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Abstract

Background/Aims: Trypan blue is routinely used in cell culture experiments to distinguish
between dead cells, which are labelled by trypan blue, and viable cells, which are apparently
free of any staining. The assumption that trypan blue labelling is restricted to dead cells
derives from the observation that rupture of the plasma membrane correlates with intense
trypan blue staining. However, decades ago, trypan blue has been used to trace fluid uptake
by viable macrophage-like cells in animals. These studies contributed to the concept of the
reticuloendothelial system in vertebrates. Trypan blue itself does not show a fluorescence
signal, but trypan blue-labelled proteins do. Therefore, intracellular localization of trypan
blue-labelled proteins could give a clue to the entrance pathway of the dye in viable cells.
Methods: We used fluorescence microscopy to visualize trypan blue positive structures and
to evaluate whether the bactericide, silver, enhances cellular trypan blue uptake in the brain
macrophage-like cell line, BV-2. The pattern of chromatin condensation, visualized by DAPI
staining, was used to identify the cell death pathway. Results: We observed that silver nitrate
at elevated concentrations (> 10 pM) induced in most cells a necrotic cell death pathway.
Necrotic cells, identified by pycnotic nuclei, showed an intense and homogenous trypan blue
staining. Apoptotic cells, characterized by crescent-like nuclear chromatin condensations,
were not labelled by trypan blue. At lower silver nitrate concentrations, most cells were viable,
but they showed trypan blue labelling. Viable cells showed a cell-type specific distribution
of heterochromatin and revealed a perinuclear accumulation of bright trypan blue-labelled
vesicles and, occasionally, a faint homogenous trypan blue labelling of the cytoplasm and
nucleus. Amiloride, which prevents macropinocytosis by blocking the Na* / H* exchange,
suppressed perinuclear accumulation of dye-labelled vesicles. Swelling of cells in a hypotonic
solution induced an intense intracellular accumulation of trypan blue. Cells exposed to a
hypotonic solution in the presence of 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB),
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which blocks volume-regulated ion channels, prevented labelling of the cytoplasm and
nucleus but did not affect labelling of perinuclear vesicles. Conclusion: In viable cells trypan
blue-labelled vesicles indicate trypan blue uptake by macropinocytosis and trypan blue-
labelled cytosol could indicate a further entry pathway for the dye, like activated volume-
regulated channels. Accordingly, fluorescence microscopic analysis of trypan blue-labelled
cells allows not only a discrimination between necrotic and apoptotic cell death pathway but
also a discrimination between the mode of trypan blue uptake in viable cells — via pinocytosis
or via activated volume-regulated ion channels — in the same preparation at the single cell

level.

© 2021 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Trypan blue labelling of a cell is seen nowadays as an indicator for a dead cell, whereas
decades ago it was seen as an indicator for a viable cell actively incorporating extracellular
fluid. The disagreement in the interpretation of trypan blue labelling depends on the cause
of cell labelling. In cell culture experiments, trypan blue labelling is assumed to indicate dead
cells, whose plasma membrane has been ruptured. Dead cells are intensely stained by trypan
blue and can easily be detected by bright field illumination [1-3] or fluorescence microscopy
[4], while viable cells are seemingly undyed. In previous decades, vital dyes, including trypan
blue, have been administrated to living animals to visualize cells exhibiting macrophage-
like properties characterized by incorporating particles and colloids present in blood and
intercellular fluids. These studies lead to the concept of the “reticulo-endothelial system” or
“mononuclear phagocyte system” [5]. To avoid detrimental misinterpretation of trypan blue
labelling and at the same time fully benefit from the simplicity of trypan blue application
in cell biological experiments, identification of distinctive causative modes of trypan blue
labelling is crucial.

Endocytosis and increased membrane permeability due to activation of transporters
and ion channels may contribute to dye accumulation in viable cells. Macropinocytosis is a
form of clathrin-independent endocytosis where cells take up non-selectively extracellular
fluid [6, 7]. Consequently, when dyes are present in the cellular environment, they are
incorporated in pinosomes, which accumulate in the perinuclear area. Permeation of organic
compounds through the pore of ion channels is a further pathway for environmental organic
molecules to enter the cell. For example, trypan blue enters viable ] 744 cells through the pore-
forming Bacillus cereus toxin, Hlyll [8]. Further, activation of P2X2, P2X7, or TRPV1 channels
in HEK293 cells is associated with a nuclear accumulation of 4,6-diamidino-2-phenylindole
(DAPI) and Hoechst 33258 (Bisbenzimide) [9]. Earlier studies also demonstrated that
Hoechst 33342 is a substrate for the membrane efflux transporter ABCB1 (MDR1) and
breast cancer resistance protein (BCRP) [10, 11]. Multidrug resistance-associated proteins
(MDR) are ATP-dependent efflux transporters [12]. Thus, vesicle-dependent and vesicle-
independent pathways could cause labelling of intracellular compartments in viable cells.

Silver evokes a broad spectrum of cellular responses, including modulation of signaling
cascades, like MAPK-pathways and F-actin network stability, production of pro-inflammatory
cytokines, increased permeability in cerebral microvessels, and cell death [13, 14]. Silver
ions either enter biological systems as silver salts or are released from silver nanoparticles
[15, 16]. Thus, if silver-dependent modulation of the F-actin network is associated with
ruffle formation, a hallmark of macropinocytosis [17, 18], silver ions could also promote the
intracellular accumulation of trypan blue.

We observed in the present study in the microglia cell line, BV-2, that silver nitrate
increased trypan blue uptake in viable cells. In these cells, silver nitrate also showed an uptake
of dextran dyes, a generally accepted marker for macropinocytosis. Amiloride, an inhibitor
of macropinocytosis, abolished the accumulation of trypan blue containing vesicles. BV-2
cells exposed to a hypotonic solution showed an intense trypan blue labelling. NPPB, which
suppresses volume-regulated ion channels, prevented trypan blue labelling of the cytoplasm
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and nucleus, but did not affect trypan blue accumulation in pinosomes. These observations
demonstrate that trypan blue-labelled vesicles are macropinosomes representing different
stages of maturation and trypan blue-labelled cytosol could indicate a further entry pathway
of the dye into the cell, like NPPB-sensitive volume-regulated ion channels.

Materials and Methods

Cell Culture

The immortalized microglial cell line, BV-2 (Interlab Cell Line Collection; ATL03001) was maintained
in RPMI-1640 (Biochrom / Germany) with 10% FBS (Invitrogen) at 37°C with 5 % CO, in a 95% humidified
atmosphere [19].

Evaluation and quantification of distinct cell phenotypes

DAPI- and trypan blue-labelled cells were microscopically evaluated according to the phenotype of
the nucleus and the intracellular distribution of trypan blue using a conventional fluorescence microscope
(Leitz Aristoplan) [4]. A cell was identified as apoptotic when the condensed chromatin showed a crescent-
like distribution in the nucleus, as necrotic when the nucleus was pycnotic, and normal when the chromatin
showed a cell type specific distribution of hetero- and euchromatin. A cell was identified as trypan blue
positive when either a clear homogenous distribution or perinuclear accumulation of trypan blue was
visible. In control as well as in each experiment, about 8000 cells were counted manually and each cell
was attributed as normal (cell type specific chromatin distribution and trypan blue negative or perinuclear
accumulation of trypan blue), necrotic (pycnotic and homogenous distribution of trypan blue) or apoptotic
(crescent-like distribution of condensed chromatin; trypan blue negative). Statistical evaluation was
performed as described in “Statistics”.

Trypan blue and dextran -conjugated dyes uptake and induction of cell death

For cell death and pinocytosis experiments, BV-2 cells were platted onto poly-D-lysine (0.01%) coated
coverslips (12 mm) in RPMI-1640 with 10% FBS. Two days later, the cells were washed thrice in RPMI-1640
without FBS, incubated with silver nitrate (1, 3, 10 and 30 pM) at 37°C for three hours, washed three times
in RPMI-1640 without FBS, and incubated with 0.004% Trypan blue for 10 min, 3 kD dextran Texas red (0.1
mg / ml) for 30 minutes or dextran FITC (0.1 mg / ml) for 30 minutes. Following several rinses in PBS buffer,
cells were fixed in 4% paraformaldehyde for 20 minutes and chromatin was stained using DAPI (Sigma-
Aldrich) (0.2pg/ml PBS). For quantitative evaluation of trypan blue labelling and DAPI staining, three
experiments (three dishes per experiment) were performed on different days. Pinocytosis was determined
by the presence of trypan blue or dextran red labelled vesicles.

Volume-dependent accumulation of trypan blue

Cell volume-dependent accumulation of trypan blue was tested using a hypotonic solution. Cells were
incubated either in an isotonic solution (100 mM NaCl, 2.5 mM CaCl,, 2.5 mM MgCl,, 10 mM HEPES free
acid, 95 mM Mannitol; 300 mOsm) or in a hypotonic solution (100 mM NaCl, 2.5 mM CaCl,, 2.5 mM MgCl,,
10 mM HEPES free acid; 210 mOsm) for 10 min in the presence of trypan blue (0.004%). To evaluate the
impact of volume-regulated ion channels, we treated the cells with NPPB (10uM) in isotonic as well as
hypotonic solution during the entire experiment. After ten minutes, cells were washed with PBS and fixed in
4% paraformaldehyde for 20 min at room temperature and mounted with glycergel. With the exception of
glycergel (Agilent/Dako), all chemicals were purchased from (Sigma-Aldrich).

Fluorescence Microscopy and Confocal Laser Microscopy

For visualization of fluorescence signals, we used either a fluorescence microscope (Leitz Aristoplan)
or a laser scanning confocal microscope (LSM 510 Meta; Zeiss, Germany). The fluorescence of trypan blue,
dextran Texas red, and DAPI was imaged using a fluorescence microscope using a 63x or 100x oil immersion
objective under the illumination of a mercury lamp and triple filter set (XF69, Omega Optical, Brattleboro,
VT). Images were captured by a Nikon Coolpix P600 camera. In confocal microscopy, trypan blue was
visualized by excitation of the samples with a 633 nm laser line and by collecting the emission with a long
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pass filter starting at 650 nm. For dextran Texas red, we used a laser line at 595 nm and an emission filter
between 560 and 615 nm.

Live Cell Imaging

For live cell imaging, cells were seeded at a density of 3 to 4 x 10* cells / ml onto poly-Dlysine (0.01%)
coated imaging dishes (35 mm) with a glass bottom (Ibidi, Germany). Imaging of live cells was performed
in RPMI-1640 without FBS in a humidified chamber with 5% CO, at 37°C for three hours. Live cell images
were taken at intervals of 45 seconds using brightfield and a 20x or 40x objective lens (Nikon, Biostation
IM). Movies were analyzed using Nikon NIS Viewer.

Scanning electron microscopy

BV-2 cells were platted onto poly-D-lysine (0.01%) coated coverslips (12 mm) and maintained in RPMI-
1640 with 10% FBS for two days. Then, cells were incubated with silver nitrate for three hours, fixed with
2.5% (v/v) glutaraldehyde (Agar Scientific Limited) in PBS (pH 7.4) for one hour, rinsed four times with PBS,
dehydrated in a graded series of ethanol, and chemically dried with hexamethyldisilazane (HMDS, Sigma /
Aldrich). After sputter coating with gold of the cells with Agar Sputter Coater, cells were evaluated using a
Cambridge Stereoscan 250 scanning electron microscope (Cambridge Instruments). Cells were analyzed
using an accelerating voltage of 20 kV and a working distance of 7.5 to 8.2 mm.

Statistics

Normality distribution of the data was examined by the Shapiro-Wilks test. For the evaluation of
statistical significance Students two-tailed t-test for independent samples or the paired t-test was used
for pairwise comparisons. ANOVA with Tukey post-hoc testing was performed for multiple comparisons.
Significance of non-normally distributed data was assessed using Kruskal-Wallis H-test for multiple
comparison and the one-sided Mann-Whiney-U Exact test for pairwise comparison of independent samples.
The applied statistics are indicated in the figure legends. Statistical inspection was carried out using SPSS
version 24.

Results

Distinctive trypan blue distribution in dead and viable cells - homogenous in dead cells

and vesicular in viable cells

We sought to characterize the potency of trypan blue to differentiate between dead and
viable cells as well as to evaluate the conditions associated with trypan blue uptake in viable
cells in cell culture experiments. Since microglial cells show a constitutive pinocytosis [20],
we used the microglia cell-line, BV-2, in our experiments. Exposure of BV-2 cells to silver
nitrate increased concentration-dependently cell death (Fig. 1A). High concentration of
silver nitrate (30 pM) caused cell swelling and rupture of the plasma membrane in virtually
all cells.

However, at lower silver nitrate concentrations trypan blue labeled dead as well as viable
cells (Fig. 1B). Time-lapse movies revealed that application of silver nitrate (3 M) caused in
numerous cells the development of ruffles and cup-like structures, which closed and gave rise
to centripetally trafficking pinosomes (Fig. 2; Supplementary Movie 1 - for all supplementary
material see www.cellphysiolbiochem.com). Further, scanning electron microscopy revealed
in silver-exposed cells prominent ruffle-formation on the lamellipodium and cell body (Fig.
3). These experiments indicated that silver nitrate further enhanced macropinocytosis in
BV-2 cells, which could be used to evaluate trypan blue uptake in viable cells.

To differentiate between trypan blue-labeled dead and viable cells in more detail, we
evaluated nucleus phenotypes in DAPI-stained preparations using conventional fluorescence
microscopy. Consistent with previous studies [4, 21], we observed in control conditions
that most viable cells were trypan blue negative (~96% of the cell population) and that
necrotic cells (~4%), identified by pycnotic nuclei, were trypan blue positive. Necrotic cells
showed a homogenous, bright labelling of the entire cell by the dye. Apoptotic cells (~ 0.1%),
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Fig. 1. Quantification of cells
showing pycnotic nuclei (A),
trypan blue positive cells
(B), and trypan blue positive
cells having either normal
or pycnotic nuclei (C). BV-2
cells were either cultured
without silver nitrate (w/o)
or exposed to different con-
centrations of silver nitrate
for three hours. Ten minutes
before fixation with parafor-
maldehyde, cells were ex-
posed to trypan blue. Nuclei
were stained with DAPI. (A)
Concentration-dependent induction of necrotic cell death as evaluated by the percentage of cells showing
pycnotic nuclei. Less than 1% of cells showed an apoptotic chromatin condensation. One-way ANOVA with
Tukey post-hoc test. ** p<0.005 compared to the control (w/0). (B) Percentage of trypan blue positive cells
following treatment with AgNO,. One-way ANOVA with Tukey post-hoc test. ** p<0.005 compared to the
control condition (w/0). (C) Comparison of trypan blue positive cells showing either cell-specific chromatin
distribution or pycnotic nuclei. Note that in control conditions (w/0), cells showing a cell-specific chromatin
distribution are not labelled by trypan blue (arrow). One-way ANOVA with Tukey post-hoc test. * p<0.05
compared to control (w/0). Bars represent the mean * 2 SEM of three independent experiments. w/o =
without silver nitrate. For each of the experiments about 8000 cells were evaluated.

Fig. 2. Representative cells with ruffles and pi-
nosomes. A phase contrast image of silver nitrate
(3uM) exposed BV-2 cells taken from Supplemen-
tary Movie 1. Arrows indicate ruffles.

characterized by crescent-shaped chromatin condensations at the periphery of the nucleus
[4], were trypan blue negative, indicating an intact plasma membrane. The number of
pycnotic nuclei increased as the concentration of silver nitrate increased (Fig. 1A). At 30uM
silver nitrate, almost each cell showed a pycnotic nucleus and was intensely labelled by
trypan blue. At lower silver nitrate concentrations, numerous cells having a cell-type specific
nucleus revealed trypan blue-labelling in vesicles (Fig. 1B, C). Compared to the homogenous
staining of necrotic cells, viable cells showed a distinct accumulation of trypan-blue vesicles
in the perinuclear area. Occasionally, few viable cells showed a faint background labelling in
the cytoplasm and nucleus in addition to trypan blue labelled vesicles. In these experiments,
only cells showing a clear trypan blue labelling were counted and quantified.
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Fig. 3. Scanning electron
micrographs of BV-2 cells
from control cells (A) and
silver nitrate exposed cells
(B). BV-2 cells exposed to
silver nitrate (3 pM) show
ruffles on the lamellipo-
dium (B). Scale bar: 10 pm.

Fig. 4. (A) Trypan Blue
labeling is suppressed
by amiloride. 2Student’s
two-tailed t-test for inde-
pendent samples. "Paired
samples t-test. Bars rep-
resent the mean + 2SEM
of three independent ex-
periments. (B) Whereas
amiloride suppresses try-
pan blue labeling at 1 pM
and 3 uM AgNO,, no inhibi-
tory effect of amiloride is
seen at 10uM AgNO,. The
results are presented as box-plots, since the 10uM AgNO, and amiloride data showed no normal distribu-
tion. ** p<0.005 compared to the control (w/o) or as indicated; ANOVA, Tukey posthoc test (10uM AgNO,+
amiloride excluded). For 10uM AgNO,+ amiloride: * p<0.05 compared to the control (Mann-Whitney U tests;
Exact one-sided test). Bars represent the mean + 2 SEM of three independent experiments. w/o = without
silver nitrate. For each of the experiments about 8 000 cells were evaluated.

To evaluate whether macropinocytosis is required for trypan blue accumulation
in vesicles, BV-2 cells were co-incubated with silver nitrate and amiloride (30 uM). The
pyrazine compound, amiloride, is widely used to inhibit macropinocytosis [18, 22]. A three-
hour coincubation with silver nitrate (1 or 3 pM) and amiloride (30 uM) abolished trypan
blue uptake (Fig. 44, B). In contrast, co-incubation of amiloride with 10 pM silver nitrate
revealed a strong trypan blue staining in about 97% of the cells (Fig. 4B). However, in these
experiments DAPI-labelled chromatin showed pycnotic nuclei, indicating that amiloride
enhanced the toxicity of the silver nitrate.

Confocal images of control and silver nitrate exposed cells revealed clear trypan blue
labelling at the cell periphery and in the perinuclear area in both conditions (Fig. 5 and 6).
The confocal images in Fig. 5 visualize the differences in fluorescence intensity and spatial
distribution of trypan blue labelling across living, paraformaldehyde-fixed, and acetic acid
methanol-fixed BV-2 cells. In viable cells, we identified numerous labeled puncta localized
mostly at the cell periphery in ruffle-like structures and in the perinuclear area. Large
macropinosomes did not contain fluorescent material (Fig. 5 and 6). Fig. 6 shows at a higher
magnification the spatial distribution of trypan blue fluorescent puncta in a BV-2 cell.
Considering that the volume of the vesicle decreases due to efflux of water, which causes
an increase in the concentration of the molecules present in the vesicle [6], and that trypan
blue becomes fluorescent following binding to proteins [23], these fluorescent puncta may
represent protein enriched recycling tubules or vesicles and late macropinosomes and
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Fig. 5. Intracellular localization of trypan blue-related fluorescence in living, paraformaldehyde-fixed, and
acetic acid / methanol-fixed BV-2 cells. BV-2 cells were incubated with trypan blue for ten minutes prior
to visualization of the fluorescence signal in live cells or to fixation with paraformaldehyde or acetic acid /
methanol followed by visualization by confocal microscopy. Upper row: cells were cultured without silver
nitrate. Lower row: cells were incubated with silver nitrate (3uM) for three hours. In control as well as in
silver nitrate exposed cells, the trypan blue-related fluorescence is restricted to the perinuclear area in live
cells as well as in paraformaldehyde-fixed cells, but present in the entire cell in acetic acid / methanol-fixed
cells. In silver nitrate-exposed cells, intense trypan blue fluorescence is also detectable at the cell periphery
in live cells. Uniform distribution of trypan blue fluorescent material in one of the non-fixed cells is charac-
teristic for a necrotic cell. Bar: 20 um

lysosomes. In control conditions, living as well as paraformaldehyde-fixed cells revealed a
perinuclear accumulation of punctate trypan blue fluorescent labelling. Acetic acid methanol-
fixed cells where inhomogeneous but globally labelled by trypan blue in the cytoplasm and
nucleus. Paraformaldehyde causes crosslinking of proteins, whereas acetic acid methanol
exposure causes denaturation of proteins and disruption of interactions between lipids in
membranes, which makes cells and cell organelles more permeable. Thus, residual trypan
blue, which could be still present after washing, may label precipitated cellular proteins,
which become accessible due to permeabilization of membranes.

Whereas trypan blue fluorescence in vesicular compartmentsis in line with a pinocytotic
uptake, trypan blue labelling of the cyto- and nucleoplasm suggests an additional entry
pathway. Microglia cells express ion channels whose pores are large enough to accommodate
small organic molecules. For example, the volume-sensitive ion channels VRAC and TRP12
(OTRPC4) are permeable to small organic compounds and both are sensitive to NPPB
[24-28]. If volume-regulated ion channels promote trypan blue influx, then cell swelling
increase trypan blue labelling of the cytoplasm and blockade of these ion channels suppress
cytoplasmic accumulation of the azo dye. Because only few silver nitrate-treated cells
showed a cytoplasmiclabelling, we induced cell swelling by exposing BV-2 cell to a hypotonic
solution. Replacement of the isotonic by a hypotonic solution induced an intense trypan blue
labelling in each of the cells in each of the four independent experiments (Fig. 7A). When the
hypotonic solution contained NPPB (10 uM), trypan blue labelling was restricted to vesicles,
which were accumulated in the perinuclear area (Fig. 7B).
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Fig. 6. Trypan blue-induced
fluorescence in a living BV-2
cells. Typical pattern of intra-
cellular localization of trypan
blue fluorescent material at
the cell periphery in proximi-
ty to ruffles and in the perinu-
clear area using confocal mi-
croscopy. Presumably, trypan
blue labels macropinosome-
derived protein-enriched
vesicles including recycling
vesicles at the cell periph-
ery and late endosomes or
lysosomes in the cytoplasm.
Large macropinosomes are not labelled by trypan blue. The cell was incubated with silver nitrate (3uM) for
three hours. (A) Composite image of bright field with a fluorescence signal. (B) Image showing trypan blue
labelled fluorescent material. Scale bar: 10 pm.

Fig. 7. Effect of NPPB on try-
pan blue uptake in BV-2 cells
exposed to a hypotonic solu-
tion. Confocal microscopy
of representative BV-2 cells
exposed to a hypotonic solu-
tion (210 mOsmol/L) for ten
minutes in the absence (A)
or presence of NPPB (10 uM)
(B) showing the correspond-
ing intracellular localization
of trypan blue related fluo-
rescence. (A) Cell swelling in
the absence of NPPB causes
trypan blue-related fluorescence in the entire cells. (B) In NPPB treated BV-2 cells, trypan blue-related fluo-
rescence is restricted to vesicles in the perinuclear area (A) and (B) are composite images of a bright field
image with a fluorescence image. Bar: 10 um

Comparison between trypan blue and dextran labelling

The perinuclear accumulation of trypan blue labelled vesicles resembled the distribution
of dyes regularly used to evaluate pinocytosis, like dextran-conjugated dyes. Accordingly,
we evaluated the distribution of Texas red conjugated dextran in control and silver nitrate
exposed cells. Control cells exposed to Texas red-conjugated dextran showed either a
perinuclear labelling or were free of labelling. When BV-2 cells were exposed to sliver nitrate
(< 10 uM), most cells showed a perinuclear accumulation of Texas red-conjugated dextran
and in about 12 % of'the cells, bright dextran-labelling was identified in the entire cytoplasm.
Cells showing a perinuclear distribution of Texas red conjugated dextran revealed a normal
nuclear phenotype, whereas cells showing a homogenous labelling of the entire cytoplasm
contained a pycnotic nucleus (Fig. 8). Thus, Texas red-conjugated dextran as well as trypan
blue showed a comparable cellular labeling pattern. Necrotic cells showed a homogenous,
bright labelling of the entire cell and viable cells showed a labelling of vesicles, which
accumulate in the perinuclear area.

As trypan blue and dextran-conjugated dyes showed a similar intracellular distribution,
we next compared the distribution of both dyes at the single cell level in double labelling

178



Cellular Physiology Cell Physiol Biochem 2021;55:171-184

. . DOI: 10.33594/000000380 © 2021 The Author(s). Published by
and BIOChemIStry Published online: 23 June 2021 Cell Physiol Biochem Press GmbH&Co. KG

Kerschbaum et al.: Trypan Blue Labels Viable Cells

experiments. Using confocal microscopy, we observed that (1) simultaneous application of
Texas red-conjugated dextran and trypan blue did not yield a fluorescence signal and (2)
sequential application of Texas red conjugated-dextran and trypan blue revealed fluorescence
in the pinosome pool (Fig. 9). Consistent with the fluorescence quenching property of trypan
blue [29-31], (1) simultaneous application of the dyes may have quenched dextran Texas
red fluorescence, whereas (2) sequential application of the dyes labelled vesicles, which
did not fuse and stayed separate, revealed a fluorescence signal. However, the experimental
evaluation whether trypan blue and Texas red-conjugated dextran were co-localized within a
single vesicle was hampered by the broad emission spectrum of trypan blue (excitation: 580
- 640nm; emission maxima 630 -720), which overlaps with those of Texas red-conjugated
dextran (excitation: 595nm; emission max 615 nm). Therefore, we used in a different set

Fig. 8. Dextran Texas red labelling of viable and dead cells. Cells were treated with silver nitrate (3uM) for
three hours. 30 minutes before fixation with paraformaldehyde, cells were exposed to dextran Texas red. (A)
DAPI labelling of nuclei showing a pycnotic nucleus with highly condensed chromatin and nuclei with cell
type specific heterochromatin distribution (for example the nucleus shown above the pycnotic nucleus). (B)
Overlay of DAPI and Dextran Texas red fluorescence in BV-2 cells. Some viable cells show a perinuclear ac-
cumulation of dextran Texas red (yellow arrow). The dead cell (white arrow) is characterized by a pycnotic
nucleus and an intense dextran labelling of the entire cell soma. Bar: 20 pm

Fig. 9. Intracellular localization of trypan blue-related fluorescence and dextran Texas red in BV-2 cells.
Confocal images from double labelling experiments of BV-2 cells, which were treated with silver nitrate
(3uM) for three hours. BV-2 cells were sequentially exposed first to dextran Texas red for 30 minutes and
then to trypan blue for 10 minutes. Trypan blue related fluorescence signal (excitation 633nm) (left, red)
and dextran Texas red (excitation 595 nm) (middle, green) are shown together with a merge (right). Areas
showing trypan blue as well as dextran Texas red are labelled yellow. Composite image of bright field with
fluorescence signal. *Note that we used in the present figure green for Texas red. Bar: 10 pm
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Fig. 10. Intracellular localization of trypan blue-related fluorescence and dextran-FITC in BV-2 cells. Confo-
cal micrographs of BV-2 cells treated with silver nitrate (3uM) for three hours displaying trypan blue related
fluorescence (left, red) (excitation 633nm), dextran-FITC (green, middle) (excitation 488nm), and a merge
(right). Dextran-FITC and trypan blue were added 30 minutes and 10 minutes, respectively, before fixation
with paraformaldehyde. The merged image shows areas occupied by both dyes (yellow; arrows) and areas
showing dextran-FITC (green; arrowheads). Bar: 20pm

of experiments dextran-FITC, having an excitation maximum of around 490 nm. Sequential
application of first dextran-FITC followed by trypan blue revealed in the perinuclear area an
abundant labeling by both dyes. Fig. 10 shows confocal images of dextran-FITC and trypan
blue co-labelled cells. In control as well as in silver nitrate-exposed cells, we observed cells
labeled either by trypan blue or by trypan blue and dextran-FITC (Fig. 10). Those cells, which
were labeled by both dyes, showed an overlapping, partially overlapping or nonoverlapping
accumulation of the dyes in the perinuclear area.

Discussion

The extensive use of trypan blue in cell culture experiments worldwide is based largely
on the assumption that trypan blue labels exclusively dead, i.e., necrotic cells. Here, we show
that trypan blue labels dead as well as viable cells. Cells which undergo a necrotic mode of
cell death are marked by highly condensed, pycnotic nuclei and show a bright homogenous
trypan blue labelling, whereas viable cells having nuclei of cell type specific morphology and
chromatin distribution, reveal discrete trypan blue-labeled perinuclear vesicles and labelling
of the cyto- and nucleoplasm. Accumulation of labelled perinuclear vesicles is sensitive
to amiloride, indicating a macropinocytotic uptake. Further, cytoplasmic accumulation
of trypan blue in cells exposed to a hypotonic solution was sensitive to NPPB, indicating
dye uptake by swelling-activated ion channels. Our experiments indicate that trypan blue
enters the cell via two pathways. Trypan blue-labelled vesicles represent protein-rich stages
of macropinosome maturation and labelling of the cyto- and nucleoplasm presumably
represents a second entry pathway, like activation of volume sensitive ion channels.

About 100 years ago, trypan blue administration to animals has been used to
delineate the blood-brain barrier [32] and to visualize the “reticulo-endothelial system” in
vertebrates [5]. Notably, in these studies macrophages and macrophage-related cells have
been identified by their capacity to accumulate dyes, like trypan blue. The present study can
be considered as a continuation of these historical in-vivo experiments providing a further
application of trypan blue in cell culture experiments. Our findings demonstrate that silver
nitrate substantially induces pinocytosis, characterized by ruffles and pinosome formation.
This increase in pinocytosis is reliably visualized by trypan blue-labelled viable cells. Since
trypan blue itself does not emit a fluorescence signal, the fluorescence signal detected in the
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present study derives from trypan blue adhered to proteins, which emit a strong fluorescence
signal [33]. Thus, trypan blue application in cell culture reaches beyond discrimination of
viable and dead cells.

We provide evidence that trypan blue can be used to differentiate among viable,
apoptotic, and necrotic cells. Cells having a ruptured plasma membrane are strongly stained
by trypan blue and are categorized as dead, necrotic cells. Cells having a functional intact
plasma membrane are either trypan blue negative or trypan blue positive. Accordingly,
even apoptotic cells, characterized by an intact plasma membrane, are trypan blue negative,
whereas healthy cells showing extensive pinocytosis or cell swelling are trypan blue positive.
Consequently, trypan blue staining should be combined with chromatin staining. Inspection
of the distribution of condensed chromatin as well as cell type-specific shape and size of
the nucleus are crucial to distinguish among various phenotypes of cell death. Apoptotic
cells show initially nuclei with crescent-like condensed chromatin at their periphery of the
nucleus and in more advanced stages fragmented nuclei [21, 34-36]. In contrast, necrotic
cells show highly condensed chromatin in pycnotic nuclei [36]. Assessment of cytotoxic
endpoints using a combination of trypan blue with DAPI has been used previously [1]. In
this setting (i) oncosis (trypan blue positive, normal nuclei) as an early stage of necrotic
cell death and the ensuing (ii) terminal necrotic phenotype (trypan blue positive cells with
highly condensed pycnotic chromatin) can be readily distinguished from (iii) cells which
undergo apoptosis (trypan blue negative with condensed, fragmented chromatin) and the
(iv) terminal apoptotic phenotype of “secondary necrosis” (trypan blue positive cells with
fragmented chromatin) as well as cell remnants marked by (v) karyolysis and karyorhexis
[36] where the chromatin has been degraded (trypan blue positive; no detectable chromatin
staining). Thus, inspection of the nucleus is informative about the mode of cell death induction,
whereas the intracellular distribution of trypan blue is informative about the entry pathway
of trypan blue in cells - either via pinocytosis and volume regulated ion channels or passive
following membrane rupture.

In microglia, the nonspecific, nonsaturable, receptor-independent uptake of solutes by
macropinocytosis is a constitutive property [20]. Continuous and extensive macropinocytosis
removes cell surface area to form intracellelular vesicles. The concomitant exocytosis of
recycling vesicles deriving from nascent macropinosoms contributes to the maintenance of
the surface area. Recycling vesicles also reestablishes functional membrane proteins in the
plasma-membrane [6]. The second pathway emanating from nascent vesicles is characterized
by volume shrinkage while trafficking to the perinuclear area [6]. In both pathways, the
small-volume vesicles show an increase in protein concentration due to water loss. In the
present study, we took advantage of the finding that trypan blue in aqueous solution is not
fluorescent whereas protein-associated trypan blue is fluorescent [23]. This makes vesicles
rich in proteins visible by trypan blue whereas the large early macropinosomes, which are
rich in water, are not fluorescent. Thus, our findings suggest that discrete fluorescent puncta
at the cell periphery represent recycling vesicles from recently formed macropinosomes and
that fluorescent puncta in the perinuclear area represent late endosomes and / or lysosomes.

Because dyes may enter cells not only through macropinocytosis but also via ion
channels, we evaluated their contribution to trypan blue internalization by using NPPB. This
compound blocks the ion channels VRAC and TRP12 (OTRPC4), which have a pore large
enough to accommodate small organic molecules [24-28]. Previous studies have shown
that activation of P2X2, P2X7, or TRPV1 channels, which have been transfected in HEK293
cells, are associated with a nuclear accumulation of YO-PRO-1,4,6-diamidino-2-phenylindole
(DAPI), and Hoechst 33258 [9]. Further, Hoechst 33342 (bisbenzimide) is a substrate for the
membrane efflux transporter ABCB1 (MDR1) and breast cancer resistance protein (BCRP)
[9, 11]. Interestingly, ]744 macrophages incubated with Hlyll, a pore-forming toxin of Bacillus
cereus, show trypan blue labelling in viable cells [8].
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Antibacterial properties of silver have been used in the treatment of inflammation and
conservation of food in ancient civilizations, like the Egyptians, Greeks and Romans, up to
the early twentieth century, when silver has been replaced by antibiotics [15]. However,
local, oral or intravenous application of large amounts of silver causes tissue damages, like
damage of the cornea by locally applied silver nitrate, and even death in human [15]. In the
present study, we observed at the cellular level both effects of silver using silver nitrate.
Silver nitrate at low concentration triggers massive pinocytotic activity in the microglia cell-
line, BV-2, whereas elevated concentrations induce cell death by necrosis. Macrophages and
macrophage-related cell types, like microglia, contribute their share to the immune response
by attacking pathogenic invaders, antigen processing and presentation of antigens to T cells,
and tissue repairing [37-39]. Our results indicate that low concentrations of silver may
account for the activation of macrophages and their impact on clearing of toxic compounds
and small particular cellular debris associated with inflammatory processes.

Conclusion

We have described that macropinocytosis causes trypan blue labeling in viable cells.
Using trypan blue in cell biological experiments may be advantageous to identify protein-
enriched stages during maturation of macropinosomes, and may be used in combination
with dextran dyes to visualize pinocytosis. Further, fluorescent vesicles should be evaluated
with care when using trypan blue exclusion test to avoid false positive results due to
macropinocytosis of trypan blue [40, 41]. In these tests, trypan blue is used to quench the
fluorescence of to-be phagocytosed particles, which are attached to a cell but not internalized
[40]. Therefore, we suggest that a combination of trypan blue and DAPI staining may be
relevant in numerous studies to evaluate cell death and pinocytosis or volume regulation in
the same cell culture experiment at the single cell level.
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