs, which open upon osmotic 
cell swelling and conduct a range of substrates. Both DCPIB and CBX, commonly used VRAC 
inhibitors [37-39], drastically diminished the fluorescein uptake by HeLa cells in hypoosmotic 
medium, DCPIB also reduced fluorescein uptake by 3T3 cells (Fig. 5), consistent with a 
role for VRAC activity in this process. To confirm the involvement of VRACs, we tested for 
hypotonicity-induced fluorescein uptake by 3T3 cells deficient in the essential VRAC subunit 
LRRC8A [26]. Indeed, LRRC8A-deficient cells did not take up fluorescein in isosmotic or 
hypoosmotic media (Fig. 5).

Fig. 5. Reduced fluorescein uptake upon LRRC8A depletion or pharmacological VRAC inhibition. After 10 
min incubation with 0.1 mM NaFl in either isotonic 100% DMEM (iso) or hypotonic, 50% DMEM (hypo), the 
cells were imaged as described in Methods. Representative images are shown in part (A) and statistical analy- 
sis in part (B). In total from 4 independent experiments, 147 WT HeLa cells in hypotonic condition, 141 WT 
Hela cells in isotonic condition, 174 WT 3T3 cells in hypotonic condition, 156 WT 3T3 cells in isotonic condi-
tion, 158 KO 3T3 cells in hypotonic condition, and 146 KO 3T3 cells in isotonic condition were analyzed. For 
testing VRAC inhibitors, from 3 independent experiments, 97 WT 3T3 cells treated with DCPIB and 78 cells 
treated with CBX as well as 87 WT HeLa cells treated with DCPIB and 70 cells treated with CBX from 2 inde-
pendent experiments were analyzed. In each experiment, the values were normalized to the mean value for 
WT cells in hypoosmotic conditions. The values in the graphs represent mean ± SD. Statistical significance 
was assessed by one-way ANOVA, **p< 0.01, ***p< 0.001, ****p< 0.0001, ns p> 0.05. Scale bar in A, 100 μm.
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Discussion

Hypotonic loading is a known technique to introduce chemicals into cells [40, 41]. 
However, previous researchers have been mostly interested in achieving the loading 
rather than investigating the mechanism of penetration. In fact, dye loading seems to be 
underutilized as a possible method for channel characterization. Many common dyes, such 
as mitochondrial probes, apparently employ highly specific routes for cellular entry and 
could in principle be used to characterize the expression of channels if the nature of those 
channels was better known (Fig. 6).

The rationale for testing fluorescein (NaFl) as an external VRAC substrate was 
straightforward: first, fluorescein is an anion, and second, unless there is a perfect outward 
rectification, it should be able to pass through open channels both ways (despite the 
negative membrane potential). Indeed, this has previously been shown for other exogenous 
substances like blasticidin S and cisplatin [18, 24]. Furthermore, fluorescein is a frequently 
used, inexpensive, and nontoxic chemical: it is utilized in ophthalmology to visualize cornea 
and retina, in brain surgery to increase the visibility of tumors, and in plumbing to find leaky 
pipes. Once cells pick up fluorescein, it can be easily detected by fluorescence microscopy 
or flow cytometry. However, even after a 10 min incubation, intracellular concentration can 
remain as low as 10% of the external concentration (Table 1), and thorough removal of the 
NaFl-containing media is necessary. This can be quickly achieved by passing fresh solution 
under a coverslip (see Methods) or by otherwise exchanging the solutions. Fortunately, the 
loss of fluorescein from the cytoplasm occurs rather slowly (Fig. 4B), which provides enough 
time to rinse and image the cells. If the exact numbers are desired, real-time confocal imaging 
using a high-resolution objective may be necessary.

One potential limitation of fluorescein is its pH sensitivity. Fluorescence intensity of 
fluorescein reaches its maximum at pH≈8 [42]; therefore, if hypotonic treatment resulted 
in any major alkalinization it could lead to overestimation of intracellular concentration of 
fluorescein. This scenario is, however, unlikely, since the previous authors have only observed 
a minor acidification during osmotic swelling [43-45].

Our data show that uptake of fluorescein is dependent on the volume-regulated anion 
channel VRAC that is formed by LRRC8 proteins. Both DCPIB and CBX reduced hypotonicity-
induced NaFl uptake by HeLa cells; and DCPIB also diminished uptake by 3T3 cells. Both 
inhibitors are not very specific for VRAC, they also inhibit, e.g., connexins [38, 46, 47]. DCPIB 
also affects a range of other ion transporters and channels including various potassium 
channels [48-51]. So, the pharmacological inhibition of VRAC is consistent with, but does 
not prove a role for this channel. More importantly, genetic disruption of the Lrrc8a gene, 
which encodes for the essential LRRC8A subunit of VRAC abolished hypotonicity-dependent 
NaFl uptake.

Fig. 6. Staining of MDCK cells with rhodamine 123 (green) 
and DiIC1(5) (red). Both dyes enter mitochondria, but rho-
damine 123 stains the periphery of MDCK colonies, while 
DiIC1(5) accumulates in the central parts. The heteroge-
neous staining does not result from competition, as it is also 
observed using single stains. Most likely, this heterogeneous 
staining reflects the distribution of yet unidentified channels 
used for the dye entry. Image from [25], with permission.
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The basal fluorescein permeability in isosmotic DMEM is low but measurable (Table 1). 
Although we observed no statistically significant difference in NaFl uptake under isosmotic 
conditions between wildtype and Lrrc8a-disrupted 3T3 cells (Fig. 5B), we have been unable 
to definitively conclude whether isosmotic NaFl uptake is due to low constitutive conductance 
of VRAC or some other, VRAC-unrelated mechanism. Cisplatin, another transport substrate 
of VRAC is taken up under isotonic conditions. However, only a fraction of cisplatin enters 
the cell via VRAC. Intracellular cisplatin then induces apoptosis and as an early event the 
activation of VRAC, which in turn can mediate the influx of cisplatin [18].

Conclusion

In conclusion, we have identified the anionic fluorescent dye fluorescein as a VRAC 
substrate. This was confirmed by pharmacological inhibition of VRAC and by genetic 
depletion of the essential LRRC8A subunit, which abolished fluorescein uptake upon osmotic 
cell swelling. The simplicity and minimal cost of the assay can make it a useful addition to the 
arsenal of available methods for monitoring VRAC activity [7, 8, 52, 53].
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