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Fig. 6. Typical examples of the assessment of stability in drug sensitivity profiles. For each assay 1000 cells/well inoculation (day 1), "continuous" drug exposure
(beginning day 2), and 4-h MTT incubation (day 7). A, A549/ASC-1 cells assayed once or twice from each of four WSS vials (P 177) at P 181, 182, 184, 185, 186,
189, and 192 (12-month interval); B, NCI-H23 cells following recovery from a single SS vial (P16) at P24, 32, and 40 and two WSS vials (P26) at P29, 31, and 34
(10-month interval); C, LOX cells following two recoveries of SS vials (P+29) at P+38, +51, and three recoveries of WSS vials (P31) at P33, 36, 39, and 44 (12-
month interval); D, MCF 7 cells assayed at P+10 from original culture submission (P), following recovery of a MS vial (P+2) at P+4, +16, and +32 and four times
following two recoveries of WSS vials (P+3) at P+7, +7, +9, and +14(12-month interval). For clarity error bars are not shown: the SD of three replicate wells/group
were generally less than 10% of the mean value.

of MTT. Third, measurements of cell growth by MTT reduction
correlated well with indices of cellular protein and viable cell
number. Fourth, with specific culture conditions and appropri
ate assay parameters the MTA was observed to provide repro
ducible indices of drug sensitivity in individual cell lines over
the course of 10- to 12-month intervals and several passages
from the thaw of multiple cryopreserved cell stocks.

In vitro drug sensitivity measurements utilizing tetrazolium
reduction recently have been reported to correlate with cellular
protein, dye exclusion, and clonogenic assay methodologies
under a variety of culture and assay conditions (82, 83). These
results coupled with our present evaluations of cell growth
utilizing tetrazolium reduction, cellular protein, and viable cell
count further support the view that the endpoint of tetrazolium-
based assays closely approximate that of other in vitro assays.

It is important to note that MTA parameters employed in
the current study represent one of many possible permutations
for cell culture, drug assay, and data analysis and that these
parameters differ somewhat from those published by other
investigators in terms of the mode of drug exposures as well as
culture duration. The protocol evaluated herein, involving use

of "continuous" drug exposure beginning 24 h following low-
density cell inoculation and a 7-day culture duration, was ten
tatively selected for preliminary in vitro drug screening on
several grounds. First, many cell lines require a 7-day growth
interval to achieve optimal growth and to generate levels of
formazan suitable for drug assays. Second, "continuous15 drug

exposure insures that agents with minimal growth inhibitory
activity due to limited solubility in culture medium and/or
which require extended contact with cells would not be excluded
prematurely from subsequent testing. In addition, while short-
term in vitro assays (culture duration following drug treatment
< six cell doubling times) may provide insufficient time to
detect the total extent of "delayed death" which has been shown

to occur following treatment with some chemotherapeutic
agents (80), a 7-day assay would be less likely to miss such
occurrences than assays of shorter duration. While the current
assay format for experimental drug evaluations is seemingly
sound on technical grounds, several other operational parame
ters also need to be investigated. For example, the applicability
of a plateau-phase growth assay and/or other in vitro assays for
a subsequent, more discriminating stage of drug evaluation
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Fig. 7. Preliminary assessment of drug sensitivity reproducibility in human tumor cell line "screening panels." Overall assay conditions were as follows: 300-2000

cells/well inoculation (day 1), "continuous" exposure to doxorubicin HC1 (beginning day 2), 4-8 h MTT incubation (day 7).

remains to be investigated. In addition, use of other pharma
cological indices, e.g., MLC, and LC50 (84), may provide ap
propriate grounds for compound selection.

Although reports concerning the original MTT colorimetrie
assays (12, 85) emphasized the precision and speed of the
colorimetrie endpoint for measuring growth stimulation, pub
lications by others (e.g., 86, 87) as well as ourselves (6, 17) have
noted shortcomings in the original procedure. Nevertheless,
modification of the solvent system as well as increasing culture
duration and MTT incubation time has resulted in an assay
methodology which provides sensitive and reproducible indices
of growth as well as drug sensitivity for a large cross-section of
selected human tumor and fibroblast cell lines. While the MTA
and other colorimetrie in vitro procedures have a limited range
for the detection of drug activity (generally a 1 to 1.5 log range),
the fact that the MTA is automatable permits a rapid means
for screening of large numbers of compounds among multiple
cell line panels. In addition, the finding that experimental
agents can be tested under conditions of identical drug exposure
meets our requirement to compare drug sensitivity profiles
among disease-oriented panels of human tumor cell lines (1, 6,
7).

Even though the MTA may represent an improvement over
the original MTT colorimetrie assay and other in vitro assays
in terms of performance ease, a number of its shortcomings
should be indicated. First, the current methodology requires
DMSO which like other organic solvents must be mixed and
handled carefully as well as stored and discarded under appro
priate hazard conditions. Second, tetrazolium salts can be re

duced to formazans directly by a number of standard as well as
experimental compounds (see below). This fact coupled with
the fact that many agents exhibit absorption in the visible light
region requires that each MTA plate contains corresponding
"drug-blank" wells (lacking cells) as a means to determine the
extent to which agents contribute to "drug-test" absorbances.

Third, endpoints of the MTA appear to be somewhat suscepti
ble to environmental factors and culture parameters. For ex
ample, it is important to include medium blanks as a means to
correct control as well as test absorbances and to utilize fresh
spectrophotometric grade DMSO to minimize such "back
grounds."

Use of tetrazolium salts in cell culture systems represents a
relatively new application of tetrazolium/formazan technology,
when compared with the chemical, biochemical, and histologi-
cal applications of these substances which have been studied
for many years and which have been described extensively in
the literature, e.g., see reviews by Nineham (88), Pearse (89),
and Altman (90). While a prototype tetrazolium salt, triphenyl
tetrazolium chloride, was in fact employed to assess oxidative/
reductive activities of normal and malignant mammalian tissues
(91) as well as the impact of selected chemotherapeutic agents
on tissue metabolism (92), shortcomings of this substance (e.g.,
slow reaction rate, lack of tissue localization, and susceptibility
to reoxidation) led to its replacement by better reagents, namely
INT, NBT, and MTT (90). Tetrazolium salts were later em
ployed to facilitate detection of colonies as well as to discrimi
nate between viable and nonviable cell groups in drug-treated
tumor cell cultures (e.g., 93-98).
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In the current study DMSO in combination with serum was
observed to improve extraction and spectrophotometric detec
tion of cell-generated MTT formazan. In fact, the molar ex
tinction coefficient for MTT formazan in DMSO and DMSO/
serum (15,400 and 36,300 M"1 cm"1, respectively) observed in

the current experimentation approximate that for reagent as
well as tissue-derived MTT formazan in dimethylformamide
and dimethylformamide/cobalt (17,400 and 37,200 M"1 cm"1,

respectively) reported in the literature (99). It is also of interest
that DMSO in combination with heat or strong base has been
employed to solubilize NBT formazan generated by human
granulocytes and macrophages and to enhance sensitivity of the
NBT test (100, 101).

Further refinements and interpretation of tetrazolium-based

assays for drug evaluations no doubt will benefit from careful
attention to concepts and observations already described in the
literature. For example, it is important to note that some
substances (e.g., ascorbic acid, sulfhydryl agents) are capable of
reducing tetrazolium salts by direct chemical action, whereas
other substances (e.g., malonate, rotenone, amytal, and
DCTFB) can block cell-mediated MTT reduction indirectly by
inhibiting early steps in cellular respiration (89). With a group
of 108 experimental agents selected at random from the Na
tional Cancer Institute repository, 10 agents prepared fresh and
tested at their respective maximum soluble concentrations were
observed to reduce MTT (unpublished data). However, follow
ing incubation under assay conditions for 7 days none of these
agents (even at maximum soluble concentrations) were observed
to reduce MTT. In fact, each of these reducing agents evaluated
to date which was observed to inhibit cell growth was active at
concentrations which do not react with MTT in a magnitude
detectable colorimetrically. Nevertheless, to avoid false-nega
tive endpoints in drug evaluation, each culture plate contains a
standard configuration of drug blank wells (lacking cells) which
permit visual as well as spectrophotometric detection of chem
ical MTT reduction as well as a means to measure absorbance
contributions from chromogenic drug solutions.

In summary, the current investigation indicates that cell lines
derived from a variety of sources can be cultivated under similar
culture conditions, cryopreserved, and recovered for subsequent
in vitro assays. The MTA provides reproducible indices of
growth as well as drug sensitivity and appears suitable for first-
stage (large-scale) drug screening in multiple "panels" of human

tumor cell lines provided that assays are accompanied by ap
propriate quality control measures.
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