on NK-susceptible populations. In this
respect, it is important to determine
whether peptide variability exists within
the T11 molecule.

Although the recent finding of a third
T-cell-specific cDNA clone encoding a
putative nonglycosylated T-cell recep-
tor-like molecule, termed v, suggested
that the y gene and its product may be
operational in T3 T11" NK populations
as a receptor (19), this possibility has
been excluded by transcriptional analy-
sis. No y mRNA sequences were detect-
ed in two T3 T11% clones examined.
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Imaging Elemental Distribution and Ion Transport in
Cultured Cells with Ion Microscopy

Abstract. Both elemental distribution and ion transport in cultured cells have been
imaged by ion microscopy. Morphological and chemical information was obtained
with a spatial resolution of approximately 0.5 pm for sodium, potassium, calcium,
and magnesium in freeze-fixed, cryofractured, and freeze-dried normal rat kidney
cells and Chinese hamster ovary cells. Ion transport was successfully demonstrated
by imaging Na*-K" fluxes after the inhibition of Na*- and K*-dependent adenosine
triphosphatase with ouabain. This method allows measurements of elemental
(isotopic) distribution to be related to cell morphology, thereby providing the means
for studying ion distribution and ion transport under different physiological, patho-
logical, and toxicological conditions in cell culture systems.

Most cells expend much of their ener-
gy in maintaining ionic balance, and ions
play an important role in intracellular
regulatory events. Cells grown in cul-
tures provide an excellent model for
studying the distribution and transport of
ions under normal and pathological con-
ditions. Ion microscopy, a technique that
provides visual ion images with cell mor-
phology, is ideally suited for such stud-
ies.

Ion microscopy is based on secondary
ion mass spectrometry (SIMS), and the
details of the technique have been re-
ported (I, 2). In brief, the sample to be
analyzed is mounted on a conducting
substrate (silicon wafers or tantalum
disks, for example) and placed in the
high-vacuum (1077 to 10~® torr) sample
chamber of the ion microscope. The
sample is then bombarded with a pri-
mary ion beam (O,*, Ar*, and so forth),
which removes the top two or three
atomic layers of the sample surface by
sputtering. A fraction of these atoms
leave the surface as ions. These sput-

Time (minutes)
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tered secondary ions are then acceler-
ated into a double-focusing mass spec-
trometer that separates them according
to their mass-to-charge ratio. The ion
optics of the instrument preserves the
spatial distribution of the emitted sec-
ondary ions through the mass spectrom-
eter so that a one-to-one correspondence
is maintained between the position of a
sputtered ion leaving the sample surface
and its position in the final mass-re-
solved ion image. This final magnified
ion image reveals the spatial distribution
of any selected element (in both free and
bonded states) within an area up to 400
pm in diameter with a spatial resolution
of ~0.5 pm. A micro-channelplate detec-
tor, coupled with a fluorescent screen,
converts the ion image into a visible
image. The visible ion images produced
in this fashion can be recorded directly
from the fluorescent screen of the ion
microscope with a 35-mm camera. Be-
cause multielement distributions can be
evaluated from the same cells in this
way, we have been able to image the

Fig. 1. Imaging Na*-K™* ion trans-
port in NRK cells after inhibition of
the Na*- and K*-dependent adeno-
sine triphosphatase of the plasma
membrane with a specific inhibitor,
ouabain. Time (in minutes) indi-
cates the exposure of cells to oua-
bain. The ion images of potassium
(*°K*) are in the left column and
the corresponding sodium (3*Na*)
images are on the right for each
treatment. At 0 minutes, the arrow
marked A indicates the same cell.
Brightness indicates relative ion in-
tensities. A dead cell with high so-
dium and very low potassium is
indicated by the arrow in the im-
ages made after 20 minutes of treat-
ment with ouabain.



intracellular distribution and the trans-
port of physiologically important ions in
cultured cells using cryotechniques.

Semiconductor-grade silicon wafers
(General Diode) were used as the sub-
strate for cell growth, since an electrical-
ly conducting sample mount is a require-
ment for ion-microscopic analysis. This
substrate is nontoxic and provides cell
growth rates and morphologies compara-
ble to those of cells grown on glass cover
slips. Dulbecco’s modified Eagle’s medi-
um with 10 percent calf serum (Gibco)
was used for cell growth. Normal rat
kidney (NRK) cells were seeded at a
density of 3.0 x 10° to 3.5 x 10° cells
per 100-mm plastic dish (Falcon) and
incubated at 37°C in a 5§ percent CO,
atmosphere. Each petri dish contained
approximately ten silicon wafers (3). The
cells were treated with ouabain in about
4 days, when they had reached con-
fluency. Ouabain (1 mM; Sigma) was
used to inhibit the Na*- and K*-depen-
dent adenosine triphosphatase of the
plasma membrane. The samples were
collected after 0, 20, and 60 minutes of
treatment with ouabain. In preparation
for ion-microscopic analysis, these sam-
ples were freeze-fixed with liquid nitro-
gen slush (—206°C), cryofractured under
liquid nitrogen by a sandwich technique
@), and freeze-dried at —80°C for 24
hours. An ion microscope (Cameca mod-
el IMS-3f) operating with an 8.0-KeV
0,* primary ion beam and monitoring
positive secondary ions was used for this
study (5). When the Na*-K™ ion trans-
port was imaged as a function of time, all
instrumental parameters (primary beam
density, energy slits, channelplate gain,
and so on), image exposure times (1 sec-
ond), and photographic processing times
were kept constant between treatments.

The intracellular distribution of sodi-
um and potassium and Na*-K* ion
transport in NRK cells are shown in Fig.
1. At 0 minutes after treatment with
ouabain, high potassium and low sodium
intensities were observed, for example,
as seen in cell A. Within each cell, the
intensity of potassium was slightly high-
er in the nucleus than in the cytoplasm.

Cells sampled after 20 minutes and 60
minutes of ouabain treatment showed an
intracellular increase in sodium and loss
of potassium with time (Fig. 1). These
observations have been confirmed with
Chinese hamster ovary cells and 3T3
cells.

Ion images showing cell morphology
can be produced for any element (or
isotope) of interest. In addition to sodi-
um and potassium, other physiologically
important elements such as calcium,
magnesium, chloride, and phosphorus
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40 um

Fig. 2. The ion images of “°Ca* (left) and
24Mg* (right), illustrating the intracellular dis-
tribution of calcium and magnesium in freeze-
fractured NRK cells.

can also be studied. The distribution of
calcium and magnesium in NRK cells as
revealed by ion micrographs (Fig. 2)
showed that calcium concentrates more
in the cytoplasm than in the nuclei of the
cells. Even within the cytoplasm calcium
is not homogeneously distributed,
whereas the distribution of magnesium is
almost homogeneous throughout the
cell. The intracellular distribution of cal-
cium is markedly different from that of
sodium, potassium, and magnesium.
This observation has been confirmed in
several cell lines. It is known that calci-
um-binding organelles, such as mito-
chondria and the endoplasmic reticulum,
and calcium-binding proteins are present
in the cytoplasm.

The exposure time to produce the im-
ages in Fig. 2 was 30 seconds, and the
calcium image was recorded first. The
longer exposure times were required be-
cause of the low intracellular concentra-
tions of these elements. Even after 10
minutes of ion bombardment, no notice-
able preferential etching was observed

between the nuclei and the cytoplasm of
the fractured cells.

The ion microscope is capable of de-
tecting all elements (isotopes) from hy-
drogen to uranium with sensitivities in
the parts-per-million range.

Our results show that ion microscopy,
applied to cell culture systems, can be a
useful method for studying ion distribu-
tion and ion transport under different
physiological, pathological, and toxico-
logical conditions.
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Dissociation of Antitumor Potency from Anthracycline

Cardiotoxicity in a Doxorubicin Analog

Abstract. The search for new congeners of the leading anticancer drug doxorubi-
cin has led to an analog that is approximately 1000 times more potent, noncardio-
toxic at therapeutic dose levels, and non—cross-resistant with doxorubicin. The new
anthracycline, 3'-deamino-3'-(3-cyano<4-morpholinyl)doxorubicin (MRA-CN), is
produced by incorporation of the 3' amino group of doxorubicin in a new cyano-
morpholinyl ring. The marked increase in potency was observed against human
ovarian and breast carcinomas in vitro; it was not accompanied by an increase in
cardiotoxicity in fetal mouse heart cultures. Doxorubicin and MRA-CN both
produced typical cardiac ultrastructural and biochemical changes, but at equimolar
concentrations. In addition, MRA-CN was not cross-resistant with doxorubicin in a
variant of the human sarcoma cell line MES-SA selected for resistance to doxorubi-
cin. Thus antitumor efficacy was dissociated from both cardiotoxicity and cross-
resistance by this modification of anthracycline structure.

The anthracycline doxorubicin has be-
come one of the most important drugs in
the treatment of human cancers (/). In
addition to toxicity against normal prolif-

erating tissues, such as the bone marrow
and gastrointestinal tract, anthracyclines
are associated with cardiac damage relat-
ed to both the total dose and the sched-
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