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Assessment of the Role of DNA Damage and Repair in the Survival of Primary Cultures of
Rat Cutaneous Keratinocytes Exposed to Bis(2-chloroethyl)sulfide. RIBEIRO, P. L., MITRA, R. S..
AND BERNSTEIN, L. A. (1991). Toxicol. Appl. Pharmacol. 111, 342-351. Toxicity manifests itself
as vesication in human skin exposed topically to bis(2-chloroethyl)sulfide (BCES). The destruction
of the proliferating population of epidermal cells is a major component of the pathogenic process.
Available data strongly suggest that damage to cellular DNA is a critical factor in the loss of these
cells. However, the influence of DNA repair on this toxic response has not been adequately
studied. Therefore, a study was undertaken to ascertain the influence of DNA repair on the
survival of primary monolayer cultures of rat cutaneous keratinocytes exposed to BCES. The
sensitive nucleoid sedimentation assay was employed for the determination of DNA damage in
cultures exposed to very low levels of BCES. Initial experiments demonstrated that within | hr
of exposure 10 as little as 0.1 uM BCES the structural integrity of cellular DNA was compromised.
presumably resulting from the appearance of single-strand breaks in the nucleic acid. This same
effect was demonstrated in basal cells derived from a stratified, cornified culture grown at the air-
liquid interface and exposed topically to the vesicant, Further studies with the monolayer culture
demonstrated that the gross structural integrity of the DNA in cells exposed to as much as 5 uMm
BCES was completely restored within the first 22 hr following the exposure. However, this repair
process appeared to be inefficient since a depression of thymidine incorporation into DNA and
a significant loss of DNA were exhibited in exposed cultures as long as 72 hr after the initial
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Bis(2-chloroethyl)sulfide (BCES) is a highly
reactive bifunctional alkylating agent that
produces a vesicant response in topically ex-
posed human skin (Warthin and Weller, 1919:
Sinclair, 1949). The pathogenesis of this type
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of skin lesion, in vivo, is quite complex, in-
volving not only the epidermis but dermal and
systemic components as well (Vogt et al.,
1984). Topical exposure to a vesicating dose
of BCES initially results in the selective de-
struction of the epidermal basal and lower spi-
nous cell layers with little obvious effect on
the upper differentiated layers, suggesting that
the proliferating population of cells is the most
sensitive epidermal cell type to BCES-induced
cutaneous injury (Warthin and Weller, 1919;
Sinclair, 1949; Papirmeister ef al, 1985).
These observations were especially significant
since the basal layer is the site of DNA repli-
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cation, cell division, and commitment to dif-
ferentiation, three of the most critical events
in epidermal physiology (Vaughan and Bern-
stein, 1976).

The mechanism of vesication has remained
elusive although much effort has been devoted
to the elucidation of the possible cellular and
molecular mechanisms responsible for the va-
riety of BCES-induced responses in biological
systems (Papirmeister er al., 1985). Exposure
to a low level of BCES has been demonstrated
to result in a depression of DNA synthesis in
bacteria (Lawley and Brookes, 1965; Papir-
meister and Davidson, 1965) and mammalian
cells (Crathorn and Roberts, 1968; Roberts et
al., 1968; Walker and Thatcher, 1968).

BCES belongs to a class of agents which
readily alkylate cellular DNA, RNA, and pro-
tein (Ross, 1962; Wheeler, 1962). DNA ap-
pears to be a critical target and alkylation of
the nucleic acid is an early molecular event
for BCES-induced toxicity (Roberts, 1978; Fox
and Scott, 1980; Papirmeister et al., 1985). In
monolayer and in stratified, cornified cultures
of keratinocytes, depression of DNA synthesis
occurs after a lower level of exposure and
sooner than inhibition of RNA or protein
synthesis (Ribeiro, 1988; Vaughan er al,
1988). Cells are most sensitive to the toxic ef-
fects of the mustard just prior to their passage
into the S (i.e., DNA synthetic) phase of the
cell cycle (Roberts et al., 1968; Walker, 1966).
Although numerous studies have provided
data on the initial reaction between BCES and
DNA, the available information concerning
the repair of BCES-induced DNA damage and
its role in maintaining cell survival is incom-
plete as well as contradictory.

As part of an effort to identify the cellular
and molecular mechanisms of BCES-induced
pathogenesis in human skin, the present study
was undertaken to determine the role of DNA
damage and repair in the survival of exposed
primary cultures of rat cutaneous keratino-
cytes. The results obtained to date indicate that
there is a loss of structural integrity in the DNA
of monolayer cultures and stratified cultures
exposed to BCES. Although cells exposed to
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low levels of BCES are capable of completely
restoring the gross structural integrity of the
DNA within the first 22 hr following exposure,
synthesis of the nucleic acid was depressed and
the content of DNA in the culture was de-
creased during the subsequent 48 hr.,

MATERIALS AND METHODS
Cell Culture

Low calcium monolayer cultures. A mixed population
of proliferative and differentiated cutaneous keratinocytes
was isolated from the dorsal skin of newborn CFN (Car-
worth Farms, NY) albino rats as described by Ku and
Bernstein (1988a). The keratinocytes were fractionated on
a continuous gradient formed by centrifugation of 38%
Percoll at 30,000¢ for 15 min at 4°C (Ribeiro, 1988). The
gradients were calibrated by running a parallel gradient
containing density marker beads (Pharmacia/PL Bio-
chemicals, Piscataway, NJ). Under these conditions, the
keratinocytes separated into two distinct bands of cells. In
the upper band, corresponding to a density of 1.049 g/cc,
about 90% of the cells were at various stages of differen-
tiation and 10% of the cells were basal. Cell debris was
also present in this band. The lower, most dense band of
cells, found at a density of >1.075 g/cc, consisted of >95%
basal cells by the criteria of the same density and mor-
phology as the basal cells isolated from the epidermis. By
the criterion of the incorporation of [*H]thymidine during
replicative DNA synthesis, Ribeiro (1988) confirmed that
these cells were of the basal cell type. This fraction of cells
was collected, washed with phosphate-buffered saline, and
resuspended in low calctum growth medium {i.e., a me-
dium having 0.08 mm Ca** and made from calcium-free
Eagle’s minimal essential medium (MEM) supplemented
with 10% Chelex-treated fetal bovine serum (FBS) (Bren-
nan et al., 1975), 10 uyg/ml insulin, 10 xg/ml hydrocorti-
sone, 100 [U/ml penicillin, 100 pg/ml streptomycin, and
1.0 ug/ml Fungizone (Vaughan er al.. 1981) and calcium
chloride to a final concentration of 0.08 mMm]. Corning
plastic 100-mm culture dishes were inoculated at a cell
density of 2.6 X 10° cells/cm?. Cultures were maintained
at 35°C in a humidified 5% CO,/air atmosphere with the
medium being changed every other day.

When grown under such conditions of low calcium,
cultures grew as a monolayer (Hennings et a/., 1980; Hen-
nings and Holbrook, 1983; Brown et al., 1987), achieving
confluence after 2 days. After staining with lectins labeled
with fluorescein isothiocyanate (Brabec ef al., 1980), such
cultures exhibit a pattern that is consistent with the pres-
ence of basal and early spinous cells (Brown et al., 1987,
Ku and Bernstein, 1988a). the putatively sensitive cell types
involved in BCES-induced vesication.
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Lified membrane cultures. This system, developed by
Vaughan et al. (1986) as a modification of the method of
Lillie ez al. (1980), consists of stratified, cornified cultures
of keratinocytes grown on nylon microporous membranes
at the air-liquid interface. Such “lifted” cultures exhibit
many of the morphological as well as biochemical features
of an intact epidermis (Bernstam et al., 1986).

To develop the lifted membrane culture, cells in the
lower band of the Percoll gradient (cf. above), resuspended
in complete growth medium {MEM containing 10% (v/
v) FBS and supplemented as described above], were seeded
on sterile Puropor-200 nylon membranes (Cat. No. 66-
470, Gelman Sciences, Ann Arbor, MI) at a cell density
of 1.2 X 10° cells/cm? in Corning 24-well culture plates.
The cuitures were grown initially submerged for 7 days
and then at the air-medium interface for 14 days as de-
scribed by Vaughan ef al. (1986).

Conditions for Exposure to BCES

Low calcium monolayer cultures (20-24 hr old) were
washed with phosphate-buffered saline (pH 7.2) containing
0.08 mMm CaCl, and 0.1 mM MgCl, (low calcium phos-
phate-buffered saline). A series of dilutions were made from
a stock solution of BCES (10 mg/ml in methylene chloride,
obtained from the USARMDC, Aberdeen Proving
Grounds, MD) in prewarmed low calcium phosphate-
buffered saline and applied to the cultures. In experiments
involving methyl-N'-nitro-N-nitrosoguanidine (MNNG),
a stock solution of this toxicant was prepared fresh in ab-
solute ethanol, diluted in low calcium phosphate-buffered
saline, and applied to the cultures. Exposures were con-
ducted for 1 hr at 35°C in a humidified 5% CO,/air at-
mosphere. After the exposure to BCES (or MNNG), the
cultures were washed with low caicium phosphate-buffered
saline and either incubated further in fresh low calcium
growth medium or harvested by centrifugation in the cold
after exposure to 0.05% trypsin (w/v) (prepared in Ca®*/
Mg**-free phosphate-buffered saline containing 0.02%
EDTA). The cell pellets were kept on ice for later use.

In aqueous medium, BCES hydrolyzes to bis(2-hy-
droxyethyl)sulfide, C1-, and H;O" in a reaction sequence
of four steps that is dependent on temperature and has
been described as a “‘quasimonomolecular process with
first-order kinetics” (cf. Papirmeister ez al., 1991). The
first and third steps are postulated to be reversible and to
result in the formation of cyclic ethylene sulfonium ions
which react with nucleophiles such as the nucleic acid
bases. Since in these steps C1” is liberated, the rate of hy-
drolysis is retarded in the presence of added Cl~. BCES
has been found to have a half-life of about 25 min in
phosphate-buffered saline at 37°C (unpublished data). A
value of 24 min for the half-life of BCES in 0.142 m NaCl
at 23.7°C has been reported (cf. Papirmeister et al., 1991).
The levels of BCES given for exposure in each experiment
should be understood to represent the initial concentration.
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Lifted membrane cultures were exposed to BCES (in
70% dimethyl sulfoxide) according to the procedure de-
scribed by Vaughan et a/. (1988). After 1 to 2 hr of topical
exposure, the cultures were washed in Earle's balanced
salts solution to remove any residual BCES. The cultures
were next immersed in phosphate-buffered saline that was
free of Ca’* and Mg?* for 15 min at 35°C which was
followed by an incubation in the same medium containing
trypsin for 20-25 min at 35°C. The cultures were separated
from the membranes as intact sheets which were then
gently brushed with a camel hair brush to dislodge the
loosened cells of the lower strata from the upper cornified
cell layers. The resultant mixed cell suspension was filtered
through a nylon mesh (80 ym) and fractionated on a self-
forming isotonic Percoll gradient as described above. The
lower band was recovered and the basal cells were collected
by centrifugation in the cold and kept on ice for later use.

A value for the half-life of BCES in 70% dimethyl sulf-
oxide is not available in the literature but is reported to
be 2.6 min at 37°C in H,O (cf. Papirmeister et al., 1991).

Nucleoid Sedimentation Assay for DNA Strand Breaks

The nucleoid sedimentation assay was modified for its
application to cultured epidermal cells. Continuous linear
sucrose gradients [15-30% (w/v)] containing Hoescht
33258 dye (1 pg/ml; Fluka, Hauppauge, NY) were pre-
pared in nitrocellulose ultracentrifuge tubes according to
the method of Romagna ez al. (1985). Polyallomer tubes
(Sarstedt, Princeton, NJ) coated with polyvinyl alcohol
(Holmquist, 1982) could be substituted for the nitrocel-
lulose tubes. The gradients were overlayed with 0.3 ml of
lysis solution [2.35 M NaCl, 11.7 mm Tris-HCI, 11.7 mm
EDTA, 10 mM dithiothreitol, and 0.6% (v/v) Triton X-
100, pH 8]. The inclusion of dithiothreitol was necessary
for the uniform lysis of the epidermal cells. The cell pellets
were resuspended in ice-cold phosphate-buffered saline free
of Ca** and Mg?* to a final cell density of 1-2 X 107 cells/
ml and a 0.05-ml aliquot was layered over the lysis solution.
After a lysis period of 10-15 m in the dark at room tem-
perature, the gradients were centrifuged in a Model L8
ultracentrifuge (Beckman Instruments, Arlington Heights.
IL) at 85,000g for 20~25 min in the SW 50.1 rotor at
20°C. After the centrifugation, the nucleoid bands were
visualized in the gradients by illumination of the DNA-
Hoescht dye complex at long wavelength in the ultraviolet
(366 nm, Mineralight, UV Products. San Gabriel, CA).

The sedimentation values for the nucleoid bands were
calculated as the ratio of the distance traveled by the nu-
cleoid to the total length of the gradients. According to
the conditions described above, control nucleoid exhibited
a sedimentation value of 0.70. Results were expressed in
percentages of control sedimentation.

The basal cells obtained from the lifted membrane cul-
tures were processed for this assay in much the same man-
ner as the cells derived from monolayer cultures, except
that a slightly longer lysis time (15-20 min) was necessary.
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Determination of DNA and Incorporation of
[*H] Thymidine into the Acid-Precipitable Fraction

After the exposure to BCES, the low calcium cultures
were washed several times with phosphate-buffered saline
containing Ca** and Mg?* and further incubated in fresh
low calcium growth medium. At the appropriate times,
the monolayer cultures were pulse-labeled with [methyl-
3H]thymidine (New England Nuclear. Boston, MA) for 1
hr at 35°C. After this incubation, the cultures were placed
on ice and treated with ice-cold trichloroacetic acid [TCA.
7% (w/v)]. The resulting precipitates were processed for
the determination of DNA and acid-precipitable radio-
activity according to the procedure of Setaro and Morley
(1976). The TCA precipitates were dissolved in 0.1 N
NaOH instead of | N KOH (Abler and Bernstein, 1984).
Aliquots (0.1 ml) of each sample were used for the spec-
trophotofluorometric determination of DNA (Setaro and
Morley, 1976). A second aliquot of each sample was trans-
ferred to a scintillation vial mixed with 5 ml ACS (Amer-
sham, Arlington Heights, IL) and counted in a Packard
Tricarb liquid scintillation spectrometer. Acid-insoluble
radioactivity was normalized to the amount of DNA that
was present and expressed as percentage of control.

Statistical Analysis

Chi-squared (x?) analysis was performed on the MNNG
treatment nucleoid sedimentation database, the thymidine
incorporation database, and the DNA content database.
The level of significance used for all of these ¢valuations
was p < 0.01.

RESULTS

Validation Studies of the Nucleoid Sedimen-
tation Assay

Cook and Brazell (1976a) demonstrated that
nucleoid contains supercoiled domains as ex-
hibited by a biphasic response to sedimenta-
tion in gradients containing increasing con-
centrations of ethidium bromide. Exposure to
a DNA-damaging agent disturbs the structural
integrity of the DNA, resulting in a loss of su-
percoiling as indicated by a decreased nucleoid
sedimentation rate (in the absence of ethidium
bromide). In order to determine whether epi-
dermal cell nucleoid exhibited this behavior,
a similar experiment was performed. The re-
sults (data not shown) demonstrated that nu-
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cleoid prepared from untreated monolayer
cultures of keratinocytes still maintained
structural integrity and supercoiled domains
in the DNA as indicated by a biphasic response
to increasing concentrations of ethidium bro-
mide. These findings confirmed that the minor
modifications introduced in the preparation
of nucleoid from keratinocyte cultures did not
alter the characteristics of the assay system.

In order to test the ability of the nucleoid
assay to detect structural damage in the DNA
of keratinocytes, a proven damaging agent for
DNA was employed. MNNG is capable of
producing single-strand breaks in the DNA
(Gichner and Veleminsky, 1982) as well as a
reduction in the sedimentation rates of nu-
cleoid prepared from exposed colon carci-
noma cells (Mattern et al., 1982). The carcin-
ogen can also produce single-strand breaks in
the DNA of keratinocyte cultures (Sorscher
and Conolly, 1989).

Low calcium monolayer cultures were ex-
posed to a range of concentrations (0.5-50 uM)
of MNNG for | hr, washed, and immediately
processed for evaluation by the nucleoid sed-
imentation assay. The results (data not shown)
indicated that a significant reduction (0-50%)
in the rate of sedimentation occurred over a
narrow range of doses (0-2.5 uM) of MNNG.
As the dose increased beyond this point, only
a small additional effect was observed.

Demonstration That BCES Disturbs DNA
Structural Integrity in Exposed Monolayer
Cultures

Monolayer cultures were exposed to a range
of concentrations of BCES in order to deter-
mine whether BCES affected the structural in-
tegrity of cellular DNA. Immediately after a
1-hr exposure, the cultures were washed and
processed for evaluation of the integrity of the
DNA by the nucleoid sedimentation assay. A
decrease in the rate of sedimentation was de-
tected in the nucleoid of monolayer cultures
exposed to as low as 0.1 um BCES (Fig. 1).
The extent of structural damage, attributable
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FiG. 1. Effect of BCES on nucleoid sedimentation: A
dose response. Sedimentation of nucleoids prepared from
low calcium monolayer cultures exposed to (A) 0, 0.1, 1.0,
and 10 uM and (B) 0, 0.5, 5.0, and 15 uM BCES, respec-
tively. All conditions were as described in the legend to
Fig. 2. Each point represents the mean of two separate
determinations.

to the exposure to BCES, increased in a con-
centration-dependent manner as the concen-
tration was increased from 0 to 1.0 um BCES.
As the concentration of BCES was increased
from 1 to 10 uM (Fig. 1, Experiment A) and
from 1 to 15 um (Fig. 1, Experiment B), only
a small additional reduction in sedimentation
was seen.

Detection of DNA Damage in Basal Cells

In a preliminary study, the nucleoid sedi-
mentation assay was employed with the lifted
membrane cultures in an effort to determine
if a similar effect could also be demonstrated
in the basal cells of a stratified and cornified
culture after topical application of BCES. The
results of several experiments are represented
as a composite in Fig. 2. As indicated in the
figure, loss of structural integrity of the DNA
occurred in a dose-dependent manner in the
DNA of basal cells derived from lifted mem-
brane cultures topically exposed to BCES.

At Low Doses, BCES-Induced Structural
Damage in DNA Is Repaired

In order to evaluate the cell’s ability to repair
BCES-induced structural damage to DNA, low
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calcium monolayer cultures were first exposed
to 0-15 uM BCES and then assayed at 0 and
22 hr after exposure to determine if the cells
had the capacity to repair such damage. As
noted in Fig. 3, complete recovery was evident
in cultures exposed to concentrations as high
as 5 uM BCES. At doses which exceeded this
level, however, the recovery was not complete
at 22 hr. These results suggest that at low con-
centrations the cells are capable of fully re-
pairing the BCES-induced structural damage
in the DNA. At higher concentrations, how-
ever, the damage may be so extensive that the
cell’s ability to repair damaged DNA is ex-
ceeded.

Kinetics of the Repair of BCES-Induced Struc-
tural Damage in DNA

An experiment was designed to follow the
fate of the BCES-induced structural damage
in the DNA of monolayer cultures over the
course of a 24-hr incubation following expo-
sure. Low calcium monolayer cultures were

% Control Sedimentation

1 10 100 200
Topical BCES (nmol/cm?)

Fic. 2. Effect of BCES on the sedimentation of nucleoids
from basal cells in exposed lifted membrane cultures. Lifted
membrane cultures (14 days old) were exposed topically
to 1. 10, 100, or 200 nmol BCES/cm? for 1 hr and washed.
The cultures were then dispersed with trypsin/EDTA and
the basal cells were isolated (see Materials and Methods).
The nucleoid assay was performed with these cells ac-
cording to the conditions described under Materials and
Methods. Each point represents the average of two separate
determinations.
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FiG. 3. Recovery of nucleoid sedimentation in low cal-
cium monolayer cultures exposed to different concentra-
tions of BCES. Sedimentation of nucleoids prepared from
low calcium monolayer cultures exposed to 0, 0.5, 1.0,
5.0, and 15 uM BCES, respectively, and assayed at 0 (®)
and 22 hr (O) after the initial exposure. All conditions
were as described in the legend to Fig. 2. Each point rep-
resents the average of two separate determinations.

exposed to two different concentrations of
BCES (2.4 and 4.8 uM, respectively) and as-
sayed at several times throughout the 24-hr
period. During this study (Fig. 4), the nucleoid
sedimentation rates were initially reduced to
80 and 70% of the controls, respectively. Fur-
ther decreases were evident in both dose
groups when assayed at 7 hr. In the next 6 hr
of incubation, the sedimentation values for
both groups increased and by 25 hr after ex-
posure the sedimentation rates were not sig-
nificantly different from control.

Depression of the Incorporation of [°H] Thy-
midine into DNA and Loss of DNA in the
Monolayer Culture following Exposure to
BCES

Low calcium monolayer cultures were
monitored for the incorporation of [*H]-
thymidine and for total DNA during the 72
hr following exposure to BCES. The data in
Fig. 5 show that at 24 hr following exposure
[*H]thymidine incorporation was depressed in
a dose-dependent manner ranging from 47%
at 0.625 um BCES to 87% at 10 uM BCES.
After 48 hr of incubation, this inhibitory effect
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F1G. 4. Time course of the recovery of nucleoid sedi-
mentation in the low calcium monolayer cultures exposed
to BCES. Low calcium monolayer cultures were exposed
to two different concentrations of BCES (2.4 and 4.8 uMm
BCES) for 1 hr, washed, and incubated in fresh low calcium
growth medium. The nucleoid sedimentation assay was
performed on the exposed cells at 0, 7, 13, and 24 hr of
incubation. Each point was the average of two separate
determinations.

was even more pronounced at all doses. After
72 hr, [*H]thymidine incorporation was max-
imally inhibited in cultures exposed to doses
greater than 1.25 um BCES. In cultures ex-
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FIG. 5. Prolonged depression of thymidine incorporation
in exposed low calcium monolayer cultures. Relative spe-
cific activity in low calcium monolayer cultures exposed
to 0.625, 1.25, 2.5, 5. and 10 uM BCES, respectively, for
1 hr, washed, and incubated in fresh low calcium growth
medium. After the completion of 24, 48, and 72 hr of
incubation, the cultures were labeled with [P'H]TdR for 1
hr and were then processed for counting. Results were
expressed as a percentage of the specific activity (dpm/ug
DNA) of control (untreated) cultures. Each point repre-
sents the mean of three separate determinations,
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posed t0 0.625 and 1.25 um BCES, there ap-
peared to be some degree of recovery as in-
dicated by increases of 16 and 8%, respectively,
in the incorporation of *Hlthymidine.

As an indicator of lethality and loss of cells
from the culture, total DNA was determined
in cultures at 24 and 30 hr following a {-hr
exposure to 1, 5, or 15 uM BCES. The results
shown in Fig. 6 demonstrate that 10, 18, and
18%, respectively, of the DNA was lost from
the monolayers within the first 24 hr after ex-
posure. This effect became more pronounced
at 50 hr of incubation for the groups exposed
to 5 and 15 um BCES (33 and 49% reduction,
respectively). There was no change between
24 and 48 hr in the total DNA in the group
exposed to 1 um BCES.

DISCUSSION

The nucleoid sedimentation assay devel-
oped by Cook and Brazell (1976a) has been
used as a sensitive assay for the study of DNA
damage and its repair from exposure to irra-
diation (Cook and Brazell, 1976b; Yew and
Johnson, 1979; Charles and Cleaver, 1982;
Aldenhoff and Sperling, 1984), metals (Rob-
1son ef al.. 1984), and alkylating agents (Mat-
tern ef al., 1982; Romagna ef al., 1985). Nu-
cleoid, consisting of supercoiled nuclear DNA
and some associated protein, sediments in a
15-30% linear gradient of sucrose in a manner
similar to that of intact supercoiled DNA
(Cook et al, 1976). The presence of single-
strand breaks in the DNA results in a loss of
supercoiled character in the nucleic acid and
a consequent decrease in the sedimentation
rate of nucleoid (cf. Cook and Brazell, 1976b;
Robison ef al., 1984). Although the nucleoid
sedimentation assay has been used to quantify
the number of single-strand breaks in DNA,
it really measures the loss of supercoiling by
any mechanism (Cook and Brazell, 1976a).

In the present investigation, nucleoid sedi-
mented more slowly as the cells were exposed
to higher levels of BCES. The assay was suf-
ficiently sensitive to determine an effect in the
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FI1G. 6. Eftect of BCES on the total DNA in exposed
low calcium monolayer cultures. Low calcium monolayer
cultures were exposed to 1, 5 or 15 uM BCES for | hr.
Then the cultures were washed and incubated in fresh low
calcium growth medium. At 24 and 50 hr of incubation,
the cultures were processed for the fluorometric deter-
mination of total DNA. Results were expressed as a per-
centage of the control (untreated) cultures. Each point
represents the mean of three separate determinations,

DNA of cultures within | hr after exposure to
aslow as 0.1 uM BCES. This effect was equated
with the introduction of single-strand breaks
in the DNA since single-strand breakage is
known to occur during repair of alkylated
DNA (Friedberg, 1985; Lindhal, 1982),
Cutaneous vesication from exposure to
BCES in vivo involves the degeneration of the
basal and lower spinous cells, leaving the upper
cell layers as a cap for the blister. This deg-
radative phenomenon has been mimicked in
lifted membrane cultures of cutaneous kera-
tinocytes derived from the rat (Scavarelli-Kar-
antsavelos, 1989). By 2 days after BCES was
applied topically at a level of 50 nmol/cm?,
the basal cells of these cultures were completely
destroyed without obvious effect on the dif-
ferentiated cells. However, application of a
dosage of 10 nmol/cm? resulted in only foci
of necrosis in the basal layer. Nevertheless, as
noted in the present study, after an exposure
of 10 nmol/cm?, there was a significant effect
on the integrity of the DNA in the basal cell
layer (Fig. 2). This was surprising since only
a small fraction of the applied dose of BCES
would be expected to reach the basal layer in
as much as BCES alkylates protein and the
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cornified cells of the outer stratum of the cul-
ture are filled with keratin. However, Scava-
relli-Karentsavelos ef al. (1990) showed that
within 15 min after the topical application of
["*C]BCES at 50 nmol/cm?, the mustard had
penetrated as many as 20 layers of living and
cornified cells, and radioactivity was present
in the basal cells. It should be noted that after
a topical exposure of 10 nmol/cm?, nucleoid
derived from the differentiated cells had a sed-
imentation rate that was not significantly dif-
ferent from the control rate (Scavarelli-Kar-
entsavelos, 1989).

In the final phase of the project, studies of
the functional integrity of DNA in cultures
exposed to BCES produced unexpected results.
These studies demonstrated that, while celis
were able to reconstitute the gross structural
integrity of DNA (i.e., supercoiling) by 24 hr
after exposure to 5 um BCES, they still exhib-
ited a significant decrement in physiology. The
rate of DNA synthesis was still depressed by
more than 90% at 48 hr after exposure to
BCES. Furthermore, the total DNA in cultures
exposed to this level of BCES was reduced by
33% from control at 50 hr after treatment.
These data complement the report of Ku and
Bernstein (1988b) that after exposure to 1 uM
BCES, cells in low calcium monolayer cultures
resumed replicative DNA synthesis only 48 hr
later but at a rate lower than control. This ob-
served inhibition of DNA synthesis was ac-
companied by a decrease in the number of
mitotic figures. Cultures exposed to 5 uM
BCES did not resume replicative DNA syn-
thesis during a period of 6 days following ex-
posure and the total number of cells in the
culture was reduced to <20% of control at the
end of the experiment. In addition, the pre-
dominant cell in the culture after 6 days was
a large, differentiated cell. It appears that de-
spite the ability of the cells to repair the gross
structure of their DNA, some type of damage
remained such that the normal balance be-
tween epidermal cell proliferation and differ-
entiation could not be reestablished.

There are at least two possible explanations
for the residual toxicity in cells that show nu-
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cleoid sedimentation values at the control
level. One possibility is that the observed repair
process is error-prone (Cleaver, 1978; Alex-
ander, 1969) and results in informational er-
rors in the DNA. Fan and Bernstein (1991)
have shown that African monkey kidney cells
exposed to 5 uM BCES showed a depressed
ability to correct mismatched bases in the
DNA and Schaaper et a/l. (1983) have shown
that the presence of apurinic sites in DNA
leads to the insertion of noncomplementary
bases in the nucleic acid. The other possibility
is that the repair process is error-free (Maher
and McCormick, 1976, 1984; Witkin, 1975)
but a metabolic abnormality has been imposed
by BCES in the exposed cell. Papirmeister ez
al. (1985) have proposed that a drastic decrease
in the level of NAD" is responsible for the
death of cells exposed to BCES. Gross et al.
(1985) (also cf. Smith et al., 1990) have dem-
onstrated a decrease of 10% in the concentra-
tion of NAD* in human keratinocytes exposed
to 10 uM BCES. Further work will be necessary
to ascertain the validity of either of these ex-
planations for the residual toxicity in exposed
cells whose nucleoid sediments normally.
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