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A new flow cytometric method was developed to 
detect apoptotic cells with fragmented DNA and to 
determine cell cycle distribution of viable cells, in 
the same sample, by propidium iodide staining. 
Apoptosis, in HT58 human B lymphoma cells, was 
induced by etoposide and/or by staurosporine. 
Using appropriate alkaline solutions (between 1-10 
mN NaOH in 150 mM saline) followed by neutral- 
ization with buffer solution, the fragmented DNA 

can be extracted quantitatively from ethanol fixed 
cells. Further, good resolution of the cell cycle dis- 
tribution can be obtained in unimpaired cells with- 
out RNase treatment. Furthermore, unlike the 
widely used hypotonic-detergent extraction of 
unfixed cells, the suggested extraction method can 
prevent drug-induced disintegration of dead cells 
when karyorrhexis occurs. ( l )a tho logy  O n c o l o g y  Re- 
search \,%1 2, N o l - 2 ,  78-83, 1996) 

K e y  n'oJzLw apoptosis: cell cycle: drug-induced: DNA extraction: Ilow cyton/etry 

lmroduction 

Apoptosis, a mode of cell death, is usually identified by 
morphological criteria. Currently, however, there is a need 
for more reliable and easyqo-usc a,vqtys to recognize 
apoptotic cells, especially by analytical methods. 

Apoptosis is frequently accon~panied by tile oligonuc- 
leosomal f lagmentalion of DN!\.~=~' though apoplosis can 
occur without it. ~ When extracting DNA ffagnlents froln 
apoptotic cells a subpopuhition with hypo-Gl-ph)idy (sub- 
GI DNA content) can bc detected on DNA histogranm by 
FCM. Ahhouoh loss oI some DNA lrom ethanol-fixed 
al~oplolic cells can happen even in an isotonic sohll}Oll al 
neulra! pHI usually a more eITicient DNA extraction is 
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necessary to discriminate sub-Gl apoptotic cells from 

cycling ",iable cells. From cells arrested in G2/M phase. 
more than 509,: of the DNA should bc extracted. This is 
the reason why hypotonic DNA extraction is usually used. 
either on unfixed cells lysed by detergents, h~ or on ethanol- 
fixed cells~ Io identii}' the apoptotic cell population. Other 
types t)l" extractions, e.g. acidic" or hcut tlCatment. I' ha,~,e 
also been proposed. 

Depending on the system used (cell type and lornl of  
afx)ptosis), the hypolonic extraction nlay he either leo 
hard, ill tile case of  unfixed cells. ~ or too weak, itl the 
case of fixed cells a, result ing in poor disthlction of the 
apoptolic cell population either froln file debris ( includ- 
ing apoptotic bodies) or from tile viable (uninq~aircd) 
tmpulation, respecli\,ely, on F(TM-made DN!\  cytog- 
rams, A common disadvantage of the known DNA ext- 
raction methods is that they are not [[v.,,iblc enough V',; 
extract the appropriate amount  of f ragmented DNA from 
certain types of apoplotic cells, therefore their use is 
limited. 

Our aim was to develop a reliable analytical method for 
the detection of apoptosis b y  FCM. Here, we describe an 
isotonic, alkaline extraction inethod for ethanol-fixed cells 
that allov, s optimization el: the ~lnloulll of DNA extracted 
flonl apoplotic cclls by changing tile alkaline strength 
(pFl) of the extraction solution. Furthermore, ethanol 
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Alkaline Extr:/ciion 1o l)clecl Apoplosis by I;CM 79 

l ixaiion and alkaline exlraction prevcnl tile cell I()ss thai 
can occur when h\'polonic detcrgonl exlraclion is used 
\~iih unfixed cells. 

Materials atld Methods 

(.'('l/x, ('tt/tltt'{',s LIlle/II'('HtlIIr 

H'[58 lmman 13-lymph(ram cell line i4 was maintained in 
RPM[ 1040 (Sigma). supplclnenied with 10q FCS (Se- 
back), 2 II1~,'1 L-glulanline. 50 ~otilll Mlepit)lllyCill and 50 
IU penicillin. Apopiosis was hldtlced in 50 1111 flasks or 24 
well plates (Greiner) by various cc)nlbinations of eloposidc 
aild st~.ltlrosporJne (Si,~lllli) ai 2xlO s cells,lml dens i t ) to  
achieve a high apoptotic l+;.lte wiihin a short period or tiIne. 
Tilt. ticcHrrellce of apoptosis was checked by heillaiOxylhl 
eosin staining on cylospins and by DNA ladder forinalioi~ 
hi ;.IUalOSe ~c]. 

l,i<ghl /iti('ro.v('ol)y 

Cyiospins were made routinely, stained with heilla- 
toxylin-eosinc, aild 1000 cells per sample were counted, 
Apoptosis was ;iSStllllcd wilell nuclei were segmented and 
appe:lred as darks spols or were pycriolic within a ccll wilh 
:i well preserved cytoplasmic nlembrai~c (Fi X. 1 ). 

I)NA <k'el el(x'lroldzoJz'.sis' 

Tile assay was performed according lo Swat r ~d., > 
wilh niodificalions. Eihanol preserved samples of 2x10" 
ceils tverc washed ill NaCl {150 nlM) ;_tim restlspended il l 
I nil salirie conlaining 0.1 inJ ln l  RN;.ise for 30 rain ;.il 

roolll lemiK'rattlre. ('ells were lhcn pclleled, resuspel/ded 
in 20 ltll aliqu,,)ls or I )NA I')ufl['r ( 10 inM [:]DT,,\, 50 nlM 
Tris, p l i  8.(), contahling SDS ().SCc w/v alid proieinase K 
0.5 lngli i i l), and incubalcd :,it 5 ( )~  ' |o r  30  iYIJllutes or til 
37<'C ' o\crni.gili. Elcclrophoresis was carried out h3 1.5<'{ 
agarose gel eoni:.tJning 0.5 ,I.tgtnll c/hidium bromide. 

.S'(mqd(, l~Cet~ar(tlion~ f in  f lou ' (')l~,wl('ll)' 

Terminalion of apoptosis-iliduciion was actlieved by 
either lysing lhe tlnlixed cells in h.vpotonic lysing sohlliOll 
or f ixing fllenl in cthanoI. 

M(, lhod / - e H T H J  I:reql cells were lv5od as described 
by' Nicoletti t,t a/. i One 1111 ctllltlred cells '~,erc cenirilugcd 
(350 ~. 5 rain.). The pellet was mixed will1 I ml lysing 
st)ltlii'Oll COlliLiinillg 0.1 r,'i ( \ f \ )  T r i l o n - X - 1 0 0 .  0. J(/{ (te~,'t\'} 
N;d-cilr,;ile and l(I ~.lgtnl113rol)idiunl iodide IPI/(Sigl l /a) in 
distilled w'ilier (HTC Ix, sing sohllion). The s;/inplcs were 
incubaled for 30 minules ut room lenlpcraltlre or siored at 
4~ unlil noxi day. Tile centrifuoalion can be on}ilied if a 
100 ~11 of cuhured sample is lysed by 400 !,ll HTC lysing 

soltlii~m. This preparation gave comparable resuhs ~ith 
i.hc origillal tlSM.ly. 

M(' l l lo( [  2 - ( b O H L  The clhallol (70 5'7 '~tv in distil led 
\4,:llel. 2():(') fixed ceils were sic)rod al 2()~ tisu;.tll) 
o~crni<ghi, Ltlld for anotiler 30 ll l i l l t l les ;.it 4~O before ext- 
ruction. Cclls \tore centrifuged (000 g. 3 rain ), pellels were 
rcsusl~endcd in 950 ~.11 NaCI s,,)hltion coniaining 0.3-10,0 
(tlStla]l}, 2.5-5.0) IIIN NaOH for I i i / i l l  ill l-or}Ill tL'lnl-tera- 
ture, lhcn neulr,;ilized ~ith 50 t-ll. 200 raM. Na>tiP()~ 
citric-acid bLIflcr, pH 6.5. COlllainirlg 200 ugtml Pl (finally 
10 ~gtml). The samples wcre incubated at room tempcra- 
Ititc or stored at 4~ until tile next day. The efficiency of  

the extractioll was dependent on tile cell number and on 
the extraction time. In the case of  ioo high cell couzll 
(>Sx 10~), ihe extracted DNA caused cell clunlphlg. 

["lOW ("~'[O/II(II'V 

Metisulcnlt.qltS werc canied out on a Cyloron-Absolutr 
cyioineter (Ortho). Data were collected by DS-2 soflwarr 
(Ortho), while analysis was perff)rined with Winlisl (Verity 
sorlware House). For determination of apoptosis, forward 
l igl l i  scatter (FLS) and the red fluorescence charlnel (P! 
l]ulorescellce, DNA COillellt) were sol to logarithmic g;:iiil, 
while ccli cycle disuibution was evaluated by linear gains 
~,tith Cell-Cycle soflw;.irr (Olll lo). l\C!iustmcnis e l  the 
cyloli leler were sic)red :.is a SRlildard prolocol, ihere|orc ihe 

Figure 1. Mi)rp/lolog!/ amt DNA h~ddcr o( (q~optolic IIT58 
llo,phoncn cdls. Cdls wcrc evposcd to ETA (500 m~) msd UI'O 
(70 ItM3 or [)MSO as control ibr 3 hr, (A): t/cnn#oxl/[in-co>in 
staim'd cytospi, samph" o[ driG,-trcated cells. Note t�88 nnm,'r- 
olt~ dark, rolsmlcd tltlCICHr fI'H~.~IlICI#5, c]ttlra(h'risti( of k~Trl.lorr 
hcxis. (B). O/igomt~/cosontol DNA fl'ogmcrthllio,,l o(cttrrcd in 
drlt N trca/cd scruples. I~anc 1: ETO+STA tn>atcd santtdr Imw 2: 
control smnph', Imlc 3: DNA nn~rt,cr (CFibCo). 
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80 M l l  t A L l  K ct  al 

G I peak of lymphoma cells set a standard channel number 
on DNA histograms. Cell recovery was determined by 
absolute cell counting with FCM. Here, we suggest that 
measuring for constant time instead of constant cell number 
is preferable on any cytometer, allowing comparison of the 
cell concentration in different sarnples. Gating on apoptotic 
samples was perlk)nned as indicated in Figs.2 and 3. Using 
FLS and PI fluorescence cytograms (two parameters dot 
plot), gates were set on well-separated, selected cell popula- 
tions to leave out debris and cell fragments. This procedure 
was arbitrary in the case of the HTC method (see below). 

concentrations (50-600 raM)can  be used to extract large 
amounts of DNA flom ethanol fixed lhymocytes, but not 
from tumor cell lines (data not shown). However, changing 
the pH of the isotonic solution. 1.0-10.0 mN concentrations 
of NaOH optimized the extraction of fragmented DNA from 
cell lines. In HT58 lymphoma cells, 2.5 mN NaOH provided 
the best extraction of DNA from ETO- and STAqndueed 
apoptotic cells. Fi,V.2. shows that increasing alkaline con- 

B 

Results and Discussion 

Etoposide (ETO), a topoisorncrase 11 inhibitor, ~s and stau- 
rospurine (STA), a protein kinase inhibitor, 5 are well 
known inducers of apoptosis. ~-" Previously we have shown 
that in HT58 lymphoma cells the action of ETO and STA 
can be oppositely modulated by phorbol ester ~' and that 
ETO-induced apoptosis is effectively enhanced by STA in 
short term (4-6 hr) cultures of HT58 lymphoma cells. This 
combination along with single drug exposure was used to 
study the effectiveness of various analytical methods in 
detecting apoptotic cells by FCM. Parallel with FCM, the 
appearance of apoptosis induced by these drugs was 
proved morphologically, as well as biochemically, includ- 
ing DNA fragmentation (lqg. 1). 

Alkaline e.~traction qf @optotic tmnor (:ell,s" 

According to Bcrezney and Coffcy,: several DNA extrac- 
tion procedures were tried. By changing the salt concentra- 
tions and pH values, we found that a broad range of NaC1 

Lr~ 

A 

lO 4o 70 ~ l o j  

] - - ~ ' - ~ 0 . 0 0 2 5  N " =.1 

j",, 

P1 f luorescence  ( D N A  conten t )  

z 

: ..... : -  '-' . 

GO l lr3 40 70 1130 

[ 10 ~0 7B 1013 

,-Ca 
E 113 4Q 70 lUU 

z 

P1 f luorescence  ( D N A  conten t )  

Figure 2. Extraction qf fra~mented DNA at alkaline plq. FIT58 lyml~honla cells were treated with 10 llM ETO § 500 ~M STA (to 
imh~ee apoptosis) or with the solvent (DMSO) alo~e (control) hn" 3 hr. (A): Co~trol sample wilh (contimmus line) and without 
(dashed line) Pl stainin~ after extraction with the indicated coi~centratio~ qf NaOH iu saline. (B): ETO + STA treated samples 
extracted with increasing cot~centration of NaOH. Inserted values i~7 cytograms (clot plot) imtieate the conee~ttratio~l of NaOt l and 
in the histograms the determined percentoge of the apoptotic cells in the regions marked out by the rectangles on the PI fluorescence 
axis. The populations gated on cytograms ([eft) are presented on the next DNA histograms (right). 
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Figure 3. Detection qf drug-induced apoptosis by HTC and FOH methods. Both methods were applied to samples of HT58 lymphoid 
cells treated for 3 hr with solvent (DMSO) (line 1; upper boxcs); with ETO 30 t~M + STA 100 nM (line 2: middle boxes); with ETO 10 
~tM + STA 500 nM (line 3; lower boxes). NaOH concentration was 2.5 mN in all extracti~ms. Measurements were carried out on a 
Q/toron Absolute cytometer at standard time set for the measurement end condition. Inserted data on ct/tograms (clot plot++) are the 
mmlbers qf relative gated events fin percenla~e related to initM cell number) amt on h#tograms the percentaw qf apoptatic cell++. 

centration shifted the sub-Gl cells more mid more to the left 
(i.e. showing lower and lower DNA content) due to the 
extraction of increasing amount of DNA. The peak tbr 
apoptotic cells was separatcd clearly from viable cells and 
from cell debris. Note the ungated comet-events on the FLS- 
Pi dot plots, which may represent apoptodc bodies and cell 
fragments (Fig.2). Alkaline extraction by itself did not 
increase this population. Similar alkaline extraction was 
used in gel-embedded cells to meastn-e DNA fragmentation 
at the cellular level. ~s In a separate experiment, we corn- 

Table 1. Percentage o f  apoptotic cells counted by FCM or 
light microscopy 

FCM* Microscope* 

16 hr 2 wk 

Control 3.2 _+ 0.6 2.5 _+ 0.8 0.8 + 0.4 
STA 48.2 ___ 2.2 49.3 _+ 2.6 46.1 _+ 4.2 

* Cells were exposed to STA (500 nM for 5 hr), preserved for the 
indicated time in 70% ethanol at -20 ~ and prepared according to 
FOH. Results are mean + SD of triplicate samples 
** Cytospins were prepared and counted as described in Material and 
Methods 

pared the rate of apoptosis detected by FCM after alkaline 
extraction with rnicroscopic counting. As Table l indicates, 
the two methods provided similar results. 

Comparison rg'exlraction methods 

Our method (FOH) was compared to the widely used 
rnethod of Nicoletti et al. (HTC)J 7 In HT58 lymphoma, it 
was rather common that less drug-induced apoptotic cells 
were observed with HTC than with FOH (1+i,~,.3), especially 
after short term exposure to drugs. Comparing the absolute 
cell number per sample (inserts in FLS-PI dot plots on 
Fig.3), it is obvious that while the obtained number of viable 
cells is usually very similar wilh both methods, the whole 
cell number in gates was significantly reduced with HTC 
extraction due to the difficulties in separating apoptotic cells 
from debris. This explains the lower apoptotic percentage 
with ttTC in HT58 (Fig.3). It is noteworthy that duc to 
arbitrary gating, we could choose gates lot higher cell num- 
bers as well. But, population gating on the cytograms of 
FOH extracted samples was much less arbitrary. Zamai et 
al. 2~ suggested that, in cell types with a relatively high cyto- 
plasm/nucleus ratio, the apoptotic cell fragments could 
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82 M I t l A L I K  cl al 

make the sepanatiou/ tfl dead cells from the \ table ceils xcty 
difficuh using the F[.S parameter in I:CM. The debris 

obtained with the H['(" method wan the l'Cstll[ t)l" the mor- 
pltoh~ically ,,isible phen(mlcnon of drtl.~-induced karv- 

orthcxis l:i~.[). In this form of apoptosis, the tranm#htta- 

minasc activity. ,Ahicla would pre',.cnt the detachment of 
cytoplasmic COIllpOtlCl~lS from the llaffmelllcd nuclei," can 

be mlhcr low. alltvAinG the disinle.gration of apoptotic cells 

and nuclei when tlac HI 'C incthod was used, This type of 
deterioratiol~ was prevented hy ethanol fixation (FOl l i ,  
which, in cotltraM [0 paraformaldehyde, does riot inl]uence 

the extractability of DNA. 

l)ctection o/'cel/ r di,stri/mli(m qf  via~de cel/s 

Another advantage of alkaline extraction is the good cell 
cycle resohttion available in the Sailtt_, sample for the non- 
apoptotic, viable cells. Inserted d:.tta on FiA,.4. del/lonstltlte 

that cell cycle distribution obtained with FOH and liT(" 
were quite similar- (the CV values were 3.5 • 0.2 and 2.6 • 

O. 15. respectively). 
In conchlsion, we have shown that weak alkaline extrae 

ties of ethanol tixcd tumor cells provides an itacxpensix.e, 

reliable, simlfle atnalytical tool for the detection o1 apoptotic 
cells with fragtnenled DNA. and furlhemlore, for the deter- 

mination of cell cycle distribution of viable cells without 

RNasc di+wstion. It \~zts also e\ridcI3l Ihat ouu method was 

superior to the inethod of hypottmic, detergent lysis ()1 

unfixed cells in the case of early detection of drt~g-indttced 
apoptotic cells '+~ hete karyorrhexis is incidental to apoptosis. 
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