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SUBJECT TERMS (continued):

Collagen Substratum, Nylon membrane substratum.

ABSTRACT (continued):

keratinocytes which can be used to elucidate the molecular and cellular effects
of the toxicant on epidermal proliferation, and purified populations of basal
and differentiated (mixed) cells which can be compared for sensitivity to the
toxic effects of the mustard.

The experimental rationale of the project is to define those parameters of
toxicity which appear in the cultures at the lowest exposures to HD, e.g. alky-
lation of DNA, inhibition of DNA repair, and then determine the relevance of
these effects to the cellular human skin #n wvivo. It has been determined that
the effects of DNA occur at levels of exposure below those needed to cause
an abnormality in the respiration of mitochondria, glycolysis, utilization of
glucose, protein synthesis or RNA synthesis. It is possible, however, that
effects on metabolic and ultrastructural parameters are necessary to obtain
the cellular necrosis. The further effort of this investigation is designed to
determine dose response curves for these and other parameters of toxicity in
order to define the minimal profile of effects which are necessary in order to
observe the cellular degeneration which is thought to be the progenitor of
vesication in human skin.
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o 1. SUMMARY
¥,

3 The overall objective of this investigation is to elucidate the mole-
;Jf cular mechanisms by which bis-(beta-chloroethyl)sulfide (BCES) exerts its
:j\ vesicant action when applied topically to human skin, The study will be
'a: done using cultures of cutaneous keretinocytes in order to focus on the
!5\ direct interactions between the mustard and the cellular targets.

P

&

}(; The technical objectives of the project are to develop appropriate
ey culture systems for use in the investigation of subcellular and macromole-

cular toxic manifestations, to establish the credibility of these systems
for investigating the molecular mechanisms of these effects and to deter-

ek

b

;SP mine whether these systems can be used to develop procedures by which toxic
= responses can be neutralized.

_;{ During the first two years of this project, protocols were established
fﬁ for growing human and rat keratinocytes on collegen gel and nylon membrane
b substrate at the air/liquid interface in order to produce an "epidermis" in
o vitro which by morphological and biochemical criteria was similar to the
p o epidermis in situ. The morphologicel criteria were shown to be satisfactor
) during the second year of the project. During the current year, biochemical
.:ﬂ criteris were investigated and also shown to be satisfactory. Lectin-
e binding studies heve demonstrated that as in the tissue in situ, the cells
f{i in the culture chenge their carbohydrate structures on the cell surface.
| TS The culture also exhibits the same maturation of keratin peptides as is

s

seen in the intact tissue, This observation was made with monoclonel kere-
tin antibodies having separete specificity for early and late keratins. In
addition, & monoclonal antibody for filaggrin was shown to localize in the
granular cells when applied to & lifted culture.As yet, these biochemical
parameters have only been determined on cultures grown on collagen.

S

A second type of culture available for this study is a submerged
monclayer of prolifereting and early differentiated keratinocytes. This

'-'-‘U-

’ culture has to date been grown on the plastic surface of the Petri dish.
u-: Stratification in this culture is inhibited by using a low level of calcium
;:ﬂ ion (0.08 -~ 0.10 uM) in the medium. Although this culture was reported in

:} the literature to be composed of proliferating cells, lectin-binding

- studies heve now revealed that there are & considerable number of eerly
g; spinous cells in the monolayer. This culture can be used to identify target
*{H molecules for BCES since the toxicant is always in direct contact with the
e target cells in this biological system. This type of culture can be ob-
‘;? tained from human as well as animel cells.
er

. In developing the techniques for obtesining appropriate innocula for
:l’ ‘cell cultivetion, procedures became available by which purified populsations
Vore, of basal cells can be obtained. These populations are aboui 98% pure in
N terms of morphology but, agein, lectin-binding studies have indicated that
:ﬁ the preparations have smeall percentages of cells which have the carbohy-

b drate surface structure of spinous cells. Nevertheless, these preparations
Y are sufficiently pure to be useful in studying the effect of BCES on the
¥ ! differentiative capebilities of keretinocytes. In the process of obtaining
,5-; populations of basal cells, populations of the various differentiated types
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cen be obtained as & mixture. Centrifugation in a self forming density
gradient of Percoll is used to obtain these populations. To date, this
prepsration hes only been obtained from animal cells. There seems no reeson
to doubt that the procedure can be applied to human cells as well,

Application of BCES to the lifted cultures can be done in 702 ethanol
or dimethylsulfoxide, the latter being preferred. The solvent itself has
some effect on the culture as observed biochemically but there seems to be
no convenient way around this problem given the solubility and stability
characteristics of BCES.

Preliminary work has been accomplished directed at identifying the
most sensitive parameter of toxicity from exposure of the culture to BCES.
Lower exposures affected the integrity and metabolism of DNA than the
utilization of glucose, glycolysis, protein synthesis, RNA synthesis and
the respiration of mitochondria. At an exposure level of 5 - 10 uM BCES,
DNA is still damaged but the cells have some capability of repairing their
DNA.

Glutathione S-transferase and peroxidase, two enzymes which might
influence the toxicity of BCES by inactivating the toxicant, were previous-
ly identified as present in the epidermis and have now been purified from
wvhole skin.

The biological systems developed in this project are appropriate for
use in determining the mechenisms responsible for the molecular and cellu-
lar manifestations of toxicity from BCES. Attention should now be focused
on determining the most sensitive toxic responses and identifying those
responses which are primarily responsible for those manifestations of
toxicity which are reguisite for vesication.
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11. FOREWORD

-

n The source of animal tissue for primary cultures described an thas
v report was neonatal rats derived from the CFN strain by random mating reared
’ in the 5chool ot Public Health's animal facailaty. This facility is under
& the supervision of the University Unit for Laboratory Animal Medicine. The
.':_ University of Michigan is accredited by the American Accreditation
:J Association for Laboratory Animal Care (AAALAC). In conducting the research
j described an this report, the investigators adhered to the "Guide for the
\ Care and Use of Laboratory Animals" prepared by the Committee on Care and
. Use of Laboratory Animals of the lnstitute ot Laboratory Animal Resources,
: National Research council [DHEW Publication No. (Nl1h) 78-23, Revised 1978].

A The source of human tissue was foreskin obtained at routine
W circumcisions done at Women's Hospital, The University of Michigen, and
_ provided without identification of the donor, The form utilized to obtain
' "informed consent"” was the one in use by the hospitel for routine
- circumcision. Signature of this form allows experimental use of tissues.
- The use of this tissue for purposes of the present project has received
\' approval by a Unaiversity Human Subjects Review Committee and, for the
protection of human subjects, the investigators have adhered to policies of
e applicable Federal Law 45 CFR 46.
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III. NARRATIVE REPORT OF PROJECT PROGRESS
A. Statement of the Problem under study

The overall objective of this investigation is to elucidate the mole-
cular mechanism by which bis-(beta-chloroethyl)sulfide (BCES) exerts its
vesicant action when applied topically to human skin. The theoreticel and
technical advances which have occurred in cutaneous biology over the pas:
several decsades encourapes the view that this objective can be achieved. It
appears likely that the most productive a8pplication of the new knowledge
would be in experiments involving cultures of epidermal keratinocytes.
Studies in vitro should allow better controlled experiments and yield more
reproduczgle data than is true in vivo.

The technicel objectives of this project ere to develop appropriete
culture systems of epidermel keratinocytes for use in the study of subcel-
lular snd macromoleculer toxic manifestations resulting from environmentel
exposure to irritent chemicals - perticularly BCES, to establish the credi-
bility of these systems for investigating the molecular mechanisms of
these effects and to determine whether these systems can be used to develop
procedures by which toxic responses can be neutralized,

The specific eims which guide the study are as follows:

1. To develop in vitro systems (i.e. purified populations of
basel and differentiated cells) which can be used to elucidete the molecu-
lar mechanisms responsible for damege in the mammalian cutaneous epidermis
exposed to BCES3;

2. To identify chenges in morphologicel and/or biochemicel pere-
meters (e.g. ulirestructure, structure and metabolism of DNA, enzymetic
activity and pnysiologicel function) which can be used in vitro as early
indiceators of the type of chemicsl destruction that is essociated with
intraepidermel vesicetion such as occurs from exposure to BCES;

3. To understend the molecular mechanisms by which topicelly
epplied BCES causes the initiel preferential destruction of the epidermal
besel and lower spinous cells, and

4. To identify techniques for arresting, reversing and/or neutre-
lizing the biochemicel, ultrastructural and cytochemical effects in epider-
mel cells exposed to BCES,

B. Litereture Background

4

i. Anatomy of blistering

Applicetion of BCES to human skin results in an initiel ervthemea
followed by blistering. Stoughton (1871) hes noted that in vesicetion
"fluid accumulstion is slmost slways secondary to fundamental damage to the
cellular structures” end has defined & blister &s an abnormel accumulatzion i
of fluid, completely replecing the pre-existing tissue structure, capped by
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,: e part or all of the epidermis.” The blister seen after exposure to BCES
A fits this description. The progression to ultimate blistering from this
' agent proceed irrevocably unless the action of the chemical is neutralized
N within the first severel minutes of exposure, Warthin and Weller (1919) and
AN Sinclair (1949) noted that the process initiaslly involves destruction of
}: the besal and lower spinous layers of the epidermis. Presumably, the cellu-
i* lar destruction that produces a cavity in the tissue precedes the actuel
-~ fluid accumulation. At later stages in the destructive process, the necro-
! sis may spread to the upper spinous and granular layers as well as into the
‘; dermis, Blistering is rare in animals and appears to be & reaction primari-
;“ ly seens in man in whom it may arise as & component of various cutaneous
'j diseases and &as & result of exposure to some biologicsal (e.g. Herpes
~ virus), physical (e.g. ultraviolet radiation) or chemical (e.g. mustards)
- stressors, The blister may develop at different levels in the skin depend-
N . ing upon the etiologic agent involved.
»,
. 2. Biochemistry of blistering
L
;j- Since different vesicants produce blisters at different levels in
' the tissue, it would not be unexpected if the biochemistry involved were
g ifferens depending on the location of the blister.
_;' Exposure to e musterdin vivo, will cause separation at the dermel
-:: -epidermal junction i.e. the blister appears at that level in the tissue,
- From & description of the time course of dermatopatholoegic developmentd and
N the time postexposure within which the process cen be reversed, it is clear
{ that the molecular course of the pathologic process is set within the first
- 3 min of exposure in vivo. Werthin end wWeller (1919) found that erytheme,
52 inflammetion and vesication were not reversed by therapy (i.e. application
- of chlorinated lime) initiated after 3 min of exposure to BCES.
. The molecular mechenism of BCES's effect is unknown but sub-
‘ stances in this cless are powerful &alkylating agents of DNA and elkylated
':4 DNA could lead to inhibition (or et leest delay) of replication, to gener-
:\j ealized breaskdown of damaged DNA leading to cell death (cf Wheeler, 1962)
':_ and to low-fidelity repeir resulting in mutations with consequent disrup-
?‘- tion of normel metabolic function (Kirner, 1946, Wheeler, 1962) Mustards
5 can elso elkylate RNA with consequent interference in the translation of
o genetic information and protein (Ross, 1962) resulting in metabolic disrup-
N tion (Wheeler, 1962). BCES, being & bifunctionel mustard can also cross-—
eﬁ link DNA and DNA to RNA or to protein. The most important moleculer target
: appears to be the DNA (Fox end Scott, 1980). BCES alkylates and cross-1inks
ﬁ’ et the purine beses. Alkylation of the phosphate groups in DNA can &also
W occur. On the besis that damaged proteins can be replaced whereas damaged
b DNA mey be irrevocebtly hermed, the DNA would seem to be the most important
y target of toxicity by BCES.
= Exposure of isolated skin to & vesicant for as little as 5 min,
:} can result in the inhibition og glycolysis and respiration (Barron, et &al., :
o 1948). Glycolyeis is inhibited by a lower concentration of toxicant the: is @
'g necessery to obtain inhibition of respiretion. In the cese of exposure
- tomustards, this effect seems to be a concequence of a reduced level of
[
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pyridine nucleotides in the cell (Holzer end hroger, 1958: Frazer, 1960).
Recent evidence suggests that BCES csuses a lowered level of pyridine
nucleotides by virtue of the stimulation of polyADP polymerease ross, et
el., 1983). :

Glutathione affects the toxicity of BCES because most of the BCES
that enters the body is conjugated with glutathione and excreted (Davison,
et &l., 1961). Minor urinary excretory products may include bis-cysteinyl-
ethyl sulfone and thiodiglycol formed mnon-enzymastically (Reoberts and
Warwick, 19€3).

2. Repeir of alkylated DNA

In bacteria, the ability to excise BCES-alkyleted products from
DNA is essociasted with increased resistance to the musterd (Lawley anc
Brookes, 1968). Apperently both mono- and bifunctionel adducts can be
removed from DNA since comparable amounts of induced repair synthesis have
been observed in Hele cells exposed to doses of BCES and the anelogous
helf-mustard, both compounds being equally toxic (Roberts, et &1, 1971).
Bowever, there appears to be disagreement &s to the reletive rates &t
which repeir of the two types of lesion occur (Reid and wWelker, 196¢%;
Roberts, et el, 1971). Given the mecheanisms probably involved in the two
repeir processes,it seems unlikely that removeal of the cross-links coulc
occur &s quickly es repeir of monofunctioneal adducts (cf Fox and Scott,
1980). Intuitively, it eppears more likely that that the cross-laink would
te removed one arm &t & time rether then both arms simultsaneously since the
letter process would insert & double strand bresk which could be lethel. 0f
course, this assumes the* the mechenism of repeir is not sizple bese Te-
placement. Detailed information on the moleculer mechanisms by which BCIS-
induced lesions in DNA ere repeired does not seem to be aveilable.

4, Cultivetion of keretinocytes

The two mein types of cells in the skin are fibroblests (dermel)
end kersatinocytes (epidermal). Only the keratinocytes existing at the

dermal - epidermel junction can double their DNA and undergo mitosis el-
though 811 nucleeted keretinocytes can repair their DNA (Karasek and Moore,
1570; Veughen end Bernstein, 1971). Fibroblasts are easily cultivated

using besel medium supplemented with serum (Eerle, 1958). Cultivetion of
keratinocytes requires more stringent attention. Several systems ere aveil-
able for cultiveting keretinocytes. The best involve use of a substretum of
collagen (Keresak and Cherieton, 1971; Freeman, et gl., 1976) or & feeder
laver of irracdiated fibroblests (Rheinweld and Green, 1975)., Conditioned
medium 15 glso useful (Ham, 1982) but not necessary (Peehl &anc¢ Hem, 1980C;
Eisinger, et &l, 1980).Good growth can be obtained by supplementing the
medium with growth factors such as epidermel growth factor (Cohen eand
Savage, 1974); Rheinweld encd Green, 1977) end hormones (Heyashi, et &al,
1978). Veughan, et al.(198l1) reported successful cultivation, passsge and
increasec plating efficiency of murine kerstinocytes efter supplementing
besel medium with hydrocortisone and insulin.

Most of the cultures of kerezinocytes sliucded to ebove, form
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monolayers with some mult:leyering and production of cornified levers.
However, they do not reproduce structursal characteristics typical of the:r
counterparts in situ. There have been previous reports of stratificeatior
of rabbit, human and ret keratinocytes with some cellul;er characteristics
. similar to intact epidermis (karasek and Moore, 1970; Vaughan and
L Bernstein, 1971; Kitano, 1976). Lillie, &t &81. (1980) cultured rat linguel
- epithelisl cells at the air/liguid anterface by l:fting collagen-supported
cultures on organ culture grads, This resulted in stratification end term-
¢ inal differentiation with organellar components sim:lar to the perent

Sas

tissue. HModified epplicezion of this technigue to primary iscletes of
cutaneous keratanocytes from the skin of newborn rats and from humen infan:t

foreskin in this laborstory, hes produced an "epiderm:is” which by morpho-
logicel criterie s similer to that of the tissuve in situ (Bernstein, et
el.,Annuel Report, DAMD17-82-C-2196, Unzversity of Mzchigen to USAMRDC,
. November 15, 19864). These morphologic criterie include the presence of
desmcsomes, bundles of intermediate filament
hveline-like granules anc an extensive orti

8 s s 8

-

. tonofilaments), kereto-

2

o)
O
L)
[14]
o}
jo.}
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n

tic cornified layer.
) C. Experimentel Rationele for the Investigation

¢ A tissue culture of cuteneous keretinocytes provides & biologicel
. system in which the direct interaction of BCES with molecular end celluler
S eiements can be studiec without the systemic influences which secondarily
affect the toxic menifestations. If the culiture were to have the morpholo-
gical eanc biochemicel characteristics of the epidermis in situ, the mode of
human exposure, topicsl epplicetion, could be mimiced experimentelly and
the resulcts would probebly have more credibility in terms of epplicetion to
the situetion, in vivo. Furthermore, if the culture were t0o use humen
- keratinocytes, the ;?EE} would be &as close to the "humen condition” es one
- could get without traume to & human volunteer, Therefore, the mein system
: to be develcped in this investigation was to be the stretified terminelly
: differentisting culture of human cutaneous keratinocytes. En route, sever-
. el other systems would be used including a prolifereting monolayer of
- keratinocytes and cultures of keretinocytes derived from the skin of the
newborn rat., Adcitionally, an effort would be made to isolate and purify
populetions of besel anc differentiated cells respectively.

Molecular peremeters of toxicity were to be tested in the monolayer
submerged monolayer culture to esteblish a renge of effective exposures to
E Y

- CES. The intent wes to determine which indicetors of toxicity appeared at
) the lowest exposure and then to determine whether these paremeters are

indeed relevant to toxicity es observed in stretified cultures efter topi-
. cel eprlicetion of BCES et cdosages equivelent to those which produce a
; toxic response in vive.
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::- D. Progress Report (15 September 1984 - 14 September 1985)

Sy

*

A The specific sims of the original contract proposal and progress
AL . toward their achievement during the above noted period are as follows:

e

R o)~

P . . . .

:(.‘ 1, To develop in vitro systems which can be used to elucidete the
-\.'::'. . molecular mechanisms responsible for damapge in the mammelaen
N cutaneous epidermis exposed to BCES.

)

D a. Development of protocols for obtaining stretified, differen-
‘,-:. tiated cultures of keretinocytes

ON

:,-':. 1). Determination of the effect of added factors on attach-
bl ment and proliferation of keratinocytes on verious

substrata.

Several factors are employed in cell cultivezion to
enhance the attachment and subsequent growth of mammalian cells in vitro.
Attachment fectors that in vivo seem to play & role in the development of
epithelial tissues, have been investigated to enhance attachment and pro-
liferation. Such factors ere found in the basement membranes of these
tissues end two of them, i.e., laminin and type 1V collegen have been
isolated in relatively pure form. Several experiments have been conducted
using these factors, alone or in combination, to precoat plastic and syn-
thetic membranes as substrete. These factors have also been compared with
another biologically active factor, human fibronectin (Collaborative Re-
seerch Lsboretories), which is widely used in cell culture.

Leminin (Bethesda Research Laboratories) supported at-
tachment of keratinocytes to both plastics and membranes much better than
édid humen fibronectin. In fact, kereatinocytes seeded on surfaces coated
with the latter did not attach as well e&s they did on plastics while those
seeded on laminin coated surfaces attached better, For example, 20X more

N cells sttached to TCK-200 filters coated with larinin than to untreeated
::-‘f_ ones although monolayers of equal confluency usually resulted in both after
.:" incubation for 7-10 days. This was determined by counting steined cells in
" 8 given growth area. However, a very serious problem was discovered con-
.r'&.- cerning the precoeating of surfaces with laminin for keretinocyte cultiva-
° tion. After approximately 14 days, the culture began to detach from the
, "“, surface of the substrate &s & complete sheet and the culture was thus lost.
-:_-;"'"r We heve no explanation for this phenomenon at this time but it prevents the
o use of this attachment factor if long-term cultures are needed for experi-
".:'1: . ments.

2 n',.

e Type IV colleagen (Bethesde Research Laboretories) is

,'?l being studied. There ere severezl possible biologicel sources of Type IV.
13 . . . . .
:" The one that hes been studied so far, is proving to be unsatisfactory. It
- cannot be made into e gel but must be air dried on a surface. No increease
A hes been observed in cell attachment using this materisl in this manner.
R ", v . . .
P None of the ettachment factors used to precoat membranes, increesed attach-
9., ment and proliferation of rat keratinocytes over that seen with untreated
b membranes. Untreeted nulon membranes obtained from Gelman produced results
‘A
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& superior to all other membranes and plastics treated or untreated,.

b. Submerged low-calcium cultures of murine kerstinoctes
.
: Cultured keratinocytes can be kept as a monolaver by restirict-
- ing the level of Cel* in the medium (Hennings, et al1,,1980). Although
A stcratificacion is retarded under these conditions, differentietion does
| occur. As noted below, the differentiated cells seem to be primarily &t the
o lower spinous stage of the keratinization process.
| To date, monoleyer cultures have been grown on plastic sur-
! faces and not on collagen or other substreta. Populations of ceils obtained
* - . .
™ by trypsinization of skin were seeded into culture dishes eand ellowed t

: grow in medium consisting of celcium-free MEM supplemented with 1CX Chelex-
. treeted fetel calf serum snd then adjusted to 0.11 mM Czl+ with calcium

. chloride. Such monolayer cultures exhibzted the typicel cobblestone pettern
. of distinct cells with large intercelluler spaces (Figure 1), This culture
can be mainteined for more than 6 weeks end consists of both mitoticelly-
cepetle cells and cells which eppear to be uneble to divide. These may be
differentieted cells since some of the cells bind the Ulex europeus lectin.
In zissue sections of skin, this lectin binds to the epidermel spinous
cells (cf Brebec, et el.,, 1980). The methodology of cultivetion £for this
N preperation were worked out in context of another ongoing project of this
N lsboratory. A description of the technique and the morphology of the cul-
X ture has been published (Brown, et el., 1983).

L. c. Comperison of cytochemicel pereameters beiween epidermis, in
- situ, and cultures of keratinocytes.

- : Monoleyver cultures of ret keratinocytes grown in recuced
) Ce2+, exhibit lectin binding on the cell surface which is consistent wit
- the picture, in situ. Brabec, et al. (1980) demonstrated the binding of
bandeirses simplicifolie (now celled Griffonie simplicifolia), Isolectin I-

Ba, to the surface of besel cell and the cells of the lower two spinous
layers. On the other hend, Ulex europeus Agglutinin I (UEA) wes seen to
bind to the surface of the spinous cells end not to the basel cell, Each
lectin binds & surface receptor having & particular carbohydrate &8s the
non-reducing terminal of the receptor glycoconjugate, e.g. the I-B, (g
methyl—a-D-gzlactoside -2 7 "0 to o-L-fucose. In the developing mono-
layer culture, eeriy during the period_bf cultivacion, the cells bound
primerily I-B,  rgter &s they differentiated, the cells 2lso bound the
UEA. These observations in vitro would be expected from the dete obtainec
by Brabec et al (1980) EE_Civo.

TN U Ml g MAFSR S AANYNAN

P

Lifred humen cultures exhibited eantibody steining thet elso

was consistent with date obtainec in vivo. In cultures grown submerged for
weeks and lifted for 3 weeks, & monoclcnel enti-keratin (2D6) which
immunolocalizes to only basel cells zn tissue sections of humen skin, bounc
only to cells in the basal laver of the culture. Also AEZ entikeretin
(Sun, 19€3) which locelizes over grenular ceills in s2tu, lebeled cells

- WA

uncer the cornified laver in culture.
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2. To understand the molecular mechanisms by which topically
aprlied BCES causes the initiel preferential destruction of the ep:xdermel
bessl and lower spinous cells.,

a. Choice of solvent for topicel application of BCES.
Studies of solvent effects on the culture.

Because of the ease of preparing nylon membranes for
keratinocyte cultivation, this membrane has been used to study the effect

of various solvents on culture viability., The proper, non-toxic solvent
for BCES that will result in uniform distribution of the agent over the
surface of the culture is being sought. Acetone, ethanol, hexane and

methylene chloride as nonaqueous and dioxene and dimethylsulfoxide &s
squeous solvents, are being considered.

Acetone, hexane, methylene chloride and absclute elcohcl
Y were found to be quite toxic to the differentiated cultures when sapplied
topically. Eveporation was immediate and the consequent drestic drop in
temperature may have caused the irreversible cell damage which wes observed
as a decreese in the incorporation of DNA and protein precursors. Verious
percentages of elcohol were also evalusted for cytotoxicity. The highest
~ concentration of ethenol which was tolerable was found to be 4CX. This
) concentration produced only mild toxicity from which the cells recovered.
Bowever, it was found that BCES in methylene chloride does not dissclve in
407 ethanol to the extent desirable. On the other hand, dimethyl sulfoxide
(DKSO) was found to be setisfactory. A comparison of the effects of the
letter two solvents on the incorporation of labeled thymidine and leucine
o’ is shown in Table 1. The date demonstrate that exposure of differentiated
- cells to 705 DMSO effected metebolic activity to an extent that was similer
: to the effect after exposure to 40X ethanol.

DMSO was shown to be the least toxic of the effective
solvents for BCES thus far examined. Experiments have been initiated to
determine the effect of the solvent and various concentrations of BCES on
the cepacity of differentisted cultures to incorporate radioactive precurs-
ors of DNA and protein. In these experiments, lifted cultures grown for lé4
deys were exposed to 50, 100 and 200 nM BCES dissolved in 70X DM50 for 1
end 2 hr, pulse labeled with 8 labeled precursor for 0.5 hr &and then
prepared for liquid scintillstion counting of incorporated tracer, Figures
2 and 3 show the incorporation of thymidine and leucine, respectively,
s into acid precipitable macromolecules in releation to the time of exposure
I, to BCES. As shown in the figures, there was an initiasl inhibition of
incorporation which increesed &s the dosage incressed. After the initisl
inhibition of incorporation, there was & stimulation which exceeded the
control level es incubation continued. It appears thet the demage occurs
early after exposure to BCES and experiments are now under way to measure
this effect earlier than 30 min after exposure,
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- TABLE 1
- Incorporation of 3H-thymidine and l4C-Leucine by Lifted Cultures After
" Exposure to Solvents,
N
‘.-.:
o
Ak - Thymidine Leucine
: Treatment Exposure time (Hrs) Exposure time (Hrs)
. 2.5 24 2.5 24
i‘h ——— —— — —
*ﬂ Untreated control 1185 + 279 798 + 125 2.69 + 0.6 1.87 + 0.19
bl 702 DMSO 658 + 138 564 + 110 1.27 + 0.03  1.42 + 0.29
. 40% ETOH 836 + 82 542 + 162 2.05 + 0.78 1.12 + 0.24
! Heat killed )
; control 83 + 21 0.2 + 0.06

< " sny sk
INAANK | RARNARA

b. Development of an assay to measure fidelity in DNA repsir

The use of viruses to investigate DNA repair has become wide-
spread (Defais, et &1.,1983). In most such investigations, some modifice-
tion of the technique of "host cell reectivetion," has been applied. In

e
L3

M . . . : . . . o
K, principle, this experimental technique involves infection of & permissive
- host with a virus which is non-virulent because of damaged DNA. The method
D depends on cellular repair processes to reverse the damage and reactivate
.J

the virus to virulence. This technique is to be used to determine the
efficacy of the host cell's repsir system and to evaluate the possible
effects of & toxic chemicel on the repeair process. By inserting a specific
lesion into the viral DNA, it should be possible to evaluate the repair

\.
« O

)
;5 system for thet perticular type of lesion. This technique is being de-
: x veloped for use in eveluating the effect of exposure to BCES on the "error
o free” repasir capability of exposed keratinocytes.
‘:i Specifically, the probe will be a heteroduplex of SV 40 DNA
» conteining two mismatched base peirs which confer temperature sensitivity
/ § on the large T entigen genome. This DNA will be used to transfect & culture
" of human keratinocytes which is semipermissive for SV 40. Repeir will then
4# be allowed to occur &t & non-permissive temperature so that only the re-
.: paired DNA, i.e. the non-temperature sensitive genome, will be transcribed
) and translated to form the large T antigen. T antigen must be made in order
o - for the viral DNA to be replicated. When T antigen is made from temperature
':- sensitive genome, the protein is not stable and viral DNA is not repli-
W cated. Repair of this damaged DNA will be observed by noting the time it
- takes for the host cells to repair the DNA and the percentage of transfect-
('Y ed cells which carry out the repeir. The end point assay will be the
oy appeerance of new viral DNA (determined by gel electrophoresis) or the
¥ appearance of virezl plegques.
Y
o
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W DNA Damage Induced by 5 & 10 uM BCES
. Stucies of Changes in % DS-DNA by PCI
" % DS-DNA g Y
1 control
' 118 D
¥
) 114 5 uM BCES
R 110 e
) 206 f’"l’i — 10w IS
v 12— . -
o e v
23 98 5
- 56 i o Ixposurs time
- o’ of BCIS were
v 90 .- b 30 xin by
- 86 Bt . \";‘_4 mn
‘ o sé:"-‘ both canc.
; 82 - e
., . 2 PCI was dane
o 78 4T after cells
: : — were washed
. Control 0 12 4 and refed
- (o um BCES) 2 a8 refed.
PCI efter S5 & 10 uM BCES challenge (hr)
{ PCIedost-cnallengs incmation after BCES cnellence oose
o
R
-
;\ Deersele  Nine tey 0]d keretinacyies cultures grown in norme! Ce™ (1.6 m™M) were usedin
) the experiments. Besaicells wers 1soiate by the methocs of perol oreents
. end seedec 1n 35 mm plastic petry dishes 6 the censity of .2  (epproxametely
g half million colls pe~ m1). Cells were every ciher cay with fresh complee
o 2 medium contaiming 10 & fewel calf serum, 1nsuhin, end antibiotics.
~
»
:;.f Pethaee  To see DNA Czmage 1ngucec by S and 10 ut BCES chellenge, cultures were
e exposec 10 both conceniraticns for 30 min Post-challenge incudation (PCI) wes
r cerried out to see the changes in ® DS-DNA (PCI lime wes 12, 24 enc 48 hr).
N Quantificztion of DNA camegs wes c-ried out using 8lksiine unwinging essay
° (AUA), hyaroxylapetite chromatog-aphy ang fiuorometr1c DNA enslvsis. AUA
X wes tone for | N & Foom empe~eture 1n the tark using lys:s solution which
r- - hes e hign pH (12.8).
! ~ -
D .'
e~ Exomeime Cultures were 9 gay 010 28 the time o exposure 10 5 ang 10 utt BCES. Exposure
‘S time wes 30 min 157 both concentrations PCl wes ca~riec out 10 see the changes
. in & D3-DRA oves ime. Atexch time pownt by PCI (12, 24 and 48 hours), %
p DS-DNA wes messured by the szsays cescribed 1n methocs section .
\ Qrazn Normelizing conire! DS-DONA 8s 100, increase in § DS-DNAgfter SuMicr
<., 10 Ut B\,-S chelisnge indicetz crozs-Tinkang of DNA - Time course of PCI shows
- changes 1n 8 05-DNA :
o Erro- barsinciz2te S.E (stende~d error) of expesiments with sample size n=4
| J': for controi gmoup enc with n=6 for BCLS expase 9roups from Lwo sepa~ate
o expemiments ineny ceses, SE ¢ SX.
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' TABLE 2
.
o
. Protection against BCES-mediated damage by prior exposure to non-toxic
- level of MNNG
T
.
"' BCES Duration of Pretreatment control MNNG Pretreatment
.'- ¥ challenge N post-chellenge {vehicle only) %2 control double-
::ﬁ (20 uM) incubation (hr) 2 control double- stranded DNA
2 stranded DNA
Ry
>0
o No 3 - 100 (a) 100 (b)
AN
. Yes 3 0] 118 + 4 113 + 5
- z z
B4,
\'.' " 3
Na 3 2 76 + 2 106 + 5.
A = z
B
E " 2 6 96 108
L J " 3 24 78 + 5 65 + 2
» .‘. — —
P ":\
's:_\
\':?. ) (2) 58 + 6 of DNA double stranded.
WX (b) 49 = 3 of DNA double stranded
{
\d
>
)
e
v d. Effect of BCES on mitochondrial integrity
—) BCES could interfere with mitochondrial function (cf Section
\"J II, above). Inhibition of oxidetive phosphorylation would be expected to
-;: initiaste & sequence of reactions detrimental to the function and surviveal
P of the keratinocyte.
K>
.'f. The rate of lactate production by cultured cells mey increase
N7, when oxidative metasbolism is inhibited {(Penninck and Seinen, 1980; Brebec,
.p:‘:. et al., 1984; Miller, et al., 1985). Lactate accumulates at an increesed
,";'.: rate because the normel route of lactate oxidation via oxidation of pyru-
» vate and the Tricerboxylic Acid Cycle, hes been blocked. The rate of lac-
'0':: tete production may elso be stimulated as the rate of glycolysis is in-
.' creased to supplement the production of ATP by extre-mitochondrial routes.
- Therefore, production of lactate by cultured keratinocytes could be &
y method of indirectly determining whether exposure to BCES results in an
‘ inhibition of mitochondriel function in these cells.
) Confluent 6-day o0ld cultures produced lactate in & lineer
.- manner for at least 10 hours (Figure 6). Dinitrophenol (50 uM) stimuleted
:j the rate of lactete accumulation. Addition of cerrier solvent (ethanol:me-
j thylene chloride, 4:1) to the medium also stimulated the rete of lactate
<
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\)
o 20
L,
. -;:
\ -
I R R T R I I RN R R I S S R L YL .t . . e
:. ‘-,*.\\"'\..J.{. R I N N S N R AR RO - BRI

-



.'._ . o L ) g - . b > 4 hnil Sl S San et e St e 4 "F"J"\J'*J"‘q
%&
() P
2 -
ey )
e Figure 5
i
o e - . - - e e
!
» .
D,
¥
N
) .
%' - DNA Damage & PCI Inouced Dy 10 un BCES
N tucles of Polyamine Pretreatment
]
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j ate~isie  Besal oaiic 1solatec by Do"ml gracients” were pletec 1n I5 mm plastic Cishes et
J ) the cersity ¢ 2.5 x 105 pe~ m! and fad with minimum eccentis medium {MI™
2 conteimimg 103 feial eolf serum suppiemenisd with insubin &6 entidictis
N These cultures were giviceg into four grouss for pretrezument eongition.
B Group 1. = control, no prewrestment
3 Broup 2. - pretresiment with putrzscing 20 uM (4 cev 0ld b 8 ey old)
’ N Gre 3. - pretreatment with soermiding 10 uM (4 cav olc to 8 o=y oig)
N Group 4. - preirestnent with spermine 10 UM (4 cay olo 10 & cay 01¢)
I‘ -
‘Yo ath Ouentification of DNA camage wes ceeried out using alkaline unwing:ng essay
e (AUA), fryeroxyianatite caromaiogrepny, end fiusremetric DNA snalyste.
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K>, aneime  Nine g2y 010 Kerstinooviss cultures were vsed fom BCES exposure. BLTS chellene
\.‘; tose wes 10 UM for 30 min, After the cnallence ocse, calis were weshas once
Kr with DPES (pH 7.4) and refec with [resh complets mesium (37°C).
Y Pest-chailenge incubetion (PCH) weas carrieg out for each grows 1om 3 hours.
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® . fiomon In exch pretreziment condition, eantrol semples were normalizes es 1008,
Percentage DS-ONA mee then 1002 incizste srozs-linxing of DNa oy 10 WM
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FIGURE 6
. Lactate production by S-day old cultures of rat keratinocytes
was stimulated by 2,4-dinitrophenol (DNP), an uncoupier of
+  oxida*ive phosphorylaztion. Bzsal cells were plated in 35 mm
dishes and exposed to 50 uM DNP for 10 hr. Each time point
represents an average of a duplicate determination on each
of three samples. CON = Control.
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accumulation. Exposure of cultures for 15 min to BCES &t concentiretions
between 100 and 300 uM inhibited rates of lactate accumulation (Figure 7,

CES 8t concentrations below 100 uM did not signifacantly anhibit leacte:e
production. This suggests either that the retionele for these experiments
was incorrect or that mitochondriel function 1s not affectec by exposure cf
keratinocytes to a concentration of BCES which strongly affects the zinte-
grity of DNA.

In & further effort to determine & metebolic effect of exposure
to a8 low level of BCES on keretinocytes in culture, proteir synthesis wes

studied. The technique involved the incubation of proliferaizng cultures
with [3Elleucine (10 uCi/plate;18C Ci/mmole) or [l4Clleucine (5 uli/plete;
30 uCi/mmole) for 30 min followed by the addition of 10L :irichlorosce:

Py
acid to stop the reaction end precipitaete the protezn which wes collecle
on filters and processed for determinetion of racioactzvazy (Erebec, &t
sl., 1974), BCES at concentrations up to 100 uM had no signifzcant effec
on the incorporation of radicactive leucine in the cultures (Tabl

The utilization of glucose wes elso studied, Cultures of kere-
tinocyvtes utilized glucose at & rete of 0.2 - (.4 mmoie/rhour. Retes c¢f
utilizstion were stimuleted by trifluormethoxy~cerbonyvl cyanide phenylhyv-
drazone (FCCP) eand the methylene chloride:ethencl cerrier sclvenz. BCE
also eppeared to increese glucose consumption (Table &)

It is, of course, possible thet: e me:ebolic abnormel i

& secondery contributor to the celluler necrosis essociated with ex

to BCES, in vive. The reelity of this possibilitv cey well be def:
ater experiments of this prcject when, es contempleted in e

proposel, experiments will be done to detercine whether the lesion in DNa

causec by exposure to & low concentretion of BCES, is sufficiert to cause
elluler necrosis in the culture.

Beceuse mitochoncriel function may be inhibited &s e secondery
effect of BCES exposure, it wes necessary to determine if mitochondriel
function could be directly inhibited. Therefore the effect of BCES on the
repiretion of mitochondria froz rat liver wes determinecd. Ret liver wes
used rather then epidermis because of the aveilability of larger acounts of
material frow the liver. As far es is known oxidstive phosphorylation is
comperable in the two tissues.

Concentrations of BCES less than 250 uM ¢id not inhibi: th
rete of respiretion of mitochondria from ret liver with succinste
glutamete as substretes. The solvent (methylene chloride/ethencl) strongl
uncoupled mitochondrie end prevented respiration in esseys cf concentre
taions of BCES grester then 250 uM. Since the concentration of BCES must be
greater then 250 uM to inhibit respiretion, it seems urnlikel
croniriel dysfunction is & mejor concomitent of eaerly toxic:
chemicel.

that mit
v from chzis

>
.

The action of BCES on t integrity of r:tochoniriel membtranes
was examined using the locelizetion of

ubstence tinds to energized mitochoniriel mesbranes
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Lactzte procduction by rat keratinocvte culiures wes
inhibited by exposure to BCZIS for C min. In this
+vpicz] experiment, 3 dishes of cells were usec for

~h exposure and duplicate samples were withdrawn
. r determination of lactate.
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and the mitochondriel profiles can be visuel:ized by epafluorescernce
ropriaste wave length and high magnificetion zn
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e diffuses from the mitochondria when (he mer
e.g. when the mitoc honirie are uncoupled (Johnson, et e..,1%82.

Frelimainery results have been ottained wo.th RKhodemine 113
steinzng of besel cell cultures. Cultures heve not beer exposed Lo BIES e: ‘

this zime. .he RKhodamine-steinec basal cells dis &v & bright eree of
3 £

n
rt
3 o
b
o]
"
B
o
wn
[
A
L5}
o

uncdzing the nuctleus that st high
lagree of fibers that become mor

2. A1l cells dc not appear to be unif

e.1s 6o stein. The degree of stain:

rn thet is presumed to be cdifferent £

submerged culture meintezned zn the low cal:ium medi*m.

czon ¢f an uncoupler (e.g. C.5 uM p-trifiu

the culture causes the flou*escence to lose 3ts lO”&ll“eu pe

come nmore diffuse throughcut the cytopleasm. A dimi ution c¢f totel
ey 8lso be present elthough we cannol celibrate the oQuanium

ve wilh present instrumentetion end software.
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Effect of Low Concentretions of BCES on Protein Synthesis.
Treatment CPM/Piete ~ Contrecl
Conzrol 132 * 388 100
uM BCZES
10 800 + 377 64
30 1567 - 5I5 114
100 1001 + 121 76
300 254, 260 (n=2) 20

(]
]
A1
s 4
tn

Cultures of besel cells were exposed to BCES dissolved ir EEFES
minutes. The medium was withdérawn end repleced with fresh rmecd:ium.
six hours, the cultures were rinsed end the medium replaced with
c-ntaining 4.0 uCi [3E]leucine per ml. After 30 minutes, the acic-pT
pitable radiocsctivity was determinecd. Values gbove are evereages
experiments, 3 samples, per experiment.
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’ Effect of Low Concentrations of BCES on the Rate of Clucose Consumption
"'.h. ’

\-": Sample Glucose Consumption, umole/L/hr

x

0 Control 0.047

% uM BCES

v ) 20 0.127

o~ 50 0.169

o 100 0.255

R 300 0.231
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® e. Development of techniques to study metabolism of BCES

:‘s The activities of two enzymes which could play & role in the mets-
‘:::-: bolism of BCES heave been examined in subcellular fractions prepared from
- whole skin, dermis and epidermis of 4-dey o0ld rats. The strain of rat wes
R the same es used for the cultivation of keratinocytes. The results of &
( study in vive by Devison, et 21 (1961) suggested that the initiel glute-
.:-:. thione-BCES adduct undergoes further degradation to generete different
Sty metebolites. Using optimal assay conditions, the presence of several en-
f\ zymes was established (Table 5).

o

Glutathione S-trensferase (GSHTr) was assayed using l-chloro-2,4-
dinitrobenzene &s a8 model substrate (Habig, et 21.,1974). Separation of
dermis from epidermis was achieved by a modification of the method of
Epstein, et al. (1979). Measurable GSHTr activity was found in both the
dermis end the epidermis (Teble 6) with the largest percentage of the
" enzyme in the dermis. Using & new rapid HPLC method in combinetion with
,‘ effinity chromatoraphy substantial purification of this enzyme was achieved
® from the whole skin (Table 7).
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TABLE S

The activities of some marker end xenobiotic metabolzazing enzymes in
subcellular fractions of cutaneous cells

Enzyme/fraction Enzyme eactavity
nmoles./min/mg prcotein
Lactic dehvd:ogenase (cytosol) 1390

{cvtosol) with NAD-
(mitochondrie) with NADF+
with NAD~
Aceteldenvde dehydrogenase (microsomes) with NADP+ 2
with NAD=+ 1

Alcohol dehydrogenase
Acetsidehvde dehydrogensese

~ W

ro W
o oo

An incresse in ebsorbance et 340 nm resulting from the production of NADH
or NADPE was monitored. Lactae, ethenol &nd acetezldehvde were used es the
substrates. A millimolear extinction of 6,22 for the reduced form cf the

pyvridine nucleotide was usec to caiculate enzyme activity., Tissue wes

frectionated by homogenizetion in 0.05M Tr:is, ph 7.4, and submitted to
differentiel centrifugation to yield the different fractions.

TABL

T

6

of cytosolic glutathione S-transferease

(GSBIr) activity in neonatsal ret skin

raction Volume Protein Totel GSHETr Activity
(ml) (mg/ml) (mg) Specific Torel p
Activity Activw Discribuzion
(nmol/min/ (nmok/
mg) frection
Whole Skin 32 0.098 35.14 48 1690 100
Dermis 48 1.028 49.34 47 2320 B8
‘Epidermis 18 0.576  10.37 31 310 12
3-day old rets (n=10-20 each) were used. GCSHTr scizvi: } was assaved ac-
cording to Habig, et &l. (1974), uvsing CDNB es & substrate. The de:e
represent the results of a8 typicel experiment. Similar resul.ts were ob-
tained in 2 addi:tional experiments,
ch:ﬁ.“r‘\ v " " v ") );_.\;'.':\:\":.;-.:' DA \'-.';:‘\’ . ;\' T \ *.:_;:‘ .
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TABLE 7

Purificazion of glutathione S-transferase (GSHTr) from
whole skin of 3 dsy old rats.®

-«

Fraction Specific Fold <
Activity Purification Recovery
(rol/min/mg)

Crude Cytosol 0.034 + 0,007 1 100

Affinicty

Chromatogrephy 29.88 + 7 1021 + 367 106 + 20

HPLC-Applied 12.5 1 100
-Recovered 35.0 2.8 122

ETr sctivity vwes assayed eccording to Hebig, et el. (1974), using CDNE
es & substrate, The data represent mean +# S.E. (n=3 to 7) or the results
of & typicel experiment. The cytosolic fraction (100,000 xg supernate) wes
subrlhted to affinity chrormatogrephy on GSh- -Sepharose 4B. The active

rection wes eluted with 10 mM GSE, pH 9.4, concentrated by ultrafiltration
and further purified by HPLC using an anion exchange column,

Peroxidase was esseyed using guaiacol (O-methoxy phenol) as s
model substrate (HEimmelhoch, et al.,1967). This enzyme was predomi-
nantly essocieted with the nuclear and mitochondriel fractions derived
from whole skin (Table 8). An approximately 80-fold purification of

this enzyme wes schieved sterting with a whole skin homogenate (Table
9).
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TABLE 8

Subcellular distribution of the cutaneous
peroxidase activity in 3-day old rats.”

Subcellular Peroxidase Activity

Fraction (Units/mg) %« Distribution
Cytosol 0.000 0.00
Nuclear 0.171 36.90
Mitochondrisa 0.263 57.18
Microsomes 0,025 5.92.

*Peroxidase activity wes meesured according to Himmelhoch, et el. (1967)
using guaiacol as e substrate. One enzyme unit is defined as the amount of
enzyme that causes a change of 1.0 absorbance unit per min at 470 mm., The
Tesults are mean peroxidase activity observed in 2 separate experiments.
Each enzyme preparation represents pooled material from 20-30 rats.

TABLE 9
Purificetion of neonatel ret skin peroxidase.‘
Fraction Specific Activity Fold P4
(units/mg protein) Purification Recovery
Crude Extract 0.28 1 100
Concavalin A 7.17 24,7 70
Bio Gel P-150 24,00 82.0 15

* . . .
The data represent the results of 8 typical experiment. The deteils of
the purificetion procedures are given in the text. See Footnote to Table 9

for additionel details.

29

i Lhihid

d




4

P

o

N ‘ .

. .

s

\ \‘_‘

-\..‘

o

EE E. Conclusions

RN
j 1. Obteining stratified terminally differentiating cultures

'\,. )
"i‘ The use of attachment factors eppears neither useful nor necessea-
_i{ ry. This effort will no longer be pursued.

A
;i&. The stretified cultures can be exposed to BCES dissolvec in
‘) 702 DMSO. It appeers that the BCES attacks the lower cells by passing
E;i through the tissue rather than around it into the medium but this has not
&N been proven &s yet.

)

_:: 2. Proliferating monolayers of keratinocytes

: - Growing keratinocytes in low calcium medium produces cultures
Pt which remain as monolayers although cells in the monolayer do exhibit early
tf steps in differentiation. This culture is particularly useful for studying
?Z the direct interaction between BCES and the cell since the toxicent is
:Cj edded to the medium in which the cells are immersed.

Be o

] 3. Lifted cultures exhibit changes in cell surface carbohydrates
D consistent with those seen in situ.

-."\-’ —— ——

.7

ot 4, It eppeers from preliminary data that BCES-mediated cross-
:{? links can be repeired but other more sensitive &and definitive technigues
L{- - will heve to be applied to confirm this conclusion. Preliminary date elso
( suggest that the pattern of DNA damege from BCES cen be eltered by inducing
o repeir synthesis prior to BCES exposure and, possibly, by supplementation
’:j with polysamines. Ageain further work is necessary to verify this idee.

iy

.:ﬁ 5. Metsbolic effects such as elteration in mitochondriel respire-
bt tion, utilization of glucose, protein synthesis and RNA synthesis require
. higher levels of expcsure than isnecessary to affect the integrity end
o~ metabolisnm of DNA,

:}: F. Recommendetions

-.':-

o The biologicel systems developed in this project are appropriate for
o use in determining the molecular and celluler mechanisms responsible for
ﬁ‘g the toxic manifestetions essociated with vesication., Attention should now

o

be focused on determining the most sensitive indicator of toxicity in order
to define the nature of the molecular interactions which lead to toxicity
from BCES. In this context, the keretinocyt's ability to repair moleculer

.
[
)
753 end cellular demage done by BCES should be evelueted., The objective of
g; further study should be to develop a profile of moleculer and celluler
i ‘ alterations in relation to increasing levels of exposure to BCES. This kind
. of information should provide an understending of the kinds of BCES-med-
';Q iated effects which the cell cen accommodate and identify those which
\&5 exceed its ability to tolerate lesding to overt toxicity.
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