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Merocyanine 540 (M540) is a p i itive, hyd bic dye that pi ly P into the ‘fluic®
domains of cellular istinguishing b ietic cells ing to their di iation state. A

bright staining with M540 is usually achieved by UV illumination of the cells during staining. We show by flow
cytometric analysis that: (1) stamlng is greally enhanced by UV illumination of mouse spleen cells bemre addition of the

dye; (2) UV causes an bility toward p iodide and i 1h as well;

3) the i in MI540 fl p d |||zat|on top iodide, while the latter precedes Ieakage

of fl in. We also describe an hoot and 1 tecovery of M540 after bya

Sl4 nm laser beam It is suggested tllal penetration ¥ M540 to the more fluid inner membrane structures explains the
in both

introduction

Merocyanme 540 (M540) is an anionic, lipophylic,
dye ily applied in b poten-

tial studies [1]. Both the absorption and fluorescence
spectral propemes of M540 are sensitive to changes in

topoietic cells could a]so be distinguished on the basis
of their different bility to M540. d pho-
tosensitization [5].

In this communication we report flow cytometric and
fluorescence recovery after photobleaching (FRAP) data
relevant to this phenomenon. Our main finding is that

p 1, by infl ing the p of the UV illumination induces permeabilization of cells aiso
dye t the medium and the br its distri- in the absence of the dye, with a consequent enhance-
bution between the positive and negative side and the ment of staining with various fluorescent markers, in-
equilibrium b highly fl ic and cluding M540.

d, aggregated molecules [1,2]. N
MS540 incorporation 1s ‘blased toward fluid-like 3] Materials and Methods
and/or ch 1-free phosp id [4] d of the Normal and Rauscher virus-infected Balb/c mouse
membrane. Pcrmeabllny of cells to M540 varies with spleen cells were used in the experiments. Preparation
regard to differenti state [5-7). Staining is k of cell suspension, i lation of virus was performed
enhanced upon illumination of the cell suspension by as described elsewh [9]. M 540 (MS540,

UV light during staining [7] and evemually leacs to cell
death, through a mech not
[5-7). The latter p was used for selective in

Serva) stock soiction 91 mg/ml) was prepared in
ethanol/water (1:1, v/v), and stored in the refrigera-

vitro killing of leukemic cells and referred to as

‘M540-mediated ph itization’ [8]. Marine hema-
A iati M540, 540; FDA, in diacetate;
PI, propidium iodide.
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tor, p! d from light. Staining of cells was achieved
by adding 2.5 pl of dye solution to 100 pl of cell
suspension (1-107/ml in phosphate-buffered saline,
PBS, pH 7.4). This sample was diluted with PBS to 1 mi
and directly analysed in the flow cytometer (without
washing), or measured in the FRAP apparatus (with or
without washing of the cells). For FRAP analyses 5 ul
of the 1-107/ml cell suspension was dropped on a
slide, covered with a coverslip, sealed with paraffin and
measured within 30 min.
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Propidium iodide (PI, Sigma Chem. Co.) was used at
20-50 pg/ml concentration, from a 1 mg/ml stock
solution (in water).

Fluorescein diacetate (FDA, Koch-Light Ltd.) was
dissolved in acetone to make a 1-10~* M stock solu-
tion. 10 gl of this solution was injected to 1 ml of the
cell suspension (1-10%/ml) and ihe sample analysed
continuously for 15 min The nonfluorescent ester FDA
readily enters live celis due to its hydrophoblcny
Strongly fl; fl in-
side the cell by nonspecific esterase. A quick leakage of
fluorescein (i.e., no or low intracellular fluorescence
signal) is an indication of i d permea-
bility. which is usually considered as a symptom, or
preciude, to cell death (see Ref. 14).

UV ireatment of cells. 1 ml cell suspension (1 - 107 /ml,
unstained) was placed under a 15 watt Germicid lamp
(max. output at 254 nm) at a distance of 10 cm, and
illuminared for 10 min.

Flow <y ic . The arg laser of
a Bectoa-Dickinson FACS I1I apparatus was tuned to
514 nm for M540, M540-FDA and Pl-stained samples,
and to 488 nm in the case of FDA-PI stained cells.
Forward light scattering (proportional to size) and fluo-

Fig. 1. Fluorescent photographs of mouse spleen cells incubated with

25 pg/ml M540 and 20 ug/ml PI, before (left pictures) and after 1

‘min illumination through the dichroic mirror adequate for UV excita-

tion (right pictures, taken of the same field as their left pair).

Numbers (1~-3) indicate cells becoming M540-positive (1), MS40+ PI-

positive (2) and cells which were Pl-positive before irradiation
already (3).

especially spectacular in the shorter wavelength range,
as is shown m Fig. 1. PI was also included in the

rescence intensity signals are stored in a ltick
Li 1} and d as distribution
histograms or in case of correlated analysis of two
parameters, as scmergrams (dot-plots), where each dot
p acell p din a i system of
the two pa:ameters (e.g., light scattering vs. ﬂuores-
cence, or two signals of di

staining sol to distinguish cells permeabilized also
to PL.

Fig. 2 shows that UV treatment of cells prior to
addition of the dye significantly increased stainability
of normal spleen cells with M540, relative to untreated
control cells, UV illumination of the dye solution before

The laser output was set to 400 mW. M540, fluorescein
and PI fluorescence were detected through a 520 nm
cut-off filter, 540 nm interference filter (Melles Griot),
and 620 nm cut-off filter, respectively. PI-stained sam-
ples were run at low speed (200 cells/s).

Lateral mobility . The fh re-
covery after photobleaching apparat:s built in this
laboratory is basicly the same as described in Ret. 19,
‘Components of the system are an a~gon ion laser (ILA-
120-1, G.D.R,, tuned to 514 nm and operated at maxi-

did not of cells (data not
shown). R h irus-infected er | were
stained more readily than normal cells (in agreement
with Ref. 6) in the absence of UV illumination and their
UV treatment did not further enhance staining,

Fig. 3 shows that UV-treated normal and Rauscher
cells become hetemgeneuusly permeable also to PI, a
dye 1l ded as a fl 1| ive to
the Trypan blue vxablluy test [12,13]. Cells without UV
treatment were > 95% Pl-negative (not shown).

UV-treated cells became leaky to fluorescein in the

mum nominal output of 700 mW); a pair of lanparallel
flats to obtain bleaching and itori

di (FDA) hydrolysis test [14} also i: a

&

beams; Fluoval (Carl Zeiss, Jena, G.D.R.) fl

manner (Fig. 4). In a correlated (two-

microscope; RCA 8850 (U.S.A.) photomultiplier; and
ICA 70 (KFKI, Hungary) multiscaler. The recovery
curves were analysed according to Ref. 11. The radius
of the illuminated spot was approx. 1 pm.

Results

Prolonged viewing of M540-stained cells under the

i pe produced a i en-

h of t fl without any obvi-
ous alteration in the pattern of staining, similarly to
what was described in Ref. 7. This pheiiomenon is

colcr) 1) of FDA/M540 double-stained UV-
trezted normal spleen cells three subpopulations were
resolved: FDA — /M540 + (along the y axis); less or
more FDA + /M540 — (along the x axis) and a het-
erogeneous population of FGDA + /M540 + cells. The
latter cells were practically absent before UV treatment.
Thus, subpopulation of the FDA-positive (flucrescein-
inpermeable) cells still present after UV treatment have
already become permeabilized to M540.

When UV-pretreated cells were stained with FDA
and PI, the Pl-positive cells still accumulated fluo-
rescein at a normal rate (Fig. 5), in contrast with the
results of FDA/M540 staining (Fig. 4). This suggests



TFig. 2. Scattergrams of forward light scattering (abscissa, x) vs. fluorescence (ordinate, y) analysis of normal (B, C) and Rauscher virus-infected

(A) mouse spleen cells, stained with 25 pg/ml M540. Before staining, cells were either illuminated with UV light (B) or not (A, C). For

virus-infected cells scattergrams were identical with or without (A) treatment. Relative fluorescence amplification gains were 4 (A), 1 (B) and
16 (C).
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Fig. 3. Scattergrams of light scattering (x) vs. fluorescence (y)

analysis of normal (B) and Rauscher virus-infected (A) spleen cells, Fig. 4. Scattergrams of two-calor FDA (x) vs. M540 ( y) fluorescence

stained with 20 ug/ml PI after UV treatment. Data collection was analysis of normal spleen cells before (B) and after (A) UV illumina-
ey ition of the dve. The insets are fluorescence tion. Analysis was started 10 min after the addition of the dyes,

intensity distribution histograms, cone;ponding to the scattergrams. applied at 107% M (FDA) and 25 ug/ml (M540) concentrations.
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Fig. 5. Scattergrams of two-color FDA (x) vs. PI () fluorescence

analysis of UV-treawcd normal spleen cells, 5 (A) and 10 (8) min after

addition of the dyes, applied at 10~¢ M (FDA) and 25 ug/ml (PI)
concentrations.

that leakiness of most of the UV-treated FDA /M540-
stained cells to fluorescein (Fig. 4) could not be solely

the result of ill but also a l of
M540 staining.

Acquisition of Pl-positivity was a gradual process.
Fig. 6 d that a subpopul of cells ex-

hibited moderate PI fluurescenoe in the beginning, then
gradually merged into the population with maximal PI
content (the latter population still accumulated fluo-
rescein at 2 normal rate, see Fig. 5). According to Fig. 1,
permeabilization to M540 precedes the collapse of per-
meability barriers to P, i.e. intensive M540 staining
occurs before any PI uptake.
Performing fli after photobleachi

covery' to a much higher level of fluorescence than the
original ensued after a short bleach (Fig. 7). The over-
shoot (1) was observed only in the case of samples
staincd with high concentrations of M540 (above 10
pg/ml) and (2) using maximum laser output; (3) could

be rep by d bleaching (Fig. 7C); (4) was
frequenlly accompamed by a slow return of fluores-
cence y to a plateau ding the prebleach-level

(‘rebound’ phenomenon, Fig. 7B) and (5) was not seen
on cooled sample or after fixation with glutar aldehyde
(data not shown), Certain cells showed rather a steady
increase in fluorescence (Fig. 7D) after bleaching in-
stead of p d Diffusion in
the order of 1078 cm?®/s were calculated for the quick
‘recovery’ curves in contrast with much lower values
(around 10~° cm?/s) calculated from “normal’ recovery
curves in the absence of the overshoot effect (Fig. 7A).

Discussion

Cellular or experimental parameters determining the
M540 dye uptake of cells are of practical importance,

Fig. 6. intensity di

(FRAP) experiments [11,15] on cells stained with M540
we observed further phenomena which were apparently
in close connection with those described above. ‘Re-

(A=C) of UV-
treated normal spleen cells, 5, 10 and 15 min (A, B and C, respec-
tively) after addition of PI at 50 ug/ml concentration. (D) Scatter-

gram (x: light ing; y: Pl of C. The hi: are
shown in semilog representation of the cell number.
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Fig. 7. Fluorescence recovery curves of M540-stained normal spleen cells. (A) Normal curve, obtained regularly at low dye concentrations ( <10
ng/ml) or when cells were washed after staininz. (B-D) Different types of *overshoot’ effect in cells stained with 25 ug/ml M540 and analysed
without washing of cells from excess dye. Bleachtime: 100 ms; the distance between two adjacent, amplified dots cosresponds to 3.8 s.

since M540 distinguished t normal and 1
or i hemopoietic cells [5,6]. Sel killing of
leukemic cells by illumination during staining, was also
reported and referred to as ‘M540-mediated photosensi-
tization® [8].

The data p d in this suggest
that UV or intensive visible (laser) illumination of cells
permeabilizes them to M540 and to some other fluo-
rescent dyes as well and Jmediation’ of this effect by
membrane-bound dye is not required. The dramatic
difference in FDA hydrolysis between MS540-stained,
and UV-treated and Pl-stained, UV-treated cells can be
explained with the superposition of MS540-toxicity on
light-induced permeabilization. The leftward transposi-
tion of the scaner signals of h:ghly M540 posmve cells
in Fig. 2 can indi either dimi active index
of swelling cells [16] or may be due to increased axial
hght loss of M540-saturated cells, or both.

ding dye p ion the foll
of postmummauon events can be drawn: M.}AO —>Pl-
fluorescein, i.e., cells get permeabilized to M540 first
and to fluorescein last. Staining of cells with M540 is
probably governed by f actors closely related to those
determining the uptake of another dye, Ne-dansyl-r-

lysine [17]. Both of these processes were shown to be a
(still reversible) prelude to cell death {4,171

The ‘dynamics’ of heterogeneity with regard to P1
staining can be explained supposing either (a) that
membrane permeabilization proceeds in a gradual
manner, or (b} the slow increase of fluorescence in the
‘lower’ Pl-positive subpopulation may be due to the
collapsing of chromatin structure from dye-excluding to
a more dye-accessible conformation, as a consequence
of membrane permeabilization and entrance of P1.

Staining of human erythrm:yte ghosls with M540 is
governed by ph ry
according to Refs. 19 and 20. Accessibility of lipids
normally residing in the intraceflular leaflet of the mem-
brane, is prerequisit to staining. The enhanced staining
of UV-treated cells and the overshoot effect in FRAP
experiments could be the consequences of M540 enter-
ing into the cytoplasm and incorporation to the mem-
brane from within. Alternatively. either or both of these
phenomena may be related to the direct translocation of
the dye to the inner membrane leaflet [18]. It is possible
that the reported fluid-like domamn-preference of M540
[3] is more readily satisfied by the less rigid phospholi-
pid structure of the inner side [21], yielding an incre-




370

ment in the amount of fluorescing dye molecuies in the
t C jvably, the inevitable change in mem-
brane [ ~tential following permeabilization also contrib-
utes to increased M540 bmdmg, either directly or by its
fl pholipid mobility [22,23].

qd

ered in case of findi like UV irradi -indu

It of DNA-mediated transformation [29],
induction by light, of oncogenic viruses [30] or malig-
nants transformation of cells [31]).

on

The slower recovery in lhe FRAP peri (Fig.
7A) probably represents the lateral diffusicn of M540 in
the outer leafiet, while the quick recovery (Fig. 7B and
C) can correspond to motion of the dye in the inner
leaflet of the membrane (and possibly in other intraceli-
ular membrane structures as well).

The overshoot of fluorescence ‘recovery’ could be
explained by light-induced permeabilization of the cel-
lular membrane to M540 available extracellularly in
abundance, supposing that both the high 4» energy of
UV photons and the high number of (visible) photons
supplied by lhe laser beam permeabilize the membrane
perhaps by p h or heat
We noti.ed, however, a significantly increased Hoechst
33342 uptake i diately after UV illumination (data
not shown), instead of a decr=asz described for hyper
thermia treatment [24], arguing against gross heat ef-
fects.

The “ret i’ ph Le. the d of fluo-
rescence intensity after recovery frequently seen after
overshoot, can reflect the lateral diffusion of the dye
from the illuminated spot to other parts of the inner
leaflet. The p icall limited number of d
identical overshoot-rebound curves is also in agreement
with this explanation.

There are methodological consequences of both our
ric and FRAP results. As regards viability
determination by (fl ) dye exclusion and FDA
tests, the all-or-non rule widely held (including this
laboratory, see Ref. 16) should be revised: the hetero-
geneity of PI staining implies that permeabilization is
not an either-or feature of the cellular membrane (in
accordance with Ref. 25), and different dyes are not
interchangeable with respect to diagnosis of membrane
barrier function. An inference of the FRAP data pre-
sented here is that the bleaching light may induce
permeabilisation and transitory fluidization, which in-
fluence the apparent recovery rate of lipid probes, but
may not be detectable in the case of the slower protein
lateral mobility measurements [26].

The prevailing interpretation of the biolog:cal effects
of UV irradiation is based on the DNA-damaging ef-
fects of UV light (see, for example, Ref. 27), although
progressive swelling of UV-treated (red blood) cells was
described zarlier and explained by inactivation of ion
pump mechanisms {28). The above d of
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