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Abstract—Diimidoestersare aclassof bifunctionalreagentswhichcross-linkby reactingwith a- andv-amino
groupsof proteins.The structureandpropertiesofthesereagentsaswell astheir reactionwith proteinsor cells
aredescribed.Theimportanceofthetypeandconcentrationofthebuffer andofthepHaswell astheosmolarity
and penetrationof these fixatives arediscussed.Possibleartifacts producedduringfixation and the useof
diimidoestersin enzymecytochemistryandimmunocytochemistryarealsoreported.A comparisonofthecross-
linking andstructuresobtainedby dumidoesterswith thoseobtainedby aldehydesis stated.

Index key words:Diimidoesters,electronmicroscopy,light microscopy.

INTRODUCTION Yuthavonget a!., 1975),mitochondrialproteins
The diimidoestersare a classof bifunctional (Tinberget a!., 1975, 1976; RendonandWaks-

reagents(‘fixatives’), i.e. reagentswith two reac- man, 1980; Andersonand Fisher,1981; Cher-
tive groups per molecule capableof reacting nyaket al., 1981),peripheralneurons(Pulliamet
with, and forming bridges between, the side al., 1975), histones (Thomas and Kornberg,
chainsof the amino acidsin the proteins.They 1975; Bakayevet a!., 1981), chloroplastmem-
cross-linkproteinsby reactingsolelywith their~ branes(Henriquesand Park,1978),synaptoso-
and a-amino groups, in the pH range 7—10 mal membraneproteins(Smith andLoh, 1978;
(Dutton et a!., 1966; Wold, 1972; Petersand Zisapel,1982),viral polypeptides(Nagaiet a!.,
Richards,1977). 1978;Hordernetal., 1979;WetzandHabermehi,

Diimidoestershavebeenusedin electronand 1979),tropomyosin(Oharaet a!., 1980),hemo-
light microscopy to cross-link red blood cells globin (Pennathur-Daset a!., 1979,1982,1984a;
(McLeanandSinger,1970),ratliver (Hasselland Ferris andSmith, 1985),thyroglobulin (Jesoet
Hand, 1974;Handand Hassell,1976),collagen a!., 1985), aminohexyl-FAD to proteins
(Tzaphlidou and Chapman,1984; Tzaphlidou (Schroederet a!., 1985) and yeast aldehyde
1986,1987)andmonkeykidneyCV1 andCOS1 dehydrogenase(Tamakieta!., 1978).Also, these
cells (Matthopoulos and Tzaphlidou, 1987). reagentshavebeenusefulin the studyof sickling
Theyhavealso beenusedin generalbiochemical of red blood cells in vitro (Changeet a!., 1983;
studiesto cross-linkbovinepancreaticribonuc- Guiset a!., 1984;Pennathur-Daset a!., 1984b).
leaseA (Hartmanand Wold, 1967), oligomeric
proteins (Davies and Stark, 1970), ribosomal
proteins (Bickle et al., 1972;Sillers andMoore, STRUCTURE AND PROPERTIES
1981),erythrocytemembranes(Marinetti et a!.,
1973;Ji, 1974;Mentzereta!., 1978;Mentzerand NH~ NH~

R’O—~— R—IJ__OR’Lubin, 1979; Roemer-Luethiet a!., 1979), sar-
coplasmicreticulum (Louis and Shooter,1972;

Themolecularformulaof diimidoestersshows
~ Author to whom correspondenceshould besent, that they carryanamido group(NHfl adjacent



2 MargaretTzaphlidouand DemetriosP. Matthopoulos

to eachfunctionalgroupandasa resultleavethe (DMA) by TzaphlidouandChapman(1984)and
chargedistribution of the protein unalteredby Tzaphlidou(1987),confirm the observationsof
the reaction (Dutton et a!., 1966; Inman et a!., Hassell and Hand (1974). Also, fixation of
1983).An interestingfeatureof thesereagentsis monkeykidney cells CVI andCOS1with DMS
the fact that the size and geometry of the or DMA gave the best appearanceof cells, in
connectingstructureR canbevaried.Thisfamily light microscopy,with the same concentration
of reagentsmay thereforebeespeciallyuseful in (Matthopoulos and Tzaphlidou, 1987). The
mappingoutthedistancesbetweendifferentlysyl critical valuefor thediimidoestersconcentration
residuesin the nativeconformationof a protein for optimalcross-linkingshowsthatpolymeriza-
molecule(Wold, 1961).For example,dimethyl- tion with diimidoestersdoesnot occur. This is
suberimidate (DMS) can cross-link proteins further supportedby the unaltered negative
intermolecularly within a distance of 1.1 nm stainingpatternof collagenafter DMS fixation
(Bickle et a!., 1972). As the chain length of (Tzaphlidou,1986).The durationof fixation of
diimidoestersbecomeslonger more intra-mol- liver blocksandcollagenforelectronmicroscopy
ecularcross-linkscanbeachieved(ii, 1979).This is 2~h at room temperature(HassellandHand,
is indeed confirmed by the observationsof 1974;TzaphlidouandChapman,1984;Tzaphli-
HassellandHand(1974)andTzaphlidou(1987). dou,1987).Much shorterdurationsarepreferred

Twoclassesof reactionproductsmightform in for immunocytochemistryand cells for light
the reaction of diimidoesterswith proteins. In microscopy (Matthopoulos and Tzaphiidou,
one class,both functional groupsof a reagent 1987, 1988).
moleculemight react to yield amidine linkages
and releaseof methanol(Tinberg et a!., 1975).
Clearly,no changein net chargeon the protein REACTION WITH PROTEINS
shouldoccurwith this classof reactionproducts. Handand Hassell (1976), usingparaffin sec-
In the other class,one functional group of a tionsof ratliver fixed withDMS at pH 9.5, found
reagentmoleculemightamidinatealysyl residue, that they wereweakly stainedwith the ninhyd-
but the second might be hydrolyzed. Under rin—Schiff procedure,indicating extensivereac-
ordinaryconditions, the most likely hydrolysis tion of NH~groupswith thefixative. Whenthe
productof a diimidoesteris anester,a lesslikely pH of the DMS was lowered,the ninhydrin—
productis a nitrile (Dutton et a!., 1966).Diimi- Schiff reactionincreasedin intensity, indicating
doestersarehighly unstablein aqueoussolutions that a greater number of free amino groups
so no unreacted, unhydrolyzed diimidoester remain after fixation and thus less extensive
groupscouldremainon the protein.Byeitherof cross-linkingoccursas the pH lowers.
thesecombinationsof monofunctionaland hy- TzaphlidouandChapman(1984)andTzaphli-
drolytic reactions,the netchargeon the protein dou (1987)by selectivedeaminationof collagen,
molecule shouldnot be affected. The relative replacing the a-aminogroupof the lys and hyl
extentsof the two classesof reactionsdepend side chains by a hydroxyl group, found that
critically on the pH. The rate of amidine DMS andDMA cross-linkcollagenby reacting
formation can therefore be controlled by an specifically with a-aminogroups (ignoring the
appropriatechoice of pH (Ludwig andHunter, minorcontributionfrom the ct-aminogroupsat
1967). theN-endsof thechains).Thatno reactiontakes

The relative concentrationof diimidoesters placebetweendiimidoestersandarginyl residues
and available a-amino groups seems to be wasshownby thesameauthorsby blocking arg
important. With a low concentrationof diimi- with cyclohexanedione.
doesters,insufficientcross-linksform to stabilize Reconstitutedcalf skin collagenincubatedin
the proteins. With high concentrations an dimethylsuberimidatesolution andthenstained
increasingnumberof thereagentmoleculesreact positivelywith phosphotungsticacid anduranyl
monofunctionally, thus blocking available nitrate gives the fibril band patternshown in
amino groups without producing cross-links. Fig. 1(a). For comparison,Fig. 1(b) is the pat-
Studies of DMS-fixed rat liver by Hasselland tern from unfixed collagen. The two patterns
Hand (1974) suggesta DMS concentrationof resembleoneanotherfairly closely,bothexhibit-
16—20mg/mi for optimal cross-linking.Other ing thesameD-periodicdistributionof 11 to 12
studieson shrinkagetemperatureof collagen dark staining bands,identifiable with regions
afterfixation with DMS or dimethyladipimidate rich in chargedresidues(Chapman,1974;Meek
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Fig. 1. Reconstitutedcollagenfibrils positively stainedwith phosphotungsticacid and uranylnitratewith identificationof
bands:(a) fixed in dimethylsuberimidate,(b) unfixed (x 300,000).

et a!., 1979). A high degree of contrast is residuesin DMS-fixed collagencontributeto the
preservedin all the bandsin the fixed material. PTA- or AT-staining pattern. This was also
Thisalsooccursin fixedcollagenbutstainedwith observedafter fixation of collagenwith DMA
an anionicstain only, such as phosphotungstic (Tzaphlidou, 1987). In Fig. 2(a) the positive
acid (PTA) or ammonium tungstate (AT) chargedistribution in a D-period, as predicted
(Tzaphlidou and Chapman,1984) or with a from the sequencedata, hasbeensmoothedby
cationicstainsuchasuranylnitrate (Tzaphlidou, n = 9 residuesand is comparedwith averaged
1980). No changes in the positive staining
behaviourare detectableandthis mustbedue to
the unaltered charge distribution along the
collagenmoleculeafterfixation. As notedearlier, (a)

this is becausethe amidogroupadjacentto each
functional groupon the DMS moleculeleaves
the net chargeof the protein unalteredby the
reaction.Thiswasestablishedby comparingthe
averagedstaining pattern from DMS-treated
fibrils with thepatternpredictedfrom the amino (b)
acidsequence,usingthecorrelationcoefficientas
a quantitative indication of the agreement
betweensequence-generatedand experimental
data(ChapmanandHardcastle,1974;Tzaphli-
douandHardcastle,1984).Usinganionicstains
(e.g. PTA or AT) known to react only with the Cc)
positively chargedside chains on the collagen Fig. 2. The sequence-generatedpositivechargedistribution,
(Tzaphlidouet a!.,1982),TzaphlidouandChap- smoothedby n=9 residue spacings(a), comparedwith
man (1984), after DMS fixation, found that averaged densitometric traces from band patterns from

similar correlationswith unfixed materialarose dimethylsuberimidate fixed collagen fibrils. One D-period is
whenexperimentaland positive-charge-derived shownin each,figure, appropriatelyaligned.Data from atleast 30 D-periods were averagedin eachcase. In (b) the
histogramswerecompared.Thisindicates,that, collagenwaspositivelystainedwith phosphotungsticacid;in
as in unfixed collagen,all the positivelycharged (c) with ammoniumtungstate.
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densitometric traces from DMS-fixed fibrils, embeddingand sectioning.Indeed,not only is
PTA- and AT-stained [Figs. 2(b) and 2(c)]. the structurestabilizedby cross-linking,but, in
Visual inspectionshowsthat thereis reasonable addition, staining is enhanced.Using thin sec-
agreement between sequence-generatedand tions of DMS-fixed collagenand stained with
observedpatterns. That after treatment with anionicstains,revealstainingpatternsin which a
DMS noalterationsoccurin thepositivestaining highdegreeof contrastispreserved(Fig. 4).High
pattern of collagen is also confirmed by a correlations are obtainedwhen densitometric
statisticalcomparisonof averagedmicrodensito- traces from such patternsare comparedwith
metric datafrom DMS-fixed and unfixedfibrils positive-charge-derivedhistograms(Tzaphlidou
(Fig. 3). Eachbandin the fixed patterncanbe andChapman,1984).
matchedinpositiontothecorrespondingbandin This class of reagentsdoes not produce the

marked alterations in the negative staining
c
2—c1 b2—b~ 04~~1 e2—e1 d patternof collagenwhich resultfrom glutaralde-

11 l~~i I I I hyde fixation (Grant et a!., 1967;Bairati et a!.,

1972).Figures5(a)and(b) comparethepatterns
-‘ 1’ from unfixed andDMS-fixed fibrils, bothnega-

tively stainedwith lithium tungstateat pH 7.2.
.~ ~ The two patternsare nearly identical,although

the bandsfrom DMS-fixed collagentend to be

more sharply definedthan those from unfixed
0 03 200 material, particularly at the C-terminal gap/

Residue SpaCingS overlapjunction. The resultsfrom the quantita-
Fig. 3. The computer averagedmicrodensitometrictrace tive comparisonbetweennegativestainingpat-
from positivelystaineddimethylsuberimidate-treatedcolla- ternsfrom DMS-fixed fibrils andchemical data
gen (broken line) compared,with that from untreated showthat the‘bulkiness’(averagecross-sectional

collagen (continuousline), areaor ‘plumpness’)of aminoacidsidechainsis

the dominantfactor in determining the stain-
the non-fixed fibril. A slight movement in the excluding propertyof a DMS-fixed negatively
position of the c2 bandafter DMS-treatmentis stainedcollagenfibril asit is in unfixed collagen
the only shift detectable(about0.5 nmtowards (Tzaphlidou,1986). Somecontributionof posi-
the c1 band).Similar resultswereobtainedafter tive staining can also be demonstratedafter
DMA-treatment (Tzaphlidou, 1987). No DMS-fixation by partial correlation analysis.
changesare therefore detectablein electron-
optical positivestainingpatternsafterfixation of
collagen with diimidoesterssimilar to those REACTION WITH CELLS
observed after glutaraldehydefixation (Meek The effect of DMS on DNA, in rat liver, was
andChapman,1985). evaluatedby the Feulgenreaction (Hand and

Diimidoesterscouldalsofind anapplicationin Hassell, 1976). Fixation with DMS at pH 8.5
the preservationof biological structuresprior to resulted in uniform staining of nuclei in cells

fig. 4. A sectionof a reconstitutedcollagen fibril fixed in dimethylsuberimidateand positively stained with ammonium
tungstate(x 300,000).
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Fig. 5. Reconstitutedcollagenfibrils: (a) unfixed andnegativelystainedwith lithium tungstate,(b) fixed in dimethylsuberimi-
dateand similarly negativelystained(x 300,000).

locatedneartheedgeof theblock,buthepatocyte or DMA, suggestthat cross-linkingby these
nuclei in the centre of the block appeared reagentsis moreextensiveat (or slightly above)
vacuolated.At pH 9.5 uniformly stainednuclei pH 9.5 thanatpH valuescloserto physiological.
throughoutthe block wereobtained.However, However, despite the necessityof high pH to
in light microscopy,fixation with DMA or DMS maximize cross-linking, it cannot be assumed
at pH 8.0of CV! cells,grownon glasssubstrate, that all biological materialswill tolerate such
resulted in non-uniformly stained nuclei after alkalineconditions.Althoughcollagen(Tzaphli-
hematoxylin/eosinstaining (Matthopoulosand dou and Chapman, 1984; Tzaphlidou 1986,
Tzaphlidou,1987).A highdegreeof contrastwas 1987) and rat liver (Hassell and Hand, 1974)
preservedin thosecells fixedwith DMA orDMS appearedto be unaffectedby the highpH, CV1
[seeFig. 8(b,c)]. cells appearedto suffer structuralchanges.At

higherpH valuesthan8.0, thesecells tendedto
have blebs (Matthopoulos and Tzaphlidou,

EFFECTOF pH 1987).
Among all the factors that influence the

interactionof diimidoesterswith proteins,pH is
the most important in obtainingthe maximum BUFFERS
bindingwith biological materials.An increasein The degreeof cross-linking is also influenced
pH generallyresultsin anincreasein thebinding by the typeof buffer. Thesameconcentrationof
capacityof diimidoesters. diimidoestersin different buffers may result in

Hassell and Hand (1974) using rat liver and divergentcross-linkingrates.According to Has-
based on the assumptionthat intermolecular sellandHand(1974),DMSin Tris—HC1 bufferis
cross-linking would increase the amount of a more effective protein cross-linker than are
water-insolubleproteinin the tissueblock,found glycine,borax,carbonateandammediolbuffers.
that the amount of protein that could be Thebuffersystemcancausemarkedvariationsin
insolubilized increasedas the pH raisedfrom the appearanceof the tissue, irrespectiveof the
valuesnearerthe physiologicrange (pH 8.0) to similarcross-linkingvalues.The detailsof these
pH 9.5. effects are described elsewhere(Hassell and

TzaphlidouandChapman(1984)andTzaphli- Hand,1974).Thesameauthorspointedout that
dou(1987),with measurementsof the shrinkage the concentrationof Tris—HC1 appearedto affect
temperatureof collagenafterfixation with DMS the degreeof cross-linkingobtainedwith DMS.
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Thesedifferencesin cross-linkingmay bedueto osmolarityof dimethylsuberimidatein a 0.05 M
the differencesin ionic andosmoticcomposition Tris—HC1 buffer is about210 mosmols.Accord-
of the fixative solutions. ing to the same authors, the osmolarity of

The concentrationandtype of buffer alsoplay dimethylsuberimidateis higher than that of
an importantrole in thefixation of cells in tissue glutaraldehyde.
culture. The concentrationof Tris buffer that
resultedin the best preservationof structureof
DMA- or DMS-fixed CV1 cells, as judged by PENETRATION
their appearancein the phasecontrastmicro-
scope after hematoxylin/eosinstaining, was The rate of diimidoester penetration is
found to be 0.25 M pH 8.0 (Matthopoulosand influenced by the type of biological material,fixativeconcentration,pH,temperatureandtype
Tzaphlidou, 1987). At lower or higher Tris of buffer vehicle.
concentrations,the cells were retractedfrom

Fixative penetrationcanbe calculatedby thetheir substrateandafteracertainperiod,depend-
ing on Tris molarity, were detached, expression d=k~t (Medawar, 1941), where

It is worth noting that Dulbecco’sphosphate d = depthof fixative penetrationin mm, t = fixa-
tion time in mm andk = constant(coefficientofbuffer saline(PBS)gaveabettercellularappear- diffusibility of the fixative). Various model sys-

ance than Earle’s basal salt solution (BSS). temsshowdifferentratesofdiimidoesterpenetra-
Furthermore, in studies on the cytoskeleton,
PBS gavebetterdefinedindividual filamentsin tion. Dimethyladipimidatepenetratesinto 10%
vimentin networksthan Earle’s BSS (Mattho- gelatin gel at a rateof 90 ~immm 1 for the first10 mm and then drops off (Tzaphlidou and
poulosandTzaphlidou,1988). Matthopoulos,to bepublished).Thepenetration

by this diimidoesterinto 10% gelatin gel that
OSMOLARITY contains 0.5% bovine serum albumin is

The osmolarityof diimidoesterfixative solu- 150 jtm mm 1 in 10 mm, declining to 18 jtm
min” in 2 h.tionsisimportantforsatisfactorypreservationof Dimethyladipimidate(DMA) penetratesfas-

cellularstructuresfor electronand light micro-
ter at room temperaturethan in the cold.

scopy. The effective osmotic pressureof the Increasingconcentrationof DMA from I to
fixative solutiondependson the type andmolar-
ity of the buffer, the concentrationof diimidoes- 20 mg/mi enhancesits rateof penetrationwhile

concentrationsgreaterthan20 mg/mi result in a
tersandthetypeof specimenin termsof its water decreasein penetrationrate.Penetrationisfaster
content.However, it is not yet known if the
contribution of diimidoestersto the effective at a high pH. The rate of penetrationis only
osmotic pressureis more important than the slightly affectedby a changein themolarityof the
contributionof the buffer. buffer (50—250mM). Tris buffer seemsto facili-

tate deeper penetrationcompared with thatIncreased concentrations of diimidoesters
obtained with Dulbecco’s phosphate buffer

(>15mg/ml) generallyresultin increasedretrac- salineandEarle’s basalsaltsolution (Tzaphiidou
tion andablebby appearanceof cells (Mattho- andMatthopoulos,to be published).
poulosand Tzaphlidou, 1987). The reasonfor
thisis thatin thebeginningof fixation,diimidoes-
ters exert osmotic pressureas the water pene-
tratesthe cellularmembranemore easily than ARTIFACTS
them.This hasas a result the movementof the As noted by Hayat (1986), during chemical
water out of the cell, causingcell retractionand fixation watermovementcontributesto swelling
thepresenceof biebs.As themembranebecomes or shrinkageartifactsat the tissue,cell,organeile
fixedit alsobecomespermeableto diimidoesters. andmacromolecuiarlevels.Duringfixation with
At this stageof fixation diimidoesterswill not diimidoesters,osmoticeffectsaswell asconcen-
exertany osmoticpressure.It is interestingthat tration and pH of the fixative solution may be
mitochondriatreatedwithdimethylsuberimidate responsiblefor artifacts.
at concentrations greater than 5 mM In hepatocytesof liver blocks fixed with DMS
(‘—S 1.4 mg/ml)did notrespondosmoticallywhen and examinedwith electron microscopy, dec-
placedin deionizedwater (Tinberget a!., 1975). reasingDMS concentrationcausesa progressive

As reported by Hasseiland Hand (1974) the increasein theswellingof the Golgi sacculesand
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smoothendoplasmicreticulum(SER), vesicula- creasestheenzymicactivity by 10—30%,whereas
tion of theroughendoplasmicreticulum (RER), analogousbifunctional imidoesterscausea loss
swellingandextractionof mitochondriaandloss of activity of about80% (Wermuthet a!., 1979).
of nuclearstructure(Hasselland Hand, 1974). Both effectsare preventedin thepresenceof the
Decreasingthe pH of the fixative solutionfrom coenzymeNADPH or NADP~but not of the
9.5 to 8.5producesvariabledegreesof swellingof substrate4-nitrobenzaldehyde.
the Golgi, RER andSERanda tendencyfor the
clumpingof chromatinandapparentextraction
of nuclear material. Studieswith light micro- USEIN IMMUNOCYTOCHEMISTRY
scopy of CV! cells fixed with DMA or DMS Severalworkers (McLean and Singer, 1970;
show that a decreaseof pH of the fixative Wofsy andSinger,1963)suggestthat little if any
solution from 9.5 to 8.0 results in a gradual lossof antigenicityoccursafter extensiveamidi-
reductionof the degreeof cellular swelling. In nation or cross-linkingwith certain diimidoes-
short, structural preservation,i.e. absenceof ters.This is indeed an importantproperty of
swelling and extraction of cytoplasm,no local thesefixatives as the use of monoclonalanti-
distortions and detachmentof cells from their bodiesrequiresthe particularantigenicsitesthat
substrate, are apparent as the pH values are recognizedto remain unaffected by the
approachthe physiologicalrange (Matthopou- fixation.
los and Tzaphlidou, 1987). As the fixative Matthopoulos and Tzaphlidou (1988), by
concentrationdecreasesfrom 15 to 1 mg/mi fixing monkeykidney CVI cells with diimidoes-
cellularmembranesappeardilated. ters (DMA and DMS) and staining them with

High resolution electron microscopy has anti-vimentin monoclonalantibody,found that
shown no changesin the negative staining diimidoester-fixed cells appeared with more
patternof the DMS-fixed reconstitutedcollagen complexedvimentin type intermediatefilament
fibrils evenat highpH, 9.5 (Tzaphlidou,1986). networks[Fig. 6(b,c)] than formaldehydefixed
Also the uptakeof phosphotungstateandtung- ones [Fig. 6(a)]. In spite of this complexity,
stateionsin positivestainingwas inhibitedat a!! individual filamentscanbedistinguishedevenin
the positivelychargedresidues,i.e. lysyl, arginyl the very complexed parts of the filamentous
and histidyl (Tzaphlidouand Chapman,1984). network.
The ability of collagento take up the stainwas Also, COS! cells (SV4OtransformedCVI cells,
not reduced. Gluzman, 1981), fixed with DMA or DMS

retainedtheir nuclear/cytoplasmicSV4O largeT
antigendistribution (MatthopoulosandTzaph-

ENZYMES lidou, 1987) as probed by the monoclonal
Studieswith purifiedproteinshaveshownthat antibody Pab419 (Harlow et a!., 1981).

enzymaticactivity andimmunologicproperties
are retainedevenafter extensivereactionwith
certainimidoesters(for reviewsseeHunterand EFFECT AND COMPARISON OF
Ludwig, 1972; Wold, 1972). In particular, the GLUTARALDEHYDE OR
activity of glucose-6-phosphataseafter fixation FORMALDEHYDE
of liver with DMSappearedconsiderablygreater Aldehydes have successfullybeen used in
than after glutaraldehydefixation (Hand and electron and light microscopy to cross-link a
Hassell,1976).The activity of L-ct-hydroxy acid variety of biological materials. Their use as
oxidaseof rat liver wasalso shownto begreater fixatives begana long timeago (Sabatiniet a!.,
after DMS fixation than after glutaraldehyde 1963).As their usefulnessin fine structuraland
fixation (Hand, 1975). Treatmentof isolated cytochemicalstudiesis great,it is interestingto
mitochondrial inner membranes with DMS compare the cross-linking and ultrastructure
revealeda stronginhibition of electrontransport obtainedby thesefixatives with thoseobtained
and ATPaseactivity (Tinberget a!., 1976).The by diimidoesters.
same authors suggestthat inhibition by DMS Ultrastructurally, hepatocytesof DMS-fixed
may be due, in part, to the molecularcross- liver and glutaraldehyde-fixedliver are similar
linking of innermembranecomponents.Amidi- except that with the former fixative the Golgi
nation of human liver aldehydereductasewith sacculesandsmoothendoplasmicreticulum are
monofunctional n-alkane methylimidates in- dilated and mitochondrial matricesexhibit an



8 MargaretTzaphlidouandDemetriosP. Matthopoulos

1(a)

-I’.

1(b)

1(c) —I
Fig. 6. Vimentin filament networks of CV1 cells fixed with: (a) formaldehyde, (b) dimethyladipimidateand (c)

dimethylsuberimidate.Bar = 10 ~tm.
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increasedelectrondensity (Hasselland Hand, fibrils (Fig. 7).Glutaraldehydefixation of colla-
1974). The appearanceof glutaraldehydeand genisknowntoproduceconformationalchanges
DMS-fixed liver is morereadily correlatedwith (Meek andChapman,1985)while DMS fixation
the degreeof cross-linkingthanwith the pH of appearsnot to producesuchchanges(Tzaphli-
thefixative solutionperSe.Also, it is reportedby dou and Chapman,1984; Tzaphlidou, 1986).
Hand (1975) that DMS maintainsbetterstruc- Therefore,DMS may protectthe collagenfrom
tural preservationof rat hepatocytesthan for- those conformationalchangesthat canbe pro-
maldehyde. ducedby glutaraldehydewhenDMS treatmentis

The fixative behavior of glutaraldehyde/ followed by glutaraldehydetreatment.
DMSin combinationwasstudiedby Tzaphlidou CVI cells fixed with diimidoesters,DMA or
(1983)usingreconstitutedfibrils of type I colla- DMS, and stained with hematoxylin/eosin
gen. The same author pointed out that the [Fig. 8(b,c)] showalmostthe samecytoplasmic
structural preservation of collagen obtained appearancewith cells fixed in formaldehyde
usingprefixationin glutaraldehydefollowed by [Fig. 8(a)] but the nuclear structure differs
DMS fixation is lessthan that when usingDMS extensively. In DMA or DMS fixed cells the
and post-fixation in glutaraldehyde.Further- nucleusappearsgranularwith thread-likestruc-
more, the morphology and the distribution of turesover a transluscentbackground.Thenuc-
electrondensityin the fixed collagenfibrils with leolus,althoughmoreheavilystained,alsoshows
glutaraldehydediffer from thosein DMS-fixed a more granular appearancethan when fixed

- ( a

~ !!Y!Wr1~~

01~ ~
(c) ~ ~ . T.r’,w’~~ ~

~rneni~nim1~nin
Fig. 7. Reconstitutedcollagen fibrils fixed with: (a) dimethylsuherimidate,(b) dimethylsuherimidate/glutaraldehyde.(c)
glutaraldehyde/dimethylsuberimidateand(d) glutaraldehyde.All arepositivelystainedwith phosphotungsticacidanduranyl

nitrate(x 300,000).
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(b)

(C) —
Fig. 8. Hematoxylin/eosinstainedCV1 cellsfixedwith: (a) formaldehyde,(b) dimethyladipimidateand (c)dimethylsuberimi-

date.Bar— 10 ).tm.
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with formaldehyde(MatthopoulosandTzaphli- Harlow,E., Crawford,L. V., Pim,D.C. andWilliamson, N.
dou, 1987). In addition, the diimidoester-fixed M., 1981. Monoclonalantibodiesspecificfor simianvirus

40 tumor antigens.J. Virol., 39:861—869.cells give betteridentifiablemitotic picturesthan Hartman,F. C. andWold, F., 1967. Cross-linkingofbovine
the formaldehyde-fixedones. pancreaticribonucleaseA with dimethyl adipimidate.

Biochemistry,6: 2439—2448.
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