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I. Terminal Report of Progress

The purpose of this proposal was to upgrade our Meridian ACAS 470
laser cytometer, a novel and powerful interactive laser/computer
assisted image analyzer. The device was designed to detect, using
a microlaser beam, tracer fluorescent molecules in a cell and
generate a false~-color digitized image which could be
gquantitatively analyzed [see Appendix A]. This grant enabled us
to bring this instrument up to the "state of the art”, by allowing
us to have a laser which could generate a powerful UV laser bean,
as well as the visible laser beam we had. This gave us the
potential to study molecules and mechanisms which could only be
detected with UV-excitable dyes, as well as store and analyze more
complex data, as well as manipulate the experiments with more
precision.

The three original aims, i.e., (a) to detect intracellular free Ca”
(an indicator of both adaptive and maladaptive cellular
physiology]): (b) to detect changes in intracellular pH with a pH
sensitive dye (also a measure of both adaptive/maladaptive changes
in cellular physioclogy caused by chemicals; and (c) to detect
intracellular free radical production in single cells with a
fluorescent dye caused by many toxic chemicals, were achieved

IT. Results of Upgrade

The Meridian company modified our instrument within months after
the grant was awarded. Because of this upgrade, we were able, in
collaboration with the Meridian company, to develop several new
applications with this new ingtrument leading to several
manuscripts which are now in press or in preparation, as well as
the development of new "Application Notes" [Appendix B].

IIT. Benefits to Research. Department and University

To re-iterate, since my USAFOSR grant [AFOSR-89~0325] is to study
the mechanisms of chemical toxicants which act by inhibiting
intercellular communication, the upgrade of this unique interactive

laser image analyzer has made it possible to (a) do quantitative-

studies, on a single cell basis, which were either impossible or
extremely difficult to do and inaccurate prior to its development;
(b) increase our productivity by allowing us to generate data and
to analyze data, simultaneocusly, without tying up the machine for
one or the other; and (c) develop new potential applications for
toxicological research (i.e., our recent use to detect specific
oncogene products in normal or cancer cells).

As a result of the upgrade, both the number and diversity of
studies using the Meridian ACAS-570 have increased. For example,

N

n-—
the instrument is signed up for use almost every day, including ..
many evenings and weekends. Free calcium studies are being done
by scientists (Drs. Kalimi and Wilson) to study the effects of;"‘
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hormone imbalance on calcium homeostasis in testicular tissue; the
effect of anti-parasitic drugs is being studied in schistosomes by
Dr. Bennett (Pharmacology and Toxicology Dept., MSU); oncogene
detaction with fluorescent antibodies in cancer cells by E. de
Feijter (a fcreign scholar); stem-cell lineages in human breast
tissue (Dr. S. Nakatsuka); DNA damage with fluorescent antibodies
to UV-induced pyrimidine dimers by Dr. C.C. Chang (Dept.
Pediatrics/Human Development); the reaction rates of enzymatic
functions in bio-engineered matrices (Dr. M. Worden, Chemical
Engineering Dept., MSU); a new way te measure heterologous
intercellular communication (Dr. G. Kalimi, Dept. Pediatrics/Human
Development) [see Appendix C].

In addition, benefit to the University accrues in many ways: (a)
Collaboration with other research groups studving toxicoloqy at
different 1levels; for example, Dr. X. Honn of the Chemistry
Department at Wavne State University has used our upgrade to
initiate studies on the detection of free radicals after cells were
exposed to eiconosoids; Dr. James Klaunig of the Medical College
of Ohio in Toledo is collaborating with us to study chemical
inhibition of intercellular communication in liver slices: and Dr.
Phil Liu of Case/Western-Reserve University (Cleveland) is
collaborating with us to detect DNA polymerases in single cells;
(b) Because we were the first group using tha Meridian ACAS and its
upgrade, we are now communicating with others across the country
and sharing new information at applications; (c) Because of the
major technological breakthroughs represented by this instrument,
I also have been asked to give workshops and seminars [i.e., At the
latest Cell Biology meeting in Houston, Texas, I conducted a
workshop].

Finally, this upgrade has also helped the University directly by
attracting other grants utilizing this instrumentation [(NSF grant
to Dr. Worden in <Chemical Engineering; NIEHS grant to Dr. L.
Fischer, Center for Environmental Toxicology, MSU]. Several
papers, abstracts and multiple speaking invitations, including cone
to Germany [International Gap Junction Meeting); to England
(International Society of Toxicology Meeting]: and recently to
France [(Workshop on Alternatives to Animal Toxicity Testing).

', papers, Meetings and Seminars
1. J.E. Trosko and C.C. cChang, "Stem cell theory of

carcinogenesis”, Toxicoloqy Letters, in press.

2. J.E. Trosko, "Towards understanding carcinogenic hazards:

A crisis in paradigms®, J, Amer, Cgollage Gf Toxicol.,
8:1121-1132, 1989.

3. J.E. Trosko, C.C. Chang and 8/.V. Madhukar, "“Cell-cell
communication: Relationship of stem calls to tha

curcinogenic process", In: Mousa Liver Carcinogenesis;
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Abstracts

Mechanisms and Species Comparisons, T.J. Slaga, Ed., Alan

R. Liss, Inc., New York, in press.

M. El-Fouly, J.E. Trosko, C.C. Chang and S.T. Warren,
"Potential role of the human Ha-ras oncogene in the
inhibition of gap junctional intercellular

communication®, Molecylar Carcinogenesis, 2:131-135,
1989.

J.E. Trosko, C.C. Chang and B.V. Madhukar, "In vitro
analysis of modulators of intercellular communication:
Implications for biologically based risk assessment

models for chemical exposure", Toxicoleoay In Vitro, in

press.

S.Y. Oh, B.V. Madhukar, C.C. Chang, J.E. Trosko and E.
Beyer, "Characterization of gap junctional communication
deficient mutants from a HG-PRT deficient rat liver
epithelial cell line", provisionally accepted to

A.W. de Feijter, J.S. Ray, C.M. Weghorst, J.E. Klaunig,
J.¥. Gocdman, C.C. Chang and J.E. Trosko, "Correlation
between the methylation status of the v-Ha-~ras oncogene,
gap junctional communication and tumorigenicity in rat

liver epithelial <cells", Molecular carcinogenesis,

accepted for publication.

B.V. Madhukar, J.E. Trosko, and C.C. Chang, "Chemical,
oncogene and growth factor modulation of gap junctional
communication in carcinocgenesis®". In: Cell Interactions
and Gap Junctions. Vol. 1, N. Sperelakis and W.C. Cole,
eds., CRC Presa, Boca Raton, FL, pp. 143-157, 1989.

B.V. Maadhukar, S.Y. Oh, E. de Feijter and J.E. Trosko,
"Inhibition of intercellular commuinication by toxic
xencbiotic chemicals in vitro in a human epithelial cell
system"”, Soc. of Toxicology, Atlanta, GA, Feb. 27 - March

3, 1989. The Toxicologist 9:4, 1989.

$.G. Lilly, E. de Feijter, C.M. Weghorst, C.C. Chang,
B.V. Madhukar, M. El-Fouly, J.E. Trosko, and J.E,.
Klaunig, "Reduced gap junctional intercellular
communication and tumorigenicity of rat liver epithelial
Fl44-WB cells". Soc. of Toxicol., Atlanta, GA, Feb. 27~

March 3, 1989. The Toxicologigst 9:123, 1989.

J.E. Troskec, “Mechanisms of chemical and oncogene
modulation of qgap 3junction and communication during
carcinogenesis", Workshop on the Molecular and Cell
3iology of Gap Junctions, Irsae, Germany, July 18-23,
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10.

11.

1989.

J.E. Trosko, C.C. Chang. and B.V. Madhukar, "In vitro
analysis of modulators of intercellular communication:
Implication to mechanisms of tumor promotion and to
predictions ¢ otential tumor promoters". 2nd Intern.
Conf. on Practical In Vitro Toxicology, Nottingham, U.K.,
July 23-27, 19889.

J.E. Trosko, J.E. Klaunig, B.V. Madhukar, C.C. Chang, E.
de Feijter, and G. Kalimi, "Chemical and oncogene
modulation of intercellular communication during
carcinogenesis". Symposium on Molecular Cell Biology of
Liver Growth and Function, Lake Placid, NY, Aug. 13-16,
1989.

J.E. Trosko, J.E. Klaunig, M. Yeager, A. Koestner, M.
El-Fouly, J. Buboltz, B. Cool, ard C.C. Chang,
"Correlation between the reduction of gap junctional
communication and tumorigenesis in rat glial and liver
epithelial cells containing the expressed neu oncogene®.
Society of Toxicology Meeting, Miami Beach, FL, Feb. 12~
16, 1990.

A.W. de Feijter, M.W. Lieberman, and J.E. Trosko, "Up-
regulation of a metallothionein-ras T24 fusion gene in
rat liver epithelial cells is correlated with the down
regulation of gap Jjunction function®. Society of
Toxicology Meeting, Miami Beach, FL, Feb. 12-16, 1990.

R.J. Ruch, J.E. Trosko, B.V. Madhukar, P. Somani, and
J.E. Klaunig, "Restoration of gap junction intercellular
communication by lovastatin in WB-H-rasII in rat liver
epithelial cells". Society of Toxicology Meeting, Mianmi
Beach, FL, Feb. 12-16, 1990.

B.V. Madhukar, H. Hong Xu, B. lLockwood, and J.E. Trosko,
"Inhibition of intercellular communication by
environmental chemicals in rat Leydig cells in vitro".
Society of Toxicology Meeting, Miami Beach, FL, Feb. 12-
16, 1990,

W.J. Paradee, B.V. Madhukar, and J.E Trosko, “"Mezerein
inhibition of intercellular communication and activation
of protein kinase C in human kidney epithelial cells".
Society of Toxicology Meeting, Miami Beach, FL, Feb. 12-
16, 1990, .

G. Kalimi, J.E. Trosko, L.L. Hampton, S.S. Thorgeirsson,
and A.C. Huqqgett, "Gap junctional intercellular
communication in raf and raf/myc transformed rat liver
epithelial cell lines", American Association of Cancer
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Research Meeting, Washington, D.C., May 23-26, 1990.

Meetings Attended and Seminars Given
1. Invited seminar speaker, "Chemical modification of

intercellular communication: Implications for
nongenotoxic toxicity®. Program in Toxicology seminar
series, Rutgers University, New Jersey, March 8, 1989.

Invited seminar speaker, “Chemical promoters. oncogeres,
and growth factor modulaticn of intercellular
communication: A unified theory". Loma Linda,
California, March 21, 1989. .

Invited symposium speaker, "Inhibition of intercellular
communication during radiation and chemical
carcinogenesis. Radiation Research meeting, Seattle,
Washington, March 27, 1989.

Invited workshop speaker, "Promotion as a factor in risk
assessment”, Carcinogen Risk Assessment, Society for
Risk Analysis, Wash. D.C., April 4, 1989.

Invited symposium speaker, "Oncogenesis and abnormal
intercellular communication and its implication to the
cause and prevention of carcinogenesis", and "Clinical
implications of intercellular communication on wound
healing®”. Quebec Associaticn of General Surgeons, Quebec
City, Canada, May 4-5, 1989.

Invited seminar speaker, "Oncogenes, tumor promoters and
growth factor inhibition of intercellular communication:
Integrative theory of cancer". University of Hamburg,
Germany, July 17, 1989.

Invited symposium speaker, "Mechanisms of chemical and
oncogene modulation of qgap Jjunctional communication
during carcinogenesis®. Molecular Cell Biology of Gap
Junctions Symposium, Irsee, Germany, July i8-23, 1989,

Invited symposium speaker, *“In vitro analysis of
modulators of intercellular comnunication: Implications
to mechanisme of tumor promotion and to predictions of
potential tumor promoters". Practical In Vitro
Toxicology Symposium, University of llottingham, England,
July 23-27, 1989,

Invited symposium speaker, “Chemical and oncogene
modulation of intercellular communication during
carcinogenesis®, Symposium or Molecular, Callular
Biology of Liver Growth and Function, Lake Placid, NY,
Aug. 13-16, 1989,




lo.

11.

12.

13.

14.

Invited seminar speaker, "“Oncogenes, tumor promoters,
and growth factors: An integrated theory of
carcinogenesis”. Eppley Cancer Center, Univ. of
Nebraska, Omaha, Sept. 28, 1989.

Invited seminar speaker, "Role of chemical inhibition of
gap Jjunctioral communication in pharmacological and
toxicological effects of drugs"®. Bristol Myers,
Syracuse, NY, Cct. 9, 1989.

Invited symposium speaker, "Modulated intercellular
communication: Consequence of extracellular
communication". Eiconosocoids and Bioactive Lipids in
Cancer and Radiation Injury, Detroit, MI, Oct. 11-14,
1989.

Invited seminar speaker, "Modulation of gap junctional
comnunication: Pharmacological and toxicological
implications". Fark-Davis Warner Lambert
Pharmaceuticals, Ann Arbor, MI, Oct. 17, 1989.

Invited seminar speaker, "A crisis in paradigms: The
roles of genotoxic versus epigenetic mechanisms in
toxicology". Environmental and 1Industrial Health
Department, Univ. of Michigan, Ann Arbkor, MI, Dec. 1,
1989,




APPENDIX A

Information on New Meridian ACAS 570 Upgrade




APPLNDIX B

Application Notes on new techniques that the Upgrade of ACAS can

perform:

y—2
.

Calcium measurenents.
Free Radicals.

Reprint "In sjtu (6-4) photoproduct determination by

. laser cytometry and autoradiography".

Reprint "Characterization of an jin vitro human kidney
epithelial systenm to study gap junctional intercellular
communication".



APPENDIX C

Hew technique to neasure heterologous and homeclogous cell-cell

1. Actual ACAS-Image data.

2. Abstract.
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ACAS 570...

The Insirument for Quantitative
Adherent Cell Analysis and Sorting

The 3CAS 370 Interactive Laser Cytometer is
antquely desiyned for researchers who use
yeantitative tuorescence techigues o study
adherent cells

Canceived and developed by cell biologists for
cell hiologsts, the ACAS — Adherent Cell
Analysis and Sorting — provides fluorescence
measurements of structure, function. and
response at the single cell level. Applications
range from cell and molecular biologs o
tovicology, immunology. and neurobiology.

Designed o0 nsure vou get the numbers vou
need, the ACAS 370 is the onlv instrument that
erovides capabilities to perform all of the
following,

o \easure tuorescence distnbution within
celis

« Quantitate cellular responses using
ratiometric methods for Ca” ™. pH and other
101y

* Measure macromolecular diffusion,
permeition, and interiction

e Isalite and clone ceils without removing
them from culture

« Sort adherent cells based on phyaical and
hochemical measurements

o Perform quantitative confocal anazing

Ivestigate these and other mnovatie
tppheations that make the ACAS 370 — The
Cytometer for All Reasons.

Phe ACAS 370 makes ovtomietn interactive

Ol the ACAS lets vou

o [sonte mdividual cells sathout removing
it from their growth surface

o Create cetlular uorescence gradients by
photobleaching or photoactivation

* Measure macromolecular diffasion or fius

« Yomtor intracellular commumcations

o Perform nucrostirgens on celly

With the ACAS, 1ou can use the laser for more
than dluminaton. Now sou can use the Laser as
1 photan gun. " w photobleach or photoactis e
for real-nme measurements of cellular
doiamies Turn up the power and chiminate
snsanted contammating cells. or solite and
retasn rare cells

Tuv-Dimensional. psendo-color fluorescent inuie of
KINH cell Sained with the membrme potential dve
DIOC13} (Courtesy of Dr Bruce fensew. Zrnais Coll
Science. Inc.}

Intensity dimension péol of the memhrane potentid
dve DIOC( 3} in WISH Cell. (Comrtesy nf Dr Hruce
Jensen 2ynaxss Cell Science, Inc.)

W CHO cvll ekated by the “Cookte Cutior™™
techuigue (Courtesy of De Srgaret Wode, Mersdian
Instruments. Inc }

b el out-growth after two diys

Huurescence phuitobleachung of cartart fIkamescern
discetute kibholed buman teratocarcimome cells as

i measurement of cell-cell communication. Phgen
enchused colls are hecached and monitond for flucres -
cence rcorery (Courten of Do Marguret Wk,
Heridsan instruments. inc

Sorting Cells the ACAS Way

The ACAS is the only instrument that lets vo
select anchorage-dependent cells directly fn
heterogeneous cultures for isolation,
propagation, and anahsis.

P

The unique “Cookie-Cutter”™ ™ technique
automatically isolates single cells growing
filn-lined dish based on fluorescence
measurements or morphology.

Ahigh intensity laser beam encircles the sele
cell. fusing octagon-shaped “cookies” to th
culture dish. When the excess film is pulle¢
the dish. the selected cell remains attached
viable for continued propagation.

Use this powerful imteractéve technigue |
sorting:

« Mutant cells

* Transfected cells

* Hvhridomas

* Rare cells for cloning

You can also use the ACAS Liser as a “phote
scalpel” to interact with cells grown on speci
treated. heat-absorptive glass cover slips or
culture dishes.

Command the luser to produce localized hea
of target areas to:

+ Select homoseneous cell populations
« Ablate single cells
« Eliminate Large areas of cells

FRAP — Dynamic Parameters of
Living Cells.

Fluorescence Redistnbution After
Photobleaching (FRAP) techniques involve
photobleaching luorescent dve molecules
discrete sub-cellular areas with a high inter
faser pulse cresting non-tlunrescent patches
rate atwhich the patches sre fitled by unblea
molecules from surmunding areas s meas
by periadic. low intersity laser scarning

Use this unique, non-destructive tool to di
measure i wide range of cellukar dyvnamics .
as:

o B _ceptor mohility

* Membrane transport

* Macromolegular assembly
o Cell-cell communication

T ookl fulter s 4 teadenask o ersdun straments by
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T - From Signal to Image —The Basics -,
l' !
ol The schematie above shows vou the basic optical and signal 3 The photametric detection ssstem captures the fuorescence
paths The beam is directed along the center of the opucal emissions during the kser pulse. The resulting clectronic
path and focused to & small spot bn the microscope objective signals are digitized and stored by the computer along with
. ‘,‘l oo a fluorescenthy labeled coll. the stage coondinuates.

Fluorescence emissions are collected by the ubjective, and
directed to photomultiplier tubes by a series of mirroes and

f lenses. Appropriate wavelengths are selected by the choice of 4. The computer displavs the signal resulting from a single laser
,' tilters. pulse 28 3})4;:! with a color l:»r grav value gljhm represents the
! ) i . intensity of the emission at that point. Single or two
m f;;:l(’l‘:ii:lﬂ::t::cn:;cdm:@ how the ACAS acquires dimensional scans are obtained by repeating this process
1 play R ’ , . while the state conttnues to move until the selected number
| Cells of interestare positioned above the objective by the XY of data poiats are acquired. (For example, see WISH cell on
scanning stage. A touch of the finger starts the stuge moving facing page.)
1o begin the scan.
: 2 As the stuge moves, the focused laser beam is briefhy pulsed 3. Huorescence intensitics are converted to numbens (i e,
by the AOM. Data is collected at intervals as savall as 0 25 conzentzation, rater, of diffusion) depending on the software
| micron. packare selected.




vy QUINITIATRE .
REASON esitorescemce

MEASUREMENTS

Specificallv designed for low level fluorescence
detection and quantitation i living cells, the
ACAS 570 gives vou numbers scu can count on.

Only with the ACAS can vou:

» Measure phisical and biochemical
changes within cells

* Automatically acquire data and calculate
histograms of tluorescence variations
within cell populations

« Directhv obtain macromolecular rates of
diffusion

* Measure Ca® ", pH and other ions using
ratiometric methods

* Obtain raptd (microseconds) temporal
measurements

Sensitive, Quantitative
Measurements with Minimal
rbotobleaching

The ACAS 370 Fy hamessed the umque
properties of coherent. monochromanc laser
dlumination to provide researchers with a
poserful tool for iuorescence quantitation

Fluorescent pmbes provide a high degree of
sttt ity and specifian. but are susceptible to
phatobleachime. especiall at the low
conerntritions requirest bor the stads of Tnng
ceils

The ACAS 18 designed 1 resalse thiy pmblem
throueh contralied Liser intensity, duration,
adspatsize The Lser beamilluminates omdy
e arvit o be measured ud omdy dunng the
hime of Mmeisurement

Vemputer contradted acousto-optic modolitor
AOSH preakheos pd chasates nthe Biser et
mtensite and daration s achmned waith e
NV scannmy stage. the OALsequentialh
exposes sall areits of a cell te brief
anscrosecands 1 Laser pulves

bunng awan, thereforeeach point m the field
is Hummnated for onl g fraction of the time as
required by full-field dlumimation swstems, and
aith better sensitiaty The results
photobleaching under control.

MERIDIAN

Instruments, Inc.

Serum stimulated increcse in intracellular colcism
keveds in buman termtocarcinoma cells labelod with
Indor-1. (Courtesy of Dr. Margaret Bade. Veridsn
Instruments, Inc.)

Response of 3T colls labebed with the [lnorescent pH
inatscator \\ARF- It rigerscin. (Courteny of tsmina
Jua Merubun Instrumenss. inc |

Simultunonms dnal Lihel imape of ek mnblacds
Werredd u1th propudium lodide und thuorecent antt
Creiine dinaw (Courtey of Dr LeBns Qi Ewir
of Wshongton Schood of Nesdn e

Detection of 30 000 copnes of ARE mR\E My uo-citn
M brrdeation 1n [ Seulemia coll [ime RS2 (¢ urtesy
of 1 joed Aewsswr Mi) Anderem tospetad)

.. THRACAS

REASON- 52554

. THE EYE

The ACAS uses a focused laser spot ¢
advanced photometric detection, 10
sensitive, accurite tuaorescenice med:

With the ACAS vou can:

* Minimize interference with cell
functions by using lower dve
concentrations

« Detect fluorescence even when
small number of sites are label

* Perform multiple measurement
cell with minimal photobleachi

« Simultaneousiv medsure to ef
with the dual detector option

Photomultiplier tubes provide the s
gain, linear response, and large dvna
net found in video-based svstems. T
under most experimental condition
570 provides vou with reliable data
cells with minimal photobleaching,
without the need for signal weragr

With the ACAS 570, the Oni
is Your Imagination.

Feom cloning cells to rapd calcium
measurements, the ACAS Interactive
Cviometer gives vou more informati
vour cells than pretty pictures.

Designed by cell researchers, the AC
integrates Loer dlumuation, photo
detection, and comprehensive, ity
software, tor the broadest range of 3
in cell and moleculae biology ik
stgde instrument

Ophions such as quantitative confocs
vidveo processing, and dual photom
offer vou the fleximbhin and versauli
accommadate present amd future

The MCAS wise comes with the Meriq
commitment to total customer supy
assuring manimum performance a
productivite fm vour nstrument.
dedicated staff of cell biologints, eng
computer scientists are inunediatel
with 4 plione call to answer vour
and instnimentation questions.

These are 3 few of the many reason
ACAS 570 is The Cyrometer For |
Reasons.

To discover YOURS, call us at 1-804
fn Michigan call 517-349-7 200,

€ 9% Merndian Ing
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ACAS 470

INTERACTIVE LASER CYTOMETER™

MERIDIAN

Application Note Number E-I
Quantitative Ratioing

Calcium Measurements in Single Cells with the
ACAS Interactive Laser Cytometer

Margaret H. Wade, Ph.D. and Susan A. McQuiston,
MT(ASCP), Meridian Instruments, Inc.

Intracellular free calcium in single cells can
be quantitated using the ACAS Interactive Laser
Cytometer. Small changes in free calcium can
have dramatic effects on many cellular processes
inciuding cell motility, muscle contraction, gap
junction function, fertilization and cell division
(1-5).

Free intracellular calcium levels are typically
between 50 and 150 nM These levels are
approximately 20,000 times lower than the total
calcium concentration estimated to be bound in
mammalian cells or in the external milieu. Most
of the calcium within a cell is sequestered within
nuclei, mitochondria, and endoplasmic and
sarcoplasmic reticuli. Multiple mechanisms in the
cell maintain this enormous concentration
gradient. Other mechanisms are responsible for
rcleasing free calcium ions into the cytosol ia
response to a variety of environmental stimuli
(5,6).

Calcium ions are therefore regarded as "one
of the most important intracellular messengers in
biology” (7,8). Since the changes in free calcium
levels which trigger ceil activity are minute and
often very rapid, quantitating these changes has
been technically very difficuls. Recently,
however, Roger Tsien and his associates (9) have
developed a fluorescent calcium indizator, Indo-1,
which is particularly well suited for quantitating
rapid calcium flux in single cells.

Tke fluorescent probe, Indo-1, is used to
monitor caicium in its bound and free states by
exciting the dye with the 351-363 nm lines of the
argon laser, and simultancously detecting two
emissions at 405 nm and 485 nm (9). A ratio of
these emissions is computed automatically by the
integrated software and allows quantitation of
free calcium within the cell. The ratio method
eliminates most of the problems associated with
dye leakage and concentration of fiuorescent

probe within the cell, and the simultancous
detection  ‘provides for extremely accurate
quantitation of temporal and spatial calcium

changes. The laser excitation source provides a
small beam (about | micron in diameter) which
both allows for extremely low levels of
fluorescence to be detected with minimum laser
power, and greatly reduces the amount of
photobleaching that might occur with repeated
scanning. The X-Y scanning stage allows for .25

micron data acquisition to provide maximum
spatial analysis.

Several types of experimental data can be
collected using the ACAS. Single point data,
integrated cross sectional line scans as well as two
dimensional spatial scans can be measured within
a cell.

Calcium is quantitated directly in cells by
comparing the ratio of the emissions to that
generated in a standard curve. The standard
curve is produced by mixing the Indo-1 free acid
with varying amounts of added calcium in a
physiological buffer containing EGTA. A typical
standard curve is shown in Figure | where the
Detector 2/Detector I ratio is plotted against free
calcium concentration.

Figure 1. Standard curve of the ratio of the two emissions generated
by adding calciuta to EGTA contsining solution of Indo-1 free acid.

Examples of line and image scan data are
presented using serum starved human
teratocarcinoma cells (HT) labelled with | uM
Indo-1- AM, the cell permecant form of the dye.
The addition of fetal calf serum to these cells
causes a sharp 2-3 fold increase in calcium
concentration which then returns to a bascline
tevel. The particular component(s) in scrum
responsible for the calcium spike have not yet
been identified. '

Figures 2 and 3 are typical examples of line
scan data.  Figure 2 represents one of the
consecutive scans across the cell.  Figure 3 is a
ratio plot of the integrated valuc under cach scan
as a function of time. The vertical mark denotes
the time when serum was added. The temporal
shift has occurred very rapidly and the calcium
levels retuen to baseline.

Figure 3. Line scan dats showing scans acrose the cell with
luorescence o8 bath €08 and €88 displayed.



Figure 3. Ratio calculated from the integrated values determined
from 400 line scans.

Figure 4-€ show an example of the 2-
dimensional image scans that can be gencrated
in a timed mode. The relative fluorescence
intensity at both emissions in the first of twenty
scans is plotted using the color scale denoted in
the center of Figure 4. In Figure §, serum was
added, and by using the standard curve, the
ratio of Detector 2 over Detector 1 is plotted as
calcium values (calcium map). This map can be
produced for each of the 20 images generated.
In addition, a plot of the calcium concentration
versus time in the designated cells can be
produced as in Figure 6.

Use of Indo-1 provides high sensitivity of
intracellular free calcium  concentration.
Controls should be used to insure that the
fluorescence detested is calcium sensitive (9-12),
including manganese quenching of the Indo-l
frce acid, assessment of any Indo-1  ester
fluorescence and polarity adjustments to the
standard curve (13).

Quantitation of transient calcium values can
casily be obtained in single c¢ells using the
ACAS Interactive Laser Cytometer. Spatial and
temporal resolution of calcium can be analyzed
using multiple scanning modes. Production of a
standard curve allows for direct quantitation of
calcium within cclls.

Figure 4 Two dimensionsl plot of dats showing both emissions for
a number of single cu'ls.

Figure & Time plot of the ratio values expressed as calcium
zoncentration from the cells in Figure §.
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ACAS 570...

The Cytometer for All Reasons

The ACAS 370 Inteructive Laser Cytometer lets
vou go bevond observation to Interaction with
vour cells in culture.

You comimud the power of the Lser for es
research capalibeses mcluding interactive
techniques such as riare event selection,
micrwzmgen and i osgence

fhatableac: g

CELL SELECTION IN CULTURE

The MOAN s the onhoestrument that ks vou
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« Sorting Cells the ACAS Way
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* Laser Ablation
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undisturbed for continued growth as a
hamageneaus culture.

Celis are gmwn on specially treated glass cover
slips which absorb high intensity Laser light to
praduce lacahzed heating and killimg of onh
the tarzet cells.

(el Setvenon applications include

» Mutant selection based on phusical and
hochenical characteristics including
memb-ane protein [ateral mobilin, gap
jenction comniacation, and
rinfection

« Selectinn and cloning of transformed cell
fnes such as smooth muscle. Chinese
Iamster ovan, and human
terttocarcrn stem cefh

o tcLgen of subpoapulations of human
meLatoytes, Teells, and parenchvmal

Bepaatacites

CELLULAR MICROSURGERY

Wirh the WS 570 vou can use the faser as a
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¢ Fluorescence Redistribution after
Photobleaching (FRAP)
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ACAS 570...

The Cytometer for All Reasons

FLUORESGENCE

MEASEREMENTS -
The ACAS 570 Isteracive Laser Cutometer
unleashes the anaistical power «f tluorescence.
gving vou reprducthle Quantitative
measurements of cellular structure, function,
and response

From single and maltiple measurements, to
snultinenss emission ratios, vou get real
mumbers {or tliorexcence quantiliion
ruiging from DN content and molecular
diffasion. o mtracelfular Ca” " and pH

QUANTTIATIVE FLUORESCENCE
APPLICATIONS
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ACAS 570...

The Cytometer for All Reasons
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The MAS Diteractive Liver Cotometer 18 the
istrument for quantitatne fluorescence
anafosis and adberent cell sorting
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AUTOMATIC FILE
INTEGRATION

Incorporating an innovative file utility
svstem, the ACAS software automates data
management for fast, simple file integration
and satistical analvsis. For example: vou
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These are just 4 few of the extensive diuta
acquisition, analysis and management
programs available with the ACAS §70
Interactive Laser Cytometer.

And, one more reason why the ACAS 570 is
The Cytometer For All Reasons M
To see more. and find out how the ACAS can Instruments, Inc.

work for you, call usat 1-800-247-8084, or 240 Science Parkwin » Ohemios, ME i8804
(317) 349-7200. SE% 4407200 « KINL 2 ¢7RN g 0 FAN 51T 4 g-500°
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DASY 9000-Data Analysis System

Extend and Enbance the Analysis Capabilities of Your ACAS

® Improves Laboratory Productivity

® Duplicates ACAS 570 Analvsis Capabilities

® Provides Convenient Access to Data

® [ntuitive, Menu-Driven Software, Easy To Learn And Use

® Convenient Mouse and Kevboard Control

® Comprehensive Graphics Functions

® High Resolution Gray-Scale or Dynamic Color Displays

® High Quality Hard Copy Reproduction From Any Screen

e MS-DOS Disk and File Maintenance




e DASYO(KK) - Data Analysis System -
It comyplete dag andd sis sorkston dedicated
B the analvsis and displas ot Tuorescence dat
withered < e ACAS 470 or 370 Intericine
Laser Cvtometer. As an mdependent computer
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SPECIALIZED PROGRAMS FOR
QUANTITATIVE FLUORESCENCE
ANALYSIS
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VERSATILE SOFTWARE SIMPLIFIES
INTERACTION

Designed for simple aperation right from the
start, the intuitne, menu-drven ACAS softwire
Brelps vou Tearn the ssstem easih and become
productive guickh.

A operations are performed with simple
commutds accessed by program selections from
the i ment, Programs are loaicadh

aeed dand gkl chosen framy pull-down

wwenas tsitig 2 kes hoasd or twoshutton moase,
warkimg in juiralled, to provide it edst sistem
mieraction.

For example: Use the mouse and pull-down
menu operations to automaiicatly perform 1
vanets of image anabsis functions including:

o Smoath and threshold data

* Mark selected areas for separate analisis

* Befine cetls with poligons for mtomated
amahsiy

o Elinunate celis for exclusion from final
calculations

o Calcalate cellular statistics (i ¢ . namber of
cells. average cellular fluorescence, etc.

POWERFUL ANALYTICAL GRAPHICS
ILLUSTRATE FLUORESCENCE
MEASUREMENTS

The comprehensine ACAS softaare gves vag the
capabilites to create detbed griphies for 1
vantett o anabancd displans

o \tomatically creste hintograms hased o
celfular stastics integrating hundreds of
eAperimienis

o Bltstrate popalation ditferences tie. dual-
detector scnsd ising multiparameter scitter
plots, and baz or contoue Tustograns

o Credte componte disples of fluorescence
s and corresponding graphics anabysis
for edst comparisn

o herlay dad detector images for visual
comparisan and discrisiation of
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Instruments, Inc.
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fluorescence salues for each detector
o Query data from am ared or e a specific
point i an image

HIGH RESOLUTION COLOR IMAGES
ENHANCE SIGNIFICANT DAIA

Sharp. 640 X 480 pixel resolution gives vou
clear. vivid displavs of contrasting cellulur
components and histegram popalations.

Fluorescence scans are abplised as grv-scale
ur paetido-color images composed trom anvanen
of user defined color palettes.

High quality hard copies of any screen can be
quickls obttined from the color printer, or
theough photographic reproduction vit an
aptianial in-line camera system for 33 mm slides
and prints.

EASY, EFFICIENT DATA MANAGEMENT

Designed around @ 32 Dit. 80386 hased
microcomputer (IBM A1 compatible). the DASY
can mput, store, and retrieve wur dita with
speed and flexibilin.

optimal program and daty storage iy achicved
with a 00 Mhute winchester hard disk and a1 2
\hvte floppy disk drive. (dditional storage
capacits is avatitable with an optional 20 Mbw e
micr-bernoutli disk drive )

* MS-DOS Operating System

I utihving the wideh accepted MS-DOS
aperiting sustem, the ACAS software prosudes
sinple. easy 1o jearn programs, aatomating daty
processig and analssis, and nminuzing data
mutigement trme: MS-DOS idso permis the tse
af vanety of commercially avnbible progrims
and easy integration into local aret networks
vit Ethernet**

To find out haw the DASY 9000 can increse
the anahvtical power of powr ACAS call us at
SO0- 247-S084 10 Michagan call 317-349-7200.

Codor fretnter meproducction of tuo-dimensiondd psevdo-color
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APPENDIX B

Application Notes on new techniques that the Upgrade of ACAS can
perform:

1. Calcium measurements.

2. Free Radicals.

3. Reprint "In situ (6-4) photoproduct determination by
laser cytometry and autoradiography".

4. Reprint "“Characterization of an jin :jitro human kidney
epithelial system to study gap junctional intercellular
communication®,




ACAS E70
INTERACTIVE LASER CYTOMETER

MERIDIAN
Instruments, Inc.

Application Note Number E-2
Calcium Analysis

DETECTING CALCIUM RESPONSE IN
CULTURED CELLS USING THE VISIBLE
WAVELENGTH CALCIUM PROBE, FLUO-3

Margaret H. Wade, Meridian Instruments, Inc,
Okemos, ML
The measurement and quantitation of

intracellular calcium responses within cells is of
great importance to cell biologists (see Application
Note E-1). Small changes in free intracellular
calcium can effect gap junction function, cell
division, muscle contraction, neutrophil
stimulation and . other cell functions. Recently
several fluorescent probes to measure calcium have
been developed by Roger Tsien. Indo-! and Fura-
2 were developed as dual emission or dual
excitation calcium sensitive probes, and more
recently the single excitation and emission probes,
Fluo-3 and Rhod-t have been made available (1,2).

Fluo-3 is a new fluorescent probe which can be
excited by the 488 nm line of the argon laser, and
emits in the visible spectrum similar to fluorescein
(520 nm). The advantage of this probe is that UV
excitation is not required; however a major
disadvantage is that it is difficult to quantitate
the absolute calcium levels in cells because it is
not possible to use a ratio technique. A calcium
response, however, is relatively easy to detect in
cells, and further quantitation could be done with
the calcium ratio probe, Indo-1. Fluo-3 also offers
the possibility of dual labeling experiments where
one may wish to monitor another property of the
¢ell simultaneously with calcium levels, such as pH
or membrane potentials.

A solution of the Fluo-3 free acid in high
potassium buffer containing | mM EGTA, pH 7.45
was examined usiug the ACAS 570 Interactive
Laser Cytometer. The sample was excited with
488 nm light from the argon ion laser, and the
emission above 515 nm was detected with the
photomultiplier tube and digitized. The absolute
fluorescent units are plotted in Figure | as a
function of free calcium (Orion standard)
calculated from total calcium using the Kd of
EGTA (105 nM) in this buffer. There is clearly a
relationship between added calcium and increased
fluorescence. However, as the fluorescent value in
cells may depend upon dye leakage,
photobleaching, degree of labelling, etc., this type
of calibration curve c¢annot be wused for
quantitation,

Figure 1. Standard curve showing Pluo-3 free acid fluorescence as a
function of calcium concentration.

Human teratocarcinoma cells (HT) or normal
diploid fibroblasts were grown in 35 mm tissue
culture dishes and labelled with the cell permeable
form of the dye, Fluo-3 AM, in PBS containing
magnesium and  calcium. Although the
manufacturer suggests the addition of the
solubilizing agent, pluronic acid (3), to the
incubation media, we found this addition
unnenessary for these cells (see Table 1). After
rinsing, the dish was placed on the X-Y scanning
stage and either a [luorescent image of a field of
cells or a line scan across one cell was generated as
a function of time. In some experiments,
ionomycin was added and the calcium response
was measured.

The concentration of Fluo-3 necessary to label
cells was examined (Table 1). Cells incubated with
1 uM Fluo-3 were very poorly labeled and not
included in the figure; those incubated with 3 or §
uM for 1 or 2 hours showed good labelling
without .05% pluronic acid, and less labelling with
pluronic acid. We chose 5 uM Fluo-3 for | hour
with no pluronic acid to perform the remaining
experiments,

uM M
! hr 285 1190
1 hr +Pluronic 212 598
2 hr 254 821
2 hr +Pluronic 127 703

Table 1. Average
conditions.

fluorescence per cell aftar various labelling




The photobleaching characteristics of cells
labelled with Fluo-3 were determined by
repetitively scanning the same area of the cells and
plotting the integrated value as a function of scan
number. Less than .1% fluorescence per scan is lost
when using the ACAS (data not shown). This is a
result of the use of a focussed laser beam (~1
micron in diameter) and Acousto-Optic Modulator
(AOM). The AOM pulses the laser such that the
sample is only illuminated for a brief period of
time over a discrete arca.

Figure 2. Two dimensional images of Fluo-8 incorporation in normal
diploid fibroblasts A) before ionomycin B) immediately after ionomycin
and C) 4 minutes after ionomycin.

The response of cells to the ionophore,
ionomycin, is shown in Figures 2 and 3. HT cells
were labelled with Fluo-3, and after the second
image scan, 3 uM ionomycin in PBS containing
calcium and magnesium, was added while the
scanning continued. Figure 2a is a two dimensional
pscudo-color image of normal diploid fibroblasts
before ionomycin is added, Figure 2b is the same
ficld immediately after ionomycin, and Figure 2c is
the same field about 4 minutes later when the celis

have returned to baseline values. Figure 3 is the
time plot of a similar experiment with HT cells
showing the time response to ionomycin, It is clear
that an increase in fluorescence was detected, with
a gradual return to basecline values. No attempt
was made to correlate these fluorescent values with
absolute calcium values.

Figure 3. Time plot of ionomycin response in HT cells.

The new calcium sensitive probe, Fluo-3, will
be very useful for determination of qualitative
calcium changes in cells as the result of agonist
trcatment, such as growth factors, antibodies, etc.
Although various methods have been suggested for
quantitating calcium based on a fluorescent signal
(3), one will always be concerned about the effect
of dye leakage, photobleaching of the signal,
uncqual labelling among cells, etc. Fluo-3 is
particularly useful as a first approximation of a
calcium response  because it  uses  visible,
fluorescein-like, excitation and emission, and is
suitable for simultaneous measurements of calcium
and another fluorescent probe, i.e. pH.
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Detection and Quintitation of Peroxides and
Hydroperoxides in Attached Cells Using the Dye
2,7-Dichlorofluorescin

David W. Bombick, R. J. Reynolds Tobacco
Company, Winston-Salem, NC 27102

INTRODUCTION

Several active oxygen species are important
in affecting biclogical systems. Peroxides and
hydroperoxides (e.g. hydrogen peroxide) may
form free radicals (such as the hydroxyl radical)
which can react with many bio-organic
compounds incuding proteins, nucleic acids and
lipids. Since some of these reactions are
harmcul, measurement of active oxygen species
can be important in toxicological research in
areas including genectic toxicology, in vitro
toxicology, immunotoxicology, reproductive
toxicology and neurotoxicology.

Methods to quantitate hydroperoxides and
peroxides in living cells are limited at the
present time. Most techniques require cell-free
systems and involve chromophores generated by
reactions of . thiobarbituric acid with
malondialdehyde (1,2) or I" with the peroxide
{3). An assay to detect hydroperoxides based on
the conversion of 2,7-dichlorofluorescin to the
fluorcscent 2,7-dichlorofiuorescein by
hydroperoxides has recently been developed
(4,5,6). This rcaction was sensitive to picomole
levels and linear with respect to varying

concentrations of a number of hydroperoxides

and peroxides. The chemical 2,7-
dichlorofluorescin  diacetate, which freely
crosses cellular membranes was used to facilitate
loading into c¢ells. Cellular esterases cleave the
acetate groups and the tonic 2,7-
dichlorofluorescin, which cannot cross cellular
membranes, is trapped in cells. Once the 2,7
dichlorofluorcscin is trapped within a cell it is
available for oxidation to 2,7-
dichlorofluorescein by the peroxides or
hydroperoxides present. This method has been
adapted for use with the Meridian Instruments
ACAS 470 Interactive Laser Cytometer™ 1o
allow quantitation of peroxides and
hydroperoxides on a single cell basis,

METHODS

The dye 2,7-dichlorofluorescin diacetate

{Molecular Probes, Eugene, OR) was dissolved in
ethanol at a concentration of | mM. The dye
was loaded into cells (5 ul/ml) in culture media
for 30 minutes at 37° C. Chemical treatment of
the cells may precede, follow, or occur
simultaneously with the loading of the dye as
long as this is kept constant in the experimental
design and the treatment does not inhibit
esterase activity., After 30 minutes of dye
exposure, the plate of cells is rinsed with PBS
containing 5 mM glucose (PBSg) approximately
five times. The cells are maintained in a small
amount of the PBSg (1-2mls) and examined with
the ACAS 470 Interactive Laser Cytometer. The
instrument is equipped with an argon ion laser
tuned to 488 nm, and emission above 515 nm is
quantitated from two dimensional image scans
generated by a 1 micron laser beam and an X-Y
scanning stage. An average fluorescence valuc
from a confluent cell area or the fluorescence
from single cells can be obtained. A standard
curve (Figure 1) can be generated by adding
varying concentrations of hydrogen peroxide
{c.g., 10 ng/ml to 1 mg/ml) in PBSg with or
without a confluent cell monolayer, depending
upon the experimental design. This standard
curve can be used to express fluorescence values
as a function of hydrogen peroxide quantity.

o -

Figure 1. Standard curve hydrogen peroxide

concentration (log ug/ml) se & function of fluorescence intensity.

showing

RESULTS AND DISCUSSION

Quantitative analyses of peroxides and
hydroperoxides in several cell types have been
done using 2,7-dichlorofluorescin diacctate and
the ACAS 470. Figure 2 illustrates the
respiratory burst of ncutrophils after addition
of 10 nm/ml of PMA (phorbol-12-myristate-13-
acetate). The cells were plated in multiple




dishes at equal densities and the average
fluorescence values for neutrophils was
calculated. At G, I, S and 10 minutes after PMA
treatment those values were 305, 430, 931 and
1551, respectively. These values can be related
to hydrogen peroxide concentrations with a
standard curve. The rapid increase in peroxide
formation parallels results obtained with flow
cytometry (5). The grey areas within some of
the images indicate the presence of cells which
have not responded and are therefore not
fluorescent. The images from the ACAS 470
demonstrate that the response is heterogeneous
among the necutrophil population and that not
all cells are activated to the same degree. This
also demonstrates the importance of analyzing
single cells, rather than % whole population.
Figure 3 illustrates the fluorescent images
Benerated when WB rat liver oval cells are
exposed to a 1245 mM concentration of
hydrogen peroxide for 5 minutes. The
conversion of 2,7-dichlorofluorescin  to the
fluorescent 2,7 -dichlorofluoresein in these cells
is rapidly increased when hydrogen peroxide is
exogenously added. Again, the response in the
WB cells is heterogencous which may indicate
different subpopulations with varying protective
mechanisms against hydrogen peroxide.

This method appears useful in determining
whether particular toxicants generate peroxide
or hydroperoxide species. Formation of these
rcactive oxygen species may be correlated to
cytotoxicity  parameters  or other  toxic
manifestations. A further use of this method
may include the examination of lipid
peroxidation and subsequent membrane damage.
Finally, an in vitro assay could be developed to
test a chemical’s anti-oxidant capability.

In summary this report discusses a method
to quantitate the formation of reactive oxygen
species in vitro, The advantages include the
capability of carrying out the analyses in
attached monolayers of cel: rather than cell
suspensions, In addition, ¢ .ctinn of these
pcroxides and hydroperoxides can be done
quickly and on a single cell basis.

REFERENCES

1. Dahle, 1 K., Hill, EG. and Holman, R.T. (1062) Anal
Biochem.Biophys. 98, 283.

2. Pryor, W.A, Stanley, J.P. and Blair, E. (1976} Lipide 11,
370.

3. Hicks, M., and Bebicki, J. M. (1979) Anal. Biochem. 99, 349.

4. Cathcart, R., Schwiers, E,, and Ames, B.N. (1983} Anal.
Biochem. 134, 111.

5. Bass, DA, Parce, 1. W, Dechatelet, L.R., Stejda, P., Seeds,
M.C. and Thomas M. (1988) J. Immurol. 130, 1910.

6.  Sseda, P, Parce, J.W_, Sees, M.S. and Bass, D.A. (1984) J.
Immunol. 133, 3303.
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Summary

The UV-induced (6-4) photoproducts and repair in individual
human cells were quantitatively determined by using argon-laser
imaging microspectrofluorometry or autoradicgraphy with a well-
characterized monoclonal antibody against (6-4) photoproducts.
(6-4) Photoproduct induction curves were linear as a function of
UV dose, using both methods. The formation of (6-4) photoproducts
was detected in the cells irradiated with as low as 10 and 25 J/m2
of UV by autoradiography and laser cytometry, resrectively. Normal
cells repaired more than 80% of the initial damage within 4 hr
post-irradiation. 1In coﬁtrast, almost no repair was observed in
xeroderma pigmentosum cells (complementation group A) within 8 hr.

Introduction

Available evidence has not ruled out (6-4) photoproduct s a
premutagenic lesion (Franklin and Haseltine, 1986). on the
contrary, there is evidence that both cyclobutane pyrimidine dimers
and (6-4) photoproducts are responsible for UV-induced mutations
in E. coli and in human cells (Brash, 1988). Additional evidence
indicating a major biological role for (6-4) photoproducts came
from studies of a chemical mutagen~-induced revertant of xeroderma
pigmentosum cells (x.p., complementation group A) which is normal
in repair of (6-4) photoproducts but remains dotect}ve in repair
of pyrimidine dimers. The revertant was found to be normal in
repair replication and UV-indiuced sister chromatid exchanges and

mutations (Cleaver et al 1987, 1988).




Although there is increased interest in (6-4) photoproducts,
a sensitive method for detecting (6-4) photoproducts in DNA incuced
by UV at physiological dose is not readily available except the
immunological method (Mitchell and Clarkson, 1984: Eggset et al.,
1987; Mori et al., 1988). Besides the advantage of sensitivity,
Lhe immunological method also allows researchers to study the
distribution of (6-4) photoproducts in individual cells within a
tissue or in a §opulation of cultured cells jn vitro. For this
purpose the antibecdy used should be very specific for (6-4)
photoproducts. The monoclonal antibody specific for (6-4)
photoproducts appears to be the best choice for this kind of study.

In this report, we developed a sensitive method to measure
the (6-4) photoproducts and their repair in individual human cells
in culture by using an argon-laser imaging microspectroflucrometry
(Meridian ACAS 470) or autoradiography with a monoclonal antibody

against (6-4) photoproducts.

Materials and Methods

Cells snd media

N¢ 'mal human skin fibroblasts (AH) and xeroderma pigmentosum
(XP) calls, XP1lEH (complementation group A), were cultured in
Dulbecco's modified Eagle's medium (DMEM, Nissui Selyaku, Tokyo),
supplemented wif': 10% fetal bovine serum (FBS, M.A. Bioproducts,
Walkersville, MD). Another XP cell strain, XP12BE (CRL1223,
complersi..ation group A), was obtained from the American Type

Culturc vollection (Rockville, MD). XP12BE cells were grown in a



modified Eagle's medium (Eagle, 1959) (Earle's balanced salt
solution with a 50% increase in all vitamins and essential amino
acids except glutamine) and supplemented with nonessertial amino
acids (100% increase), 1 mM sodium pyruvate, and 10% FBS (Hazleton
Research Products, Cenver PA). Cells were grcwn in humidified air

with 5% CO, at 37°C.

Preparation of a monoclonal antibody specific for (6-4)

photoproduct

The details of the establishment of a monoclonal antibody
(64M-1) specific for (6-4) photceproducts have been published
previously (Mori et al., 1988). Briefly, Uv-irradiated single-
stranded DNA (ZORJ/mZ, UVssDNA) conjugated with methylated bovine
serum albumin (mBSA) was injected 3 times into BALB/c mice. Three
days after a booster injection of UV-poly(dT)-mBSA, spleen cells
were fused with mouse myeloma cells (P3-NSI/1-Agd-1). Hybridomas
secreting antibody recognizing UV-irrvadiated DNA were screened and
the cells in the promising cells were cloned 3 times by limiting
dilution. Subsequently, 64M-1, a monoclonal .antibody recognizing
TT(6-4) photcproducts and TC(6-4) photoproducts was established
(Matsunaga et al., In press).

In situ (6-4) photoproduct determination by laser cytometry.

XP12BE cells (2 x 10°) were directly plated in 35 mm plastic
dishes and cultured overnight. After washing with phosphate
buffered saline (PBS), calls were irradiuted with UV and then fixed
with cold methanol : acetic acid (3:1) 'or 20 min on ice, washed

by ethanol and dried. Cells were then treated witl, 0.07 M NaOH/70%




ethanol for 2 min to denature DNA, followed by washing with PBS (5
times). Cells were incubated with 1% BSA in PBS for 30 min at room
temperature to prevent non-specific antibody binding. After
washing § times with PBS, cells were then incubated with the
monoclonal antibody (64M-1) for 30 min at room temperature and
washed again with PBS. Cells were then incubated with sheep anti-
mouse IgG conjugéted with biotin, F(ab'), fragment (Sigma, St.
Louis, MO, final concentration: 25 upug/ml) for 30 min at room
temperature and washed five times with PBS. The last step involves
the incubation of cells with streptavidin conjugated with FITC
(Sigma, St. Louis, MO, final concentration: 10 ug/ml) for 15 min
at room temperature, and washing five times with PBS and twice with
distilled water. All antibodies and fluorescent chemicals were
diluted with PBS containing 0.1% BSA and 0.1% NaN,. After drying,
the cells were covered by a drop of PBS/glycerol (containing 5%
wt/vol p-propylgallate), and a clean coverglass with the edges
sealed with nail polish. Samples were observed using the Meridian
ACAS 470 workstation (Wade et al., 1986, Mori et al., 1989,
Meridian Instruments, Okemos, MI). For each treatmént, the average
fluorescent intensity of about 200 cells in 10 randomly selected
ares is presented.
Preparation of ’M-monoclonal antibody

We followed the mathod described by Galfre and Milstein (1981).
Briefly, 1.2 x 10’ hybridoma cells secireting 64M-1 were washed
twice with lysine-free DMEM (Nissul Seiyaku, Tokyo) and incubated

for 20 hr at 37°C in the incorporation medium: lysine-free DMEM,




3.0 ml; L-[4,5—ﬁn lysine monohydrochloride (37 MBgq/ml, 2.7
TBg/mmole, Amersham, England), 2.16 ml:; 10 times Hank's balanced
salt solution, 0.24 ml; dialyzed FBS, 0.6 ml. Supernatant was
collected and applied on a column ccntaining protein A-Sepharose
CL-4B (Pharmacia, Sweden). 1gG,, fractions were collected and
dialyzed overnight against PBS.

In situ (6-4) photoproduct determination by autoradiography

The methnd has been described previously (Mori et al., 1988).
Briefly, normal skin fibroblasts or XPlEH cells (2 x 105) were
incubated for 24 hr in a Lab-Tek chamber (No. 4802, Naperville, IL)
and washed twice with PBS. Cells were irradiated with various
doses of UV at room temperature at a dose rate of 1.13 J/mﬂs.
Immediately after irradiation or after post-irradiation incubation,
cells were fixed with ice-cold ethhaol:acetic acid (3:1) for 20 min
at 4°C. Slides with cells were passed through 0.07M NaOH in 70%
ethanol for 2 min, rinsed with 70% ethanol and dried. Cells were
incubated with PBS containing 10% calf #erum (CS) at 37°C for 30
min and subsequently with the ‘H-monoclonal antibody (13.9 ug/ml,
3.8 x 10° dpm/ug protein) for 30 min. Cells were then serially
washed with PBS containing 10% CS, PBS and water. Dried slides
were processed for autoradiography using NR-M2 emulsion
(Konishiroku Photo Inc., Tokyo). The slides were kept in a freezer
at -20°C for exposure for 30 days, developad, fixed and stained

with Giemsa solution.
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Results
n situ (6-4 hotoproduct determination b aser cytometr

Fig. 1 shows the typical fluorescent images of XP cells
irradiated with various doses of UV obtained from the ACAS 470
workstation. In the irradiated cells, there was a weak
fluorescence on the whole cells. 1In the cells irradiated with UV,
there was a strong fluorescence over the nuclei, in addition to a
weak fluorescence over the whole cells. The fluorescent
intensities on the nuclei clearly increased with increasing UV
doses.

The software associated with the Meridian ACAS 470 workstation
allows one to eliminate the background level fluorescence and
guantitates the fluorescent intensity per nucleus from the original
fluorescent image shown in Fig. 1. Using this method, we measured
the fluorescent intensity per cell as a function of UV dose in XP
cells (Fig. 2). There was a little background level fluorescence
in unirradiated cells and the fluorescent intensity per cell
increased linearly with increasing UV doses. We could detect the
formation of (6-4) photoproducts in indiviaual cells irradiated
with a UV dose as low as 25 J/m{ The method, however i{s not
sensitive enough to detect (6-4) photoproducts in individual cells
irduced at lower but biologically significant dose level. To
increase the sensitivity, we tried the autoradiography with the ’H-
labelled monoclonal antibody as described in the following.

In aitu (6-4) photoproduct determination by autoradiography

Fig. 3 shows the autoradiographs of UV-irradiated and
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Qnirradiated normal human cells treated with ‘H-mcnoclonal
antibody. In the unirradiated cells, some background level grains
were observed on the whole cells. In the cells irradiated with 50
J/mz, many grains appeared only on the nuclei.

To quantitate the formation of (6-4) photoproducts 1in
individual cells irradiated with varicus UV doses, we counted the
grain nuamber per nucleus under a microsccpe. Fig. 4 shows the
induction of (6-4) photoproducts in the DNA of UV-irradiated normal
and XP cells. The number of grains per nucleus increased linearly
with increasing UV doses. As expected, there was no difference in
the induction of DNA damage between the two types of cells. Even
at as low as 10 J/mz of UV dose, there was a significant increase
of average grain number per nucleus conpared with control cells.

Fig. 5 and 6 show the time course of repair in normal and XP
cells after irradiation with 20 and 40 J/mZ of UJV. “Normal cells
repaired more than 80% of the initial (9-4) photoproducts within
4 hr. On the other hand, XP cells were incapable of repairing (6-

4) photoproduct . within 8 hr.

Discussion
The results of this study indicate that the two methods, laser
cytometry or autoradiography combined with a monoclonal antibody
against (6-4) photoproducts, are suitable for measuring (6-4)
photoproducts induced by physiological UV doses in individual human
cells, The linear (6-4) photoproducts induction curves as a

furction of UV dose were obtained using both methods. The




formation of (6~4) photoproducts in tile cells irradiated with as
low as 10 and 25 J/m’ of UV were detected by autoradiography and
laser cytometry, respectively. One third of thymine direr
induction (Mitchell, 1988), 3.2 x 10" mole (1.9 x 10°/cell) and
7.9 x 10" mole (4.8 x 10°/cell) of (6-4) photoproducts could be
detected by autoradiography and laser cytometry respectively,
assuming 16 pg DNA/cell, and 0.0025% of total thymines (unpublished
data) and (6-4) photoproduct induction.

Although XP cells could repair almost no (6-4) photoproducts
within 8 hr, normal cells repaired more than 80% of the initia:
damage within 4 hr. These results wére quite different from the
repair patterns of pyrimidine dimers detected by laser cytometry
(Mori et al., 1989), in that normal cells repaired 50% of the
initial pyrimidine dimers within 8 hr and 60% at 24 hr after UV
irradiation. The fast repair pattern of (6-4) photoproducts in
normal cells resembles the results obtained by Mitchell et al.
(1985). 1In their study, the removal of 75% of (6-4) photoproducts
was observed within 4 hr in human cells. These results, in
combination with the results obtained by Cleaver et al. (1987,
1988), suggest that there might be different short repair processes
for (6-4) photoproducts and pyrimidine dimers, in addition to the
long common process.

We believe this is the (first repoct of in gitu (6-4)
photoproduct determination with a well-characterized monoclonal
antibody. The monoclonal antibody we used is very specific for

(6-~4) photoproducts formed in TT or TC sequence (Matsunaga et al.,



In press). Polyclonal antibodies against UV-irradiated DNA do not
seem to be suitable for in situ determination of a specific damage,
because they might contain mixed populations ot antibodies
recognizing various kinds of damages: i.e. (6-4) photoproducts,
pyrimidine dimers and thymine glycol (Mitchell and Clarkson; 1984,
Eggset et al.:; 1987).

Recently, we have established four new monéclonal antibodies
specific for (6-4) photoproducts (unpublished data). Preliminary
data show that three of them seem to be more sensitive for
detection of (6-4) photoproducts than the 64M-1 antibody. We
should be able to increase sensitivity for in situ (6-4)

photoproducts determination using these new antibodies.
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Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
Insitu.ms

Figure Legends
The typical fluorescent images of XP12BE cells
irradiated with various doses of UV obtained from the
ACAS 470 workstation. The values shown in the pictures
are UV doses (J/mﬁ.
The induction of (6-4) photoproducts as measured by

the in situ immunofluoréscent laser cytometry in XP12BE

cells irradiated with various UV doses.

The autoradiographs of UV-irradiated and unirradiated
normal human cells treated with *H-monoclonal antibody.
The values shown in the pictures are UV doses (J/m%.
The induction of (6-4) photoproducts as measured by
autoradiography in normal and %PlEH cells irradiated
with various UV doses. 100 cells were counted at each
point.

The repair of (6-4) photoproducts in normal and XP1lEH
cells irradiated with 20 J/m’ as measured by
autoradiography. 100 cells were counted at each point.
The repair of (6-4) photoprodicts in normal and XP1lEH
cells irradiated with 40 J/m’ as measured by

autoradiography. 100 cells were counted at each point,
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ABSTRACT

In the present study we have investigated if a human cell culture model
can be used to study the interaction of xenobiotic chemicals to inhibi:t gap
junctional intercellular communication (GJIC). The G401.2/6TG.1 epithelial cell
line derived fro. -he kidney of a Wilms' tumor patient exhibited extensive GJIC
as measured usin, FRAP analysis and scrape-loading dye transfer techniques.
Several known hepa- ¢ tumor promotiag chemicals, skin tumor promoter, TPA and
polyhalogenated bip:. nyls were tested for their effect on IC. TPA completely
abolished GJIC of these cells at concentrations as low as 0.3 ng/ml and continued
to down modulate cell-cell communication for up to 3 days following a single

trzatment. Among the other chemicals studied, dieldrin, heptachlor and
heptachlorepoxide were most effective as inhibitors CJIC; DDT, lindane mirex and
Fire Master BP-6 were ineffective. Two fatty acids, 1linoleic acid and

decaschexaenoic acid, were also effective in down regulating cell.cell
communication. The data also showed that while TMB-8 antagonized TPA's action
on GJIC, dieldrin synergistically interacted to abolish GJIC. The results of
the study indicate that 'ha response of these cells may be different from other
animsl derived cell cultire models and suggest the need for using human cell
culture models to study toxic interactifons of xenobioti{c chemicals.

INTRODUCTION

In all metazoans, coordination of cell growth, differentiation and

Key Vords: Cap junctional intercellular communication, cell-cell communication,
heptachlox, heptachlor spoxide, TPA, dieldrin, lindane, mirex, PBB's,
PCB’s, fatty acids, human kidney epithelial cells, free radicals,
FRAP analysis, scrape-loading/dye transfer assay.

development, as well as activities of cells vithin tissues, are mediated by two

major forms of intarcellular communication of fonic and molecular messages




(Loewenstein, 1981; Potter, 1983; Snyder, 1985; Pitts and Finbow, 1986;
Green,1988; Hertzberg and Johnson, 1988). One form of intercellular
cormunication depends on the protein structure, the gap junction, found on the
plasma membrane between continguous cells which functions as a channel for ions
and molecules of approximately 1000 daltons (Loewenstein, 1979; Evans, 1988).
Gap junctions have been shown to be modulated by both endogenous (i.e., hormones,
neurotransmitters, grcwth factors) and exogenous (i.e., biological toxins, drugs,
pollutants, nutrients, food additives, pesticides, etc.) agents (Loewenstein and
Risinger, 1985; Trosko et al, 1988; Elmore et al, 1987; Neyton and Trautman,
1986). Many cancer cells have reduced or salective gap junctional intercellular
communication (Kanno, 1985; Yamasaki and Fitzgerald, 1988). In addition, many
chemicals having been shown to be teratogens (Trosko et al, 1982; Welsch and
Stedman, 1984), tumor promoters (Yotti et al, 1979; Murray and Fitzgerald, 1979),
and neurotoxicants (Trosko et al, 1987) have been linked to their ability to
inhibit gap junction function.

To date maay techniques, such as electrocoupling (Enomoto et al, 1981),
microinjection/dye transfer (Enomoto and Yamasaki, 1984), metabolic cooperation
(Yotci et al, 1979; Williams et al, 1981; Kavanagh et al, 1986; Ruch et al, 1987;
Jone et al, 1987; Gupta et al, 1985; Hooper, 1981; Davidscen et al, 1985; Mosser
and Bols, 1982), fluorescence recovery after photobleaching (Wade et al, 1986),
and scrape-loading/dye transfer (El-Fouly et al, 1986), nave been utilized to
measure gap junction function. In addition, many different cell types, strains,
and lines have been studied. An emerging picture indicates that not all gap
junceions in different cell types respond to the same chemicals in the same
manner, possibly due to species, or tissue type receptor differences, as well
as differences in gap junction proteins (Saez et al, 1989). While teratogens,
tumor promoters and neurotoxicants show species, tissue and developmental stage
differences, it would be surprising that a single cell type in vitro system could
he predictive of all in vivo conditions (Trosko et al, 1988).

Clearly, if jn vitro assays are to be used for risk assessment purposes,
as well as for studies of mechanisms of action by which various toxicants work,
a series of human epithelial and mesenchymal assays from various organs will
eventually be required to minimize the errors of extrapolating data from animal
cells to human beirgs. Consequently, this study was des{gned to develop a human
kidney epithelfal cell system to detect chemicals which could modulate gap
junction function. The results indicate that this cell line will be an excellent
system for further study.

MATERIALS AND METHODS

Cell Culture

The human kidney epithelial cell 1ine G401.2/6TC.1 used in these experiments
vas originally derived from a Wilas’ tumor patient and ystablished as described
previously (Welssman ¢f al., 1987). Cells were maintained in D-wedium, a
modified Eagle’'s mediun containing Earle’s balanced salt solutfon with & 508
increase of vitamins and essential emino acids except glutaaine, a 1008 {ncrease
of non-essential amino acids and 1 mM sodius pyruvate, 5.5 aM glucose, 14.3) oM
NaCl and 11.9 mM NaHCOy (pH 7.3). The medium was supplemented with 5% fatal
bovine serum (Gibco Laboratories) and 50 pyg/ml gentamicin (Quality Biol.gical,
Inc.). The cells were grown at 37°C and 5% CO; {n & humidified {ncubator. uUnder
these conditions G401.2\6TC.1 cells had a doubling time of 27 hours.




Chemicals

TPA (Sigma Chemical Co.) was dissolved in ethanol. Dieldrin, p,p’'-DDT,
lindane, and mirex were generously provided by Dr. Richard E. Leavitt, Pesticide
Research Center, Michigan State University. Heptachlor and heptachlor epoxide,
99+% pure were a generous gift of Velsicol Chemical Corporation, Chicago, IL.
Aroclor-1254, Firemaster BP-6, were kindly provided by Dr. Matthew Zabik,
Pesticide Research Center, Michigan State University. 2,4,5,2°,4',5"- and
3,4,5,3,4",5" hexachlorobiphenyl (HCB) and 2,4,5,2',4',5° hexabrcmobiphenyl
(HBB) were purchased from Analabs, North Haven, CN and were 99+% pure. Stock
solutions and subsequent dilutions of the test chemicals were made in ethanol
or dimethyl sulfoxide (DMSO) and were aded directly to the culture dishes to
obtain the required concentrations. Hydrogen peroxide (30% Hy0,), palmitic acid
(PAL, 16:0), linoleic acid (LA, 18:2), linolenic acid (LN, 18:3) and
docosahexaenoic acid (DHA, 22:6) were obtained from Sigma Chemical Co. (St.
Louis, MO). Stock solutjons of fatty aclds were dissolved in ethanol and kept
frozen under an atmosphere of nitrogen at -20°C. To achieve the desired working
concentration of fatty acid, aliquots of stock fatty acids were added directly
to complete media supplemented with 538 delipidated serum (Pelfreeze Bivlogicals)
and briefly sonicated immediately prior to treatment of the cells. The final
concentration of solvent in the medium was 0.1%. For the scrape-loading/dye
transfer (SL/DT) experiments Lucifer Yellow CH (Sigma Chemical Co., MW 457.2)
and tetramethyl rhodamine dextran (Molecular Probes, Inc., MW 10.000) were
dissolved in phosphate-buffered saline (PBS) at a concentration of 0.5 mg,'ml (E}-
Fouly et al., 1987). For the Fluorescence Redistribution Aftrer Fhotoblcaching
(FRAP) assay 1 mg of 5,5-carboxyfluorescein diacetate (Molecular Probzs, Inc.)
was dissolved per ml of ethanol (Wade eg al., 1986).

Measurement of Gap Ju o ommunica

uo ¢ fte t AP). For tne FRAP
assay, originally described by Wade gt al. (1986), G401.2/6TG.] cells were plated
at low density in 35 mm plates. After exposure to the test chemicals the cells
were rinsed several times with phosphate biffercd saline with Ca and Mg (Ca, Mg-
PBS) and maintained irn 2 ml of Ca,Mg-PBS during FRAP analysis. Fourteen ul of
the dye, 5, f-carboxyfluorescein diacetate were added to each plate. After 15
minutes the plates were rinsed several times with Ca ,Mg-PBS, 2 ml of Ca,Mg-PBS
were kept on the plates and the cells were subjected to analysis using the
Meridian ACAS 470 Workstation (Meridian Instruments, Okemos, MI). Selected cells
(5 to 8 per scan) vere photobleached and monitored for the return of fluorescence
at 5 minute intervals for a total period of 15 minutes (4 scans). The
experiments were repeated on 4-5 plates at each concentration or traatment. In
each plate a single cell vas selected but not photobleached to determine the
background decline of fluorescence. Occasio.ually, an {isolated cell was
photobleached as a negative control for fluorescence redistribution. Results
of the FRAP-experiments vere usually expressed as the average (percent) recovery
of fluorescence + istandard error of the mean (SEM). While the short-term
treatments were performed at room tesperature, for long-term exposure, cells vere
incubated at 37°C and the mediun was changed every 2 days followed by additionm

of fresh test cheaical(s).

Scrape-loading/dye transfer (SL/RT). The SL/DT technique was performed as

described previously. After treatment with the test chemicals, confluent




cultures in 35 mm plates were rinsed several times with phosphate buffered saline
without Ca or Mg (PBS) and two ml of the dye mixture (0.5 mg/ml of each Lucifer
Yellow and tetramethyl rhodamine dextran in rBS) was added. Three or four scrape
lines were made onr the monolayer with a surgical blade. After 3 minutes, the -
cells were rinsed several times with PBS and examined for dye transfer under a
Nikon epifluorescence microscope and photographs were taken. Because of its
low molecular weight Lucifer Yellow can be transmitted between adjacent cells
via gap junctions, but it does not diffuse through intact plasma membranes. The
high molecular weight rhodamine dextran (M.W. 10,000 daltons) however, can
neither diffuse through intact plasma membranes nor cross the junctional
channels, and therefore serves to identify the primary loaded cells. For the
long-term experiments, the medium was changed every 2 days and test chemicals
were added. All experiments were repeated at least once.

RESULTS

The human kidney epithelial cell line C401 2/6TG.l1 expresses a very high
level of gap junctional intercellular communication as shown by both FRAP (Fig.
1) and scrape-loading/dye transfer (Fig. 2) techniques. Fifteen minutes after
photobleaching of selected cells, the average recovery of fluorescence in
G401.2/6TC.1 cells was 53.3%., In the 3L/DT assay the dye, Lucifer Yellow
distribution extended 8 to 10 rows of cells beyond the primary :ecipient cells
during the 3 minutes after scrape-loading.

Quantitation of the SL/DT assay was done following two methods: The
semiquantitation method of the effect of the chemicals on GJIC was done by
assigning an arbitrary scale for communication in control cells and comparing
the level of communication after chemical treatment with that of the controls.
[n the other m:thod a more precise quantitative analysis was done by counting
the number of cells with Lucifer yellow i{n a 3 cm? area of the scrape-loading
dye transfer picture.
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FICURE 1. Meridian ACAS {mages of human kidney epithelial C401.2/6TC.1 cells,
fluorescently labelled with $,6-carboxyfluorescein. Digitized pseudo-images (A)
prior to, (B) lanedlately after and (C) 15 minutes after photobleaching of
selacted cells are dlsplayed. (D) shovs a plot {n which the percent recovery
of fluorescence {s expressed in time for each cell selected. Four scans were
made at S minute {ntervals after photobleaching. Data vere corrected for the
background loss of fluorescence in one ares (ares 1) vith tvo fsolated cells.
FRAP vas performed as described {n Macterials and Methods.
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FICURE 2. GCJIC {n C401.2/6TC.1 cells as messured by the Lucifer yellow dye
traasfer technique. Scrape loading of the cells vith Lucifer yellow/Rhodanine
dextran vas done as described. (A) Phase contrasc plcture of the cells shoving
aormal morphology. Arrov indicates the scrape line for introducing the dye
aixture. (B) Lucifer yellow distribution afier scrape loading. (C) High aol.
wt. Rhodamine dexctran is limited to the primary loaded cells only. 300 X

Charactacrizacion of IPA-effece on QIIL.

TPA-induced {nhibition of intercellular communication {n C401.2/6TC.1 cells
vas chatactarized using the FRAP assay. Both effects of concentration and
axposurs tise vere estzblished. Flg. ) displays the dose-responsa curve of TPA
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FICLRE 3. Dose-tresponse relationship of TPA-effect on gap Jjunctioral
ccmuunication by FRAP. C401.2/6TC.1 cells were exposed to different
concentrations of TPA for 1 hour and fluorescence recovery was determined over
a 15-sinute period. The shaded area shovs the recovery of fluorescence in
untreated control cells. Each point in the graph represents the mean recovery

& SEM of 5 experiments.

{n C401.2/6TC.1 cells after a 1 hr. exposure., Up to 0.3 ng/al the compound had
no significant effect on the recovery of fluoresczn-e. From 0.3 up to 3.0 ng/ml
communication vas inhibited in a dose-dependent sanner with complete blockage
at the highest dose tested. The recovery of fluorescence after different
exposure times of C401.2/6TC.1 cells to 3 ng/ml TPA is shown {n Fig. 4. Ghen
C401.2/6TC.1 cells were continucusly treated with TIPA, cosmunication wvas
completely blocked up to 1 day. At continued exposure, a time dependent return
vas obseirved up to 4OV of the control level after & days. In ethancl, the
solvent for TPA, shoved no effect on GJIC up to & days ¢! exposure at the

concencracion appllied (Fig. &).
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The neurotoxic insecticlde, dieldrin was studied for its inhibitory effect
on CJIC in G401.2/6TC 1 cells using the dye-transfer assay. Data presented (Fig.

$) show
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FICURE 4, Tize-response relationship of TPA-effect on gap junctional

comyunication by FRAP. G401.2/6TC.1 cells vere treated with 3 ng/ml TPA or the
solvent (0.1% ethanol) for 1 to 4 days and fluovescence recovery was determined
over & 15-minute perlod. Each point in the graph represencs the mean recovery

+ SEM of 5 experiments.

that intercellular coamunication was {nhibited in a time dependent manner. Lloss
of communication wvas elicited above 2 ug/al at one hour after treatment and
progresively increased at higher doses up to 10 ug/ul. A progressive loss of
CJIC was sesen beginning 10 min after treatment wvith 10 ug/ml dose and wvas
cowplete at 1 hour. Inhibicion sustained for up to 2 hours, following which,
the cells gradually regained coswunication, although the extent of communication
vas somevhat lover than i{n controls at the end of 24 hours.




FIGURE S. Temporal changes {n GJIC of €401.2/6TC.1 cells treaced with dieldrin.
CJIC wvas decternined by the dye transfer method at the required time point after
treatment. A. Control. B-F dieldrin (10 pg/ml) ac 1, 4, 6, 8, 12 and 24 hrs

respectively. 300 X

Effeccs of ogchex xencbiocica

Ve have also tested a number of xenobiotic chemicals for thelir ability to
‘phibit GJIC using the dye transfer assay. Data presented in Table 1 clearly
suggest thac there are differences in the action of these agents to dovn regulace
CJIC in G401.2/6TG.1 cells. VUhile the chlorinated inseccicides, dieldrin,
heptachlor and heptachlor epoxide alsost cospletely abolished communication, p.p’
DOT, lindane and sirex vere ineffective. The polychlorinacted biphenyl (PCB)
mixturs, Araclor-12%4 effectively blocked junctionsl communication at 10 pg/ml,
while the polybroainaced biphenyl (PB8) mixture, Firemaster BP-6, did not block
GJIC. Incerestingly, nelther of the hexachlors biphenyl isomers nor the



hexabromobiphenyl tested were able to down regulate GJIC.

Effects of Fatty Acids

Confluent monolayers of G401.2/6TG.1 cells were treated with DHA, LA, Ln,
and PAL at concentrations of 25, 100 and 250 uM for various time periods ranging
from 5 min up to 24 hr. GJIC was assessed initially utilizing the SL/DT
technique. Quantitation of GJiC was done with FRAP analysis. The unsaturated
fatty acids of GJIC were done with FRAP analysis. The unsaturated fatty acids
DHA and LN significantly inhibited (81%) GJIC at a concentration of 250 uM after
1 hr as assessed by FRAP analysis (Table 2). LA decreased GJIC slightly (25.5%),
but fluorescence recovery values in cells treated with LA did not differ
statistically from

TABLE 1
Effect of Several Xenobiotics on GJIC in G401.2/6TG.1 Cellsl.
16J1¢ was measured by scrape-loading/dye transfer technique as described.
2communication in control cells is given an arbitrary scale of ++++, which is
equal to the spread of Lucifer yellow into 8-10 rows of cells beyond the primary
loaded cells. + indicates significant loss of communication, indicated by spregd

of Lucifer yellow to 1l layer of cells at the most. The extent of communication
was confirmed in 3 different plates in each treatment.

Treatment (ng or ug/ml) Relative Communication?
Control - solvent Rt
TPA - 10 ng/ml <+
dieldrin - 10 ug/ml +
Heptachlor - 10 ug/ml ' +
p.p’'-DDT - 10 ug/ml +++
Lindane - 10 pg/ml 4+
Mirex 10 ug/ml ++++
Aroclor - 1254 10 ug/ml A +
2,4,5,2',4’,5" HCB 10 ug/ml +H+
3,4,5,3',4',5' HCB 10 ug/ml -+
Firemaster BP-6 10 ug/ml ++4++

2,6,5,2",4',5° HBB 10 ug/ml -+t




TABLE 2
Effect of Various Fatty Acids on Dye Recovery in G401.2/6TG.l Cells®
2Cells were treated with fatty acids (250 uM) for 1 hr.

by dye recovery (normalizing using a transformation procedure) is expressed as
means + SE for n = 38 (control), n = 7 (LA), n =« 9 (DHA), n = 10 (PAL), n = 12

(LN) plates.
CSignificantly different from untreated controls, p < 0.05, Tukey’s test.

Treatment Dye Recoveryb
Control 50.3 + 2.5
Linoleic Acid (lA) 37.5 + 4.5
Linolenic Acid (LN) 9.6 + 1.4€
Palmitic Acid (PAL) 49.6 + 4.1
Docosahexaenoic Acid (DHA) 9.3 # 2.5¢

untreated controls. GJIC in G401.2/6TG.1 cells treated with PAL was similar to
that of control cells. The fatty acid-induced inhibition of GJIC by LN and DHA
was rapid, occurring within 5 min, and reversible, with GJIC returning to control
levels within 1 hr upon removal of fatty acid treatment from cells (data not

shown) .

e o) Hz_O_z
Hy0y concentrations were determined by freshly diluting the 30% stock
solution with distilled water and measuring absorbance on a uv/visible
spectrophotometer at 240 nm. Exposure of confluent monolayers of SB-3 cells to
100, 250, 500, 1000 and 2000 uM H202 in serum-free D media for 1 hr had no effect
on GJIC. These findings differ with results obtained utilizing liver epithelial
WB-F344 cells, (Hasler, unpublished observations) in which H505 at concentrations

of 250 and 500 uM had inhibited GJIC.

Antagonists to chemical {nhibition of gap junctional communication.

In a previous study we have reported that in the rat liver epithelial cell
line, WB F-344, TMB-8 negated the inhibitory action of TPA on GJIC (Oh et al,
1988). Since the G401.2/6TG.1 cell line appeared to respond differently from
the rat liver cell line to the action of xenoblotics, we investigated if TMB-
8 would exert the same protective actiovn in G401.2/6TG.1 cells by preventing the
down modulatory effect of TPA. As shown in Fig. 6, when the G401.2/6TG.1 cells
were pretreated with TMB-8 (50 uM) 10 min prior to treatment with TPA (10 ng/ml),
CJIC was only minimally reduced as opposed to complete inhibition by TPA alone.
In contrast, TMB-8 appeared to have no effect on dieldrin inhibited GJIC under
the experimental conditions used. TMB-8 {tself, under these conditions had no
effect on GJIC (data not shown). However, the protective action of TMB-8
appeared to be transient under these conditions, as we have noted complete loss




appeared to be transient under these conditions, as ve have noted complete loss
of communication after 2 hours in cells treated with TMB-8 and TPA.

Fig. 6 Antagonistic action of TMB-8 on the inhibition of GJIC by TPA or
dieldrin in G401.2/6TG.1 cells. Communication was assayed by Lucifer
yellow discribution after scrape loading. Treacmenc with TMB-8 was
done 10 min before adding TPA or dieldrin. A. TMB-8 (50 uM). B.
TPA 100 ng/al. C. TMB-8 + TPA 100. D. TMB-8 + disldrin (10 ug/ml).

Synergisa between TPA and dfeldrin.

Synergisa between chesicals i{s a phencmenon by vhich two mechanistically
different chemicals potentiate each others action vhen added together at levels
at vhich efther agent aslone has only minimal effect. We have examined if TPA
snd dieldrin exhidbit s synergistic interactions to down-modulate CJIC. As
presencted in Fig. 7 (A-C) TPA st 1 ng/ml or dieldrin at 1 gg/ml had only a
ssrginal effect {n abolishing CJIC under the experimental conditions used. When
added together at the same concentrations, under similar conditions,
comaunication vas significantly inhibited (Fig. 7D) by these agents. The data
thus suggest that these agents exert their inhibitory action of CJIC through
divergent mechanisas.



Fig. 7 Synergistic interaction betwveen TPA (1.0 ng/ml) and dieldrin (1
pg/al) to tnhibirt GJIC {n C401.2/6TC.1 cells. Communication was
deternined 1 hr after treatment by the dys nransfsr technique as
described. Lucifer yellow distriducion in A, Control. B. Dieldrin
(1 ug/ml). C. TPA (1.0 ng/ml). D. TPA + dieldrin. 300 X

DIscussion

In the present study ve have Lnvest{gated the nature of sodulation of GJIC
in a human tissue derived cell culture system, vith & viev to develop a in vigro
model to study the toxic i{nteractions of xenoblotic chemicala. Clearly, {n vitre




systems derived from human tissue are advantageous to draw meaningful conclusions
on the possible effects of xenobictic exposure of humans. The G401.2/6TG.1 cell
line is derived from a Wilm’'s nephroblastoma tumor and is of epithelial origin.
Since gap junctional intercellular communication has been implicated to have a
major role in embryonic development, normal cellular growth and proliferation,
perturbations in the normal pattern of GJIC by xenobiotics can be of significant
importance in determining the potential toxicity of chemicals to humans. In this
context, the G401.2/6TG.1 cell line is an excellent model, since these cells have
extensive GJIC and disturbances in the extent of intercellular communication by
chemical toxicants can be evaluated with relative ease although the results are
not a true replication of the situation with primary cells of human origin. The
retropolation of these results should be considered with caution.

The results of the presert study clearly suggest that while GJIC in this
system is down regulated by xenobiotics, not all the chemicals studied inhibited
intercellular communication in these cells. While TPA, a well known tumor
promoting agent and a potent inhibitor of gap juncrional function, blocked dye
transfer of G401.2/6TG.1 cells, there were clear differences “n the response of
several halogenated hydrocarbon pesticides. Dieldrin and heptachlorepoxide, two
neurotox‘c insecticides, inhibited GJIC but three other neurotoxic chemicals,
DDT, lindane and mirex, did not have any effect. Previous studies from this
laboratory, wusing V79 Chinese hamster lung fibroblasts and WB rat liver
epithelial cells, have reported a number of these chemicals which were
ineffective in G401.2/6TG.1 cells that have abolished metabolic cooperacion
and/or dye transfer in these cell lines (Trosko et al, 1987; Suter et al, 1987;
Rezebek et al, 1987; Tsushimoto et al, 1987). !

An interesting observation in the present study was the difference between
the action of TPA and dieldrin in inhibiting GJIC. 1In a previous study using
rat liver epithelial cell system, WB F-344, we noted that TPA's inhibitory action
on GJIC was transient while that of dieldrin was sustained for more than 24 hrs
(Oh et al, 1988). 1In contrast, in G401.2/6TG.1 cells, TPA down modulated gap
Jjunction function for more than 2 days after a single treatment whereas the
effect of dieldrin was reversed as early as 4 hours. It is well known that many
of the biochemical effects of TPA are mediated by the activation of a calcium-

and phospholipid-dependent protein kinase, protein kinase C (PKC) (Jong and
Blumberg, 1989). This kinase {s activated upon translocation into the plasma
membrane from the cytosol. It i{s likely that in the case of G401.2/6TC.1 cells,
TPA translocated PKC remains plasma membrane bound for a longer period of time
than {t is in other cell lines including the WB cells (Oh et al, 1988). Indeed,
our preliminary observation on the translocation of PKC indicates this to be the
case (unpublished observations). While the inhibitory action of TPA on GJIC can
be explained by activation and translocation of PKC i{n G401.2/6TG.1 cells, the
mechanfsm by which the neurotoxic agent, dleldrin, inhihited intercellular
communication is less clear. Since increased intracellular free calcium, (Cat¥)i
has been implicated in junctional uncoupling, it is possible that dieldrin
treatment might lead to increased [Caz’li through inhi{biction of the Calt pump.

In the present study, we have also shown that the unsaturated fatty acids
IN and LA differ in their action on GJIC {n these cells. In a previous study
Aylsworth et al have shown that in Chinese haaster lung fibroblast cell line
V79, many of these unsaturated fatty acids have abrogated metabolic cooperation
again eaphasizing the differences in the response of varfous cell types to the
same chemical(s). Since the unsaturated fatty acids are of considerable health
concern their action on GJIC may be significant as a biochemical marker.

In summary, vhatever mechanisas might be involved in the uncoupling of gap
Junctions by xenobiotics, it is clear from our present study that there aras




intrinsic differences in the response of various tissue cell types to the
inhibitory action of chemicals, thus warranting the need to study more than one
cell culture system in order to ascertain the toxic potential of xencbiotics.
Moreover, with the demonstration that there is a family of gap junction proteins
(see Saez et al, 1989), there is clearly a need to study how specific gap
junction proteins might be regulated by cellular responses to different

xenobiotics.
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APPENDIX C

New technicue to measure heterologous and homologous
communication using the ACAS:

1. Actual ACAS-Image data.

2. Abstract.
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