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Abstract

X-ray microanalysis of cultured cells as “whole
mounts” (i.e., not sectioned) is used frequently e.g., to study
mechanisms of ion transport. Cells can be cultured either
on solid substrates or on thin plastic films on grids. Cells
cultured on solid substrates are analyzed in the scanning
electron microscope at relatively low accelerating voltage,
cells cultured on thin films can be analyzed in the (scan-
ning) transmission electron microscope at high accelerat-
ing voltage. The main advantage of culturing the cells on
a solid substrate is that the specimen is less easily dam-
aged during preparation. Analysis of cells on thin films is
more sensitive, and subcellular resolution is possible. The
main problem here is the correction for extraneous back-
ground that has to be applied in quantitative analysis. The
following test systems were used in this study: HT29 hu-
man colon carcinoma cells, primary cultures of human
sweat gland coil cells, and normal bronchial human epi-
thelial (NHBE) cells. The spread in the data is similar for
cells grown and analyzed on a solid substrate compared to
cells grown and analyzed on a thin substrate. The spread
is much larger than expected on the basis of counting sta-
tistics, and is not reduced by using elemental ratios rather
than net peak intensities. This means that the spread is
not mainly caused by overpenetration or extraneous back-
ground, but that likely biological variation between the
cells is responsible.
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Introduction

X-ray microanalysis of cultured cells can be a useful
technique to elucidate (patho)physiological mechanisms
of ion transport. The use of cell cultures has several well-
known advantages over the use of in vivo systems: the cell
culture system is simpler, since it usually consists of only
one cell type, systemic effects can be avoided, and espe-
cially in the case of human cells, in vivo experiments are
often not possible because of practical or ethical constric-
tions. Preparation of cell cultures by freezing is often sim-
pler than preparation of tissue, because dissection arte-
facts can be avoided. Cultured cells can be analyzed both
as whole mounts at the cell level and after sectioning at
the subcellular level (Warley, 1994).

Both cell lines and primary cell cultures have been
used (reviewed, e.g., by Wroblewski and Roomans, 1984;
von Euler et al., 1993; Warley, 1994; Hongpaisan et al.,
1994; Wroblewski and Wroblewski, 1994; Roomans et al.,
1996). Examples of systems studied include fibroblasts
(Abraham et al., 1985; von Euler and Roomans, 1991),
sweat gland cell lines (Mork et al., 1995) and cell lines
from colon cancer (von Euler and Roomans, 1992; W.
Zhang and Roomans, 1998), primary cultures from sweat
glands (Hongpaisan and Roomans, 1998), respiratory epi-
thelium (Sagstrom et al., 1992), tracheal glands (A.L.
Zhang and Roomans, 1997), and uterine epithelium (Jin
and Roomans, 1998), airway smooth muscle cells (Warley
et al., 1993, 1994) and uterine smooth muscle cells
(Hongpaisan and Roomans, 1996).

There are, of course, alternative techniques to inves-
tigate ion transport in cultured cells, e.g., the Ussing cham-
ber technique, radioisotope labeling, and techniques us-
ing fluorescent dyes. The advantage of X-ray microanalysis
over the Ussing chamber technique and radioisotope
labeling is that X-ray microanalysis gives information at
the single cell level. This can be important if the cell cul-
ture is not homogeneous with regard to its elemental con-
tent, as we have observed in colon cancer cell lines (von
Euler and Roomans, 1992) or if the cells are not homoge-
neous with regard to their response to a physiological
stimulus (Mork et al., 1995). The technique also needs very
little material. With regard to fluorescent techniques, the
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fura-2 technique to measure Ca?* ions (Grynkiewicz et al.,
1985) is not really comparable, because it measures free
Ca?* ions, whereas X-ray microanalysis measures total el-
emental Ca. Fluorescent techniques to measure intracellu-
lar chloride (Verkman, 1990) are more closely comparable
with X-ray microanalysis, since they allow measurement at
the single cell level, and the difference between the chlo-
ride activity measured by the fluorescent technique and the
Cl concentration measured by X-ray microanalysis is not
supposed to be very significant. However, it does not ap-
pear that a direct comparison of the two techniques on the
same cell system has been carried out yet.

Many of the X-ray microanalytical studies on cul-
tured cells were carried out by having the cells grow on a
solid substrate (e.g., Abraham et al., 1985; von Euler and
Roomans, 1991, Hall et al., 1992); these cells were then
analyzed in the scanning electron microscope (SEM) at
relatively low accelerating voltage. However, in other stud-
ies, grids covered with a thin plastic (Formvar, Pioloform)
film were used to grow the cells on and the specimen was
analyzed in the scanning transmission electron microscope
(STEM) at relatively high accelerating voltage (James-
Kracke et al., 1980; von Euler and Roomans, 1992; Warley
et al., 1993, 1994). Since our group has experience with
both ways of culturing and analyzing cells, a comparison
of the advantages and disadvantages of these different
methods might be of interest. The human colon adenocar-
cinoma cell line HT29 was grown on a solid substrate and
analyzed in the SEM, whereas sweat gland coil cells and
normal human bronchial epithelial (NHBE) cells were
grown on grids and analyzed in the STEM. It should be
emphasized that in the following, only analysis of cells as
“whole mounts” is discussed, and not analysis of
(cryo)sections of cell cultures, which is in principle not
different from analysis of (cryo)sections of tissue.

Materials and Methods
HT?29 colon adenocarcinoma cells analyzed in the SEM

HT29 human colon adenocarcinoma cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with
10% heat inactivated fetal calf serum, penicillin (100 TU/
ml) and streptomycin (100 pg/ml) at 37°C in a humidified
atmosphere of 95% air and 5% CO, in an incubator. Sub-
confluent cells were harvested with 1 mM EDTA in Hank’s
balanced salts medium without Ca and Mg, and seeded
directly on the cellulose nitrate filters which are compat-
ible with the cell culture conditions and with X-ray
microanalysis. After the cells had attached to the filters,
3-4 ml complete culture medium were added and the cells
were allowed to grow for 2-3 days before the experiments.

To test the response of the cells to various physio-
logical stimuli, the cells on the filters were incubated in
standard Krebs Ringer’s buffer (KRB) (containing 140 mM
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NaCl, 5 mM KCI, 1 mM MgClz, 1.5 mM CaClz, 5 mM N-
[2-hydroxyethyl]piperazine-N’-[2-ethane sulfonic acid]
(HEPES) and 5 mM glucose, at pH 7.4, to which the agent
studied was added. Prior to the incubation, the cells were
quickly rinsed with KRB corresponding to the different
incubation solutions to remove the culture medium. The
incubation was terminated by washing the filters respec-
tively with one of the following washing fluids: (a) dis-
tilled water, (b) 150 mM ammonium acetate or (c) 300
mM mannitol for 5 sec only to remove the NaCl-rich
experimental solution. Comparison of the results showed
that rinsing with distilled water or ammonium acetate gave
adequate results (W. Zhang and Roomans, 1998). After
blotting excess fluid with a filter paper, the cells were fro-
zen immediately in liquid propane cooled by liquid nitro-
gen and freeze-dried overnight at -30°C. The dried filters
were coated with a conductive carbon layer to avoid charg-
ing in the electron microscope.

The cells on the filter were analyzed in a Philips 525
scanning electron microscope (SEM) (Philips Electron
Optics, Eindhoven, The Netherlands) with a Link AN
10000 energy-dispersive X-ray microanalysis system (Ox-
ford Instruments, Oxford, UK) at 20 kV. Quantitative
analysis was performed by determining the ratio (P/B) of
the characteristic intensity (peak, P) to the background
intensity (B) in the same energy range as the peak and
comparing this P/B ratio with that obtained by analysis of
a standard, which consisted of known concentrations of
mineral salts in a 20% gelatin and 5% glycerol matrix,
frozen, cryosectioned and freeze dried to resemble the speci-
men in its physical and chemical properties (Roomans and
Sevéus, 1977; Roomans, 1988a). Each spectrum was ac-
quired for 100 seconds. Only one spectrum was acquired
from each cell. No correction for extraneous contributions
to the spectrum was applied

Sweat gland coil cells and NHBE cells analyzed in the
STEM

Sweat gland coil cells. Normal human skin samples
were obtained from patients (20-50 years old) undergoing
mastectomy or abdominal surgery. The isolation of the
sweat gland coil has been described in detail in Hongpaisan
et al. (1996). The coil was cultured in 25 cm? tissue cul-
ture flasks (Costar, Cambridge, MA) containing 800 pl
culture medium. The culture medium consisted of
William’s E medium, penicillin (100 IU/ml), streptomy-
cin (100 pg/ml), L-glutamine (2 mM), insulin (10 pg/ml),
transferrin (10 pg/ml), hydrocortisone (5 ng/ml), epider-
mal growth factor (10 ng/ml), trace element mix (0.5% v/
v; Gibco BRL/Life Technologies, Paisley, UK) and 20 mM
HEPES, to which 1% fetal calf serum was added. When a
cellular outgrowth was seen, additional culture medium
was added. After 7-14 days, the cultured cells were incu-
bated with 1 ml dispase (Boehringer, Mannheim, Germany)
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for 30-45 min. Sheets of cells detached from the floor of
the culture flasks were allowed to recover in culture me-
dium and then seeded out on 75 mesh titanium grids (Agar
Scientific, Stansted, UK). The grids had been covered with
a Formvar (Merck, Darmstadt, Germany) film and coated
with a thin carbon layer. The grids were sterilized under
ultraviolet light before use. The cells were allowed to at-
tach and spread for 3-7 days at 37°C in a humidified at-
mosphere of 5% CO,/95% air in a culture chamber.

NHBE cells. Normal bronchial epithelial (NHBE)
cells (Clonetics, San Diego, CA) were used. Cell cultures
were established at Clonetics Corporation’s cell culture
facilities from normal human tissue obtained from a 16-
year old female. The cells were cultured in plastic culture
flasks (Costar) in bronchial epithelial basal medium
(BEGM) (Clonetics) supplemented according to the manu-
facturer’s instructions with recombinant human epider-
mal growth factor (0.5 pg/ml), insulin (5 mg/ml), hydro-
cortisone (0.5 mg/ml) transferrin (10 mg/ml) adrenalin
(0.5 mg/ml), triiodothyronine (6.5 ug/ml), bovine pitui-
tary extract (13 mg/ml), retinoic acid (0.1 pg/ml), gen-
tamicin (50 mg/ml) and amphotericin B (50 mg/ml) in a
humidified atmosphere of 5% CO,/95% air at 37°C. The
culture medium was changed every 48 h. From these cul-
tures, cells were seeded out on titanium grids as described
above, and allowed to grow for 2-3 days.

Preparation and analysis. The cells on the grids were
rinsed briefly in cold distilled water (4°C), frozen in lig-
uid nitrogen-cooled liquid propane (-180°C), freeze-dried
in vacuum overnight at -130°C and slowly brought to room
temperature under vacuum. Finally, the freeze-dried speci-
mens were coated with a conductive carbon layer.

X-ray microanalysis was performed at 100 kV in
the STEM mode of a Hitachi H7100 electron microscope
with an Oxford Instruments ISIS energy dispersive
spectrometer system (Oxford Instrument, Oxford, UK).
Quantitative analysis was carried out based on the peak-
to-continuum ratio after correction for extraneous back-
ground (Roomans, 1988a) and by comparing the spectra
from the cells with those of a standard (Roomans,
1988a). Spectra were acquired for 100 seconds and only
one spectrum was obtained from each cell.

Methodological Aspects and Discussion

The experience with analysis of the two types of speci-
mens showed four important differences:

(1) Cells grown on a solid substrate have to be
analyzed at low accelerating voltage to avoid overpene-
tration of the beam, and even then, overpenetration can-
not always be avoided. If the cells grow in a single layer,
the freeze-dried specimen is in effect only about 3 um thick
and easily penetrated already by a 10 kV beam. This means
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Figure 1. (a) Scanning electron micrograph and (b) trans-
mission electron micrograph of HT29 cells growing in
multilayers; (c) transmission electron micrograph of NHBE
cells growing as a single layer. Bar = 100 um in (a) and 5
um in (b) and (c).
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that apart from the cell, also the substrate is excited. The
substrate only contains elements with an atomic number <
10 which are not seen by a conventional detector, but it
“dilutes” the elements present in the specimen. This re-
sults in lower peak-to-background ratios. Cells grown on
thin films on grids can be analyzed at high accelerating
voltage, which gives an optimal signal and peak-to-back-
ground ratio, since the peak-to background ratio increases
with increasing accelerating voltage. This increases the
sensitivity of the analysis.

The HT29 cells grow several cell layers thick (Fig.
1a). The effect of overpenetration can be monitored by car-
rying out the analysis at different accelerating voltages.
Therefore, the HT29 cells were analyzed at accelerating
voltages ranging from 10 to 20 kV, but this did not affect
the results. It could therefore be concluded that, since the
HT29 grow as multilayers, there is no appreciable
overpenetration, even at 20 kV. In contrast, the NHBE cells
are very thin and grow in a single cell layer (Fig. 1b).

(2) To obtain the best possible signal, analysis of cells
grown on a solid substrate must, in practice, always be
carried out over the thickest part of the cell, i.e., the nu-
cleus. In cells grown on thin films, analysis of the cells
can be carried out both over the nuclear area and on cyto-
plasmic areas where no nucleus is present. This allows
data on potential differences between nucleus and cyto-
plasm to be collected.

(3) The specimens where cells are grown on a solid
substrate are sturdier and less likely to be damaged during
preparation and analysis. The films on the grids may be
broken during washing, freezing, freeze-drying and analy-
sis. This is particularly annoying if the experiment is de-
signed to check the time course of a reaction, or the con-
centration dependency of the effects of a physiological or
pharmacological agonist or antagonist (see e.g., W. Zhang
and Roomans, 1997). In such an experiment loss of a few
grids may invalidate the entire experiment. This led Zhang
(1997) to conclude that for this reason alone, solid
substrates would be preferable to thin substrates.

(4) The analysis of cells on thin substrates is compli-
cated by the presence of the extraneous background, i.e.,
the background caused by film, the grid, and possibly the
specimen holder and parts of the electron microscope in
the immediate surrounding of the specimen. The role of
the extraneous background in quantitative analysis of thin
sections was first pointed out by Gupta and Hall (1979)
and formalisms were developed by Gupta and Hall (1979)
and by Roomans and Kuypers (1980). The formalisms have
been incorporated in the software for quantitative biologi-
cal microanalysis provided by manufacturers of energy-
dispersive X-ray analysis systems. The correction for ex-
traneous background is in principle carried out in the fol-
lowing way: measurements are carried out (1) on a bare
grid without film or specimen, (2) on the film beside the
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specimen, and (3) on the specimen. A background area
without peaks is selected for determination of the back-
ground intensity. The corrected background for the speci-
men B_is given by:

B, =W_-W -G -G)G,IW, 1)
where W_ is the measured background on the specimen
(measurement 3), W, is the measured background on the
film (measurement 2), Wg is the measured background on
the bare grid (measurement 1), G_ is the net peak for the
grid metal measured on the specimen (measurement 3),
G, the net peak for the grid measured on the film (meas-
urement 2) and Gg the net peak for the grid metal meas-
ured on the bare grid (measurement 1).

The problems with this correction are well known
and have been dealt with in several publications (Roomans,
1988b; von Euler et al., 1992; Kopstad, 1993). The cor-
rection is based on a very simple model of electron-speci-
men interaction. Experience in practice shows that this
simple model does not hold, and that serious errors may
occur unless one carefully matches the site of measure-
ment on specimen and film with regard to position rela-
tive to grid bar and to specimen holder. Often, specimen
holders made of low atomic number material (beryllium,
carbon) are used and a proper correction for the contribu-
tion of these holders to the background cannot be calcu-
lated. Finally, if the specimen is thin, the factor W — [(Gsp—
Gf)/Gg]Wg in equation (1) may be in the same order of
magnitude as the factor W_. Since each factor in the equa-
tion has a statistical error, and these errors are propagated,
the resulting statistical error in B, may become relative
large. As a consequence of this problem, one may encoun-
ter considerable variation in the calculated intensities, due
to variations in the correction for extraneous background.
This variation is a major problem in analysis of thin sec-
tions in general and also in STEM analysis of cultured
cells.

When cells grown on a solid substrate are analyzed,
there is also an extraneous contribution, namely from the
substrate, and possibly from the specimen holder and the
microscope. These latter two factors are probably not very
important. The specimen chamber in the SEM is much
larger than in a (scanning) transmission electron micro-
scope, so there is no metal directly surrounding the speci-
men. Whether there is a substantial contribution from the
substrate or specimen holder surrounding the specimen is
difficult to determine when they are made of low atomic
number material, as is usually the case. The contribution
of the substrate below the specimen may be considerable
and may, in addition, vary with the thickness of the speci-
men.

Since the advantages and disadvantages on first sight
appear to balance, experimental data were collected to de-
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Table 1. X-ray microanalysis of cultured cells on different substrates.

HT?29 cells (analyzed in the SEM on a thick substrate)

experiment P sd% K

1 519 24 362
2 538 14 391
3 537 10 317
4 519 20 407
5 607 10 352
average 544 7 367

NHBE cells (analyzed in the STEM on a thin substrate)

experiment P sd% K

1 692 13 894
2 802 17 777
3 693 16 800
4 803 27 729
5 751 21 658
6 804 21 688
average 758 7 758

human sweat gland coil cells (analyzed in the STEM on a thin substrate)

experiment P sd% K

1 718 19 941
2 599 18 872
3 396 22 530
average 571 29 781

sd% P/K sd%
19 1.44 17
27 1.49 35
16 1.71 11
11 1.28 21
11 1.75 19
10 1.53 13
sd% P/K sd%
18 0.79 13
34 1.15 47
30 0.92 31
40 1.16 26
28 1.19 25
32 1.23 24
11 1.07 16
sd% P/K sd%
24 0.79 21
18 0.70 15
17 0.74 10
28 0.74 6

P: net intensity for phosphorus, K: net intensity for K, P/K: ratio of phosphorus to potassium

sd%: standard deviation in %

termine (1) the extent of the statistical variation under dif-
ferent conditions, (2) whether these variations are less in
STEM or in SEM, and (3) whether the variations are larger
in the measurement of the elemental peaks compared to
measurements of elemental ratios. In principle, the elemen-
tal ratios should be insensitive to errors in the determina-
tion of the extraneous background in the analysis of cells
on grids, and also insensitive to the contribution of the
substrate to the background in analysis of cells on a solid
substrate. The results of these analyses are given in Table
1.

The data in Table 1 allow some interesting and sur-
prising conclusions. The errors are in the same order of
magnitude for the SEM and for the STEM measurements
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and the data do not seem to favor one method over the other.
The errors in the measurements of the elemental peaks are
much larger than the statistical counting error. The statisti-
cal counting error should be equal to the square root of the
number of counts, and in the range of 700-1000 counts, the
error should only be about 3-4%. The error in the elemen-
tal ratios is in the case of the NHBE cells and the HT29
cells equal to or even larger than the error in the individual
elemental intensities. This indicates that the variation can-
not be always explained by the complications introduced
by the extraneous sources (background or substrate). It
would therefore appear that biological variation between
the analyzed cells is a very important factor determining
the spread in the results.
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It should be pointed out, that the HT29 cells grow in
multilayers, which is optimal for SEM analysis, since prob-
lems with overpenetration are minimized. On the other
hand, the analytical volume will contain more than one
cell, and also some intercellular space. Rinsing of the cells
will probably remove most of the solutes from the inter-
cellular space, but this is difficult to monitor. It should,
therefore, be considered to analyze such multilayered cell
cultures after sectioning, rather than as whole mounts.

Conclusions

X-ray microanalysis of cultured cells as “whole
mounts” is a relatively fast method to determine cellular
elemental contents and changes therein due to physiolog-
ical and pathological processes. Cells growing in single
cell layers should preferably be grown on thin plastic films
on a suitable support and analyzed in STEM. Cells grow-
ing in multilayers may be grown on solid substrates and
analyzed in SEM. If care is taken to standardize analytical
conditions, the main source of variation seems to be the
biological variation between cells.
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