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There was sharp opposition between 
‘analomists and ‘physiologists’ when I 
was a medical student in the University 
of Urussels, some 60 years ago. This split 
was cxcmplificd by the prcsencc of two 
separate buildings. called respcctivcly 
Institutes of Anatomy and of Physi- 
ology, in the newly crcctcd Medical 
School. The first housed embryologists, 
histologists and pathologists, the second 
physiologists, biochemists, bacteriolo- 
gists and pharmacologists. Uiochcmistry 
was a rcccnt outgrowth of the older and 
larger physiology laboratory; the young 
professor. E. J. Bigwood, was at that 
tirnc mainly interested in redox potcn- 
tials. Thcrc was no inner communication 
bctwccn the two b11ildings except a long 
dark underground corridor; wc called it 
the ‘tunnel’. Students used it, but in gen- 
cral senior ‘anatomists” and ‘physi- 
ologists’ wcrc not much intcrcstcd in 
meeting each other. 

I became an ‘anatomist in 1927, 
although I had a much greater interest in 
organic chemistry than in human bones. 
We had been told by our professor of his- 
tology, I’ol Gerard, that in merotomy 
cxpcri1ncnts (bisection of an egg or 
unicellular organism) anuclcatc cyto- 
plasmic fragments survive and even dis- 
play normal activities for some time. 
This fascinated mc and 1 dccidcd to study 
the interactions between nucleus and 
cytoplasm in intact cells (I a1n still work- 
ing on them today). 

This choice led me to the embryology 
laboratory headed by my father, who 
very wisely advised mc to work under his 
young colleague, Albert Dalcq. Dalcq 
had been among the very first to 
dcmonstratc that calcium ions are of 
paramount importance for the matura- 
tion and fertilization of starfish eggs; he 
was then analysing the respective roles of 
the sperm and egg nuclei in frog develop- 
ment by X-irradiation and local treat- 
ment with trypaflavine. I-fis expcrimcnts 

showed that non-nucleated fertilized 
eggs can undergo a few irregular clcav- 
ages, but never gastrulation. I was lucky 
to work with Dalcy bccausc, in those 
days, he displayed a real intcrcst in 
biochemistry. He had even spent a 
couple of months in David Kcilin’s Ii1bo- 
ratory in Cambridge whcl-e he had 
Icarncd a few biochc11iical tccliniqucs, 
with the hope of following cytochronic 
synthesis during devclopmcnt. Hut hc 
soon rcalizcd that hc was and would 
always rcniain a morphologist; hc was 
fond of cytochemistry, enjoying his 
microscopic investigations of the locali- 
zation of phosphatases in egg and sperm; 
hc would ncvcr have crushed an egg for 
the analysis of biochemical paramctcrs 
(cvcn for phosphatasc ilctiVi\y iiicasiirc- 

mcnts). 
As soon as I had Icarncd the classical 

histological techniques of fixation, 
cmbctlding, sectioning and staining, 
Dalcrl proposed a research subject for 
mc: a study of the localization of 
‘thymonuclcic acid’ in growing oocytcs 
with the rcccnt cytochcmical method of 
Fculgcn and Rosscnbeckl. 

According to the biochemistry 
textbooks, then as now, there are two 
main classes of nucleic acids: one of 
them. 11ow known as DNA, had a C~ICCI 
sugar residue which was identified only 
in 1930 as deoxyribose by Levenc. 
Mikcska and Mori*. This category of 
nucleic acids was believed to bc localized 
in the nuclei of only animal cells; tlic pro- 
totypc of these ‘animal nucleic acids’ was 
thymonuclcic acid from calf thymus. The 
other type of nucleic acid (our RNA). 
known to contain a pcntose residue that 
was Iatcr identified as o-ribosc, was 
thought to bc specific to plant cells. 
Yeast zymonucleic acid was the bcst- 
known of these ‘plant nucleic acids’ (also 
called phytonucleic acids). The role 
played by the two kinds of nucleic acids 
in tlic nuclei was mysterious: their small 

size (they were bclicvcd to 1~)~ tctranu- 
clcotidcs of about I.300 Da) l~rccIutlcd any 
gcnctic function; it was suggcslcd that 
they might act as intracellular buffcrs3 01 

as colloids giving a high viscosity to the 
nuclciJ. This was all I could find about 
nucleic acids in biochemistry textbooks 
around 19.30. 

R. Fculgcn was a distinguished bio- 
chemist who had tried for many years 
to identify the mysterious sugar present 
in thymonucleic acid (DNA): he dis- 
covered that this sugar gives aldehyde 
reactions and thought that it was glucal, 
an aldchyde derivative of glucose. 
Fculgcn also found that DNA rcactswith 
fuchsin sulfurous acid (the classical Schiff 
aldchydc reaction) to give a violet com- 
pound after removal of the purincs by 
mild acid hydrolysis. Finally, hc applied 
this aldehydc colour reaction to tissue 
sections after fixation of the cells with a 
rather harsh fixative (a mixture of satu- 
rated sublimate and acetic acid). 
Feulgen’s main important result was that 
Nil Cell nuclei, Vegctal as Well as alliIni1l, 
stained positively with his procedure. 
l-lowcvcr, this very important finding 
(DNA is present in all cell nuclei) was 
not taken seriously by many biochemists 
who bclicvcd in colour reactions 
obtained in test tubes, but not on tissue 
sections. Their scepticism incrcascd 
when Fculgcn showed that, under ccr- 
tain conditions, the cytoplas1n also gave 
a Schiff reaction due to a class of lipids, 
the plasmalogcns. He made a sharp dis- 
tinction (which remains true today) 
bctwcen the ‘nucleal’ reaction for DNA 
and the ‘plasmal reaction for plasmalo- 
gens. 

The now classical Fculgcn ‘nucleal’ 
reaction was described for the first time 
in a well-known German biochemical 
journal’, but no morphologist had the 
curiosity to read Fculgcn and Rosscn- 
beck’s original paper. Dalcq had heard 
of the Feulgcn reaction by reading a ;’ 
French journal of histology in which a 
cytochcmist, Jean Verne, had sum- I 
marized Fculgen’s results (two years 
after the publicatio11 of Feulgcn’s paper). 
It was quite an event when I went 
through the ‘tunnel’ to the biochemistry 
library to read Fculgcn’s original paper: 
nearly an act of treason to my friends of 
the Anatomy Institute! 

My own observations and those of 
others on oocytes of a large number of 
animal spccics Icd to the conclusion I hat. 
if the oocytcs wcrc adcr~uatcly fixed. 
I heir slcndcr la111pbrush chromosomes 
stained positively with the Fculgcn rcac- 
tion at all stages of oogenesi@. This 
implied tliat, contrary to earlier reports. 
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DNA is a constant constituent of these 
chromosomes: that this nucleic acid 
might play a gcnctic role was contrary to 
the then current bclicf Ihal genes were 
made of proteins. 1 found latcr7 Ihat a 
Fculgen-posilivc core becomes visible 
under the microscope when the nucleoli 
disintegrate during m&tic maturation 
in amphibian oocytes. This was the first 
indication thal the nuclcolar organizers 
contain DNA; it took many years bcforc 
molecular biologists discovcrcd that this 
DNA is ribosomal DNA (rDNA) and 
Ihat the nucleoli direct the synthesis 
of the cytoplasmic ribosomal RN As 
(rKNAs). 

However, the most important qucs- 
tion for chemical embryologists around 
1030 was: is DNA synlhcsizcd when 
the fcrtilizcd egg divides quickly and 
rcpcatcdly in smaller and smaller cells 
during clc:~vagc? Two opposing theories 
attempted to answer this question. Jac- 
ques Loch proposed that Ihcrc would bc 
a total, dc llovo nucleic iKid synthesis, at 
the cxpcnsc of small precursors, during 
embryonic dcvclopmcnt. Emil God- 
Icwski” bclicvcd that during oogcncsis 
eggs accumulated all the materials (in- 
cluding DNA) which arc I-quit-cd for the 
iiiultiplic;itioti of the nuclei during Clcav- 

age: there would bc only a rrligrn/iorr of 
prc-existing cyloplasmic nucleic acids 
into the nuclei and no net nucleic acid 
synthesis. 

With the Fculgcn reaction (under cor- 
rcct technical conditions) I could not find 
any evidence for the cxistcncc of a large 
DNA rescrvc in the cytoplasm of oocytcs 
illld unfertilized eggs from diffcrcnt ani- 
lllill species. During Scil urchin egg ClCilV- 

age, the inlcnsity of Fculgcn staining 
i l lCrciFd in parallel with Ihc incrcasc in 
the number of the nuclei. The cytochem- 
iCill evidence Was thus in f i lVOUr of 
LOCb’S Uct synthesis Ihcory. But WC hi lVC 

seen that biochemists did not think much 

of the Fculgcn reaction. They belicvcd 
that it WilS nol specific since it is il mcrc 
aldehydc reaction, contaniination with 
pla~malog~n was always possible. thcrc 
was no evidcncc that the Feulgen test is 
quantitative. These doubts were strongly 
cxprcsscd in a book which was almost 
Holy GospcI for mc in 1931, Joseph 
Nccdham’s CItemid l~mlwyology~~~. 
CharacteristicalIy its section on ‘nuclein 
and nitrogenous extractives’ (crcatine 
and crcatininc were hillldlCd in the same 
section as nucleic acids!) amounted to 
only 16 pages out of 1724. This is not sur- 
prising since. in those dilyS, everybody 
was interested in energy production. 
intermediary I l lCti lbOliSUl, mechanisms 
Of CCllll l i lr oxidations, and very few 
pCople cared about nucleic i lCidS. In fact, 

Necdham was an exception, having him- 
self workedon nuclcicacid synthcsisdur- 
ing embryonic dcvclopmcnt of aquatic 
eggs. 

On the sbbject of histochemical 
melhods, Needham wrote: ‘Histochemi- 
cal m&hods are much more uncertain 
than purely chemical oncs’1’1. This sccpti- 
cism was still present in a later book pub- 
lishcd in 1042 by J. Needham”: ‘Great 
though the pioneer value of hislochcmi- 
cal work may be it is particularly vulner- 
able lo technical criticism’ and ‘The 
Feulgen test, in the abscncc of proper 
precautions, is given by aldchydic phos- 
phatidcs (plasmal); if possible. it should 
never bc used in vi/m’. The last criticism 
was justified: several people had tried to 
estimate the DNA content of crushed 
unfertilized sea urchin eggs with the 
Fculgcn reaction; they could not rcmovc 
complctcly the plasmalogcns and had 
concluded incorrectly that the eggs 
contain very large amounts of DNA. 
Nccdham, who was Kcadcr in Bio- 
chemistry in the world-famous Cam- 
bridge Laboratory of Biochemistry 
(hcildd by the Nobel Prize winner Sir 
Frcdcrick Gowland Hopkins), cxprcss- 
cd very well the ncgativc position held 
by a nia,!ority of biochcmisls tOWild 

cytochcmlstry. 
Going back to nucleic acid synthesis 

during egg ClCilVa&?Z, my findings with 
the cyiochemical Fculgc~en rcaclion wcrc 
in complete contradiction with Ihe exisl- 
ing biochemical evidence which entirely 
supported the migration theory: Mas- 
ingl* had found, long ago, that the total 
purinc content of SCil  urchin eggs dots 
not increase markedly during devclop- 
mcnt. More recently, J. and D. 
Nccdham” had rcportcd that ‘I~UC~CO- 
prolcin phosphorus’ also remains i l l i l lOSt 

constant during the early dcvclopmcnt 
of scvcral marine invcrtcbratc eggs, 
including those of the sea urchins. 

‘fhc discrepancy between the 

cytochcmical ;III~ the biochemical data 
was thus inconlrovcrtiblc. I knew that 
biochemical u~~hls would have 10 1~ 
used if biochemists were ever to be con- 

vinced. Luckily, Z. Dische’j had just 
published his diphenylaminc colori- 
metric method for the estimation of 
dcoxyribosc (and thus of DNA) in ani- 
mal tissues; at my request, he kindly sent 
me a sample of thymonuclcic Kid. :I 
brownish. poorly soluble powder. This 
allowed mc, in Koscoff in 1’931, IO tnakc 
cluatltitative estimations of the DNA 
cmtcnt of dcvcloping sw urchin eggs. 
Thcsc fuully substantiated my carlic1 
cytochcmical findings: unfcrtilizcd SCil  

urchin eggs contained very little DNA and 
this nucleic acid was synthesized during 

cleavage. However, Masing and the 
Needhams were also right! I measured 
the purine content of developing sea 
urchin eggs (with il very complicated and 
lengthy chemical method -there were no 
UV-spectrophotometcrs in those days) 
and entirely confirmed Masing’s old 
results: unfertilized sea urchin eggs 
contain large amounts of nucleic i lCid 

purines and there is littlc purinc synthc- 
sis during devclopmcntls. 

I COLA see only one way out of the 
contradiction: to assulne that, contrary 
to what was printed in all biochemistry 
textbooks, sea urchin eggs contain large 
amounts of a pfuttt nucleic acid, a RNA. 
This unorthodox proposal was of course 
not easily accepted by the scientific com- 
munity. But 1 was greatly encouraged 
when I asked J. Needham’s advice: he 
had found the matter important enough 
to discuss it with Hopkins, who had given 
him advice that I never forgot: ‘Tell this 
young man that he should not bclicve 
everything that is written in textbooks. 
but make experiments’. 

I went once more to Koscoff and IIICZI- 

sured the pentose content of sea urchin 
eggs (with a method devised for cstimat- 
ing ~CII~OS~IIS in straw that was looked 
down upon with irony by my French 
friends Monad, Lwoff and Ephrussi). 
These eggs indeed contained large 
illuounts of pentoscs associated with the 
nucleoprotein fraction. Unfertilized eggs 
of several species of marine invertc- 
bratcs also had a high RNA content. 

The biochemists wcrc now satisfied, 
but not the morphologists. Histochemis- 
try was a very important and lively topic 
for discussion in our Anatomy Institute 
because one of its members, Lucien 
Lison, had written a thoughtful and driti- 
cal book on the subject’“. When I related 
my results to my tcachcr Albert Dalcq, 
hc mcrcly said: ‘I shall never believe 
your story until you show me your RNA 
under my microscope’. This ncgativc 
opinion was of course shared by AI my 

friends in the Anatomy Inslitutc. J 
cndcavourcd to satisfy them (anrJ 
myself!). After several unsuccessful 
attempts I dug out from :I textbook on 
histological techniques lh.2 SO-Cil l lCd 

Unllil stain (a mixture of two basic dyes, 
methyl grccri and pyroninc). Unna 
bclicved Illat rllcthyl green Slil iI lCd 

oxidizing sites (chromatin) and pyroninc 
reducing sites (nucleoli and cytopl~lsIIl). 

I immcdistcly suspcctcd (hill ~Uctllyl 

green would stain DNA and pyroninc 
RNA; the only \vi1y IO prove this 
hypothesis was to rcmovc the two nu- 
clcic i lCidS from the histological sections 
by specific nuclease (DNAsc and 
RNAse) digestion. The USC of nuchSCS 
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for cytochemical purposes had been 
sharply and correctly criticized by 
Lisonlh on the grounds that enzymes are 
never pure. However, when Kunitz17 
crystallized ribonuciease, the iong- 
needed tool for the cytochemical analysis 
of nucleic acids became available. It 
immediately turned out that pyronine 
indeed stains RNA and methyl green 
double-stranded DNA’“. The so-called 
Unna-Brachet method for RNA 
cytochemicai detection has been very 
widely used by embryologists and his- 
tologists; it is still taught to students in 
French-speaking Colleges and Univer- 
sities. 

I made a very puzzling finding when I 
applied my cytochemicai method for 
nucleic acid detection to a variety of ani- 
mal tissues. I found that there was a close 
and unexpected correlation between the 
RNA content of a ceil and its ability to 
synthesize proteins: for instance, the 
exocrine part ofthe pancreas, which syn- 
thesizes large amounts of enzymes, 
stained much more strongly with 
pyronine than the Langerhans islets 
which produce only small quantities of 
hormones. In order to convince the 
biochemists, I estimated with chemical 
methods the pentose content of various 
tissues from different origins? these 
quantitative estimations confirmed my 
cytochemicai findings and lent support 
to the hypothesis that RNA must be 
involved in protein synthesis. 

At that time, T. Caspersson had con- 
structed in Stockholm a delicate and very 
sensitive UV-cytophotometer which 
allowed him to localize in the ceils and to 
measure quantitatively the UV-absorb- 
ing nucleic acids?“. He found indepen- 
dently that RNA is localized in the nuc- 
leoli and the cytoplasm and that there is 
a correlation between RNA content and 
protein synthesis. Simultaneously we 
reached the same conclusion: RNA 
somehow directs protein synthesis*‘,“. 
This conclusion was not easily accepted 
by the many biochemists who believed 
that protein synthesis results from the 
reversal of proteoiysis. It took many 
years before molecular biologists found 
correct explanations for the mysterious 
part played by the various RNAs in pro- 
tein synthesis. It should be added that 
cytochemical studies by Schultz and Cas- 
perssonZ3 on Drosopl~ila salivary gland 
cells went one step further: these led 
them to the conclusion that RNA is syn- 
thesized under the control of the neigh- 
houring DNA sequences. We now know 
that the various RNAs are indeed trdns- 
cribcd on specific DNA segments. 

much later became molecular biology: 
we knew that DNA is synthesized when 
ceils divide, that it controls RNA synthe- 
sis and that RNA directs protein synthe- 
sis. However, nobody understood the 
mechanisms of replication, transcription 
and translation until biochemists work- 
ing on enzymes, biophysicists elucidating 
the structure of macromolecules, geneti- 
cists anaiysing bacteria and phage gene- 
tics provided the answers and changed 
our vague hypotheses into hard facts. 

Already in 1940, I had learned a lesson 
that I shall never forget: one should 
i l lWilyS try to combine the biochemical 
and cytochemicai approaches if both 
biochemists and morphologists (as well 
as yourself) are to be convinced. I tried 
to persuade fellow scientists of this truth 
in two bookP.‘5. The title of the second 
(fIioc/~nnict~l Cyrok0gy) led to sharp 
adverse reactions from a few anatomy 
professors as late NS 1960; I WiIS Openly 
i1CCUSCd by one of Ihem to huvc pro- 
duced a lethal, unviable hybrid between 
cytology and biochemistry, Today, 
thanks to the development of new and 
powerful methods (electron microscopy 
and diffcrrential centrifugation of homo- 
genatcs first developed by Albert 
ClaudeZh autoradiography, immuno- 
cytoche;istry, in s&l hybridization of 
specific DNA sequences), the old battle 
has been won. Far from being lethal, the 
hybrid IlilS been exceedingly t&tile. 
There are few papers published today in 
the leading journals of ceil biology and 
developmental biology where eiec- 
trophoresis gels are not found next to 
micrographs depicting the intracellular 
localization of the substance of interest. 
Cytochemistry and biochemistry are no 
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