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Abstract Theincorporation of 10° M ethidium bromide
(EB) was studied in viable Drosophila melanogaster sali-
vary glands with a spatial resolution reaching afew pm?®,
using a confocal laser microspectrofluorometer designed
for spectral analysis. Spectra were recorded with the
514 nm Argon laser line during excitation times of 1 sec-
ond (20 yW on the preparation) at 5 min intervals for
30 or 60 min, either at points in determined cell sites or
serially throughout the cells. The fluorescence intensity
time-course indicated that the EB intake was not an all-or-
none process, but rather agraded, sensitiveindicator of the
functional state of the cell. On the micrometer scale, the
cytoplasm behaved as an homogeneous substrate with the
fluorescence intensity depending on EB intake and intra-
cellular diffusion. In the nucleus, however, localized en-
hancement of the emission intensity was observed. Spec-
tral analysis allowed us to characterize the interactions.
The mean values of A, in the cytoplasm (600 nm), inthe
nucleus (601 nm) and outside the glands (602 nm) were
less than for free EB in aqueous solution (630 nm); values
of full width at half maximum were between 92 and 96 nm,
which is much lower than the 120 nm observed for free
EB. The recorded spectra were analyzed using a linear
combination of two spectral models, namely freeand DNA
intercalated EB. In the nucleus, the free EB model spectra
was found to represent up to 10% of the recorded spectra
whereasit was near zero in the cytoplasm. The present data
suggest that the intranuclear concentration of free EB (al-
lowing for itslower fluorescence quantum yield) might be
at least equal to that of the bound EB.
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Introduction

Knowledge about genetic expression derives mainly from
data obtained either in vitro, or in cells fixed and treated
for histology. It is clear however that models accounting
for chromatin functions ought to be checked in vivo, at ap-
propriate spatial resolution, and thisinvolvesthe selection
of accurate methodologies. Spectral fluorescence analysis
can bring out information on the nature, properties, chem-
ical environment and relative proximity of molecul es tak-
ing part in life processes. Recently, microspectrofluorom-
eters have been designed with the prospect of biological
studies. The prototype now at our disposal (V45 built by
DILOR, Lille, France) has been described in a brief note
(Valisa et al. 1995) and the general features are indicated
in the Methods. It is thoroughly described in a paper by
Favard et a. now in preparation. Starting from point fluo-
rescence spectra, it can provide confocal fluorescent spec-
tral images of living preparations, at an adjustable micro-
scopic scale, with a suitable detection sensitivity.

As a biological model, the isolated salivary glands of
Drosophila survive the operating conditions required for
spectroscopic recording on such an apparatus. In the poly-
tene chromosomes, the puffing phenomenon offers a clas-
sical model of gene expression, with the advantage that the
band sizeis at least equal to the minimal volume analyzed
by the microspectrofluorometer. Their intimate organiza-
tion is on the way to being elucidated (Rykowski et al.
1988; Ericsson et al. 1990; Levi-setti et al. 1994, Saitoh
and Laemmli 1994; Summer 1994) and their genetic func-
tion subserved classical works on gene transduction (Ash-



226

burner 1972, 1990; Huet et al. 1993; Woodward et al.
1994). Fluorescence investigationsin vivo may be ableto
contribute significant information to molecular biology,
noting that the salivary gland itself, as a model for bio-
physicsin vivo, is even more complex than isolated cells.
In the present state of methodology, the control of physio-
logical parameters can hardly reach the same accuracy as
that of physical parameters, which can be expected to limit
the quantitative analysis of some data.

Among the nuclear fluorescent probes, some exhibit a
spectrum overlapping cellular autofluorescence; others
may resemble cellular substrates, and may therefore inter-
fere with the living cell function. Ethidium Bromide (EB)
has been extensively studied; it isinteresting for our pur-
poserelated to the staining of chromatin. The modes of flu-
orescent interaction between EB and nucleic acids in so-
lution have been reviewed (Le Pecq 1972; Latt and Lang-
lois 1990). The fluorescent dye can intercalate between
base pairs of double-stranded nucleic acids, without base
specificity, with a twentyfold increase in quantum yield
due to hydrophobicity of the available space, asisthe case
for insertion of EB into hydrophobic micelles and plasma
membranes (Gitler et al. 1969). Under controlled ionic
strength and concentration conditions, EB may also inter-
act electrostatically with the phosphate backbone of nu-
cleic acids, and with proteins (Thresher and Griffith 1990)
or inorganic macromol ecules (L e Pecq 1972); the quantum
yield is then close to that of free EB in aqueous solution.
Clearly, the interaction of EB with the living cell constit-
uents has to be examined as to the specificity towards nu-
cleic acids.

Ethidium bromide can be used as a structural probe,
sincethefluorescenceintensity measuredin fixed lympho-
cytes is positively correlated to the degree of chromatin
dispersion in the nucleus (Santisteban et al. 1992). In vi-
tro studies on native chromatin and isolated nuclei involv-
ing most often fluorescence, and sometimes circular di-
chroism, have corroborated the potential of EB as a useful
probe for the structure and organization of genomic DNA.
Ethidium bromide was the acceptor in an energy transfer
study showing that the fluorochrome accessibility to DNA
depends on the conformation and on the protein coverage
(Brodie et al. 1975). Deproteinization increases the num-
ber of binding sites (Angerer and Moudrianakis1972; Dar-
zynkiewicz et al. 1984), and may take part in the physio-
logical opening of condensed chromosomal interbands on
puffing; asacorollary, native chromatin bindsless EB than
naked DNA (Paoletti et al. 1977). The chromatin of iso-
lated nuclei binds EB in the same manner as does circular
DNA (Cook and Brazell 1978), and the degree of EB inter-
calation was used as a measure of the proportion of puff-
ing DNA inthe nuclei and polytene chromosomes of Dro-
sophila salivary glands (Gruzdev and Shurdov 1992). Na-
tive chromatin presents the same supercoiling degree as
nucleosomes, and a lower affinity for EB than does linear
DNA (Vergani et al. 1994). It was pointed out that the gen-
eral organization of native chromosomes, where genetic
units are attached as loops to the proteic axis, introduces
such a mechanical stress that the punctually intercalated

EB could unwind awhole loop (Paoletti 1979) and create
areasof local high condensation compensating for unwind-
ing, asobserved ultrastructurally inwell preservedisolated
nuclei (Santi et al. 1987). Ethidium bromide, however, is
not aneutral probe, and can itself deproteinize and unwind
extracted chromatin; the drug/DNA ratio is a critical fac-
tor (Benyajati and Worcel 1976).

Ethidium bromide is still classically used to sort dead
cells, which have lost the plasma membrane selective
permeability and the chromatin organization: thenuclei are
then quickly endowed with a bright orange fluorescence
(Dey and Majumder 1988; Prokuryakov et al. 1989; Tekle
et a. 1991; Weston et al. 1994; “Dutch” Boltz et al. 1994,
Bicknell and Cohen 1995). Initially, however, EB wasused
in amore graded way as a viable pharmacodynamic agent,
with special attention to the conditions of drug treatment.
External concentrations greater than 10> M, and long ex-
posures (sometimes, several days) could elicit significant
and irreversible changes in chromatin organization (Hei-
nen et al. 1974; Hartwig 1979; Mattern and Painter 1979)
aswell asimpairment of chromatin condensation, thus pos-
sibly decreasing the mitotic index (Kuwano and Kajii
1991; Kattstrom and Nilsson 1992; Sumner 1992). Wehave
thereforelimited our study to the minimal levelsmentioned
by previous authors, i.e. 10° M in the external medium.
With this order of magnitude, and with an exposure time
limited to one hour, no significant mutagenic or toxic ef-
fect could be detected either in unicellular organismsor in
cultured cells (Mattern and Painter 1979; Slonimski et al.
1968; Himpens et al. 1992); EB may be thusregarded asa
vital stain.

The present work has been undertaken with a view to
future spectral analysis of chromatin function on the scale
of the genomic units, using fluorescent probes. The Dro-
sophila salivary gland isaproper model for such apurpose
and also for studying the uptake of permeating tracers,
since the glandular cells can be approximated to prismatic
volumesof about 100 um high, intowhich theexternal sub-
stances may permeate from the base. The experiment has
been designed to check the adaptability of such abiologi-
cal model to the operating conditions of the microspectro-
fluorometer, assuming that 10°° M EB was a permeant vi-
tal stain, expected to behave as an intranuclear probe of
puffing chromosome regions.

In spite of some limits to quantitative studies inherent
in the present experimental conditions, the spectroscopic
tracing of EB uptake by the gland cells has validated the
experimental approach in that the fluorescent dye could be
identified in the nuclei of viable preparations, allowing
spectral information to be obtained at a spatial resolution
of afew pm®. The spectral analysis of the EB uptake ki-
netics has given an insight to graded processes involving
membranefunction. Moreinterestingly, althoughinthecy-
toplasm, EB appears to be totally involved in molecular
interactions, it has shown that EB is partly free in the nu-
cleus, which questions whether it can be reasonably re-
garded as a specific probe for nucleic acids.



Methods
1. Biological material

Wild Drosophila melanogaster (Oregon-R type) were
reared on standard diet (agar-corn-yeast) at 24°C in 70%
humidity. Vivid llird instar larvae, al belonging to the
same 24 h span, were chosen for the experiment. The sal-
ivary glands were dissected extemporaneously, rinsed and
maintained in a sterilized phosphate-buffered saline with-
out Ca®* or Mg?" at pH 7 (PBS). The whole experiment
was carried out at room temperature.

2. Staining solutions

The EB stock solution (Molecular Probes) was diluted to
1072 M in distilled water and kept at 4°C in the dark. Fur-
ther dilutions were performed in PBS as required. The
stability of the solutions was checked at the end of the ex-
periment by measuring the absorbance at 481 nm. More-
over, the stability of the EB fluorescence emission spec-
trum was checked in a blank experiment in buffer.

The orcein staining solution was composed of 2%
Gurr’sorcein (anatural mixture of 14 staining components
derived from orcinol), dissolved in glacial acetic acid and
85% lactic acid (v/v). The stain was prepared without heat-
ing, and was centrifuged for 1 min at 10* rpm before use.

3. Microspectrofluorometer

The experiments were carried out with a V45 microspec-
trofluorometer (DILOR, France), the schematic diagram
of whichisshowninFig. 1. Inthisdevice, anargonion la-
ser (Spectra Physics, model 2065s) is used as a visible
source of excitation. It passes through an adjustable beam
expander to correctly focus the laser and to entirely cover
the entrance aperture of the objective. The laser isthenre-
flected by abeam-splitter and two mirrorsto reach the sam-
ple. The sample is set under a conventional confocal mi-
croscope (Nikon Optiphot-2) equipped with a TV color
camerafor transmitted light to digitize theimage. Fluores-
cence is collected by the objective and reaches a square
shaped adjustabl e pinhole by the reverse pathway. The ex-
citation lineissuppressed using aholographicfilter (Notch
filter). The fluorescent beam is then focused on the en-
trance dlit of the spectrograph using an achromatic lensand
amirror. The spectrograph has been stigmatically designed
by the use of lenses and low focal length spherical mirror.
It is equipped with 2300 grooves/mm holographic grating
coupled to abidimensional detector (CCD). The gratingis
driven by asinebar (linear in wavelength), commanded by
software with one nanometer precision and reproducibil -
ity. Using an ethernet card, data coming from the CCD are
collected and different components of the apparatus can be
driven. The PCislinked to aworkstation (SUN, Sparcclas-
sic) containing the data treatment software.
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Fig. 1 Schematicdiagram of the microspectrofluorometer V45 used
in this study

All the measurements were made using the 514 nm line
of the laser as the excitation wavelength. The laser power
reaching the sample was estimated to be at most 20 pyW
and it was standardized by reference to the emission inten-
sity of auranyl bar. The spectral resolution wasset to 1 um
and checked by means of alow-pressure mercury lamp.

A 40x fluorite oil immersion objective, NA=1.3
(Nikon, France) was used. The lateral resolution was esti-
mated to be 1 um. In order to obtain agood signal to noise
ratio, the adjustable pinhole was set to 200 um to give a
vertical depth of focusestimated as6 pm, whichisstill rel-
atively small compared to the cell dimensions.

4. Recording schedules

The freshly dissected glands were placed individualy in
the microchamber of a hollow glass slidein 5 ul of PBS,
under a coverslip partly sealed with silicon grease. Before
starting the recording of EB uptake kinetics, each gland
was placed under the microscope (40x) for cell observa-
tion on the camera screen and for imaging. The cells al
belonging to the secretory epithelium were chosen on the
lateral edge of the gland, generally in the middle part of a
lobe, with the basal membrane seen together with the ex-
ternal medium (Fig. 2a). The plasma and nucleus mem-
branes, the nucleolus and the banded chromosomes could
bedistinguished in viable preparations. Several glandshad
to be discarded because the initial image definition was
progressively blurred by accumulating secretion products.

Control spectra were then recorded from the following
standard points, as shown in Fig. 2a: in the external me-
dium near the gland (EX), and from one cell per gland, at



Fig. 2 aDirectly transmitted view of atypical glandular cell. The
EB uptake kinetics described in this study have been obtained by re-
cording fluorescence spectra in the external medium (EX), plasma
membrane (MB), cytoplasm (CY), nucleus (NU) and nucleolus (nu).
Line imaging (see b) has been performed from A to B with 5 pum
steps. AB=80 um. b Spectral line imaging along AB (5 pum steps)
between 475 and 775 nm. Records from the cell displayed in (a),
30 min after EB addition (107 M). Single and double asterisks: de-
pression and peak in the fluorescence intensity, corresponding re-
spectively to a nucleolar and a chromosomal region

the external cell membrane (MB), in the cytoplasm (CY)
and in the nucleus (NU). Theinitial recording points were
chosen on the camera screen, and their coordinates were
stored for automatic reset. Cell images were accessible
throughout the experiment, to monitor the general stateand
stability of the glands. Slight movements of the prepara-
tion from the initial position were easily counterbalanced
manually. The data from glands moving by several mi-
crometers were discarded. In fact, acompromise had to be
found between immobilizing the substrate and allowing
free access of the external medium to the cells. The stain-
ing solution (EB, 45 pl at 1.125x 107 M) was introduced

under the coverdlip at the starting time. The spectra were
recorded serially every five minutes, for half an hour or
one hour, at the same points and in the same order as for
the controls. The spectracollected from the four sites (EX,
MB, CY, NU) at thesix successivetimes(5to 30 min) were
analyzed in terms of fluorescence intensity. The measure-
ments at 5 min had a poor signal/noise ratio; for this rea-
son, the spectral study was carried out on recordsat 10 and
30 min, in six preparations maintained for one hour ses-
sions before being fixed for histological examination.

In a complement to the main Kinetic experiment, sev-
eral glands were submitted to one of the following treat-
ments: osmotic shock (20 minin distilled water) and stain-
ing in PBS-EB or water-EB, or direct staining in PBS-EB
107° M. Therecording schedule was either identical to the
one described previously, or it consisted of linear imaging
(Fig. 2b). Inthiscase, seriesof spectrawererecorded every
50r 2 pm, at defined timesof EB exposure, straight through
the nucleus, cytoplasm, plasma membrane and the proxi-
mal external medium, along an 80 um segment.

5. Signal processing

Before adding EB, fluorescence spectra were recorded in
each chosen sitein order to measure the fluorescence con-
tribution of the cells. These blank spectrawere substracted
from the corresponding spectra obtained in the presence
of EB. The difference spectra were then submitted to two
distinct mathematical treatments. Firstly, artefactual
spikes (from cosmic rays reaching the CCD) were elimi-
nated. The spectrawere then smoothed by high-frequency
filtering of the direct Fourier transform and applying the
inverse Fourier transformto recover thesignal. Thecutting
frequency was fixed for all the treated spectra, introduc-
ing little or no error on the determination of the maximum
of emission and the full width at half maximum.

The spectra did not have to be corrected for the appa-
ratus response, since the overall transmission response of
the apparatus is constant in the 550-650 hm region (Fav-
ard et al., in preparation).

In each site and at each time the intensity of fluores-
cence given in the Results is expressed in counts corre-
sponding to the integral:

Az
I=[1(A)dA
M

between 550 and 700 nm, and further divided by 103,

In an attempt to determine the contribution of free EB
(f) and bound EB (b) to each recorded spectrum, theinten-
sity of the recorded spectrum was considered as a linear
combination of the intensity of the components described
above over the wavelength range:

Ay Ay Ay
YIA)=a Y 1h(A)+BY 11 (A)
x x x

Thedetermination of thetwo coefficientsa and Swasmade
using aleast-squares model. The percentage of error given
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Results
1. Line spectral imaging

Ethidium bromide at 10° M is able to enter the cells of
freshly dissected, anatomically normal glands. It can be
identified spectrally at 5 min in the cytoplasm, and later
oninmost nuclei, giving riseto characteristic ethidium flu-
orescence. Spectra were recorded serially in nine cells,
from the external medium throughout the membrane, cy-
toplasm and nucleus, after 10, 20 and 30 min in the EB so-
lution. Under the various experimental conditions men-
tioned in the Methods, several common features came out
of the sprectral series examination as observed in Fig. 2b.
The plasma membrane region appears as the most intense
source of fluorescence, and the signal appears to decrease
regularly (as in a diffusion model) towards the inside of
the cell. With either 5 or 2 um steps, and with alateral res-
olution in the range of a micrometer, the cytoplasmic com-
partment does not display any noticeable fluorescence ir-
regularity. In the nucleolar area, the fluorescence is not
brighter than elsewhere in the cell, and can even be less
than the level measured in the peripheral part of the nu-
cleus, where chromosomes are generally found. In five
sites localized within the same nucleus, the values of flu-
orescenceintensity weresignificantly correlated tothedis-
tance from the cell membrane, i.e. to the source of ethid-
ium (rs=0.95; p<0.05). In contrast to the cytoplasm, the
nuclear compartment presents slight spatial irregularities
in the fluorescence intensity, and this was even clearer at
the 2 um resolution. From previous observations (Pager
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et al. 1995), this might suggest a correlation with chromo-
some banding. In one gland submitted to a thermal shock
(30 min at 50°C) before the EB staining, the nucleus was
more brightly fluorescent than the surrounding cytoplasm
(when observed in epifluorescence microscopy). In most
cells submitted to an experimental osmotic shock, fluores-
cence was hardly detectable or not detectable at all in the
nuclei, which were however easily stained in Trypan blue
at the end of the experiment, indicating that the cells were
dead. In the membrane records, the fluorescence intensity
was reaching levels similar to those of non-shocked cells.
Thus, EB cannot be regarded as an absol ute probe for dead
material, but can be an appropriate vital stain under given
conditions.

2. Fluorescence intensity

The gland epithelial cells represent a good model to study
the intracellular diffusion of permeating external sub-
stances, in that they can be approximated as prisms of cy-
toplasm enclosing the nearly spherical and central nucleus;
substances are penetrating from the base, owing to the po-
larity of the secretory cells. The time-course of fluores-
cence intensity was examined in fourteen cells, each from
onegland. The position of therecording site could be mem-
orized in twelve of them. The cells were seen as sagittal
sections of the cytoplasmic prism. In the kinetic study, the
basal sections has been explored. A schematic representa-
tion of the cellular field commonly observed is displayed
in Fig. 3. Ethidium bromide was penetrating leftwards,
from the external medium (EX) through the basal plasma
membrane (M B) into the cytoplasm (CY, hatched) and the
nucleus (NU). The coordinates of the recording sites have
been standardized and positioned on the same scheme. In
each site and at each time, theintensity of the fluorescence
emission has been expressed in arbitrary counts represent-
ing theareaunder the corresponding spectrum. Point meas-
urements were performed in the four compartments, at
5 minintervals, from 5 to 30 min after the EB addition. In

Fig. 3 Cellular localization of
the recording sites. The sites
have been pooled on the sche-
matic representation of a cell
sagittal view. CY: cytoplasm
(hatched; a); MB: basal plasma
membrane (O); EX: external
medium (m); NU: nucleus (e ).
The coordinates of the sitesin
the cellular sagittal plane have
been standardized relative to
the plasma membrane and to
the center of the nucleus
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Fig. 4 Time-course of fluorescence intensity in the three groups of
LN (low nuclear fluorescence) cells. Ordinate: fluorescence inten-
sity (the integrate of counts from the fluorescence spectra, divided
by 10%). 0: membrane (MB); 4: cytoplasm (CY); e : nucleus (NU)

all the cells, the fluorescence intensity was still increasing
at 30 min, at least in the nucleus, and most often in all the
sites.

When considering the whole set of kinetics, two fami-
lies of cells could be found, according to the intracellular
distribution of fluorescence intensity after 30 min of ex-
posure to EB: either membrane> cytoplasm>nucleus,
which defines LN cells (low nuclear emission, 9 items) or
nucleus>membrane> cytoplasm, inthe HN cells (high nu-
clear emission, 5 items). Another way to sort the cellswas
achieved by reducing each plot to two parameters: the to-
tal fluorescence intensity at 5 min (i.e. the sum of thein-
tensitiescollected from thethree cellular sitesat thistime),
and the rate of fluorescence increase (i.e. the ratio of the
total fluorescence intensity at 30 min to that at 5 min).
When plotting the cells in the plane defined by these pa-
rameters, an L-shaped scatter was obtained (data not
shown) where three groups could be defined, taking the
mean values of the parameters as landmarks. The corre-
sponding kinetics are displayed in Fig. 4, where it can be
seen that the fluorescent emission could be either initially
low and slowly increasing (Group |) or accel erating (Group
[11), or initially high and slowly developed (Group II).
Three LN cells were found in each group. Inside each
group, thetime-courses of the fluorescenceintensity inthe
various cell domains showed profiles significantly corre-
lated to each other, using the concordance coefficient of
Kendall (GI:W=0.834; GIl and GlII: W=1, p<0.01).
Considering the total fluorescence intensities at each re-
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cording time, the three groups were found to differ signif-
icantly from each other, following the Kruskal-Wallis rank
analysis of variance (x2=21.561; p<0.001).

3. Histological controls

The benign effect of laser irradiation on the cells under the
present experimental conditions has been established pre-
viously (Pager et al. 1995). The glands were shown to be
translucid and anatomically normal after the experiment.
Four preparations have been fixed and squashed in orcein
at the end of the experiment; they all presented well pre-
served chromosomes (datanot shown). Trypan blue (0.2%,
10 min) has also been used occasionally at the end of the
experiment and was excluded by the epithelial glandular
cells. These criteria are commonly used in cell biology to
check the viability of cells.

4. Fluorescence emission: spectral characteristics

A detailed analysishas been carried on six cells. The spec-
tra such as those reported in Fig. 5a were recorded in the
three locations defined previously. Two parameters were
measured, thewavel ength of the maximum of fluorescence
(Amax) a@nd the full width at half maximum (fwhm). Con-
sidering that the values obtained in each cell at all thetimes
(from 5 to 60 min each 5 min after EB addition) did not
display any systematic change as a function of time, they
have been pooled together and the means are regarded as
being representative in each site for each cell. The A4
and fwhm means are given in Table 1. In all the experi-
ments the maximum emission wavelength within the cy-
toplasm was lower than those of the external medium and
the nucleus in all cases. Regarding the fwhm, the values
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Fig. 5 a Typical spectrarecorded from the same cell, either in the
cytoplasm (left) or in the nucleus (right), 10 min after addition of
EB. The superimposed spectra correspond to the raw (noisy) signal
and to the signal after Fourier transform smoothing; the nearly flat
traces under the spectra correspond to the cell autofluorescence. Ab-
scissa: wavelength (nm; ordinate: fluorescence intensity. Recording
duration: 1 sfor each spectrum. Power intensity on the preparation:
20 uW. b Spectral lineimaging acrossonecell exhibiting larger vari-
ation in the maximum emission wavel ength when going from exter-
nal medium (EX, |eft side) to the nuleus (NU, right side), 30 min af-
ter addition of 10° M EB in the external medium. Recording dura-
tion: 1 sfor each spectrum (30 s for the set). Power intensity on the
preparation: 20 uW. Spectra are recorded each 5 um, representing
95 um from left to right

follow the same trend and were found to be higher in the
external medium than in the cytoplasm or nucleus.
Larger differences have been observed in a few cells
such asthat reported in Fig. 5b. Thisfigure represents the
line imaging containing 19 points recorded each 5 um in
the x direction. In such a case the A, mean values were
found to be respectively 614, 599 and 600 nm in the exter-
na medium, the cytoplasm and the nucleus. This is em-
phasized by fwhm mean values varying from 106 nm in
the external medium to 89 nm in the cytoplasm and 94 nm
in the nucleus. More important is the fact that when trav-
elling from far external medium to cellular limits, the A«
and fwhm values continuously decreased from 630 nm and
120 nm to 599 nm and 90 nm in thefirst point of the cyto-
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Table1 Spectroscopic characteristicsof theethidium bromide (EB)
fluorescence emission collected from various areas within the gland.
EX: externally to the glands but close to the cell; CY: cytoplasm;
NU: cell nucleus; FEB: free ethidium bromide in aqueous solution

Source of fluorescence Amax (NM) fwhm (nm)
EX 602+1 96+5
CcY 600+1 92+2
NU 601+1 92+2
FEB 630+2 122+5

plasm. This points out the limit of calculating A, and
fwhm mean values in the external medium, considering
dispersion of the recording sites (see Fig. 3).

5. Spectral decomposition

The systematic shift of the maximum emission wavelength
withinthecellular compartments—although small —aswell
astheincrease of full-width at half maximum might result
from the addition of several types of spectrawith various
weight depending on the location within the cell. In order
to check thishypothesis, all therecorded spectrainthecells
were firstly treated as described above and then submitted
to alinear combination decomposition using the simplest
two component model, ethidium bromide in water (free
EB; Amax=630+2 nm, fwhm=122+5 nm) and ethidium
bromide complexed to linear pBR 322 at a ratio 1:400
dye:base pair in the conditions where all the ethidium is
supposed to be intercalated (bound EB; A, =600% 1 nm,
fwhm=90+2 nm). Thetwo model spectraarerepresented
in Fig. 6 (upper part). As an example, the same figure
(lower part) shows a decomposition made on a spectrum
recorded in the nucleus. Free EB represents in this case
10% of the total intensity of the spectrum. The difference
between the fitted and the experimental spectra plotted in
the upper right corner of thefigure showsthe quality of the
fit.

This mathematical treatment has been made on all the
spectrarecorded in the cells at each site and each time, i.e.
on a set of 49 different experimental spectra. The mean
percentage of free and bound EB in each site aswell as er-
rors obtained on the fit when using the two components or
only the bound EB as amodel are given in Table 2. Exam-
ination of the table surprisingly shows that nearly 10% of
the total fluorescence intensity coming from the nucleus
can be ascribed to free EB. The fact that the percentage of
error using the two components model islower than when
using the DNA bound EB model alone confirms this hy-
pothesis. Thesituation islessclear in the cytoplasm where
adecomposition using either the two component model or
the bound EB model alone led to the same percentage er-
ror. In the latter case, EB must be considered as totally in-
volved in macromolecular interactions.

The decomposition can be applied to the set of records
collected in a spectral line image through the cell, such as
that reported in Fig. 5b. When applying it, one can isolate
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Fig. 6 aReference spectraused for spectral decomposition: free EB
(10° M in PBS) and bound EB (107 M in PBS with linear pBR 322
DNA, 1 ethidium per 400 bp). Spectra have been normalized on the
area. b Typical decomposition of a spectrum recorded in the nucle-
us. In the upper right corner is represented the difference between
the observed and the calcul ated spectra

Table2 Decomposition of the spectral data using atwo component
model (free and bound EB). The first two columns indicate the per-
centage of weight in intensity of each component in the three major
sites: cytoplasm, nucleus, external medium. The last two columns
indicate the percentage of error on the fit when using two com-
ponents (column 3) or when using only one (bound ethidium, col-
umn 4). The values given are meansz standard deviation

Percentage  Percentage Percentage Percentage
of bound EB of freeEB of error when of error when
using thetwo using only the
component bound EB
model model
EX 81.5+10 185+10 7.7 10
CcY 96.5+2.5 35+25 44 45
NU 91+3 9+3 5.9 6.8

the relative percentage of each component throughout the
cell. Such a decomposition is given in Fig. 7 where the
upper part concerns the behaviour of bound EB whereas
the lower part concerns that of free EB. The behaviour of
free EB isparticularly interesting. In the external medium,
itsrelative weight decreases rapidly when approaching the
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Fig. 7 Decomposition of the spectral line imaging represented in
Fig. 5b. In the upper left is shown the relative weight (in percentage)
of thebound ethidiuminthetotal intensity of each experimental spec-
trum. Thelower part showsthe relative weight (in percentage) of the
free ethidium in the total intensity of each experimental spectrum.
Direction is as described in Fig. 5b. The sum of the two components
gives the 100%

plasma membrane, then vanishes to zero within the cyto-
plasm and further reaches arelative value up to 16% of the
total intensity in certain areas of the nucleus (lower part of
the figure). Consistent with these observations, the rela-
tive percentage of bound EB increases outside the cells
when approaching the plasma membraneg; it is then stabi-
lized to nearly 100% within the cytoplasm and diminishes
in the nucleus with fluctuations depending on the localiza-
tion of the laser spot in this compartment.

Discussion

The present study has provided information on ethidium
fluorescence in viable salivary gland cells, regarding the
spectral characteristics and the intensity of the light emit-
ted in various cellular compartments as a function of time.
The fluorescence intensity by itself could not be directly
related to thelocal EB concentration, owing to likely vari-
ation of the quantum yield within cellular compartments.
This problem remains even after spectra had been decon-



volved to show the relative amounts of free/bound ethid-
ium in various cell domains.

Kinetics of EB intake in viable cells

Thekineticsof fluorescenceincrease dueto EB uptake will
be discussed mainly in the cytoplasm, where no trace of
free ethidium could be detected and where the dye must be
considered as most probably engaged in macromolecular
interactions. The datacould all seemingly be derived from
the same EB uptake model by adjusting the temporal fac-
tors, although the sorting of salivary gland cellsinto three
groups was convenient for comparison with other living
preparations. In chinese hamster ovary cells in culture
(Sixou and Teissié 1993), at hourly time resolution and in
2.5x10° M EB, the time-course of the fluorescence in-
tensity in the cytoplasm, nucleus and nucleolus fitted a
classical diffusion model; the half-times of intake and re-
lease by intact cells were close to 40 min (after two hours
staining). In trypanosomes, the percentage of fluorescent
kinetoplasts and nuclei was evaluated at exposure times of
0.5, 1, 6, and 24 hours to EB concentrations ranging from
2.5x10°M1t01.25x10* M (Riou 1968). Both organelles
present a DNA-rich compartment delimited by a mem-
brane. In the same cells, the kinetoplasts were ten times
more intense than the nuclei; this was ascribed to the
greater membrane permeability in the former organelles,
and to a lack of histone-like proteins able to condense
DNA. In comparable ranges of time and EB concentration,
astriking similarity can be noted between the evol ution of
fluorescenceintensity inthe LN gland cells and that of the
occurrence of fluorescent organellesintrypanosomes. This
is true when matching Group | to the trypanosome nuclei
at 2.5x10° M EB, or Groups | and |11 to the kinetoplasts
at 2.5x10°M and 1.25x10° M EB, respectively. This
can be regarded as an indication that, in both studies, the
combination of membrane permeability and EB availabil-
ity can account for awide range of kinetics.

The volume of the gland was negligible as compared to
that of theexternal medium, and ethidium wasstill detected
externally to the glands at the end of the experiment. It had
access to the external (basal) pole of the glandular cells,
although the proximity of the coverslip or chamber walls,
imposed by the field depth of the microscope objective,
could have delayed the diffusion into some cells by sev-
eral minutes, as has been noted when staining non-viable
control preparations with Trypan blue. This quantitative
bias is inherent to the present conditions of the kinetic
study, and line imaging represents an interesting compro-
mise to reduce data scattering and to disclose meaningful
ensemble properties.

Besides physiological differences between the glands
themselves, especially with regard to the secretory status
(Zhimulev and Kolesnikov 1975), the fluorescence kinet-
ics characterizing the different groups of cells could be
modulated by variations of the plasma membrane perme-
ability. Although at 30 minthe peripheral cell fluorescence
had reached the same level in Groups Il and I1l, and in
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HN cells, asin osmotically shocked cells, the viability cri-
teria were no longer fulfilled in any of the shocked prep-
arations, while they were still satisfactory, whenever they
have been checked, in all the other groups. Thussinglecri-
teriaareinsufficiently refined to define the functional state
of living preparations.

Use of two components for spectral deconvolution

The choice of the decomposition of the spectra with the
two component model is related to the hydrophilic versus
hydrophobic spectroscopic behaviour of the dye. This be-
haviour has been attributed to proton transfer of the sol-
vent to the EB excited state (Olmsted and Kearns 1977)
leading to a decrease in the quantum yield and to a char-
acteristic shift of the spectrum of the dye in water (Free
EB). When this proton transfer cannot occur (hydrophobic
environment), the quantum yield increases (up to twenty-
fold), the fluorescence spectrum is narrowed and the max-
imum of emission is blue-shifted to 600 nm (Bound EB).

The model spectrum for bound EB was recorded with
avery low EB to nucleotide ratio (1:400, mol:moal) to en-
sure total intercalation of the EB (Waring 1965). Previous
work on the interaction of EB with a variety of synthetic
polynucleotide sequences shows that the spectral proper-
ties of bound EB are independent of the nature of the poly-
nucleotide used, although binding affinities can vary by
several orders of magnitude (Bresloff and Crothers 1981).
The absorption maximum of bound EB was found at
520+ 2 nm for polynucleotides and calf thymus DNA,
compared to 480 nm for EB in water. The intercalation of
EB in a triple-stranded oligonucleotide leads to an en-
hancement of thefluorescentintensity (Mergny et al. 1991)
and fluorescence decay measurements show littlevariation
in the fluorescence lifetime of EB interacting with either
Z-DNA or B-DNA (Genest and Malfoy 1986). The beha-
viour was similar in the case of lipophilic environments
such as the plasma membrane (Gitler et a. 1969). As sug-
gested by the spectrarecorded in the external medium very
near to the gland, and in agreement with our own data of
EB in complex protein mixtures, the fluorescent spectral
characteristics of EB interacting with proteinslead to A,
and fwhm values close to those observed with EB interca-
lated in DNA (see below). We note, however, that a de-
tailed spectroscopic study of EB interacting with proteins
does not exist at the present time.

The use of EB intercalated between base pairs of linear
pBR 322 and of EB in agueous sol ution therefore appeared
to us as the simplest approach to the spectral decomposi-
tion problem.

Ethidium bromide in the extracellular medium

Thefluorescenceintensity inthe extracel lular mediumwas
in most cases higher than expected for free ethidium bro-
mide. This is in agreement with spectral characteristics.
For measurements made relatively close to the cell, either
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by point or lineimaging, the A, mean valuewasrecorded
at 602 nm, corresponding to a significant percentage of
bound EB (up to 80%). In the spectral line imaging, the
further from the plasma membrane the higher was the per-
centage of free EB. Choosing a definite model to analyze
the fluorescence spectrum of interacting EB in the near ex-
tracellular medium is not easy. The protein and glycopro-
tein extrusions from the glands (Beckendorf and Kafatos
1976) seem the most plausible external acceptors of the
fluorophore since they can amount to 30% of thetotal pro-
tein content of the gland in the Oregon-R strain presently
used (Zhimulev and Kolesnikov 1975). In this case it ap-
pears that the fluorescence spectra of EB interacting with
a complex mixture of proteins or intercalated in DNA are
similar.

Ethidium bromide interactions in the cytoplasm

In the kinetics experiment, one cell was studied in each
gland and one microvolume was excited in each cell com-
partment. In serial records of spectraalong the sagittal axis
of cells, afairly regular decrease was observed in the max-
imal fluorescence intensity when progressing from the ba-
sal plasma membrane to the inside of the cell, normally to
the membrane. The basal membraneis known to be highly
resistant to the outward diffusion of injected ions and flu-
orescein, while lateral diffusion from cell to cell is free
(Loewenstein and Kanno 1964). The cytoplasm could
therefore be regarded as a homogeneous fluorescent me-
dium, at the spatial resolution of the observation
(1x1x6 uminthex, y and z directions) even when sam-
pling each 5 or 2 umin the xy planein atime-lapse of sev-
eral minutes. At this resolution, the so-called membrane
sites were in fact composite, including external and intra-
cellular media, which led us not to take them into account
for spectral analysis. In al the cells, the spectra from the
cytoplasmic sites displayed the same characteristics, with
Amax €qual to 600 nm. This value was slightly, but consis-
tently, smaller than that measured in the nuclear sites, in
agreement with the fact that no free ethidium could be ev-
idenced in the cytoplasm, when applying the two compo-
nent model deconvolution. Supposedly in vitro, the shift
in Amax Might indicate either that the medium polarity at
the cytoplasmicrecording siteswasslightly lower than that
in the nuclear sites (Radda 1975), or that relatively more
ethidium was involved in interactions with substrates in
the cytoplasm than elsewhere (Garland et al. 1980). In
Vvivo, their islittle probability that a single factor could ac-
count for the difference.

Fluorescence emission can be modulated locally by the
temperature, the viscosity, theionic strength, and pH of the
medium (Radda 1975; Azzi 1975). Viscosity has been re-
ported to be low and seemingly constant throughout the
cytoplasm (Giuliano and Taylor 1995). The intracellular
pH has been measured on the same material through selec-
tive electrodes about one um wide at thetip (Winsch et al.
1993); the pH was 7.48 £ 0.05 in control conditionsand in-
creased to 7.72£0.04 on ecdysone activation. Concerning

possible temperature effects, it is unlikely that brief (1 s)
andweak (20 pW) laser illuminationsat five minutesinter-
vals would affect the temperature. Moreover EB isinsen-
sitive to temperature changes in the physiological range
between 20 and 30 °C (Cuniberti and Guenza 1990); in the
control cytogenetic preparations, the genome stained with
orcein did not display the puffs characteristic of heat
shocked cells.

For these reasons, it seems that the EB spectral charac-
teristics established inside the cytoplasm do not reflect
modifications of the physico-chemical environment of the
free dye but more likely molecular interactions with dif-
ferent targets. Mitochondrial DNA has been described to
be the main target for ethidium bromide inside the cyto-
plasm (also see Hayashi et al. 1994; Herzberg et al. 1993),
but other molecules such as RNAS, proteins, or even intra-
cytoplasmic membrane systems (Golgi, endoplasmic retic-
ulum) cannot be discarded.

Fluorescence emission from the nucleus:
free and bound Ethidium

The nuclear membrane does not seem to constitute a bar-
rier to the free diffusion of ethidium (Sixou and Teissié
1993). Accordingly, the paired fluorescence intensity val-
ues in the cytoplasm and the nucleus were significantly
correlated to each other either at 5min (rg=0.819;
p<0.001) or at 30 min (r4=0.881; p<0.001). The ratio of
nuclear to cytoplasmic total fluorescence intensities (Ta-
ble 3) showed that, in most preparations, fluorescence in-
creased faster in the nucleus than elsewhere.

This specificity can beinterpreted in several ways. One
of them involves nucleolar fluorescence. In several living
cells, EB fluorescence has been observed to be much
brighter in the nucleolus than in the surrounding nucleus
(Sixou and Teissi€1993; Burns1972; Chadeuf et al. 1995).
This was not, however, the case in our material (Fig. 1b).
Moreover, the position of the nuclear recording sites was
checked during the experiment and was clearly outside the
nucleolus. More probably, the nature and/or the availabil-
ity of EB substrates may change in the nucleus during the
experiment. From in vitro studies, the chromosomal puffs
ought to emit a brighter fluorescence than does inactive
chromatin. Puffscan be observed in quiescent glands (Ash-
burner 1972; Sass 1995), and have been actually observed

Table 3 Distribution of nuclear vs cytoplasmic fluorescence inten-
sities as afunction of time (t) in the three groups of LN cells (G 1, 11
and I11) and in HN cells

t(min) 5 10 15 20 25 30
Group
Gl 0.6 0.6 0.7 0.9 0.9 0.7
Gll 0.3 0.4 0.5 0.6 0.6 0.7
Gl 0.3 0.2 0.2 0.3 0.3 0.6
HN 1 0.9 0.9 11 14 18




in orcein preparation of the EB treated glands (data not
shown). Spots with brighter fluorescence have also been
detected in line records through several nuclei. Consider-
ing the nucleus at the scale of genomial units, one may ex-
pect local irregularities in the fluorescence emission, due
to the particular organization of chromatin in the present
biological material.

The data from spectral analysis support the view that
the EB substrates are not quite the same in the nucleus as
in the cytoplasm. Firstly, thevaluesof A, areslightly but
consistently higher in the nucleus. Secondly, whereas free
ethidium could not be clearly detected within the cyto-
plasm using the two component (bound and free) model
decomposition of the signal, such was not the case in the
nucleus (Table 2). The relative apparent concentrations of
free to bound ethidium can be tentatively calculated, rely-
ing on our own measurements and on the values of fluo-
rescence parametersgiven in theliterature for calf thymus
DNA in solution. According to Waring (1965), the ratio of
extinction coefficients at 514 nm for bound/free EB is ap-
proximately 1.25. Values for the ratio of bound to free
quantumyieldslie between 21 (L e Pecq and Paol etti 1967)
and 11 (Cuniberti et al. 1990). Using the above values, the
resulting concentration of free ethidium present in the nu-
cleus can apparently reach 60% to 75% of the total ethid-
ium concentration. These values have to be considered as
approximate indices since they rely on extinction coeffi-
cient and fluorescence quantum yield variations deter-
minedinmodel systemsinvitro. Nevertheless, thisamount
can beassignedtononintercal ated EB inside nativechrom-
atin. Preliminary experiments show that it is possible to
measure fluorescence lifetimesin living cells. Thisis ex-
pected to yield further quantitative and qualitative infor-
mation on theinteraction of EB with cellular ligands, since
this parameter is very sensitive to the type of interaction
of EB with macromolecules (Genest and Malfoy 1986;
Heller and Greenstock 1994). Inany case, the present study
of the intracellular distribution of free and interacting
ethidium poses questions about the mechanism by which
EB and similar intercalating agents are absorbed, carried,
exchanged and delivered throughout the cells.

Conclusion

The V45 microspectrofluorometer has been designed with
aview to the stereotaxic investigation of the fluorescence
emission of living cells. As far as we know, this spectral
study isthefirst oneof itskind carried out onaliving model
relevant in several respects. Firstly, as a whole organ, the
salivary gland is closer to actual living tissues than cul-
tured cells can be. Secondly, such a prismatic polarized
epithelium is an appropriate model for the study of linear
diffusion inside cells. Thirdly, polytene chromosomes
present features of theindividual mitotic chromosomesto-
gether with segments of active chromatin. The apparatus
itself, with its limitations and advantages, offers spectral
imaging facilitiesto study the intake of fluorescent probes
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and to exploretheintracellular distribution. Despitethein-
trinsic limitations presented by EB, this dye constitutes a
good probe for the functional state of plasma membranes
and the present study sheds anew light on the status of EB
as an indicator of irreversibly damaged cell membranes.
Another noticeable feature is the finding of a significant
amount of free EB in the nucleus, showing the limitation
of applying in vitro models to more complex viable living
systems. Fluorescent probes specific to defined genomic
sequences are now being developed, and the present ap-
proach indicates the potential for these further fluorescent
spectral studies on living material.
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