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INTRODUCTION 

An extensive application of the Feulgen reaction is found in recent literature on 
the determination of desoxypentose nucleic acid (DNA) content of cell nuclei by means 
of microspectrophotometry 1-~. During the last decade many papers challenging the 
specificity of this reaction for DNA have been published '°-1~, but they have always 
been criticized by other groups of investigators 15-23; at present its reliability for localizing 
DNA within the cell is accepted almost universally among cytochernists when it is 
conducted under proper conditions and with appropriate controls. 

As to the quantitative phase of this staining procedure, however, some authors 
are rather sceptical *°,24. Since WIDSTR6M .5 and CASPERSSON 2e, the intensity of the 
reaction in vitro is known to be influenced considerably by many factors involved in 
the reaction procedure and now different authors are in agreement in pointing out the 
poor reproducibility of this reaction in vitro as well as in situl, s, ~7. This was overcome 
by many of the investigators working in this field by taking values obtained under 
comparable conditions as indicating the relative quanti ty of potentially reactive 
substances~,a, ~s-,s. Indeed, DI STEFANO ~ and RIs AND MIRSKY ~ have claimed that the 
Feulgen reaction can actually serve as a measure of the relative DNA content of cell 
nuclei, on the basis of their microspectrophotometric analyses of the reaction in situ. 
Such data have apparently been taken by most of the workers (e.g., LEUCHT~NBERGER 5, 
or PASTEELS AND LISON s) engaged in microspectrophotometric measurements of the 
Feulgen-stained materials as convincing evidence for the validity of the techniques 
which they have employed. However, it has recently been pointed out that  all the 
results of microspectrophotometric measurements thus far reported are open to question, 
since an important  source of serious error, the SCHWARZSCHILD-VILLIGER effect, in- 
volved in the course of photometric procedures, has invariably been overlooked aa-3~. 

Therefore, with respect to the quantitative nature of the Feulgen reaction in situ, 
it would seem unjustified to rely solely upon such information which could be obtained 
only a posteriori using microspectrophotometry. 

Furthermore, there are contentions2°, ~4 about the significant loss of DNA from 
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tissues which occurs during the course of hydrolysis involved in the procedure of the 
histochemical Feulgen reaction. In addition, some cytologists may  wonder that  formalin 
fixation used extensively in the quanti tat ive Feulgen work might cause some loss of DNA. 

The relative-quantitat ive nature of the Feulgen reaction may further be questioned 
from another corner. According to WIDSTR~3M 25 and CASPERSSON 26 the intensity of the 
Feulgen reaction in vitro is affected by proteins present in the reaction mixture;  a 
remarkable effect of histone has been reported by SIBATANI ~. 

, Under these circumstances it would be obvious that  detailed studies are required 
to explore such problems in order to know to what extent the Feulgen reaction could 
be used as a quanti tat ive test  for the DNA present in cell nuclei. The present paper 
opens a series of investigations directed to a t tack  these problems, beginning with a gross 
chemical estimation of the possible loss of DNA from tissues during the course of fixation 
and mild acid hydrolysis involved in the Feulgen reaction in  situ. 

MATERIALS AND METHODS 

Tissue homogenates. Severa l  r a t  t i s sues  charac te r i zed  b y  va r ious  levels of D N A  c o n t e n t  as  well 
as  of  t h e  P N A / D N A  ra t io  were used.  T h u s ,  l ivers,  spleens,  t h y m u s e s ,  a n d  t e s tes  of different  an ima l s  
were homogen ized  w i t h  ice-cold phys io logica l  sal ine b y  an  al l-glass homogen ize r  to m a k e  t he  final 
t i s sue  concen t r a t i on  15 to 3o %.  

Fixation. 2o a n d  5o°/o fo rma l in  and  a lcohol - formal in  (9:1) were used  as  t he  f ixa t ive :  5 o %  
fo rmal in  h a s  been  f r e q u e n t l y  used  in q u a n t i t a t i v e  Feu lgen  s tud ies  s ince SWll~rx; a lcohol - formal in  
f ixa t ion  was  a d o p t e d  b y  LlSON AND PASTEELSS, 9 for t he  s ame  pu rpose ;  2o 9'o fo rmal in  was  inc luded 
in order  to  e x a m i n e  w h e t h e r  t he  d isso lu t ion  of t i s sue  D N A  in to  hyd ro lyz ing  m e d i u m  is inf luenced 
by  t he  concen t r a t i on  of f o r m a l d e h y d e  emp l oyed  in t h e  f ixa t ion  procedure .  Th i s  t y p e  of t e s t  was  
c o n d u c t e d  s ince t h e  i n t e n s i t y  of Feu lgen  reac t ion  of t h y m u s  nucle i  f ixed wi th  2o % formal in  h a s  been  
p roved  m i c r o s p e c t r o p h o t o m e t r i c a l l y  to  be  m a r k e d l y  lower t h a n  t h a t  w i th  5o % formal in  as. I n  for- 
ma l i n  f ixa t ion  eve ry  I m l  po r t i on  of t he  t i s sue  h o m o g e n a t e s  was  p i p e t t e d  in to  a cen t r i fuge  t ube  a long 
w i t h  i m l  commerc i a l  fo rma l in  (ca. 4 ° % fo rmaldehyde) ,  direct ly,  or  a f te r  d i lu t ing  2.5 t imes  w i th  dis- 
t i l led water ,  to  m a k e  final concen t r a t i on  of fo rmal in  5o or 2o %, respect ively ,  W i t h  a lcohol- formal in  
(9: i) IO ml  of t he  f ixa t ive  was  added  to i ml  of t he  h o m o g e n a t e .  Af te r  f ixing for 3 hou r s  w i th  5 0 %  
fo rmal in  and  for 24 hou r s  wi th  2o % formal in  or a lcohol- formal in ,  t he  m i x t u r e  was  cen t r i fuged  
a n d  t h e  p rec ip i t a te  w a s h e d  w i t h  IO ml  por t ions  of dist i l led wa t e r  unt i l  t h e  s u p e r n a t e  of  t he  w a s h i n g  
became  Schi f f -negat ive  (8 t imes}.  T he  final p rec ip i ta te  was  ana lyzed  direct ly ,  or f u r t he r  sub jec ted  
to  hydro lys i s .  I n  t h e  l a t t e r  case, i t  was  t h e n  washed  wi th  alcohol  and  ether ,  a n d  dr ied a t  7o ° . 

Hydrolysis. Fixed  a n d  non-f ixed  ma te r i a l s  were hyd ro lyzed  wi th  N HC1 a t  6o ° for 13 and  15 
m i n u t e s ,  s ince m i c r o s p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s  on r a t  t i s sues  revealed  t h a t  m a x i m a l  i n t ens i t y  
of  t he  Feu lgen  colour  is a t t a i ned  a t  s u c h  l eng ths  of  hydro lys i s  time~°, ss. W i t h  non-f ixed  mater ia l s ,  
i ml  of  t he  h o m o g e n a t e  was  p i pe t t ed  in to  a cen t r i fuge  t u b e  a long w i th  i ml  2 N HC1. W i t h  fixed 
ma te r i a l s  t he  dr ied s amp l e s  as ob ta ined  above  were s u s p e n d e d  in 2 m l  N HC1. The  cent r i fuge  t ubes  
were t h e n  h e a t e d  in a 6o ° wa te r  b a t h  for t he  per iods  indica ted .  The  t e m p e r a t u r e  of t he  l iquid con-  
t a ined  in t h e  t u b e s  was  raised above  5 °o wi th in  one m i n u t e  and  app roached  60 ° w i th in  t h e  n e x t  
m i n u t e .  The  t u b e s  were t h e n  remoVed f rom t he  ba th ,  cooled i m m e d i a t e l y  wi th  ice-water  a n d  8 ml  
po r t ions  of dist i l led wa te r  were added.  T h e y  were t h e n  centr i fuged,  and  t h e  res idues  washed  once 
w i t h  water .  Control  t u b e s  w i t h o u t  hydro lys i s  were t r ea t ed  s imi la r ly  excep t  for hea t i ng ;  ins tead ,  
t h e y  r e m a i n e d  t he  while in ice-water .  

Analytical procedure. Fresh  s amp l e s  and  f ixa t ion  or hydro lys i s  res idues  were ana lyzed  for to ta l  
nucle ic  acid or DBIA p h o s p h o r u s  b y  t he  m e t h o d  of SCHNEIDER ~.  D e t e r m i n a t i o n  of t o t a l  P was  m a d e  
accord ing  to  LE PAGX ~,  t h a t  of D N A  P t h r o u g h  d i p h e n y l a m i n e  reac t ion  ~.  For  th i s  t e s t  a s ample  
of D N A  (Na salt) e x t r a c t e d  f rom beef  sp leen  accord ing  to  P~TER~tANN AND LAban 87 (P: 9 . 1 % ;  
N : P  = 1.6) se rved  as  t h e  s t a n d a r d .  I t s  colour  yield wi th  t he  cys te ine  reac t ion  a6,as per  # g  P was  t he  
s a m e  as  t h a t  of  a DNA_ samp l e  e x t r a c t e d  f rom her r ing  s p e r m a t o z o a  (received t h r o u g h  t h e  cou r t e sy  
of D r  I. WATANAB~, I n s t i t u t e  for Science a n d  Technology ,  Un ive r s i t y  of Tokyo) .  As t h e  l a t t e r  m a y  
be  cons idered  free f rom P NA,  t he  s t a n d a r d  sample  of D N A  used  is p robab ly  free f rom c o n t a m i n a t i o n  
w i th  PNA.  In  p r e l i m i n a r y  expe r imen t s ,  r ecovery  of D N A  f rom ho t  t r ichloracet ic  acid e x t r a c t s  of 
t i s sues  f ixed in 5 ° % fo rmal in  was  t e s t ed  w i t h  t he  d i p h e n y l a m i n e  a n d  t he  cys te ine  reac t ions  b y  
add ing  k n o w n  q u a n t i t i e s  of  D N A  to t he  ex t r ac t s .  I t  was  t h u s  found  t h a t  t he  cys te ine  react ion,  b u t  
n o t  t h e  d i p h e n y l a m i n e  react ion,  is affected s igni f icant ly  b y  t he  e x t r a c t s  of t h e  formal in- f ixed  t i ssues .  
T h e  va l id i ty  of app ly ing  t he  d i p h e n y l a m i n e  reac t ion  to e s t ima t e  t h e  D N A  c o n t e n t  of formal in- f ixed 
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t i s sues  t h u s  s eems  to be wa r r an t ed .  A n o t h e r  t roub le  ar ises  now wi th  hyd ro lyzed  t i ssues ,  becausc  
t he  colour  yield of t he  d i p h e n y l a m i n e  reac t ion  is p rogress ive ly  d imin i shed  b y  t h e  hyd ro ly s i s  wi th  
N HC1 a t  6o ° s~. W i t h  ex t inc t i ons  for D N A  P of t he  hyd ro lyzed  t i ssues ,  correc t ions  were m a d e  by  
d iv id ing  t h e m  wi th  o.97o and  0.965 for 13 a n d  15 m i n u t e s '  hydro lyses ,  respect ive ly .  These  fac tors  
were ob ta ined  du r ing  hydro lys i s  e x p e r i m e n t s  wi th  purif ied DNASg. The  q u a n t i t y  of D N A  P l ibera ted  
f rom the  t i s sue  res idue  b y  t he  hyd ro lys i s  was ob ta ined  f rom D N A  P c o n t e n t s  of t he  nonohydro lyzed  
(control) and  hyd ro lyzed  t u b e s  b y  difference. 

Feulgen reaction. A procedure  es tab l i shed  b y  SIBA~ANI $9 for t he  t e s t  in vitro was employed :  
each  i ml  a l iquo t  of t he  hydro lys i s  s u p e r n a t e s  of formal in- f ixed  t i ssue  ma te r i a l s  was  neu t ra l i zed  
w i th  I ml  N N a O H  a n d  t h e n  added  wi th  6. 5 ml  o . i  M glyciue  buffer  of  p H  2 .28 ,  I ml 15% sod ium 
metabisu l f i te ,  a n d  0.5 ml  Schiff reagent .  Colours developed  were m e a s u r e d  wi th  B e c k m a n  D U  spect ro-  
p h o t o m e t e r  a f t e r  s t a n d i n g  for 4 hour s  a t  r oom t e m p e r a t u r e .  Control  t ubes  w i th  f ixed t i s sues  were 
w a r m e d  a t  6o ° for 13 m i n u t e s  wi th  2 ml  dist i l led wa t e r  and  t he  s u p e r n a t e s  t r ea t ed  as above,  b u t  
N a O H  was  replaced w i t h  dist i l led water .  No  colour  was  developed,  a s su r i ng  t he  absence  of formal -  
d e h y d e  c o n t a m i n a t i o n .  T h a t  t he  res idue  in these  cont ro l  t ubes  r e t a ined  D N A  q u a n t i t a t i v e l y  du r ing  
the  i n c u b a t i o n  was  p roved  by  Schne ider  analys is .  

RESULTS 

Results obtained are summarized in Tables I - I I I .  From Tables I and II  it can be 
seen that  total nucleic acid and DNA, and hence PNA also, of different rat  tissues are 
quanti tat ively retained throughout the course of formalin or alcohol-formalin fixation 
prolonged up to 24 hours. However, hydrolysis of fixed as well as non-fixed tissue 
materials with N HC1 at 6o ° for 13 minutes decidedly give rise to dissolution of a part  
of DNA contained therein (Table III). Although the fixatives employed are effective in 
decreasing the magnitude of DNA loss from tissues, fractions of DNA lost from the 
fixed tissue residues are in most cases by no means negligible. They amount in average 
to some 8% of total DNA originally present in fresh or fixed tissues, but also figures 
remote from the mean value are obtained; fluctuation of the values is especially promi- 
nent with spleen. I t  is unlikely that  there is any significant difference in the degree of 
dissolution of DNA among three fixatives employed or among different tissues tested. 
The rate of DNA solubilization seems further to be independent of the "concentration" 
of tissue DNA in the hydrolyzing suspension at least within the range of our experi- 
mentation. Usually longer hydrolysis (15 minutes) caused more loss than a shorter one 
(13 minutes). I t  should be noted, however, that the results of parallel determinations 
were not always consistent. For example, parallel experiments with liver and spleen 
were repeated twice; although in either case the samples of both tissues were fixed and 
hydrolyzed simultaneously and under exactly comparable conditions, values for the loss 
of DNA (13 minutes' hydrolysis), obtained consecutively in these two experiments, were 
nearly the same with liver, whereas the corresponding values for spleen differed mar- 
kedly, not only from those for liver, but also from each other (Table I I I / co lu m n  5, 
lines 4, 6, 8, and 9). Another example emerges from comparing values of hydrolysis 
for 13 and 15 minutes. Here, the increments of the loss of DNA due to the prolonged 
hydrolysis are by no means consistent. I t  was impossible to answer the question how 
far these inconsistencies were contributed by unevenness of the fixing reaction, by  lack 
of complete dispersion during the hydrolysis of the fixed homogenate, or by occasional 
errors in the determination. 

Here, it may well be presumed that the extent of the hydrolysis with tissue sections 
adhered to a coverslip 4° and incubated in 60 ° N HC1 for 13 minutes is somewhat greater 
than that with our tissue homogenates for 13 minutes, but not for 15 minutes, because 
in our experiments the temperature of the hydrolyzing mixture was approximately 60 ° 
within the first 2 minutes of heating. 
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T A B L E  I 

T O T A L  N U C L E I C  A C I D  C O N T E N T S  O F  S E V E R A L  R A T  T I S S U E S  

AS  D E T E R M I N E D  B E F O R E  A N D  A F T E R  F I X I N G  ~,VITH 5 ° ~/o F O R M A L I N  F O R  3 H O U R S .  

E A C H  D E T E R M I N A T I O N  W A S  M A D E  W I T H  D U P L I C A T E  T U B E S  

mg total nucleic acid P in 
2:oo gram fresh tissue 

Liver Testes  Thymus 

Wi t hou t  fixation i 24 65 22 i 
With  fixation 124 69 221 

T A B L E  I I  

D N A  C O N T E N T S  O F  S E V E R A L  R A T  T I S S U E S  AS  D E T E R M I N E D  B E F O R E  

A N D  A F T E R  F I X I N G  W I T H  V A R I O U S  F I X A T I V E S  

rag D N A  P in ioo grara fresh tissue 
Fixation 

Liver Spleen Spleen Thymus 

None 24.2 76.5 lO9 222 
50% formalin (3 h) --- 76.5 - -  - -  
20% formalin (24 h) 24,2 -- lO 9 - -  
Alcohol-formalin (9:I)  (24 h) 23, 9 - lO9 222 

T A B L E  I I I  

F R A C T I O N S  O F  D N A  L O S T  F R O M  N O N - F I X E D  A N D  F I X E D  R A T  T I S S U E  H O M O G E N A T E S  

I N  T H E  C O U R S E  O F  F E U L G E N  H Y D R O L Y S I S  I N  N HCI A T  6 0  ° F O R  1 3  A N D  1 5  M I N U T E S .  

F I G U R E S  F O R  1 5  M I N U T E S  A R E  G I V E N  I N  P A R E N T H E S E S  

Fixation Tissue 
DN A P content of DNA P solubilited by hydrolysis F~g~n r ~ ' o f  

hydrolyzing suspension hydro/ys/,* sv.lMn, t m ~  
uglml #glr~ Pe~ cent E~t s 

None liver 36, I 9.7 26.9 
None spleen lO9 19.5 17.9 
None t h y m u s  167 38 22.8 

50 % formalin liver 38.1 4.2 11.o 
(4.2) (II.O) 

50 % formalin liver 35.7 3.8 lO.6 
(5.5) (i5.3) 

50 % formalin spleen 76,5 16.5 21.6 

5 ° % formalin spleen 94.5 1.5 1.6 
(5.5) (5 .8 ) 

5 ° °//0 formalin t h y m u s  176 18 IO,2 
(21) (II ,9) 

5 ° % formalin t h y m u s  16o io  6.3 
(8) (5.0) 

20 % formalin liver 36.1 2, 4 6.6 
2o % formalin spleen lO 9 i i  io . i  
2o % formalin t h y m u s  167 21 12.6 

Alcohol-formalin (9: i) liver 36.1 2. 4 6.6 
Alcohol-formalin (9: I) spleen Io9 3 2.8 
Alcohol-formalin (9: I) t h y m u s  167 I2.5 7.5 

o.I92 
(0.286) 
O , I 2 0  

(o.I57) 
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Feulgen reactions of the hydrolysis supernates are markedly increased by the 
prolongation of the hydrolysis, but this may, at  least in part, be due to the colour 
augmentation caused by the extended hydrolysis of DNA. But the outcomes from the 
Feulgen reaction should not be referred with too much weight, because proteins trans- 
ferred into the supernates may have exerted appreciable interference. At any rate, it 
must be expected from these data that the Feulgen hydrolysis conducted for the peroid 
of as long as 13 minutes causes some loss of DNA from fixed tissues, which may not 
proceed with exactly comparable rates in individual cases even when treated quite 
similarly. The proportion of DNA retained within the hydrolyzed preparation may, 
therefore, fluctuate to a certain extent from case to case (or from nucleus to nucleus 
in one and the same section), but usually the range of such fluctuation may not be 
very wide, so that  in the relative microspectrophotometric measurement of Feulgen- 
stained DNA the error caused by the hydrolysis loss of DNA would not exceed IO %. 
In certain instances, however, it might nevertheless amount, at least, to as large as 
20 %, as can be anticipated from our figures for spleens fixed with 50% formalin. 

DISCUSSION 

Although the mechanism of the DNA dissolution caused by the acid hydrolysis is 
not understood in full detail ~°, it is almost certain that the extent of the dissolution is 
partially conditioned by the behaviour of the protein bound to DNA during the course 
of the hydrolysis ~4. Indeed, desoxypentose nucleohistone is precipitated by 50 % formalin, 
but  the sodium salt of highly "associated" DNA entirely fails to do so; it has further 
been observed in a preliminary experiment that by the Feulgen hydrolysis DNA is 
much more readily liberated from non-fixed nucleohistone than from a formalin-fixed 
sample. I t  seems that  in this case the formalin fixation renders histone less soluble in 
acid media, so that  DNA resists dissolution more strongly. 

For tissue DNA the situation is much the same. Under identical conditions of 
hydrolysis non-fixed tissues lose more DNA than those fixed with formalin or alcohol- 
formalin. ROBERTS AND ANDERSON 41 have noted that non-fixed nuclei of liver cells give 
stronger FeUlgen reaction than fixed nuclei, but our experiments with thymus homo- 
'genate gave an opposite result. The STEDMANS ~4 showed that about 27% of nucleic 
acid P was detached from Carnoy-fixed beef liver nuclei by the Feulgen hydrolysis for 
Io minutes. Although some part of this figure is undoubtedly contributed by nuclear 
pentose nucleic acid (PNA) which is more readily detached from the cell by acid hy- 
drolysis20, 48-44, this value is rather comparable to our figures obtained with non-fixed 
tissues. I t  is known, however, that nuclear histone retains its solubility in dilute mineral 
acid after being fixed with Carnoy but not with formalin and other fixatives ~4, ~. Now 
it should be noted, as shown above, that even fixation with the latter class of fixatives 
can not effect a complete inhibition of the DNA dissolution from tissues during the 
course of the Feulgen hydrolysis which should give maximal colour intensity of the 
reaction in si~u. Thus, our conclusion is essentially the same as STEDMAI~S '24 or ELY 
AND Ross 's° as to whether quantitat ive recovery of cellular DNA is possible with the 
histochemical Feulgen reaction. 

This opinion seems to be inconsistent  with the view o1 LESSLER 28, who failed to detect a n y  
significant loss of DNA contained in gelatin blocks during the Feulgen hydrolysis  for up to 20 minutes ,  
However,  the thickness of the gelatin blocks used was a t  least more than  1.63 ram. Under  such 
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conditions the diffusing out of DNA is undoubtedly minimized, so that the LESSLER'S experiment 
may not be taken to be comparable to the case of tissue sections. 

Meanwhile, THOMAS 4s has shown by paper chromatography of DNA hydrolysates that by a 
hydrolysis in N HC1 at 6o ° for i6 minutes almost all the purines of DNA are liberated, while solubili- 
zation of thymic acid is still negligible. However, in THOMAS'S experiment the concentration of DNA 
in the initial hydrolyzing mixture was relatively high (may be higher than 0. 5 % if calculated from 
figures indicated in his diagram). According to our experience attainment of the complete dissolution 
of DNA realized by the Feulgen hydrolysis is considerably retarded by the increase of DNA concen- 
tration, because DNA of higher concentration is precipitated by acid, forming heavy coagulation 
which resists the hydrolysis more strongly. Indeed, 0.02 %, but not 0. 5 %, DNA is completely brought 
into dissolution by a Feulgen hydrolysis for 25 minutes. It  is thus likely that under the conditi~ons 
employed by Thomas, rate of the solubilization of hydrolyzed DNA is more reduced than in the 
case of hydrolyzing microscopic preparations. It appears, however, rather curious that, in a similar 
experiment of ERRERA el al. 4a using 0.2 % DNA, the overall situation is exactly comparable tO the 
results of THOMAS, whereas a decidedly higher rate of DNA dissolution was proved in our experiment 
with non-fixed thymus, which was hydrolyzed with a "concentration" of DNA only slightly lower 
than that employed by ERRERA et al. (1. 7 mg/ml; see Table III). 

Now we come to the data  of microspectrophotometr ic  measurements  presented by  
DI STEFANO ~9 and RIS AND MIRSKY 28, which tend to suggest tha t  no appreciable amount  
of thymic  acid polynucleotide is l iberated from nuclei during hydrolysis  until  a t ta inment  
of maximal  intensi ty  of the Feulgen colour, or even for longer hydrolysis. DI STEFANO'S 
argument  is based upon the methy l  green staining of nuclei the intensi ty of which showed 
no significant difference between non-hydrolyzed nuclei and those hydrolyzed for 
I2 minutes.  Howe6er,  there is a number  of uncertainties about  his data,  namely,  the 
intensi ty  of methy l  green staining m a y  be affected by  the impur i ty  of methy l  green used 
(DI STEFANO is s ta ted to have omit ted  the necessary purification of me thy l  green47), 
by  proteins co-existing with DNA, or by  "disaggregat ion" of DNA caused by  the 
hydrolysis  5, 4s-54. Consequently, we can not  have any  confidence in his conclusion drawn 
f rom the da ta  obtained wi thout  any  consideration of such factors. I t  may  be tha t  the 
apparent  agreement  of the two extinction values in DI STEFAN-O'S experiment is for- 
tuitous. I t  should fur ther  be considered tha t  if the SCHWARZSCHILD-VILLIGER (S-V) 
effect is not  eliminated, what  is most  likely in his photometr ic  procedure, t ransmi t tance  
obtained with nuclei characterized by  higher absorption would occasionally tend to be 
leveled off on a certain value (about 15% and frequently higher)31,s~; in fact, in the 
d iagram given by DI STEFANO 29 the extinctions for methy l  green of the nuclei in question 
(ca. o.42; t ransmit tance  about  38%) are by  far the highest among extinction values 
included, 

A similar si tuation m a y  be found in the da ta  of RIs  AND MIRSKY ~s. First  it mus t  
be pointed out  tha t  in the Feulgen reaction i n  vi tro with purified D N A  the length of 
t ime required for the Feulgen hydrolysis to give maximal  colour intensi ty is some 
I5 minutes  or even longer*°,~s, 39, whereas in RIS AND MIRSltY'S data  the intensi ty  of 
the Feulgen stain ceases to increase significantly after being hydrolyzed for longer than  
8 minutes  with calf nuclei isolated with citric acid and fixed with Carnoy, remaining 
practically constant  up  to 15 minutes.  This suggests either tha t  the loss of thymic  acid 
which occurred to an appreciable extent  during the course of the prolonged hydrolysis  
m a y  have exact ly been compensated for b y  the concomitant  increase in the Feulgen- 
react iv i ty  of the D N A  remaining within the nuclei, or tha t  by  vir tue of the S-V effect 
the extinction values could not  exceed a certain limiting value. The first a l te rna t ive  
seems, however, less likely, not  only because of the very  low probabil i ty (a fortui tous 
coincidence of 6 values), bu t  also because in another  experiment  of the same authors  
with a formalin-fixed rat  liver section, the intensi ty of the Feulgen stain remained 
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cons tan t  from 13 to 25 minutes ,  while in our  microspectrophotometr ic  exper iments  (free 
from S-V effect) with qui te  s imilar  mater ia l  hydrolyses cont inued  beyond I5 minutes  
resulted a significant d iminu t ion  in the in t ens i ty  of the Feulgen s ta in  a~. 

on the other hand, if we calculate from the figures given by R1s AND I~[IRSKY zs the actual mean 
extinction of the tetraploid nuclei of rat liver, assuming the average diameter of these nuclei 6/,  
on the basis of our own measurement with materials of the same type, we obtain a value of o.42, 
which is quite approximated to the highest values found in the DI STz~I*ANo's data ~ (see above). 

12 
The calculation is E 3.14 × 3~ 0.42, where 12 is E × area given by RIs AND MIRSKY. In contrast 

to this, extinction values of similar materials obtained by ourselves with an apparatus, with which 
the elimination of S-V effect is waxranted4°, 55, axe usually around i.o ~. As for the figures of RIs 
AND MIRSK¥ 2s on cal/ liver nuclei, we obtain 4/z for the diameter of the nucleus if we assume that 
al§o in this case the mean actual extinction was o.42. The diameter so computed is somewhat smaller 
than that of the average diploid nucleus of rat liver encountered in the formalin-fixed section. However, 
l~IS AND I~IRSKY have used in this case citric acid-isolated nuclei, and such material would certainly 
tend to shrink to some extent by losing an appreciable fraction of the proteins ~. Thus, it seems to 
us by no means unlikely that the apparent discrepancy between the conclusions of RIS AND MIRSKY 
and ours is largely due to the failure in their measuring the transmittance of the Feulgen-stained 
nuclei correctly with the equipment they used 5~. If so, another question arises with respect to how 
RIs AND MIRSKY 2s could reach an impressive parallelism of the two series of independent measure- 
merits of the relative and absolute amount of DNA contained in a single nucleus, by microspectro- 
photometry of the Feulgen stain on the one hand and by gross chemical analysis on the other hand, 
on somatic nuclei of different animals. Also the extinction value of ca. o.42 as estimated above is 
somewhat too low to be expected reasonably for the highest limiting value of the extinction to be 
obtained with microspectrophotometry accompanied by the S-V effect. 

An a t t emp t  should now be made to search for procedures which m a y  cause a less 
considerable loss of DNA. This m a y  be done along three l ines:  by  shor tening the period 
of hydrolysis ;  b y  selecting milder  condi t ions  for hydrolysis ;  and by  in t roduc ing  some 
reagent  which m a y  minimize  the solubil izat ion of DNA from fixed materials .  

As to the period of hydrolysis,  BRACHET 15, POUYET 4~, and  THOMAS 45 have noted 
tha t  Feulgen hydrolysis  for 5-10 minu tes  conducted with non-fixed or fixed tissues 
failed to l iberate more than  negligible a m o u n t  of desoxypentose- or thymine-con ta in ing  
mater ia l  into the hydrolysate .  However,  at  such lengths  of hydrolysis  t ime the Feulgen 
react ion of DNA in  vitro as well as in  situ is on the way to reach its a t ta inable  maxi-  
mum,0, 30, 38,~, so tha t  the magn i tude  of the error m a y  be increased prominent ly .  In  
fact, in our  microspectrophotometr ic  measurements  of the nuclear  Feulgen s ta in  the 
var ia t ion coefficient or relat ive error was min ima l  at  the hydrolysis  for 13 minutes  where 
the colour in t ens i ty  a t t a ined  its m a x i m u m  value, and  i t  increased ra ther  regular ly  a t  
bo th  sides of this hydrolysis  period 33. 

According to OVEREND *~, t rea t ing  DNA in a weakly acidic med ium (pH 2.0) a t  
Ioo ° for 2.75 minu tes  and  prec ip i ta t ing  the par t ia l ly  hydrolyzed DNA with addi t ion 
of alcohol give a mater ia l  completely  non-soluble and  s t rongly Feulgen-posit ive.  We 
have worked unde r  s imilar  condi t ions  (pH 2.28 at  Io0 °) and  found tha t  max ima l  colour 
i n t ens i t y  of the Feulgen react ion in  vitro is a t t a ined  at  a hydrolysis  for 2.5 minu tes  3s. 
Moreover, we have ob ta ined  evidence wi th  ra t  l iver and  thymus  homogenates  tha t  the 
hydrolysis  unde r  the same condi t ions  caused no appreciable loss of DNA from formalin-  
fixed tissues. The Feulgen colour developed with such mater ia ls  is, however, whether  
i t  is developed in  vitro or in  situ, r emarkab ly  less in tense  t han  tha t  produced by  the 
usual  method  of hydrolysis  88, 39; and  especially in  the case of the react ion in  situ, i t  is 
too weak to allow precise measurements  of the nuclear  diameter .  More d i sappoin t ing  
is the procedure of ob ta in ing  apurinic  acid as reported recent ly by CHARGAFF et al. 5s 
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Ihydrolysis with dilute HC1 of pH 1.6 at 37 ° for 26 h), because sections failed to colour 
to any recognizable degree after prolonged warm incubation. 

I t  might seem promising to make an attempt to inhibit the DNA dissolution by  
treating tissues with lanthanum salt 59. But it was observed by cytochemical techniques 44 
that the removal of PNA from fixed cells through the Feulgen hydrolysis 2°, 48,43 can be 
reduced neither by the addition of lanthanum acetate to formalin used for the fixation ~, 60 
nor by that  to N HCI used for the hydrolysis of formalin-fixed sections*, so that the 
effectiveness of using this agent to minimize the DNA dissolution appears rather 
questionable. 

Thus we have at present no satisfactory means to prevent the DNA loss caused 
by the Feulgen hydrolysis as the prerequisite for the microspectrophotometric determi- 
nation of DNA. The implication of this argument is, however, not so serious as it appears 
first. Although the extent of DNA loss may never be the same for all the nuclei in one 
and the same section, the variation caused by this factor would fall well within the 
range of the error involved in the microspectrophotometric measurement with nuclei. 
But when we will compare the results of the measurements on separate sections, the 
situation becomes somewhat more serious. Even if we may be contented with measuring 
relative values only, the estimated values of the total nuclear DNA content must be 
expected to fluctuate, within a certain limit, from section to section prepared separately 
with materials of the same type, or even with one and the same material. The error 
due to the non-equal loss of DNA in different preparations would usually be not so large, 
but  occasionally it might attain to at least o/ 20/o. Furthermore it is by no means unlikely 
that the fluctuation in the extent of DNA loss to be observed among sections of one 
and the same tissue fixed separately is not less than that to occur among sections 
originating from separate tissues. Therefore, any photometric measurements of Feulgen- 
stained cells should preferably be repeated several times with separate materials before 
attempting to interprete them, in order to eliminate the possibility that differences 
among vahles obtained with various objects are simply due to an unequal hydrolysis 
loss of DNA from nuclei, which may well occur by chance for every type of materials. 
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SUMMARY 

Nucleic acids are retained quantitatively in rat tissues fixed with formalin or alcohol-formalin. 
Appreciable fractions of desoxypentose nucleic acid (DNA) are liberated from non-fi~xed as well as 
fixed tissues during the course of Feulgen hydrolysis for x 3 minutes. The loss of DNA is decrea~d 
decidedly by the preliminary fixation, 8 % on average, showing an irregular fluctuation which seems 
to be independent of the fixatives or tissues employed. 

The results of different investigators are discussed, and the validity of the Feulgen reaction 
as a quantitative-cytochemical test of DNA is examined under the light of the conclusion reached 
finally. 

* This is rather natural because PNA is degraded largely to mononucleotides by the Feulgen 
hydrolysis for io minutes (J. DIRKX, BiocMm. Biophys. Acta, 8 (1952) 194)- 
Re/ere~ces p. lOi/lo2. 
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R ~ S U M ~  

Au cours  de la f ixat ion p a r  formol  ou pa r  alcool-formol,  les t i s sus  du  R a t  r e t i ennen t  les acides 
nueld iques  q u a n t i t a t i v e m e n t .  Des quan t i t d s  appreciables  de l 'ac ide ddsoxypen tosenuc ld ique  (ADN) 
son t  libdrdes, p a r  l ' hydro lyse  de Feu lgen  p e n d a n t  13 minu te s ,  dans  les t i s sus  frais  ainsi  que  d a n s  les 
t i s sus  fixds. An  coa t s  de r h y d r o l y s e  s u i v a n t e  la  f ixat ion,  il y a pe r te  d ' A D N ,  d ' env i ron  8 % en 
moyenne .  I1 y a une  f luc tua t ion  irrdgu/i~re, qu i  semble  inddpenden te  des  f ixa teurs  ou des  t i s sues  
employ~s.  

Les  r6su l t a t s  des  au t r e s  au teurs ,  ainsi  que  la validit~ de la r~act ion de Feu lgen  c o m m e  un  
t e chn ique  c y t o c h i m i q u e  pour  la d6 t e rmina t ion  q u a n t i t a t i v e  de I ' A D N  o a t  6t6 discut6s.  

Z U S A M M E N F A S S U N G  

I m  Lau fe  der  F ix i e rung  m i t  Fo rmol  oder  Alkohol -Formol  bleiben die Nucle ins t iuren  in den  
Geweben  der  R a t t e n  q u a n t i t a t i v  erhal ten .  Merkl iehe Mengen  der  Desoxypen tosenue le ins i iu re  (DNS) 
werden  jedoch  du rch  die F eu l gen -Hydro l y se  w~ihrend 13 M i n u t e n  aus  f r ischen sowie f ixier ten Geweben  
a b g e n o m m e n .  Die vorl~iufige F ix ie rung  wi rk t  eine aussch laggebende  V e r m i n d e r u n g  der  Aufl t isungs-  
r a t e  yon  DNS.  Ih r  Ver lus t  re icht  a b e t  d a n n  noch  zu e twa  8 % im  D u r c h s e h n i t t ,  weis t  ferner  eine 
regellose S c h w a n k u n g  auf,  welche yon  der  Ar t  der  g e b r a u c h t e n  Gewebe oder  Fixierungsf i i i ss igkei ten  
unabh~tngig zu sein scheint .  

E s  werden  die R e s u l t a t e  versch iedener  Verfasser  d iskut ier t ,  u n d  die A n w e n d b a r k e i t  der  Feulgen-  
R e a k t i o n  als eine q u a n t i t a t i v - c y t o c h e m i s c h e  B e s t i m m u n g s m e t h o d e  der  DNS wird im L ieh t  der  
erziel ten Sch luss fo lgerung  erOrtert.  
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