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Early events in apoptosis include chromatin
condensation followed by DNA fragmentation as
well as translocation of phosphatidylserine (PS)
in the outer plasma membrane. Organotin
compounds increase intracellular Ca2� levels
and cause apoptosis in mammalian cells. In
investigating whether TBT may also induce
apoptosis in haemocytes of the ascidianBotryllus
schlosseri, we exposed haemocytes to this xeno-
biotic at the sublethal dose of 10mM, causing cell
shrinkage and inhibition of phagocytosis and
respiratory burst. Apoptosis was revealed as (i)
chromatin condensation, with Acridine Orange
nuclear staining; (ii) DNA fragmentation, with
the TUNEL reaction; (iii) PS translocation, with
the annexin-V assay; and (iv) loss of membrane
permeability with the Trypan Blue diffusion
assay. After 1 h of exposure, nuclear changes, i.e.
significant collapse and cleavage of chromatin,
were observed and cytoplasm blebbing oc-
curred, together with surface alterations trig-
gered by PS exposure. Haemocyte mortality
increased significantly only after 2 h. All these
apoptotic events may be closely related to a
TBT-induced cytosolic calcium increase result-
ing in activation of endonucleases. Copyright
# 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Many xenobiotics become lethally cytotoxic ac-
cording to their concentration. These toxins induce
programmed cell death with completely different

mechanisms of action. Induction of apoptosis has
recently been reported in various mammalian cell
lines in the presence ofp-benzoquinone1 and
isothiocyanates2 in a time- and dose-dependent
manner. Environmental contaminants, such as
arsenite and cadmium, cause cytoplasm protru-
sions, indicative of cells entering apoptosis in
primary cultures of hepatocytes of the teleostean
Salmo salar.3

A number of xenobiotics have immunotoxic
effects in mammals, but relatively little information
is available regarding their immunotoxicity in fish
and aquatic invertebrates. Organochlorines may
induce direct or indirect toxicity, altered function-
ality and cell death in the fish thymus, an organ
important for immunocompetence and survival.4

Organotin compounds are a widespread class of
synthetic substances which persist in aquatic
environments, with dramatic long-term impact on
life, mainly related to their immunosuppressive
activity. In mammals and teleosts, decreased
resistance to infections has been found after
persistent organotin exposure,5 and depletions of
lymphocytes and leukocytes accompanied by
atrophy of spleen and thymus have also been
described.6,7 Trisubstituted organotins are the most
diffuse compounds known to cause apoptosis in
various mammalian cell lines. Recently, triphenyl-
tin chloride has been reported to cause apoptosis in
mammalian HL-60 promyelocytic cells, by means
of a cascade of events which include (i) increase of
intracellular Ca2�, (ii) alteration of actin polym-
erization and (iii) induction of DNA degradation.8

In previous reports we demonstrated the immuno-
toxicity of tributyltin (TBT) in the colonial asci-
dian Botryllus schlosseri, a filter-feeding marine
invertebrate, inhibiting phagocytosis and the res-
piratory burst.9 The effect is mediated by an
extensive cytosolic calcium increase, resulting in
volume loss and morphological changes related to
cytoskeletal alterations.10,11

We stress that, in contrast to the situation for
vertebrates, studies on apoptosis generally induced
in invertebrates by xenobiotic exposure are still
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greatly lacking. As tunicatesareclosely relatedto
vertebrates,they can be chosenas a comparative
model for the immunotoxicity.In a first approach,
widely usedtechniquesfor detectinggeneralevents
leadingto apoptosisin vertebrateswereextendedto
ascidianhaemocytes.The morphologicalchanges
inducedby TBT exposureare the main subjectof
thisstudyto clarify thesequenceof eventslinkedto
apoptosis.

MATERIALS AND METHODS

Animals

Coloniesof Botryllusschlosserifrom theLagoonof
Venice were rearedin the laboratory,attachedto
glass slides immersed in aquaria and fed with
Liquifry Marine (Liquifry Co., Dorking, UK) and
algae.

Haemocyte collection and cultures

Haemocyteswere obtainedby tearing, with fine
tungstenneedles,the peripheral tunic vesselsof
colonies previously rinsed in filtered seawater
(FSW) containing 10mM L-cysteine (Sigma),
adjustedto pH 7.5 to preventclotting. Cells were
centrifugedat 780g for 10min, and pellets were
resuspendedin FSWat a final concentrationof (8–
10)� 106 cellsmlÿ1

Culture chamberswere made according to a
previouslyreportedmethod12 andloadedwith 50�l
of haemocytesuspension.

Effects of TBT

Tributyltin chloride(Sigma)wasfirst dissolvedin
95% ethanol at 10mM Concentrationand then
dilutedatfinal concentrationsof 0.1,1 and10�M in
theFSWusedfor cultureincubation.

After 30min of cell adhesionto the chamber
coverslip, FSW-containingdebris was discarded
and replaced with equal volumes of the TBT
solution.FSWcontaining0.1%of 95%ethanolwas
used in controls. Treatedhaemocytemonolayers
wereincubatedfor 1, 2, 3 and4 h at 25°C andthen
washedseveraltimesin FSW.

Morphological assays for
apoptosis

a) Acridine Orange and P®tzner's
Safranin

After TBT exposure,haemocyteswere stainedin
vivowith AcridineOrange(Sigma)(0.1mgmlÿ1 in
FSW) for 90s and then immediately observed
under a Leitz Dialux 22 light and fluorescent
microscopewith anI2/3 filter block at a magnifica-
tion of 1250.Thephenotypeof apoptoticcellswas
identifiedasfollows:

(i) Viable: bright green nucleus with intact
structure.

(ii) Early apoptotic: bright yellow nucleus
showingcondensationof chromatinasdense
yellow areas.

(iii) Late apoptotic: orange nucleus showing
condensationandcleavageof chromatinas
denseorangeareas.

Theapoptoticindexwasexpressedasa percentage
of cultured haemocytesshowing chromatin con-
densation— yellow andorangenuclei— revealed
by Acridine Orangenuclearstaining.

The haemocyteswere first fixed for 30min at
25°C in Sanfelicesolution (16ml of 1% chromic
trioxide, 8 ml of formaldehyde,and1 ml of 100%
acetic acid). Condensed chromatin was then
revealedasdensered areasin nuclei after staining
for 2 h in Pfitzner’sSafranin.Theworking solution
wasfirst preparedby adding50ml of distilledwater
to a stock solution of Safranin(Merck, Germany;
1 g/100ml in absoluteethanol).Haemocyteswere
then stainedwith Mayer’s haematoxylinto detect
euchromatinas blue strands in nuclei of non-
apoptoticcells.

b) Trypan Blue diffusion

Inability to excludethe TrypanBlue vital dye is a
useful procedure for estimation of cell death.
Haemocytemonolayerswere exposedto 0.25%
Trypan Blue in FSW for 5 min at 25°C and then
observedin vivo undera light microscope.In this
case, the apoptotic index was expressedas the
percentageof haemocytespositiveto TrypanBlue
dyedueto lossof membranepermeability.

c) TUNEL reaction

Nuclearcollapse,associatedwith extensivedamage
to chromatinandDNA cleavageinto oligonucleo-
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somal-lengthDNA fragments,wasinvestigatedby
meansof analysisandquantificationof enzymicin
situ labelling of apoptosis-inducedDNA strand
breaks under light microscopy, i.e. the TUNEL
reaction (In Situ Cell Death Detection Kit,
BoehringerMannheimGmbH, Germany).In this
assayhaemocytemonolayerswere fixed in para-
formaldehyde(Serva)solution (4% in ISO buffer,
i.e. 20mM Tris, 0.5M NaCl, pH 7.5) for 30min at
25°C,rinsedwith PBSandincubatedwith blocking
solution (0.3% H2O2 in methanol)for 30min at
25°C. After washingin PBS,they wereincubated
in a permeabilizationsolution(0.1%Triton X-100,
Merck, in 0.1% sodiumcitrate) for 2 min at 4 °C.
Haemocyteswerethenrinsedtwice with PBSand
incubated in the TUNEL reaction mixture for
60min at 37°C. In this reaction, the enzyme
deoxynucleotidyltransferase(TdT) catalysesthe
addition of fluorescein isothiocyanate (FITC)-
labelled dUTP to the free 3'-OH DNA ends:
samplesmay be analysedunder a fluorescence
microscopein this state. However, incorporated
FITC was detectedby incubating haemocytesin
anti-FITC antibody Fab fragments from sheep,
conjugated with horseradishperoxidase(signal
conversion)for 30min at 37°C. After the haemo-
cytemonolayershadbeenrinsedin PBS,theywere
incubatedin 3,3'-diaminobenzidine(Sigma) solu-
tion for 10min at 25°C. Lastly, theywerewashed
in PBSandmountedin Acquovitrex(Carlo Erba).
They were observed and quantified by light
microscopy.Haemocytesincubatedwithout TdT
wereusedasnegativecontrol.

The apoptotic index was expressedas the
percentageof haemocyteswith positivity to the
TUNEL reaction,showingbrownnuclei.

d) Annexin-V

The specific FITC-coupled annexin-V probe
(Annexin-V-FLUOS Staining Kit, Boehringer
MannheimGmbH,Germany)wasusedto monitor
changesin thedistributionof phosphatidylserinein
the plasma membraneduring apoptosis.In this
assay,haemocytemonolayerswere incubatedin a
stainingsolutionobtainedby diluting 20�l annex-
in-V-FITC labelling reagentin 1000�l ISO buffer
and adding 20�l propidium iodide. The latter
reagent was used to distinguish necrotic from
apoptoticcells.

Haemocyteswereobservedin vivo after 15min
at a magnificationof 1250undera Leitz Dialux 22
light andfluorescentmicroscopeequippedwith an
I2/3 filter block for FITC excitation.

The apoptotic index was expressedas the
percentageof haemocytespositiveto PStransloca-
tion with theannexin-Vassay.

Statistical analysis

All experimentswere repeatedin triplicate. The
numberof haemocytespositiveto variousassays,at
least 200 cells per monolayerin 10 fields, were
counted,expressedasapercentage� SDof thetotal
numberandanalysedby thew2 testwith theFREQ
procedureof the SAS statistical package(SAS
InstituteInc., Cary,NC, USA).

RESULTS

In orderto find thethresholdvalueof theapoptosis
stages,the dose-dependentcoursewasfirst evalu-
ated after exposure of B. schlosseri cultured
haemocytesto various TBT concentrations,from
0.1 to 10�M. In experimentswith a TBT concen-
trationof 1�M, after1 h haemocytesshowedmany
morphologicalalterationsrelatedto apoptosis,i.e.
cell shrinkage, chromatin condensationand PS
translocation, but these results did not appear
repeatable. This TBT concentration probably
representsthe thresholdvalue of exposurearound
which a remarkablevariability occursfollowing an
‘all or nothing’ behaviour.Therefore,10�M TBT
waschosenfor exposureof haemocytesfor 1–4h,
sincethisconcentrationconstantlyandsignificantly
changescytoskeletalstructureand doesnot cause
mortality within 1 h.9,10

In controls,bothviability andapoptoticindexes,
detectedwith Trypan Blue and Acridine Orange
respectively,remainedunchangedup to 4 h. For
this reason, in Fig. 1 the control data are
conventionallyreportedastime= 0.

In the presenceof 10�M TBT, haemocytes
rapidly exhibited severalmorphologicalchanges,
resultingin lossof sphericalshapeandvolume.

Nuclear changes

A significant (P< 0.001) increase in nuclear
condensation,correspondingto early apoptosis,as
revealedwith Acridine Orangestainingof haemo-
cytes,could alreadybe detectedafter 1 h (Fig. 1).
Chromatin formed dense,crescent-shapedaggre-
gateswhich lined the nuclearmembrane.Interest-
ingly, post-treatmentwith either Acridine Orange
or Pfitzner’s Safranin revealedthat most of the
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periphery of the nucleuswas occupied by con-
densedchromatin(Fig. 2). At the sametime, the
cytoplasmof haemocytesexposedto TBT andthen
to Acridine Orange also showed an orange
fluorescence,unlike the typical greenfluorescence
of controls.

Haemocytespositive to the TUNEL reaction
(Figs 3a, 3b) significantly increased(P< 0.001)
after1 h (Fig.4) of TBT treatmentandtheirnumber
regularly augmentedafter 2 h. Theseresults are
comparable with those above reported using
Acridine Orange, and both point up the DNA
changes.The TUNEL reactionstill appearsto be
moresensitivethanthe Acridine Orangeassayfor
detecting DNA cleavageas TBT exposurecon-
tinuesafter 1 h.

Plasma membrane changes

Correlating the chromatin condensationwith the
loss of membraneintegrity by meansof Acridine
OrangeandTrypanBluerespectively,theapoptotic
index was not significantly different after 2 h,
whereasafter 4 h haemocytespositive to Trypan
Blue increasedsignificantly and exceededthose
containinga picnotic nucleus(Fig. 1).

With theannexin-Vtest,haemocytesexposedto
TBT showed cytoplasm blebbing together with
surface alterations triggered by translocationof
plasma-membranephosphatidylserine to the outer
sideof thephospholipidicbilayer (Figs3c, 3d).As
a resultof theexcessiveinvaginationof theplasma

membrane, apoptotic cells dissociated into a
numberof membrane-boundparticles.Theseapop-
totic bodies were recognized and ingested by
phagocytes. After 1 h of TBT exposure, the
percentageof haemocytespositiveto the annexin-
V assaywassignificantly (P< 0.001)higher than
in untreatedcells and significantly (P< 0.001)
increasedafter 2 h (Fig. 4).

DISCUSSION

Generally, cells undergoing death by apoptosis
share a number of strikingly similar features,
including cell shrinkage, membrane blebbing,
chromatincondensationandnuclearfragmentation.
These events were observed in B. schlosseri
haemocytesexposedto TBT up to 4 h. Time-lapse
studieson mammaliancells have shown that the
changesoccurred rapidly, with the induction of
apoptosistaking about1–3h, andapoptoticstruc-
turespersistingfor about1 h.13

The first commonevent, i.e. cell shrinkage,is
due to the release of fluid from the cell. In
mammals,it hasbeensuggestedthat dilatation of
the endoplasmicreticulum may be involved in
transportof waterto the cell exterior.14 Moreover,
previousobservationson disassemblyof microfila-
ments and microtubulesin B. schlosserihaemo-
cytes suggest the interaction of TBT with
cytoskeletal components directly regulated by
calmodulin,leadingto cell shapealteration.10

Accompanyingthe decreasein cell volume,the
plasma membraneof B. schlosseri haemocytes
becomesextensively convoluted and acquiresa
characteristicblebbed appearance,together with
phosphatidylserineexternalization.The latter is a
commonevent,well describedduring apoptosisof
murineandhumancells.15–17In particular,tunicate
haemocytesshowanincreasingpatternof apoptosis
even after 2 h of TBT exposure:nuclei already
appearin lateapoptosisafter1 h, asobservedwith
Acridine Orangeand the TUNEL reaction,both
giving more information than Pfitzner’sSafranin;
instead, after 2 h, DNA fragmentation is more
extensive and alterations of plasma membrane
continue, as observed with Trypan Blue and
annexin-V. Colour changesin Acridine Orange
observedin the cytoplasmof haemocytesexposed
to TBT may be related to pH lowering due to
increasedhalide/hydroxylexchangeacrossplasma
membranes.18

In the colonial ascidianB. schlosseri, percen-

Figure 1 Apoptotic index expressedas percentageof B.
schlossericultured haemocytespositive to Trypan Blue dye
(thick line) and as a percentageof blood cells showing
chromatincondensationrevealedby Acridine Orangestaining
(dotted line), after 1, 2, 3 and 4 h of 10�M TBT exposure.
Asterisks indicate the levels of significancewith respectto
controls(time= 0): *** P < 0.001.
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Figure 2 B. schlosserihaemocytesstainedin vivo with Acridine Orange(a, b), and with Mayer’s haematoxylinandPfitzner’s
Safraninafterfixationin Sanfelicesolution(c,d).Normalconditions:(a)brightgreennuclei(arrow)with intactstructureand(c) blue
strandsof euchromatin(arrow)andanamoeboidshape.After 1 h of 10�M TBT exposure:(b) orangenucleuswith condensationand
cleavageof chromatinand(d) denseredareasin nucleus(arrow)anda sphericalshape.Bar length:10�m.

Figure 3 B. schlosserihaemocytespositive to enzymic labelling in situ of apoptosis-inducedDNA strandbreaksunder light
microscopy(TUNEL reaction)showingbrownnuclei(a,b) andpositiveto thespecificfluoresceinisothiocyanate-coupledannexin-V
probeshowingcytoplasmblebbingandphagocytizedapoptoticbodies(c, d). (a) Normalconditionsand(b, c, d) after1 h of 10�M

TBT exposure.Bar length:10�m.
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tages of apoptotic haemocytes revealed with
Acridine Orange and Trypan Blue after 1 h of
TBT exposurediffer significantly, and this result
may be related to a more rapid loss of nuclear
functionsthan of membraneintegrity. Haemocyte
mortality, detectedwith Trypan Blue, takesplace
only after 2 h, since cells in the early stagesof
apoptosismay retain their membraneintegrity for
severalhoursandthereforedonotstainwith Trypan
Blue, leading an underestimateof the extent of
death. On the other hand, a plasma-membrane
alterationalreadyoccurswithin 1 h, beforeuptake
of vital dyes,asobservedwith the annexinassay.
Hence, this method appearsmore sensitivethan
TrypanBlue for assessingearly apoptosis.

Elevations in the cytosolic Ca2� level are
associatedwith apoptoticcell deathin a number
of model systems.8 TransientCa2� risesaremore
typically associatedwith cell proliferation and
inhibition of apoptosis,whereassustainedCa2�

increasesaremostoftenlinked to growthinhibition
andcell death,sincetheyaresufficientto promote
activationof endogenousendonucleaseswhich are
responsiblefor cleaving chromatin in the inter-
nucleosomallinker regions.19,20In this framework,
the dramaticchangesobservedwithin the nucleus
of B. schlosserihaemocytes,i.e. chromatin con-
densationandnuclearfragmentation,maybedueto
activation of endogenousendonucleases,which
cleavethe DNA into oligonucleosomalfragments
of about180–200bp,asdescribedin mammals.21–23

Chemical toxins can trigger apoptosisby pro-
moting sustainedCa2� increases.24 In particular,

organotin compounds have been reported to
increaseintracellular Ca2� levels and to cause
apoptosis in mammalian cells.8,25 Analogously,
they are known to increasecytosolic Ca2� in our
species.9 Noteworthyis the ATP- andcalmodulin-
dependentnuclear Ca2�-uptake system, which
appears to facilitate endonucleaseactivation
directly during apoptosis.26 Moreover,calmodulin
playsanimportantrole in regulatingtheresponse.27

Therefore,we suggestthat, in Botryllus haemo-
cytes, most of the observedapoptoticeventsare
Ca2�-dependentbecausetheyarecloselyrelatedto
TBT-triggeredcytosolic calcium increase,leading
to cell death, mediated by the inhibition of
calmodulin and calmodulin-dependentenzymes
(Ca2�-ATPase),disassemblyof cytoskeletalcom-
ponents (microfilaments and microtubules), and
activationof Ca2�-dependentDNA lytic enzymes
(endonucleases).Theabove-mentionedcell shrink-
agemay be closely relatedto an alterationin the
Ca2�-transportsystemassociatedto thecisternaeof
smoothendoplasmicreticulum.

Other apoptosismechanismscan be involved
differently from or correlatedwith Ca2� changesin
haemocytesexposedto TBT andwill bethesubject
of further investigations.
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