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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
quantitatively 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 beam,
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 physiology 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

II. Results of Upqrade

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 instrument leading to several
manuscripts which are now in press or in preparation, as well as
the development of new "Application Notes" (Appendix B].

III. Benefits to Research. Department and University

To re-iterate, since my USAFOSR grant (AFOSR-89-0325] is to study
the m 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, simultaneously, 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 r
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,
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 7
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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
detection 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. Warden, Chemical
Engineering Dept., MSU); a new way to 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 studying toxicology at
different levels; for example, Dr. K. Honn of the Chemistry
Department at Wa*'ne 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 the 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 one
to Germany [International Gap Junction Meeting]; to England
(International Society of Toxicology Meeting]; and recently to
France (Workshop on Alternatives to Animal Toxicity Testing).

"I'. NP[r Meetinqs and S£nui.nars

1. J.E. Trosko and C.C. Chang, "Stem cell theory of
carcinogenesis", Toxicology Letters, in press.

2. J. E. Trosko, "Towards understanding carcinogenic hazards:
A crisis in paradigms", J. Amer. Col!ae qL i .,
8:1121-1132, 1989.

3. J.E. Trosko, C.C. Chang and B.V. Madhukar, "Cell-cell
communication: Relationship of stem cells to the
curcinogenic process", In: Mouse Liver CarcinoQgnesis;
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Mechanisms and Species Comrarisons, T.J. Slaga, Ed., Alan
R. Liss, Inc., New York, in press.

4. 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", Molecular Carcinogenesis, 2:131-135,
1989.

5. 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", Toxicology In Vitro, in
press.

6. 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

7. A.W. de Feijter, J.S. Ray, C.M. Weghorst, J.E. Klaunig,
J.I. Goodman, 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.

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

Ajbs__t L-

1. B.V. Madhukar, S.Y. Oh, E. do Feijter and J.E. Trosko,
"Inhibition of intercellular commu~iication by toxic
xenobiotic chemicals in vitro in a human epithelial cell
sy.ftem", Soc. of Toxicology, Atlanta, GA, Feb. 27 - March
3, 1989. The Toxicologist 9:4, 1989.

2. S.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
F344-WB cells". Soc. of Toxicol., Atlanta, GA, Feb. 27-
March 3, 1989. The Toxicoloaist 9:123, 1989.

3. J.E. Trosko, "N:echanisms of chemical and oncogene
modulation of gap junction and communication during
carcinoqenesis", Workshop on the Molecular and Cell
Biology of Gap Junctions, Irsee, Germany, July 13-23,
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1989.

4. 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 c 'otential tumor promoters". 2nd Intern.
Conf. on Practical In Vitro Toxicology, Nottingham, U.K.,
July 23-27, 1989.

5. 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.

6. 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 calls containing the expressed neu oncogene".
Society of Toxicology Meeting, Miami Beach, FL, Feb. 12-
16, 1990.

7. 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 junction function". Society of
Toxicology Meeting, Miami Beach, FL, Feb. 12-16, 1990.

8. 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-rasIl in rat liver
epithelial cells". Society of Toxicology Meeting, Miami
Beach, FL, Feb. 12-16, 1990.

9. B.V. Madhukar, H. Hong Xu, B. Lockwood, 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.

10. W.J. Parade*, 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.

11. G. Kalimi, J.E. Trosko, L.L. Hampton, S.S. Thorgeirsson,
and A.C. Huqqett, "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.

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

3. Invited symposium speaker, "Inhibition of intercellular
communication during radiation and chemical
carcinogenesis. Radiation Research meeting, Seattle,
Washington, March 27, 1999.

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

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

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

7. Invited symposium speaker, "Mechanisms of chemical and
oncogene modulation of gap junctional communication
during carcinogenesis". Molecular Cell Biology of Gap
Junctions Symposium, Irsee, Germany, July 18-23, 1989.

8. Invited symposium spe&ker, "In vitro analysis of
modulators of intercellular communication: Implications;
to mechanisms of tumor promotion and to predictions of
potential tumor promoters". Practical In Vitro
Toxicology Symposium, University of tlottingham, England,
July 23-27, 1989.

9. Invited symposium speaker, "Chemical and oncoqene
modulation of intercellular communication during
carcinogenesis". Symposium on Molecular, Cellular
Biology of Liver Growth and Function, Lake Placid, NY,
Aug. 13-16, 1989.
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10. Invited seminar speaker, "Oncogenes, tumor promoters,
and growth factors: kn integrated theory of
carcinogenesis". Eppley Cancer Center, Univ. of
Nebraska, Omaha, Sept. 28, 1989.

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

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

13. Invited seminar speaker, "Modulation of gap junctional
communication: Pha.rmacological and toxicological
implications". Park-Davis Warner Lambert
Pharmaceuticals, Ann Arbor, MI, Oct. 17, 1989.

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

Information on New Meridian ACAS 570 Upgrade
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APPL.,DIX B
Application Notes on new techniques that the Upgrade of ACAS can

perform:

!. Calcium measurements.

2. Free Radicals.

3. Reprint "1_0 situ (6-4) photoproduct determination by
laser cytometry and autoradiography".

4. Reprint "Characterization of an in v human kidney
epithelial system to study gap junctional intercellular
communication".



APPENDIX C

Ne4 technique to measure heterologous and homologous cell-cell
ccmunication using the ACAS:

1. Actual ACAS-Inace data.

2. Abstract.
F
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ACAAS 570...0
Mh Instrument for Quantitative Sorting Cells the ACAS Way

Adherent (;ef Analysis and Sorting Thie ACAS is the onil% inistrument that lets %o

The "A. ý-OlileraciveLise, (0111ete isselect anchorage-dependent cells directly fn
ieterogeiieous Cultures for isolation.,

Imu e d .ig e fr researci hi i uer s t Ustu d p ro pagation , an d a iials sis.
ldern The unlique "Cookie-Cutter"' technique

(:Mli~e ati deeloed b cel bologstsforautomaticall% isolates sinigle cells gro~ng,
film-lined dish hased oni t-uorescenlce

cel biolooists. the ACA.k - Adherent Cell
A-nallysis 11and Sorting - provides tiuorescenice measurements or morp~hology
WmeasuLremlenlts of structure, funlction,. and rul-ttmeumdI pw& fwra lom of A high intenisitv laser beam encircles the sele
re*poiiise at the sinlgle cell level Appilcationls IF1WcyR rnwd idt thexmw w potentud 4v cell, fusing octagoni-shaped "cookies" to th
rnuge from cell anid molecular biolog' to D0 3 1CNt~V~f*w~aue culture dish. Wheiie the excess film is pulleC
to\ cob s. imuni uologv. and iten rObio logsp icie" IN the dish, the selected cell remrains attached

I si glued to insure %onl get the numbers %.i viable for conitiniued ltropapation.

1hed, the ACAS ; 0 is the onlyi tIStnini~ent that Fse this powerful Ixteract/re technique
ros ides capabilities to perform all of the sorting:

Is ii *Mutanit cells

" Mteasure fluorescence distribtilon %W~illi - Transfected cells
cel:s - Hybridomis

"* (Quantitate cellular responlses. ulSing 0 Rare cells for cloniing
ratti imetric methods for Ca",. pH and other

05 You can als use the AGAS laser as a "photc
"* \hasure macrnl1molecula~r diffuISion. 61_ scalpel" to interact k~ith cells growni onl speci

perittatitii, and niteraction Infenitji dtnunska J~ of wmm otnu treated. heat-absorptive glass cover slips or
"* Isolate anid clonie ctlsaihowi remotu1g de i nxi. Wlvi Ced A *rtr~q, (!fb tJ-r HeCulture dishes.

theml from culture 'ew idvs(kwr n. Commnand the laser to p~roduce localized heg
" sllrl adherent cells based on llhsica jind of ta~rget areas to:

!hiocliemical ineaisu rvmowts
"* N"r .r qT11(uanitatie C04001! cal iina'iiig 0 Select holllflelleous cell populationis

tllee aid olwr no\ýtiwAblate sinlgle cells

I:'' f~tethe andk otherA'V ;-ii -iT he * Eltiminate large areas of cells

C~iometer for All1 Reasons. 24va kPra eeso
_________________________ 1Lit-ng Cells.

9 -~~ Fluo rescet ice lRedistrihutioii After
I1hotobleachiug t FRAP) techniq(ues iisOle

l~wv'., iO mkesoinovi inerathephltbleadhiig tluoresceii dce molecules
Il~~~~~~~~~~~~ C/iA T iksct tt neati f0 w/ fOwIIlWI bi the *(.,mkre(4gr discrete Si b-cellular areas %\sit I a htighi intei

0!11% flw *v :.x lets \il Im 6flqeswfl "I I S4k iWMi~I RAiW ierldill laiser pulse creatmi g iioui-luo'resct itl p~itchoe
I'i'.rimenehtts. I rate at \lt cli the paticlte% ;re tilled h% ii iilea

o s t inidividual cells a itlout reinos tug M ~~I tolecules fromn suim mundiig areas is mecas.
i.ii from their growth stirfaice h\ periodlic. low miteitsit\ laser scarimiig~

"* C reate cell tlar 11 ii re-,cen ce grad let its bk
iltstilit~iltiig o phiitoativmti n Ise this unique. non-destnictive tool to di

* \Iasu e mar mta dcula di ~asi inr flu mea~suire a wde rantge Of cellullar d i iamics,

"* Monit ir intraicellular coimnuimcatoimi as:
"* Pirtormin nmcrsiirgteý on cells,*1-eto nblt

A ithi thIe -(A. .on catli use the laser for nmore o Melbacromkcur atssembl
th'in ill Iinlttiimato. \oA %ou cail use, tte ~iser as o ( e Icell'11ComUiticatsemit

1,r rial-tutte twasirenteiis O ct-llula'r
d, ti~ucs Runt till) tte ii iver aiild witiitate

.irisaittd cittntmiriatitig cells. or isolate aiid dkaKr~afr ktvW~ IMW ~MMm"I&j
rit'iii rare ct'lls mumj4cE~icnakoa

K'ka1 d (,Wbn*Irn imm1Ir ..rwflu..ni-
Iferodki MHfuwit, lcInc 4 *ia)aWLk
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path, rhe Ier is dinreted along the center of tle optical ',tin•%s• during the laser pulse. r, rl ulting electronic
path and f(Wused to A snmall spoI 1% the mnlicroscop ohbectiwt stllAs art digitiet And stored by the computer along %%ith
0nto1 a fluoret'senth labeled cell the %I*-- coordinates.
Fluotrte•*.t~ncet emlissions at' collrt'ttd hý the obhectiw. and
directed to photomultiplier tubs bs a weriv% of mirrors and
lenses, Approprlate w-mr-ngths anm sk'tved b% the choice of i. T"heloptter displavi- the signal resulting from A single laser
fihlt, r. pulse as a pixel with a color or gmrasy Aue that reprvtents (he

T lhittensit•' of the emission at that point Singp.e or tmo
The following flquence dearta: hon the ,A. cquire dliwertoal scan.s artre obtained hb rtpeating this process
and dlapla~s Iluorescence data: Ahile the mate conminus to move until the selected numiber
I tells of Interest arn- positioned AbL' the ohk-ctir Is the X-Y of data lpint, are Acquired. (For example. see WISHl cell on

w'anning slage,. touch of the finger starts the stage nu oing fAing paqge
to begin the scan.

2 *s the stage mows, the focused laser beam is hrieflO pulsed ., lImwlscentc intensities are converted to numbers (i e.,
h% the %)4. Data is collechted at interr%-al As small As 0 25i cocent.-'aum. ratw, of diafusion) drkepetiding im ihe softwiare
micnm. pac-kge selrttd.



Specificall% designed for low 1e'el fluorescence
detection and quanuutitoi in living cells, the Ate ACAS uses a focused laser spot
KlkS i30 glve'. ou numbers t.nu Call Count onl. advanced photometric detection to

Onk ih te.41 can\ou:sensitive, accurate OlIOrescice mnea

*Measure phssical and biochemical With the.ACAS %ou can:

changes \kithin cells Si* "md m mi ~tvk au Minimize in terference with cell
"* Automaticall' acquire data and calculate 100 10 UAR17hkbO I functions by using lower dive

histogirams of fluore-scence variations hiuk,-i (Cutm ofM & ~ %op U* W concentrations
ý%.ithin cell populatuins I ~I N.S u) e Detect tluoresocence even wxhen

"* Iirectl\ obtain macromolecular rates of small number of sites are labeh
diffusion * Perform multipie measurement

"* Measure Ca pH and other inns using cell with minimal photoble~achl
ratinoeiric methKis * Si multa,1iieouss\ measure t\IA ei

- obtain rapid ( micrsiieconois) temporal with the dual detector option
Measurements Photomultiplier tubes provide the Ml

Sensite. Quantitative gain, line-ar response. and large d'ns

Measurements witb Minimal net found in %ideo-based systemns I
f~botbile bixgunder most experimental condnitoit

5'() provides %ou with reliable data

The XUS ;'0 H's hainiessed the sinique ic-lls with minimal photobleaching.
plltresof coherent. monechromatic laser cf fw& 14owi wlth 1tt 1huWrraistpH 'AiihOUt the need for signal azeragir

rnhvWH-F k; flpmkn (C'iIEIo f 4ei 'i
ilnitliito pnmd& r~archt'rs ~ah a jud Wewo "fmfaf'h Wioh thI~S50 h

s"Imetful too d for flu'ire'.cenitsC qua;ntitation i TeA S570teOi

Fluorescent priibes prm ide j high degree of i orIaiain

se ~ii\.11 id s'pe(1C t\c hut are susceptible it) From cloning cellIs ito rapid C.11ilc un
ph obl ryKIii .epei1kl It tOw low inleasirenletits. thle A(116 Ititeractise

oqqf 'n r VY1ri; f !, rt rt i!he sfi'id' 14 liuiw ()I omleter gikes \ou more iiiforinatt
C01' \our cells than pretit\ picitireSS.

Ow VrAý \ is dr" ii- id rvsil.' t his ps 'hieni Designed by cell researchers. the AC
Prucl [or'ld Liser iitisit\. lurti. integrates laser 1illumin11ation, 1`11101

1i1 IVt 'ii le ser kNtxlI1111 lhm it-, oulV (let 111 311'ii i d C0 iipft'hitisii e. 1111t1
Airr' i t he nteasortilad .11(l 011 bring thle . sttvare, fujr the broade~st ranotv of II
tie''t~itftltt In ceill and 1nioltCUkir huh tgý~ aikm

single iistrument
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ACAS 470
INTERACTIVE LASER CYTOMETERT1t

•UI~IIAIN Application Note Number E-1
Quantitative Ratioing

Calcium Measurements in Single Cells with the micron data acquisition to provide maximum
ACAS Interactive Laser Cytometer spatial analysis.
Margaret H. Wade, Ph.D. and Susan A. McQuiston, Several types of experimental data can beMargare H.ridWade, PhIndSumnsaInc. ut collected using the ACAS. Single point data,
MT(ASCP), Meridian Instruments, Inc. integrated cross sectional line scans as well as two

Intracellular free calcium in single cells can dimensional spatial scans can be measured within
be quantitated using the ACAS Interactive Laser a cell.
Cytometer. Small changes in free calcium can Calcium is quantitated directly in cells by
have dramatic effects on many cellular processes comparing the ratio of the emissions to that
including cell moti!ity, muscle contraction, gap generated in a standard curve. The standard
junction function, fertilization and cell division curve is produced by mixing the Indo-I free acid
(1-5). with varying amounts of added calcium in a

Free intracellular calcium levels are typically physiological buffer containing EGTA. A typical
between 50 and 150 nM. These levels are standard curve is shown in Figure 1 where the
approximately 20,000 times lower than the total Detector 2/Detector I ratio is plotted against free
calcium concentration estimated to be bound in calcium concentrption.
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
rulcasing free calcium ions into the cytosol ia
response to a variety of environmental stimuli
(5,6). Firire 1. Standard curve of the ratio of the two emissions generated

Calcium ions are therefore regarded as *one by adding calciuma to EGTA containing solution of Indo-I fre acied.
of the most important intracellular messengers in
biology" (7,8). Since the changes in free calcium Examples of line and image scan data are
levels which trigger ceil activity are minute and presented using serum starved human
often very rapid, quantitating these changes has teratocarcinoma cells (HT) labelled with I uM
been technically very difficult. Recently, Indo-l AM, the cell permeant form of the dye.
however, Roger Tsien and his associates (9) have The addition of fetal calf serum to these cells
developed a fluorescent calcium indi:ator, Indo-I, causes a sharp 2-3 fold increase in calcium
which is particularly well suited for quantitating concentration which then returns to a baseline
rapid calcium flux in single cells. level. The particular component(s) in serum

The fluorescent probe, lndo-l, is used to responsible for the calcium spike have not yet
monitor ca~cium in its bound and free states by been identified.
exciting the dye with the 351-363 nm lines of the Figures 2 and 3 are typical examples of line
argon laser, and simultaneously detecting two scan data. Figure 2 represents one of the
emissions at 405 nm and 485 nm (9). A ratio of consecutive scans across the cell. Figure 3 is a
these emissions is computed automatically by the ratio plot of the integrated value under each scan
integrated software and allows quantitation of as a function of time. The vertical mark denotes
free calcium within the cell. The ratio method the time when serum was added. The temporal
eliminates most of the problems associated with shift has occurred very rapidly and the calcium
dye leakage and concentration of fluorescent levels return to baseline.
probe within the cell, and the simultaneous
detection provides for extremely accurate
quantitation of temporal and spatial calcium
changes. The laser excitation source provides a
small beam (about I 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 rigure3 . uite% can datea showung scans scroso the cell with

scanning. The X-Y scanning stage allows for .25 fluorsecence at bth 406 and 486 displayed.



Figure 5. Ratio calculated from the integrated v'alues determined Figure 6. A plot of the nubti of dIetector 2/detector I after addition
from 400 line scanh. of serum.

Figure 4-C show an example Of the 2-
dimensional image scans that can be generated
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
thc center or Figure 4. In Figure 5, serum was
added, and by using the standard curve, the
ratio of Detector 2 over Detector I 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 Figure 6. Time plot of the ratio values expressed aso calcium
produced as in Figure 6. :oncentnation from the calls in Figure S.

Use of Indo-l provides high sensitivity of
intracellular f ree calcium concentration.
Controls should be used to insure that the REFERENCES
fluorescence detected is calcium sensitive (9-112),
including manganese quenching of the Indo-I I . Blinks, J. R., W. C. Wier, P. fit", and F. G. Prendorgsut
f ree acid, assessment of any lndo-l ester (1982) Prog. Biophys. Mokoc. Biol. 40:1.114.
fluorescence and polarity adjustments to the 2. Pooe., M., J Alderton, R. Steinhardt and R. Tejen (1986)
standard curve (13). Science 22 M.8-889.

Quantitation of transient calcium values can 3. Tsion, R. and M. Poenie (1986) Trends in Biochem. Sci.
easily be obtained in single cells using the M1450-455.

ACAS Interactive L~aser Cytometer. Spatial and 4 Keith, C. H., R. Ratan, R. F, M~axfield, A. Bajer and M. L
temporal resolution of calcium can be analyzed Shelanski (1"s) Nature 318 848.850.
using multiple scanning modes. Production of a 5. A. K. Campbell (1983) In, Intracellular Calcium, John Wiley
standard curve allows ror direct quantitation of and Sons, New York,
calciumn within cclls 6 Cs.rafola, E andl J T. Penniston (1128S) Sci. Amer. 25310-78.

7. Berridge, M4 J and R, F, Irvin* (1984) Nature 312:31S-321.

8 Nishisuka, Y (1984) Natuce 308 03-608
9. Grynkievics, G , U. Poervie and R. Y, Tsien (1985) J. or

Biol. Chem 280.3440-3450
10, Chused, T. M , A. Wilson, 0. Greenblatt. Y. Ishids, L. J.

Edisoni, R, Y. Tsien and R. D. Finkleman (1987) Cytometry
1:394-404.

It. Luckoff, A. (14801) Cell Calcium 7:11,3-2441.1
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DASY 9000-Data Analysis System
Extend and Enhance the Analysis Capabilities of Your ACAS

"* Improves Laboratory Productivity

"* Duplicates A(.A.S i-O .Analvlsis Capabilities

"* Provides Convenient Access to [)ata

"* Intuitive, Menu-Driven Software, Easy To Learn And Use

"* Convenient Mouse and Keyboard Control

"* Comprehensive Graphics Functions

"* If igh Resolution Gray-Scale or Dynamic Color DisplaN

"* High Quality Hard Copy Reproduction From Any Screen

"* MS-DOS Disk and File Maintenance
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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 in ,jitro human kidney
epithelial system to study gap junctional intercellular
communication".



ACAS 570
INTERACTIVE LASER CYTOMETER

Application Note Number E-2MCiI DIAN Calcium Analysis

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

Margaret H. Wade, Meridian Instruments, Inc.,
Okemos, MI.

The measurement and quantitation of
intracellular calcium responses within cells is of
great importance to cell biologists (see Application
Note E-l). Small changes in free intracellular
calcium can effect gap junction function, cell
division, muscle contraction, neutrophil ripwe 1. Standard curve showing Fluo-S free acid fluorescence as a
stimulation and other cell functions. Recently function ofcalcium concentration.
several fluorescent probes to measure calcium have
been developed by Roger Tsien. Indo-I and Fura- Human teratocarcinoma cells (HT) or normal
2 were developed as dual emission or dual diploid fibroblasts were grown in 35 mm tissue
excitation calcium sensitive probes, and more culture dishes and labelled with the cell permeable
recently the single excitation and emission probes, form of the dye, Fluo-3 AM, in PBS containing
Fluo-3 and Rhod-I have been made available (1,2). magnesium and calcium. Although the

Fluo-3 is a new fluorescent probe which can be manufacturer suggests the addition of the
excited by the 488 nm line of the argon laser, and solubilizing agent, pluronic acid (3), to the
emits in the visible spectrum similar to fluorescein incubation media, we found this qddition
(520 nm). The advantage of this probe is that UV unnc':e!sary for these cells (see Table 1). After
excitation is not required; however a major rinsing, the dish was placed on :he X-Y scanning
disadvantage is that it is difficult to quantitate stage and either a fluorescent image of a field of
the absolute calcium levels in cells because it is cells or a line scan across one cell was generated as
not possible to use a ratio technique. A calcium a function of time. In some experiments,
response, however, is relatively easy to detect in ionomycin was added and the calcium response
cells, and further quantitation could be done with was measured.
the calcium ratio probe, Indo-l. Fluo-3 also offers The concentration of Fluo-3 necessary to label
the possibility of dual labeling experiments where cells was examined (Table 1). Cells incubated with
one may wish to monitor another property of the I uM Fluo-3 were very poorly labeled and not
cell simultaneously with calcium levels, such as pH included in the figure; those incubated with 3 or 5
or membrane potentials. uM for I or 2 hours showed good labelling

A solution of the Fluo-3 free acid in high without .05% pluronic acid, and less labelling with
potassium buffer containing I mM EGTA, pH 7.45 pluronic acid. We chose 5 uM Fluo-3 for I hour
was examined usiig the ACAS 570 Interactive with no pluronic acid to perform the remaining
Laser Cytometer. The sample was excited with experiments.
488 nm light from the argon ion laser, and the
emission above 515 nm was detected with the Avera•e Fluorescence of Fluo-3
photomultiplier tube and digitized. The absolute
fluorescent units are plotted in Figure I as a lam iM
function of free calcium (Orion standard)
calculated from total calcium using the Kd of I hr 285 1190
EGTA (105 nM) in this buffer. There is clearly a I hr +Pluronic 212 598
relationship between added calcium and increased
fluorescence. However, as the fluorescent value in 2 hr 254 821
cells may depend upon dye leakage, 2 hr +Pluronic 127 703
photobleaching, degree of labelling, etc., this type
of calibration curve cannot be used for Table 1. Average fluorescence per cell after various labelling
quantitation. condltions.



The photobleaching characteristics of cells have returned to baseline values. Figure 3 is the
labelled with Fluo-3 were determined by time plot of a similar experiment with HT cells
repetitively scanning the same area of the cells and showing the time response to ionomycin. It is clear
plotting the integrated value as a function of scan that an increase in fluorescence was detected, with
number. Less than .1% fluorescence per scan is lost a gradual return to baseline values. No attempt
when using the ACAS (data not shown). This is a was made to correlate these fluorescent values with
result of the use of a focussed laser beam (-1 absolute calcium values.
micron in diameter) and Acousto-Optic Modulator

,AO1). The AOM pulses the laser such that the
sample is only illuminated for a brief period of
time over a discrete area.

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
treatment, 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,
unequal 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.

I Mints, A., J. P. Y. Kao and R.Y. Tsien (1989) J. of BiqC~lhem.

264.8171-8178.

2. KIao, J. P. Y., A. T. Harootunian and R.Y. Taien (1989) J. Biol.

Figure 2. Two dimensional image of rluo-3 Incorporation in normal Chem. M4:81'9-8184.
*Azpload fibroblaett A) before lonomycin B) immediately after ionomycin
and C) 4 minutee (fter ionomycin. 3. Haugland, R. (1989) Molecular Probes Catalog

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
pseudo-color image of normal diploid fibroblasts
before ionomycin is added, Figure 2b is the same ,& A ftIA r 2310 Science Parkway
field immediately after ionomycin, and Figure 2c is mRumnDIA N Okemos, Michigan 48864
the same field about 4 minutes later when the cells Instruments, Inc. 5171349-7200



ACAS 470
INTERACTIVE LASER CYTOMETERTNI

Application Note Number B-2
Quantitative Fluorescence Analysis

Detection and Quantitation of Peroxides and (Molecular Probes, Eugene, OR) was dissolved in
Hydroperoxides in Attached Cells Using the Dye ethanol at a concentration of 1 mM. The dye
2,7-Dichlorofluorescin was loaded into cells (5 ul/ml) in culture media

for 30 minutes at 370 C. Chemical treatment of
David W. Bombick, R. J. Reynolds Tobacco the cells may precede, follow, or occur
Company, Winston-Salem, NC 27102 simultaneously with the loading of the dye as

long as this is kept constant in the experimental
INTRODUCTION design and the treatment does not inhibit

esterase activity. After 30 minutes of dye
Several active oxygen species are important exposure, the plate of cells is rinsed with PBS

in affecting biological systems. Peroxides and containing 5 mM glucose (PBSg) approximately
hydroperoxides (e.g. hydrogen peroxide) may five times. The cells are maintained in a small
form free radicals (such as the hydroxyl radical) amount of the PBSg (l-2mls) and examined with
which can react with many bio-organic the ACAS 470 Interactive Laser Cytometer. The
compounds incuding proteins, nucleic acids and instrument is equipped with an argon ion laser
lipids. Since some of these reactions are tuned to 488 nm, and emission above 515 nm is
harmful, measurement of active oxygen species quantitated from two dimensional image scans
can be important in toxicological research in generated by a I micron laser beam and an X-Y
areas including genetic toxicology, in vitro scanning stage. An average fluorescence value
toxicology, immunotoxicology, reproductive from a confluent cell area or the fluorescence
toxicology and neurotoxicology. from single cells can be obtained. A standard

Methods to quantitate hydroperoxides and curve (Figure 1) can be generated by adding
peroxides in living cells are limited at the varying concentrations of hydrogen per3xide
present time. Most techniques require cell-free (e.g., 10 ng/ml to I mg/ml) in PBSg with or
systems and involve chromophores generated by without a confluent cell monolayer, depending
reactions of thiobarbituric acid with upon the experimental design. This standard
malondialdehyde (1,2) or I' with the peroxide curve can be used to express fluorescence values
(3). An assay to detect hydroperoxides based on as a function of hydrogen peroxide quantity.
the conversion1 of 2,7-dichlorofluorescin to the
fluorescent 2,7-dichlorofluorescein by
hydroperoxides has recently been developed
(4,5,6). This reaction 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 cells. Cellular esterases cleave the
acetate groups and the ionic 2,7-
dichlorofluorescin, which cannot cross cellular
membranes, is trapped in cells. Once the 2,7-
dichlorofluorescin is trapped within a cell it is Figure 1. Standard curve showing hydrogen peroxide

available for oxidation to 2,7. concentration (log ug/ml) " a function of fluorescence intensity.
dichlorofluorescein by the peroxides or
hydroperoxides present. This method has been RESULTS AND DISCUSSION
adapted for use with the Meridian Instruments
ACAS 470 Interactive Laser CytometerTM to Quantitative analyses of peroxides and
allow quantitation of peroxides and hydroperoxides in several cell types have been
hydroperoxides on a single cell basis, done using 2,7-dichlorofluorescin diacetate and

the ACAS 470. Figure 2 illustrates the
METHODS respiratory burst of neutrophils after addition

of 10 nm/ml of PMA (phorbol-12-myristate-13-
The dye 2,7-dichlorofluorescin diacetate acetate). The cells were plated in multiple



dishes at equal densities and the average 4. Cathcart, R., Schwiers, E., and Ames, B.N. (1983) Anal.
fluorescence values for neutrophils was Biochem. 134, 111.
calculated. At U,, 1, 5 and 10 minutes after PMA 5. Base, DA., Parne, .. W., Dechatelet, L.R., Ssejda, P., Seeds,
treatment those values were 305, 430, 931 and M.C. and Thomas,M. (1933) J. Immur.ol. 130, 1910.
1551, respectively. These values can be related 6. Sazda, P., Parce, J.W., Sees, M.S. and Bae, D.A. (1984) J.
to hydrogen peroxide concentrations with a Immunol. 133, 3303.
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 neutrophil population and that not A

all cells are activated to the same degree. This
also demonstrates the importance of analyzing
single cells, rather than .ý, whole population.
Rgure 3 illustrates the fluorescent images
generated when WB rat liver oval cells are
exposed to a 12.45 mM concentration of
hydrogen peroxide for 5 minutes. The
conversion of 2,7-dichlorofluorescin to the
fluorescent 2,7 -dichlorofluoreseir, in these cells
is rapidly increased when hydrogen peroxide is
exogenously added. Again, the response in the
WB cells is heterogeneous which may indicate
different subpopulations with varying protective
mechanisms against hydrogen peroxide.

This method appears useful in determining Figure 2. Two dimenwsional pseudo-color images depicting
whether particular toxicants generate peroxide fluorescencei cells treated with 10 ng/mi TPA for 0, 1, 5 and 10
or hydroperoxide species. Formation of these minutes(paneeA, B, CandD respectively).
reactive oxygen species may be correlated to
cytotoxi,;ity 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 d~scusses a method
to quantitate the formation of reactive oxygen
species in vitro. The advantages include the
capability of carrying out the analyses in Figure S. Fluore•cent imagee of rat liver WB cello exposed te no
attached monolayers of cel. rather than cell (left panel) or 13.46 mM hydrogen peroxide (right panel).
suspensions. In addition, c ,ction of these
peroxides and hydropcroxidc, can be done
quickly and on a single cell basis.
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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 autoradiography 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/m 2

of UV by autoradiography and laser cytometry, respectively. Normal

cells repaired more than 80% of the initial damage within 4 hr

post-irradiation. In contrast, 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 Ls 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 defective in repair
a

of pyrimidin. dimers. The revertant was found to be normal in

repair replication and UV-induced sister chromatid exchanges and

mutations (Cleaver et al 1987, 1988).
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Although there is increased interest in (6-4) photoproducts,

a sensitive method for detecting (6-4) photoproducts in DNA induced

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,

the immunological method also allows researchers to study the

distribution of (6-4) photoproducts in individual cells within a

tissue or in a population of cultured cells in vitr. For this

purpose the antibcdy 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 microspectrofluorometry

(Meridian ACAS 470) or autoradiography with a monoclonal antibody

against (6-4) photoproducts.

Materials and Methods

Nc *al human skin fibroblasts (AH) and xeroderma pigmentosum

(XP) calls, XPIEH (complementation group A), were cultured in

Dulbecco's modified Eagle's medium (DMEM, Nissui Seiyaku, Tokyo),

supplemented wit. 10% fetal bovine serum (FBS, M.A. Bioproducts,

Walkersville, MD). Another XP cell strain, XP12BE (CRL1223,

compleri...ation group A), was obtained from the American Type

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

3



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 nonessential amino

acids (100% increase), 1 mM sodium pyruvate, and 10% FBS (Hazleton

Research Products, Denver PA). Cells were grcwn in humidified air

with 5% CO2 at 370C.

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

photo roduct

The details of the establishment of a monoclonal antibody

(64M-1) specific for (6-4) photoproducts have been published

previously (Mori et al., 1988). Briefly, UV-irradiated single-

stranded DNA (20kJ/m2 , 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-Ag4-1). Hybridomas

secreting antibody recognizing UV-irradiated 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 S& al., In press).

In situ (6-4) Dhotoproduct determination by laser cvtometrv.

XP12BE cells (2 x 10') were directly plated in 35 mm plastic

dishes and cultured overnight. After washing with phosphate

buffered saline (PBS), cells were irradiated 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 withs 0.07 M NaOH/70%
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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 5 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 conjugated with biotin, F(ab') 2 fragment (Sigma, St.

Louis, MO, final concentration: 25 jg/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 gg/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% NaN3 . After drying,

the cells were covered by a drop of PBS/glycerol (containing 5%

wt/vol n-propylgallate), and a clean coverglass with the edges

sealed with nail polish. Samples were observed using the Meridian

ACAS 470 workstation (Wade _ aJ., 1986, Mori et al., 1989,

Meridian Instruments, Okemos, MI). For each treatment, the average

fluorescent intensity of about 200 cells in 10 randomly selected

ares is presented.

Preparation of 3H-monoclonal antibody

We followed the method described by Galfre and Milstein (1981).

Briefly, 1.2 x 10 hybridoma cells secveting 64M-1 were washed

twice with lysine-free DMEM (Nissui SGiyaku, Tokyo) and incubated

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



I3

3.0 ml; L-[4,5-3H) lysine monohydrochloride (37 MBq/ml, 2.7

TBq/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 containing protein A-Sepharose

CL-4B (Pharmacia, Sweden). IgG2 b fractions were collected and

dialyzed overnight against PBS.

In situ (6-4) photoproduct determination by autoradiography

The method has been described previously (Mori et al., 1988).

Briefly, normal skin fibroblasts or XPIEH cells (2 x 10 ) 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/m 2 /s.

Immediately after irradiation or after post-irradiation incubation,

cells were fixed with ice-cold ethiool:acetic acid (3:1) for 20 min

at 40C. 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 serum (CS) at 37*C for 30

min and subsequently with the 3H-monoclonal antibody (13.9 Ag/ml,

3.8 x 10 dpm/Mg 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, developed, fixed and stained

with Giemsa solution.



Results

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

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. In 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

quantitates 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 2. The method, however is not

sensitive enough to detect (6-4) photoproducts in individual cells

induced at lower but biologically significant dose level. To

increase the sensitivity, we tried the autoradiography with the 3H-

labelled monoclonal antibody as described in the following.

In sit' (6-41 Dhotoproduct determination by autoradiocraDhy

Fig. 3 shows the autoradiographs of UV-irradiated and

7,



unirradiated normal human cells treated with 3H-mcnoclonal

antibody. In the unirradiated cells, some background level grains

were observed on the whole cells. In the cells irradiated with 50

2J/M , many grains appeared only on the nuclei.

To quantitate the formation of (6-4) photoproducts in

individual cells irradiated with various UV doses, we counted the

grain namber per nucleus under a microscope. 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/m 2 of UV dose, there was a significant increase

of average grain number per nucleus compared 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/rn of UV. Normal cells

repaired more than 80% of the initial (6-4) 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 individu&l human

cells. The linear (6-4) photoproducts induction curves as a

function of UV dose were obtained using both methods. The

a



formation of (6-4) photoproducts in tie cells irradiated with as

iow as 10 and 25 J/m 2 of UV were detected by autoradiography and

laser cytometry, respectively. One third of thymine dimer

induction (Mitchell, 1988), 3.2 x 10"19 mole (1.9 x 10 5/cell) and

7.9 x 10"19 mole (4.8 x 105/cell) of (6-4) photoproducts could be

detected by autoradiography and laser cytometry respectively,

assuming 10 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 initial

damage within 4 hr. These results were quite different from the

repair patterns of pyrimidine dimers detected by laser cytometry

(Mori et al., 1989), in that normal cells repaired 50% of tile

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). In 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 repor of in ii& (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 1& 1.,

9



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 oe 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 monoclonal 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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Figure Legends

Fig. 1. 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/mZ).

Fig. 2. The induction of (6-4) photoproducts as measured by

the in situ immunofluorescent laser cytometry in XP12BE

cells irradiated with various UV doses.

Fig. 3. The autoradiographs of UV-irradiated and unirradiated

normal human cells treated with 3H-monoclonal antibody.

The values shown in the pictures are UV doses (J/m 2).

Fig. 4. The induction of (6-4) photoproducts as measured by

autoradiography in normal and XPlEH cells irradiated

with various UV doses. 100 cells were counted at each

point.

Fig. 5. The repair of (6-4) photoproducts in normal and XP1EH

cells irradiated with 20 J/m 2 as measured by

autoradiography. 100 cells were counted at each point.

Fig. 6. The repair of (6-4) photoproducts in normal and XP1EH

cells irradiated with 40 J/m 2 as measured by

autoradiography. 100 cells were counted at each point.

Insitu.ms

13
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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 xenobLotic chemicals to inhibit gap
junctional intercellular communication (CJIC). The C4Ol.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-!oading dye transfer techniques.
Several known hepa- c tumor promoting chemicals, skin tumor promoter, TPA and
polyhalogenated bip. nyls were tested for their effect on IC. TPA completely
abolished CJIC of the~e 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
treatment. 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, linoleic acid and
decasohexaenoic 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
tne study indicate that .:ho response of these ceols may be different from other
animal dezived cell cultire models and suggest the need for using human cell
culture models to study toxic interactions of xenobiotic chemicals.

INTRODUCTION

In all uetazoans, coordination of cell growth. differentiation and

Key Words: Cap junctional intercellular communication, cell-cell communication,
heptachlor, heptachlor epoxide, TPA, dieldrin, lindans, 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 within tissues, are mediated by two
major forms of intercellular communication of ionic and molecular messages



(Loewenstein, 1981; Potter. 1983; Snyder, 1985; Pitts and Finbow, 1986;
Green,1988; Hertzberg and Johnson, 1988). One form of intercellular
communication 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).
Cap junctions have been shown to be modulated by both endogenous (i.e., hormones,
neurotransmitters, growth 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 selective 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 many 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; Cupta et al, 1965; Hooper, 1981; Davidson 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
junctions 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 inj vtro system could
be predictive of all in vivo conditions (Trosko et al, 1988).

Clearly, if in vitr 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 beings. Consequently, this study was designed ta develop a human
kidney epithelial cell system to detect chemicals whiL* could modulate gap
junction function. The results indicate that this cell line will be an excellent
system for further study.

MATERIALS AND METHODS

The human kidney epithelial cell line G401.2/6TC.l used in these exptriments
was originally derived from a Wilms' tumor patient and istablished as described
previously (Weissman jJ I1., 1987). Cells were maintained in D-nedium, a
modified Eagle's medium containing Earle's balanced salt solution with & 50%
increase of vitamins and essential amino acids except glutamine, a 100% increase
of non-essential amino acids and I mH sodium pyruvate, 5.5 mM glucose, 14.3 :m
NaC! and 11.9 OM NaHCt3 (pH 7.3). The medium was supplemented with 5% fetal
bovine serum (Gibco Laboratories) and 50 Mg/ml gentmaicin (Quality Bloltlical,
Inc.). The cells were grown at 370 C and So CO2 in a humidified incubator. Under
these conditions C401.2\6TG.l 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+1 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% H2 02 ), 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 solutions of fatty acids were dissolved in ethanol and kept
frozen under an atmosphere of nitrogen at -20 0 C. To achieve the desired working
concentration of fatty acid, aliquots of stock fatty acids were added directly
to complete media supplemented with 5% delipidated serum (Pelfreeze Biulogicals)
and briefly sonicated immediately prior to treatment of the cells. The final
concentration of solvent in the medium was 0.1%. For the scrape-loaditng/dye
transfer (SL/DT) experiments Lucifer Yellow CH (Sigma Chemical Co., MW L-57.2)
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 (El-
Fouly L A l., 1987). For the Fluorescence Redistribution After Fhotoblaching
(FRAP) assay 1 mg of 5,5-carboxyfluorescein diacetate (Molecular Probe.s, Inc.)
was dissolved per ml of ethanol (Wade ! Al., 1986).

Measurement of Cap Junctional Intercellular Communication (CJIC)

Fluorescence Redistribution After PhotobleachLng (FRAP). For ti-e FRAP
assay, originally described by Wade qt al. (1986), G401.2/6TG.1 cells were plated
at low density in 35 mm plates. After exposure to the test chemicals the cells
were rinsed several times with phosphate b'iffered saline with Ca and Mg (Ca,Mg-
PBS) and maintained in 2 ml of CaMg-PBS during FRAP analysis. Foirteen Al of
the dye, 5,6-carboxyfluorescein diacetate were added to each plate. After !5
minutes the plates were rinsed several times with CaMg-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) were 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 treatment. In
each pla:e a single cell was selected but not photobleached to determine the
background decline of fluorescence. Occasioaally, an isolated cell was
photobleached as a negative control for fluorescence redistribution. Results
of the FRAP-experiments were usually expressed as the average (percent) recovery
of fluorescence ± itandard error of the mean (SEM). While the short-term
treatments were performed at room temperature, for long-term exposure, cells were
Incubated at 37 0 C and the medium was changed every 2 days followed by addition
of fresh test chemical(s).

Scraoe-loadinl/dye transfer (SL!DT). 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 on 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 0401 2/6TC.1 expresses a very high
level of gap junctional intercellular communication as shown by both FRAP (Fig.
I) and scrape-loading/dye transfer (Fig. 2) techniques. Fifteen minutes after
photobleaching of selected cells, the average recovery of fluorescence in
G401.2/6TC.l cells was 53.3%, In the SL/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
seniquantitatioli method of the effect of the chemicals on CJIC 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.
In the other method a more precise quantitative analysis was done by counting
the numnber of cells with Lucifer yellow in a 5 cm2 area of the scrape-loading
dye transfer picture.



FICLR'IE I. Meridian ACAS i~ases of human kidney epithelial C401.2/6TC.I. cells.
fluorescerncly labelled with 5,6-carboxy(fluorescein. Digitized pseudo- images (A)
prior tco. (5) imaediareely after and (C) IS milnutes aft'er phot~obleaching of
selected cells are displayed. (D) shows a plot in vhich the percent recovery/
of fluorescence is expressed in time for each cell selected. Tour scans vere
malde at 5 minute intervals after photobleaching. Data wore corrected frt the
background loss of tluorescence in one area (area I) with cvo isolated cells.

FRA? was performed as described in Materials and Mlethods.



FICUE 2. WJXC in C401.2/6TC.l calls as measured by the Lucifer yellow dye
transfer technique. Scrap* loading of the cells with Lucifer yollow/Rhodamaine

de'ncran was done &as described. (A) Phiase contrast picture of the cells showing
,normal. morphology. Arrow indicates the scrape line for Introducing the dye

mixture. (3) Lucifer )allow distribution after scrape loading. (C) High 2ol.

wt. 3hodanine doxtrazn is hlimted to the primary loaded calls only. 300 X

Char rtzaeton of TA-efnfec a-n -1C.

TA. induced Inhibition of intercellular consunication in C4,01.2/6TC. 1 calls
was charceterized usning the FWA assay., Both effects of concentration and

exposure time were established. fig. 3 displays the dose-response curve of TPA
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F: cus 3. Dose-response relactionship of TPA-effect on gap junctiot-al
communication by FRAP. C401.2/6TC.1 cells were exposed to different
concentrations of TPA for I hour and fluorescence recovery was determined over

a 15-minute period. The shaded area shows the recovery of fluorescence in
untreated control cells. Each point Ln the graph represents the mean recovery

$ESL of 5 experiments.

in G401.2/6TC.l cells after s 1 hr. exposure. Up to 0.3 ng/ml the compound had

no significant effect on the recovery of fluaresc:a. From 0.3 up to 3.0 ng/ml

commwicatiLoa was Inhibited in a dose-dependent mannet vtth complete blockage
at the hig)4est dose tested. The recovery of fluorescence after different
exposure times of C401.2/6TC.l cells to 3 ng/ul TPA is shorn In Fig. 4. UWen

C401.2/6TC.l cells vere continuously treated with TPA. commnication was
completely blocked up to I day. At contirned exposure, a time dependent return
vas obsesLaed up to 4.04 of the control level after 4 days. In ethanol, the

solvent for TPA. shoved no effect on GJIC up to 4 days cZ exposure at the

concentration applied (Fig. 4).



Characterization of Dteldrin-effect by scrape,-loading/dve transfer.

The neurotoxic insecticide, dieldrin was studied for its inhibitory effect
on CJIC in C401.2/6TCrl cells using the dye-transfer assay. Data presented (Fig.
5) shov
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FIC'tE 4. Time-response relationship of TPA-effect on gap junctional
communication by FRAP. G401.2/6TG.l cells were treated with 3 ng/mI TPA or the
solvent (0.1% ethanol) for 1 to 4 days and fluorescence recovery was determined
over a 15-minute period. Each point in the graph represents the mean recovery
± SEX of 5 experiment:s.

that intercellular communication was inhibited in a time dependent manner. Loss
of communication was elicited above 2 psg/mI at one hour after treatment and
progresively increased at higher doses up to 10 sg/ul. A progressive loss of
cJxC was seen beginning 10 min after treatment with 10 jg/ul dose and vas
couplete at I hour. Inhibition sustained for up to 2 hours, following which,
the cells gradually regained coemunication, although the extent of communication
was somewhat lover than in controls at the end of 24 hours.



FICUUR 5. Temporal changes in OJIC of C401.2/6TG.. cells treaced with dieldrin.

GJIC was determined by the dye transfer method at the required time point after

treatment. A. Control. 5-F dieldrin (10 psg/m) at 1. 4. 6. 8, 12 and 24 hrs

respectively. 300 X

Vffeeg of other xenobiotics

Ve have also tested a number of xenobiotic chemicals for their ability to

Inhibit GJIC using the dye transfer assay. Data presented in Table I clearly

suggest that there are differences in the action of these agents to down regulate

GJIC in C401.2/6TG.l cells. hile th.e chlorinated insecticides, dicldrin,

heptachlor and hepcachlor epoxide almost completely abolished communication, pp'

DOT. lindane and mirex vore ineffective. The polychlorinaced bMphenyl (PCB)

mixtur, Ataclor-1254 effectively blocked Junctional communication at 10 ug/ml,

while the polybrominated biphonyl (PBS) mixture, Fireeaster BP-6, did not block

GJIC. Interestingly, naLther of the hexachloro biphenyl isomers nor the



hexabromobiphenyl tested were able to down regulate GJIC.

Effects of Fatty Acids

Confluent monolayers of G401.2/6TG.I 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. Quantication 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%) CJIC at a concentration of 250 uM after
1 hr as assessed by FRAP analysis (Table 2). LA decreased CJIC 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.l CellsI.

1GJIC was measured by scrape-loading/dye transfer technique as described.

2 Communication 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 spre4d
of Lucifer yellow to 1 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 2

Control - solvent ++
TPA - 10 ng/ml <+
dieldrin - 10 kg/ml +
Heptachlor - 10 jg/ml +
p~p'-DDT - 10 1g/ml +++
Lindane - 10 Mg/ml ..
Mirex 10 gg/ml +

Aroclor - 1254 10 gg/ml +
2,4,5,2',4',5' HCB 10 1g/ml +++

3,4,5,3',4',5' HCB 10 Mg/ml +++-

Firemaster BP-6 10 Mg/ml
2,4,5,2',4',5' HBB lO g/ml



TABLE 2

Effect of Various Fatty Acids on Dye Recovery in G401.2/6TG.l Cellsa

aCells were treated with fatty acids (250 uM) for I hr.

b% 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 + 1.4c
Palmitic Acid (PAL) 49.6 ± 4.1
Docosahexaenoic Acid (DHA) 9.3 ± 2 .5c

untreated controls. GJIC in G401.2/6TG.l cells treated with PAL was similar to
that of control cells. The fatty acid-induced inhibition of GJIC by LN and DqA
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).

Effect of H2 02

H2 02 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 H2 02 in serum-free D media for 1 hr had no effect
on CJIC. These findings differ with results obtained utilizing liver epithelial
WB-F344 cells, (Hasler, unpublished observations) in which H2 0 2 at concentrations
of 250 and 500 uM had inhibited GJIC.

Antagonists to chemical inhibition of ga2 junctional communication.

In a previous study we have reported that in the rat liver epithelial cell
line, WB F-344, TKB-8 negated the inhibitory action of TPA on GJIC (Oh ot al,
1988). Since the G401.2/6TG.l cell line appeared to respond differently from
the rat liver cell line to the action of xenobiotics, we investigated if TMB-
8 would exert the same protective actiun in G401.2/6TC.l cells by preventing the
down modulatory effect of TPA. As shown in Fig. 6. when the G401.2/6TC.1 cells
were pretreated with TMB-8 (50 ;M) 10 min prior to treatment with TPA (10 ng/ml),
GJIC was only minimally reduced as opposed to complete inhibition by TPA alone.
In contrast, THB-8 appeared to have no effect on dieldrin inhibited GJIC under
the experimental conditions used. TMB-8 itself, 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 we have noted complete loss

of communication after 2 hours in cells treated with Th3-8 and TPA.

Fig. 6 Antagonistic action of Thh-8 on the inhibition of CJIC by TPA or
dieldrin in C401.2/6TC.l cells. Communication was assayed by Lucifer
yellow distribution after scrape loading. Treatment with Th.U-8 was
done 10 min before adding TA or dieldrin. A. TH8-8 (50 ;L4). S.
TPA 100 ng/ml. C. TM-8 + TFA 100. D. THlB-8 + disldrin (10 ug/ml).

SXnerzism between TPA and dieldrin.

Synergism between chemicals is a phenomenon by which two mechanistically
different chemicals potentiate each others action when added together at levels
at which either agent alone has only minLmal effect. Ve have examined if TPA
and dieldrin exhibit a synergistic interactions to down-modulace OJIC. As
presented in Fig. 7 (A-C) TA at I ng/oL or dieldrin at 1 #g/ml had only a
marginal effect in abolishing CJIC under the experimental conditions used. When
added together at the same concentrations., under similar conditions.
comunicacion vas significantly inhibited (Fig. 7D) by these agents. The data
thus suggest that these agents exert their inhibitory action of CJIC through
divergent mechanisms.



Fig. 7 Synergistic interaction between TPA (1.0 ng/ml) and dieldrin (1
pig/al) to inhibit GJIC In C401.2/6T1C. cells. Communtcation was
determined I hr after treatment by the dye t.ransfer technique as
described. Lucifer yellow distribution In A. Control. B. Dieldrin
(I psg/ml). C. TPA (1.0 ng/.l). D. TA + dieldrin. 300 X

DISCUSSION

In the present study ve have investigated the nature of modulation of CJIC
in a human tissue derived cell culture system, with a view to develop a in v.itr
model to study th6 toxic interactions of xenoblotic chemicals. Clearly. In vitro



systems derived from human tissue are advantageous to draw meaningful conclusions
on the possible effects of xenobiotic exporure of humans. The C401.2/6TG.l 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.l 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 preserzt 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 junctional function, blocked dye
transfer of G401.2/6TG.I cells, there were clear differences i.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, using 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.l cells that have abolished metabolic cooperation
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. In 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). In contrast, in G401.2/6TG.1 cells, TPA down modulated gap
junction 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). Thts kinase is activated upon zranslocation into the plasma
membrane from the cytosol. It is likely that in the case of C401.2/6TG.l cells,
TPA translocated PKC remains plasma membrane bound for a longer period of time
than it 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 in G401.2/6TC.l cells, the
mechanism by which the neurotoxic agent, dieldrin, inhibited intercellular
communication is less clear. Since increased intracellular free calcium, (Ca++)i
has been implicated in Junctional uncoupling, it is possible that dieldrin
treatment might lead to increased (Ca 2÷]i through inhibition of the C&2+ pump.

In the present study, we have also shown that the unsaturated fatty acids
LN and LA differ in their action on GJIC in these cells. In a previous study
Aylsworth et al have shown that in Chinese hamster lung fibroblast cell line
V79, many of these unsaturated fatty acids have abrogated metabolic cooperation
again emphasizing the differences in the response of various 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, whatever mechanisms might be involved in the uncoupling of gap
junctions by xenobiotics, it is clear from our present study that there arq



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 xenobiotics.
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 techniqnue to measure heterologous and homologous cell-cell
communication using the ACAS:

1. Actual ACAS-Image data.

2. Abstract.
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Homr)]oIous and fie t er o( io(jous Commun icat ion in Co-cu I t ures of Norma and raf-trans efrt od
Pat l, viw. Epi thel IaI Co'I Is. Panels show FRAP analysis, usinq the Meridian ACAS-570
laser cytometer, of homoloqous communication between normal PLE cells as indicated
by ce} I ]3 and hsteroloqous communication between normal and raf t sformed RTE
.".I, I; as indicated by cells #2 and #3. V-raf transformed cells ai. loaded with
0.7 um fhuorescent beads and then mixed with an excess of normal rat livet epithelial
cells. c(,ls 01 and 02 are two such bead loaded cells which are surrounded by
normal RPLE cr'l 1. Cr,11 63 is; a normal RLE cell. Cell #4 is an unbleached control.
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