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A B S T R A C T  

Acrolcin-fixed, polyester wax-cmbcddcd tissue sections showed excellent preservation of 
light microscopic architecture and, when stained with toluidinc blue, intense color contrast 
between DNA, which stained orthochromatically, and RNA, which stained metachro- 
matically. This method has practical value for differentiating DNA from RNA in the same 
section. The color c~)ntrast was impaired by substituting formaldehyde for acrolcin or 
paraffin for polyester wax, and was ncgligible in tissues fixed in formaldehyde or Carnoy's 
fluid and cmbeddcd in paraffin. Quality of structural preservation paralleled degrcc of 
color contrast. Mctachromatic staining can be analysed, by the quantitative parameters of 
Bradley and colleagues, to provide inferences regarding the conformation of biopolymers in 
tissue sections. Comparison of the nucleic acid color contrasts in toluidine bluc-stained 
sections with titrations of fixative-treated nuclcic acids against toluidine blue in solution 
indicated a grcater difference in conformation betwecn DNA- and RNA-protein in acrolein- 
polyester sections than between acrolein-trcated frce DNA and RNA in solution. This is 
supported by recent cvidencc that the conformation of ribosomal RNA is quite different in 
whole ribosomes from that assumed by the same RNA free in solution. The acrolcin- 
polyester method may enhance color contrast by providing superior preservation of ordered 
nucleoprotein conformations. 

I N T R O D U C T I O N  

While studying the properties of a new fixative, 
acrolein, we noticed that tissue specimens fixed 
in this agent, embedded in polyester wax (20, 21), 
and stained with the metachromatic dye, tolui- 
dine blue, showed a striking color contrast be- 
tween structures containing DNA, a which were 
stained orthochromatically (blue-green), and 

i Abbreviations employed : DNA, deoxyribonucleic 
acid; RNA, ribonucleic acid; P/D, the ratio of the 
number of polymer dye-blnding sites to the number 
of dye molecules in any given polymer-dye system; 
K, stacking coefficient. 

structures containing RNA, which were stained 
metachromatically (purple). Although similar 
color contrasts have been described elsewhere 
(8, 18), the consistency and magnitude of the 
color contrast in acrolein-polyester wax sections 
surpassed anything obtained with our toluidine 
blue staining procedure after other preparative 
methods. This method appeared to have con- 
siderable practical value for distinguishing DNA 
and RNA in tissue sections. Furthermore, the 
metachromasy of polyelectrolytes is known to 
reflect certain features of their molecular con- 
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f o r m a t i o n  in  a q u a n t i t a t i v e  fash ion  (3-5) .  A 

m e t a c h r o m a t i c  color  c o n t r a s t  b e t w e e n  D N A  a n d  

R N A  m i g h t  offer c lues  to the i r  c o n f o r m a t i o n  in 

t issue sections.  W e  h a v e  therefore  inves t iga t ed  

t he  re la t ive  c o n t r i b u t i o n s  of t he  f ixat ive a n d  the  

e m b e d d i n g  m e t h o d  to the  color  con t r a s t  in ac ro-  

l e in -po lyes te r  sect ions.  T h e  resul ts  a re  d iscussed  

in t e r m s  of t he  s p e c t r o p h o t o m e t r i c  t i t ra t ions  

desc r ibed  in the  p rev ious  p a p e r  (14). 

M A T E R I A L S  A N D  M E T H O D S  

Smal l  pieces ( m a x i m u m  size 5 m m  thick) of  brain,  
tongue,  d u o d e n u m ,  liver, pancreas ,  spleen, testis, 
and  epididymis  of adul t  ra t  and  ribs of  newborn  ra t  
were fixed and  embedded .  Some specimens were 
fixed in acrolein; some in formaldehyde,  the  s t andard  
a ldehyde  fixative; and  some in Carnoy ' s  fluid, a 
simple d e n a t u r a n t  fixative c o m m o n l y  employed  in 
nucleic  acid studies. Acrolein was used as a 10 per 
cent  solution in 0.5 per  cent  aqueous  ca lc ium acetate  
(15). Similar  results have  been obta ined with 10 per  
cent  acrolein in i / 1 0  phospha te  buffer  at p H  7.2, in 
Tyrode ' s  ba lanced  salt solution, in p la in  water,  or in 
xylene. Fo rma ldehyde  was used as 10 per  cent  forma-  
lin (i.e., final concent ra t ion  3.8 per  cent  fornlalde- 
hyde)  in 0.5 per  cent  aqueous  ca lc ium acetate. 
Carnoy ' s  fluid is 10 per cent  (v/v) glacial acetic acid, 
60 per  cent  ethanol ,  and  30 per cent, chloroform. 
Th i s  fo rmula t ion  was chosen because of  its previous 
use by Schf immelfeder  et al. (19) in studies of  acri- 
dine orange  metachromasy .  W i t h  acrolein, o p t i m u m  
fixation and  color contrast  were achieved after fixa- 
t ion for 1 hou r  at r oom tempera tu re  or  overnight  at 
0°C. Wi th  formaldehyde,  the  o p t i m u m  t ime was 
overnight  at r oom tempera tu re  or  several days at 
0°C. Fixat ion in Ca rnoy ' s  fluid was carr ied out  at 
r oom tempera tu re  for 4 hours.  A few specimens were 
first fixed in one and  then  postfixed in ano ther  of  the  
solutions. 

Paraffin wax was compa red  with polyester wax. 
Some specimens  fixed in each way were dehydra ted  
in g raded  ethanols,  t ransferred to xylene, and  em-  
bedded  in paraffin wax. O the r  specimens were dehy-  
dra ted  in a 1:1 mixture  of  me t hano l  and  methoxy-  
e thanol  (7), t ransferred to e thanol  and  then  to 
n-propanol ,  and  e m b e d d e d  in polyester wax  (20, 21). 
O the r  me thods  of dehydrat ion,  preceding e m b e d d i n g  
in polyester wax, gave similar results. 

Sections were cut  at 5 /z, m o u n t e d  on glass, de- 
waxed,  hydra ted ,  s tained for 8 minu tes  in aqueous  
toluidine blue in 0.02 M benzoate  buffer, p H  4.2 (21), 
dehydra t ed  in tert iary butyl  alcohol for 5 minutes ,  
as r e c o m m e n d e d  by Michaelis  (17 a) and  Flax and  
Himes  (8), t ransferred to xylene, and  m o u n t e d  in 
Pcrmount .  A toluidine blue s ta ining solution buffered 
with phospha te  gave similar  results. Toluid ine  blue 

0, Color Index  52040, was used as purchased.  In  addi-  
tion, a few slides were s ta ined with a sample  of to lu id ine  
blue purified and  supplied by L a m m ,  Childers,  and  
Wolf  (14). The  same results were ob ta ined  with bo th  
samples  of  dye. 

F lax  and  Himes  (8) r e c o m m e n d  azure B over o ther  
me tach roma t i c  dyes for differential s ta in ing of  nu -  
cleic acids. In  our  hands ,  toluidine blue 0 proved 
equal  or slightly superior  to azure B for this purpose,  
whe the r  s ta ining was per formed at r oom t empera -  
ture (22°C) or at 40°C as done by Flax and  H imes  
(8) and  Pelling (18). Sta ining at the h igher  t empera -  
ture  gave  a greater  color contrast ,  par t icular ly  with 
Carnoy 's-f ixed mater ia l ;  bu t  the  results of  s ta ining 
sections at r oom tempera tu re  can  be directly corre- 
lated with the spect rophotometr ic  t i t rat ions described 
in the  c o m p a n i o n  paper ,  since these were carr ied out  
at r oom tempera tu re  of  22°C. The  descr ipt ion and  
discussion tha t  follow are therefore based exclusively 
on s ta ining at r oom tempera ture .  

The  color of  D N A  was s tudied in vegetat ive nuclei,  
in sperm heads,  and  in the  ch romosomes  of dividing 
cells. T h e  color of  R N A  was s tudied in nucleoli, in 
the  zone between separa t ing  te lophase chromosomes  
of d ividing cells (12), and  in the  ergastoplaslTl of  cells 
such as neurons,  liver pa r enchyma l  cells, and  pan-  
creatic ac inar  cells. T h e  color contrast  be tween D N A -  
and  RNA-r i ch  s t ructures  was visually es t imated  as 
0 to -[- + -]- + in te rms  of a rough  scale of increasingly 
me tach roma t i c  color: b lue-green th rough  blue to 
purple.  Thus ,  0 indicates identical  colors; +,+ the 
smallest  contrast  tha t  could be positively identified 
by both  authors ;  -{--}-, a larger contras t  such as be- 
tween blue and  purpl i sh  blue or be tween blue-green 
and  blue;  and  + -}- + + ,  the  largest  contrast  observed, 
tha t  be tween blue-green and  purple.  

T h e  acrolein-polyester method ,  in addi t ion to its 
effect on nucleic acid hues,  strikingly enhanced  the 
me tach romasy  of s t ructures  conta in ing  acid mueo-  
polysaccharides,  such as cart i lage matr ix ,  the  granules  
of  blood and  tissue basophils,  and  mucous  droplets in 
goblet  cells. This  effect will be the  subject  of a sepa- 
rate report.  

T h e  color contrasts  p roved  difficult to record in 
color photographs .  Satisfactory results were finally 
obta ined  with Ek tach rome  Type  B 4 X 5-inch sheet 
fi lm th rough  the use of exposure t imes and  color 
compensa t ing  filters individual ly  selected by trial and  
error for each new ba tch  of fihn. 

Evaluat ions  of s t ructura l  preservat ion were based 
on lifelike cont igui ty  of  cells and  extracel lular  compo-  
nents,  wi thout  artificial shr inkage spaces; on pre- 
dominan t ly  smooth  and  cont inuous  outlines of  cells 
and  nuclei;  and  on delicacy of detail in nuc leoplasm 
and  cytoplasm. Parallel sections were s tained with 
acid fuchsin to assess the s t ructura l  integri ty and  
stainabil i ty of  mitochondria .  
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R E S U L T S  

Sections of specimens fixed and embedded in 
different ways differed markedly in structural 
integrity and in color contrast on staining with 
toluidine blue. In  both respects, the acrolein- 
polyester specimens were best (maximum color 
contrast being considered best), the Carnoy's- 
paraffin specimens worst, and other specimens 
intermediate. Examples of the best and worst 
specimens are shown in color in Figs. 1 and 2, 
and results are summarized in Table I. 

The acrolein-polyester specimens showed an 
obvious contrast between the colors of stained 
chromatin, which was blue-green, and of nucleoli 
and ergastoplasm, which were purple. Preserva- 
tion of cell and tissue structure was judged to be 
very good, and companion sections stained with 
acid fuchsin showed intact mitochondria. The 
colors of DNA- and RNA-rich structures were 
most readily demonstrated in cells with open 
vesicular nuclei and abundan t  ergastoplasm, such 
as pancreatic acinar cells, which were chosen on 
this account for the color plate. However, RNA 
had the same purple color whether in the nucleo- 
lus, the ergastoplasm of pancreatic acinar cells, 
hepatic parenchymal cells, or neurons, or in 
association with the telophase plates of dividing 
cells. DNA stained more darkly in compact 
nuclei than in open ones, and appeared almost 
black in sperm heads or in the chromosomes of 
dividing cells; but  when examined with intense 
light, these darker staining DNA-rich structures 
were seen to have a blue-green hue, quite different 
from the hue of the same structures in specimens 
processed by other methods. 

In  Carnoy's-paraffin sections the chromatin 
and ergastoplasm stained the same shade of blue 
or blue-violet in any given region of the section. 
There was some variation in hue from region to 
region within a section of the same tissue, bu t  
the extreme greenish-blue and purple colors were 
only seen in regions where the quality of fixation 
or of sectioning was very poor. Carnoy's paraffin 
was the only preparative method producing a 
difference in color between the ergastoplasm and 
the nucleolus: the latter structure was distinctly 
pink in several cell types in Carnoy's-paraffin 
sections. This observation is of unknown signifi- 
cance. Preservation of architecture was poor, and 
mitochondria could not be identified in companion 
sections stained with acid fuchsin. 

When acrolein-polyester and formaldehyde- 
polyester specimens were compared, structural 
preservation in the formaldehyde specimens was 
good, although inferior to that in acrolein speci- 
mens, and color contrast was uniform and sub- 
stantial; however, ergastoplasm and nucleoli were 
distinctly less metachromatic than in acrolein 
specimens, chromatin slightly more metachro- 
matic. Comparison of acrolein-polyester and 
acrolein-paraffin specimens showed the best 
areas of the paraffin specimens to be almost as 
good as representative areas of the polyester 
specimens; however, the paraffin specimens were 
much less uniform in color contrast and structural 
integrity. Formaldehyde-paraffin and Carnoy's- 
polyester specimens had barely perceptible color 
contrast or none at all; their structural preser- 
vation was only slightly superior to that seen in 
Carnoy's-paraffin sections. 

In  specimens exposed successively to two fixa- 
tives, structural integrity and color contrast were 
determined largely by the first fixative. I t  was 
particularly striking that the quality of acrolein- 
fixed specimens was little affected by postfixation 
in Carnoy's fluid. 

D I S C U S S t O N  

H istochemical Applications of Nucleic Acid 

Metachromasy 

Most investigators using thiazinc dyes have not 
reported any difference between the colors of DNA 
and R NA in stained tissue sections, and some 
have stated explicitly that no diffcrcnce exists. 
This subjcct has been reviewed elsewhere (2, 8, 
16). I t  is clear, however, that undcr  somc con- 
ditions DNA and RNA are stained differently. 
For cxamplc, Flax and Himes (8) have described 
a method of staining with azure B at elevatcd 
tcmperatures by which cellular structures rich 
in RNA, namcly nuclcoli and crgastoplasm, arc 
staincd metachromatically (purple), whilc chroma- 
tin, rich in DNA, is stained orthochromatically 
(blue-grecn). Similar observations have been 
made by others (15, 17, 18, 23, 24). I t  appcars 
from thcse reports that production of a color 
contrast bctwecn DNA and RNA by thiazine 
dyes depends on the choice of fixative, dehy- 
drating and embedding agents; on dye concentra- 
tion, pH, ionic strength, temperature, and subse- 
quent  differentiation and dehydration; and on 
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the particular thiazine dye chosen. This helps 
to explain the previous dispute concerning the 
existence of a color contrast between D N A  and 
R N A  in thiazine-stained tissue: the contrast may 
be subtle, and it is sensitive to the conditions of 
processing and staining the tissue. 

Of  the preparative methods we tested, fixation 
in acrolein and embedding in polyester wax 
gave the most striking and consistent color con- 
trast between D N A  and R N A  on staining with 
toluidine blue. In our opinion this simple pro- 
cedure has considerable merit  as a practical means 
of distinguishing D N A  from R N A  in the same 
tissue section. Most of the available staining 
methods developed for this purpose are notorious 
for their variability; the large literature on modifi- 
cations of the methyl green-pyronin method 
attests to this. Many  of these methods require 
fixation with coagulant mixtures, such as Carnoy's 
fluid, which badly distort the finer features of 
cell structure. The  modified May-Grunwald-  
Giemsa stain of Jacobson and Webb (12) can 
only be used on methanol-fixed cell smears or 
tissue culture monolayers. Acridine orange yields 
large color contrasts between D N A  and R N A  
after many preparative methods, but specimens 
stained with this dye must be mounted in water 
and examined by fluorescence microscopy. 
Aside from their inconvenience and lack of per- 
manence,  such preparations deny to the micros- 
copist the use of the highest resolving power of 
his instrument. The method described here 
provides permanent  preparations with excellent 
structural preservation which can be usefully 
examined with oil immersion objectives of high 

numerical aperture. For example, in Fig. 1, 
structural preservation and color contrast are 
sufficiently good to show apparent continuity 
between the RNAs of nucleolus and cytoplasm in 
a pancreatic exocrine cell. This phenomenon, 
which was described by Huber  (10) and which 
is seen fairly often in acrolein-polyester sections, 
is interesting in the light of modern concepts 
concerning the synthesis and transport of cyto- 
plasmic RNA.  The present method might  be 
useful for the study of this and other functionally 
significant relationships between R N A  and DNA. 
Positive identification of an unknown basophilic 
structure as DNA-  or RNA-r ich  would, of course, 
require more specific histochemical methods 
such as the Feulgen stain or treatment of sections 
with nucleases. 

Stacking Behavior of Cationic Dyes on 
Nucleic Acids. A Review 

The stacking concept is described at length in 
the preceding paper (14), and is reviewcd briefly 
here as a necessary introduction of our discussion 
of the significance of polychromatic staining 
(following section). 

Both D N A  and RNA,  whether native or de- 
natured by physical or chemical agents have 
nearly the same metachromatic absorption 
spectrum when each polymer binding site is 
occupied by a dye molecule (P /D  = 1), that is, 
when the polymer is saturated with dye; and 
they have the same orthochromatic absorption 
spectrum when the dye binding sites greatly 
outnumber bound dye molecules (P /D ---* ~) ,  
that is, when a very small proportion of the avail- 

:FIGURE 1 Color photomicrograph of 5/z section of rat pancreas fixed in acrolein, embedded 
in polyester wax, and stained with toluidine blue. Quality of structural preservation is 
very good, as judged by the criteria described in the text. Note the similarity in color 
between nucleolus and cytoplasmic basophilic substance (ergastoplasm), and the difference 
in color between these two and the chromatin. This color contrast was even more striking 
in the original microscope slide. The round unstained areas are zymogen granules. Parallel 
sections (not shown) stained with acid fuchsin show good preservation of mitochondria 
and of zymogen granules, both of which are intensely stained. )< ~809. 

FIGURE ~ Specimen similar to that in Fig. 1, but fixed in Carnoy's fixative and embedded 
in paraffin wax. Chromatin and ergastoplasm are stained the same color. Quality of struc- 
tural preservation is considerably poorer here than in Fig. 1. Cells and nuclei are smaller 
than in the specimen shown in Fig. 1, and there are large intercellular spaces. Cytoplasm 
and nucleoplasm are coarsely coagulated, and in parallel sections stained with acid fuchsin 
(not shown) mitochondria are not visible and have presumably been disrupted during 
fixation or embedding. X ~800. 
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T A B L E  I 

Color Contrast with Toluidine Blue Staining after 
Different F~xatives and Waxes 

Waxes 

Fixative Polyester Paraffin 

Acrolein + 4 - + +  +-t- 
Formaldehyde + + + + 
Carnoy's fluid + 0 to + 
Acrolein, then Car- + + + +  not done 

noy's fluid 
Carnoy's fluid, then + +  not done 

acrolein 

After fixation, embedding and staining the color 
gap between DNA- and RNA-rich structures was 
evaluated as described in the text. In this table, 
" + + + + "  indicates the largest color contrast 
observed between DNA- and RNA-rieh structures, 
and " + "  indicates that the two types of structures 
were barely different in color. In Carnoy's-paraffin 
sections, chromatin and ergastoplasm were stained 
nearly or exactly the same shade of blue. However, 
nueleoli were stained pink. Pink-stained nucleoli 
were not encountered with any other combinations 
of fixative and wax. 

able binding sites are occupied by dye. These 
observations can be explained by the aggregation 
or "stacking" of dye molecules bound to neigh- 
boring sites, which causes a change in the ab- 
sorption spectrum of bound dye. When P / D  ~ I. 
each bound dye molecule can interact with the 
dye molecule bound to the nearest neighboring 
site, so that all the dye is "stacked." Stacked dye 
has the metachromatic color. As P / D  approaches 
o,, dye molecules distribute themselves among 
the increasing excess of binding sites, and the 
number  of dye molecules having nearest neigh- 
bors with which they can interact approaches 
zero; that is, the dye approaches complete "un- 
stacking." Unstacked dye has the orthochromatic 
color. 

At intermediate values of P / D  (i.e., polymer 
only partly saturated with dye) a new phe- 
nomenon appears, one not predicted by the 
aggregation concept alone: a given dye may 
show different absorption spectra when bound 
to D N A  and RNA.  This phenomenon can be ex- 
plained quantitatively by differences in the so 
called stacking coefficients of D N A  and RNA.  
At intermediate values of P / D  the observed 

absorption spectrum is the sum of the spectra of a 
mixture of stacked and unstacked dye molecules, 
the proportions being determined by the distribu- 
tion of dye molecules among available binding 
sites. This distribution is not strictly random, but 
is weighted in favor of the stacked state. The  
amount  of weighting, that is, the preference of 
dye molecules for stacked rather than random 
distribution, varies widely from one polymer and 
dye to another, so that for different polymer-dye 
systems the same intermediate value of P / D  will 
produce different ratios of stacked to unstacked 
dye, and corresponding differences in the amount  
of metachromasy. The  amount  of weighting for a 
particular polymer-dye system is quantitatively 
expressed as the stacking coefficient, K, which is 
a measure of the tendency toward stacking. K is 
high when the tendency toward stacking is great. 
It  has been found that K of nucleic acids in- 
creases with increasing randomness of secondary 
structure. Native D N A  has the lowest K yet ob- 
served for any polymer; native R N A  has a higher 
K;  denaturation of either nucleic acid raises its K. 

Mechanism of Differential Staining of 

Nucleic A d d s  in Tissue Sections 

In the preceding paper, the spectra of solutions 
containing toluidine blue and pure nucleic acids 
were shown to be determined, even after fixative 
treatment or in the presence of fixative, by only 
two variables: P / D  and K. The  difference in P / D  
between two nucleic acid-dye solutions necessary 
to produce a metachromatic color contrast be- 
tween them without a difference in K was shown 
to be so large that differences in P / D  are in- 
adequate as a sole explanation for metachro- 
marie color contrasts in tissue sections. Differences 
in K between D N A  and R N A  (stacking differ- 
entials) were therefore considered to be important 
in the production of such color contrasts. 

If  the color contrast between D N A  and R N A  
in stained tissue sections is determined by the 
P / D  and K of each polymer, it is necessary to 
assume that P / D  in sections is almost always 
greater than 1, since at P / D  = 1 both polymers 
are completely metachromatic regardless of K. 
In solution, P / D  is easily manipulated by varying 
the concentrations of polymer and dye, but  no 
independent method has been described for 
measuring P / D  in a stained tissue element. P / D  
in sections can be influenced only by inhibiting 
dye binding to, or removing bound dye from, a 

332 THE JOUaNAL OF CELL BIOLOGY • VOLUME ~5, 1965 



fixed but unknown concentration of nucleoprotein. 
Many staining methods with basic dyes incorporate 
features which tend to oppose binding of dye and 
might well raise P/D to the high values we postu- 
late. The production of color contrast with 
acridine orange (1, 6, 19, 22) requires either 
staining at low pH or subsequent differentiation 
with solutions of very high ionic strength such 
as M/10 CaC12. In the present study the staining 
solution of toluidine blue had a buffer with ionic 
strength ten times higher, and pH 2.3 units lower, 
than the buffer system chosen in the companion 
study to promote complete binding of dye. Other 
procedures for thiazine staining (8, 15, 17, 23, 
24) specify low pH, and one (8) depends upon 
elevated temperature. 

In solution, both formaldehyde and acrolein 
increase the stacking differential between DNA 
and R N A  with toluidine blue; the K of RNA is 
greatly increased, the K of DNA unaltered. 
Carnoy's fluid, on the other hand, reduces the 
stacking differential by raising the K of DNA 
more than that of RNA. This is consistent with 
the present observation that formaldehyde-fixed 
and acrolein-fixed tissues show good color con- 
trast between DNA and RNA when stained, 
while Carnoy's-fixed tissues show little or none. 
The strong color contrast obtained in Carnoy's- 
fixed tissues by Flax and Himes (8), using azure 
B, and by Pelling (18), using toluidine blue, de- 
pended on staining at elevated temperatures, 
followed by prolonged differentiation. Thus, the 
relevant parameters of binding and stacking were 
different from those applying at room tempera- 
ture. Acridine orange, for example, gives a 
larger stacking differential at room temperature 
between Carnoy's-treated DNA and RNA than 
toluidine blue does, and acridine orange can be 
used at room temperature to produce a color 
contrast after Carnoy's fixation (19). 

The stacking differential in solution is raised 
somewhat more by formaldehyde than by acrolein. 
In the sections, on the other hand, acrolein 
produces more color contrast than formaldehyde, 
which suggests that the color contrast is in- 
fluenced by properties of the two fixatives other 
than their action on the nucleic acids alone. The 
importance of other properties of the fixatives is 
further shown by the specific colors seen in the 
sections. In the acrolein-polyester sections, DNA 
stained a greener color than the blue of the free 
toluidine blue, while RNA stained purple. Solu- 

tions of DNA with toluidine blue become more 
green than solutions of free dye only at very 
high P/D: 20 or 30 or even more. The purple 
color, shown by RNA in the sections, is seen with 
all nucleic acids in solution at P/D close to 1, 
but is rapidly lost as P/D is raised by addition of 
excess nucleic acid. RNA in solution in the 
presence of acrolein loses the purple hue when 
P/D is increased beyond 2.2. Thus, even in the 
presence of acrolein, the color contrast seen in 
the section can be reproduced in solutions of pure 
nucleic acids only by a great difference between 
P/D on the two nucleic acids: 2 or less on RNA, 
30 or more on DNA. Such a large difference 
between the P/D of two stained tissue elements 
within the same section is not only unlikely a 
priori but appears inconsistent with the following 
additional observations. In the first place, although 
nucleic acids were more variable in color in 
sections showing less color contrast, comparison 
of other specimens with acrolein-polyester ones 
always showed that RNA was less metachromatic 
(except for the pink nucleoli in Carnoy's-paraffin 
sections) while DNA was more metachromatic. 
As color contrast decreased, the two nucleic 
acids approached the same intermediate blue or 
blue-violet color. If DNA is orthochromatic only 
because very little dye is bound to it, and RNA 
metachromatic only because it is oompletely 
saturated with dye, we must then suppose that 
any alteration of tissue processing which di- 
minishes the color contrast causes more dye to 
be bound to DNA while less dye is bound to 
RNA. It seems very unlikely that a variety of 
non-specific procedures would simultaneously 
enhance dye binding to DNA and inhibit dye 
binding to RNA. In the second place, if the color 
contrast is to be explained almost entirely by 
differences in P/D, then the degree of meta- 
chromasy should increase with the intensity of 
staining. In fact, the degree of metachromasy was 
to a large extent independent of intensity of 
staining, both within the same section and in 
corresponding tissue elements of differently 
processed sections. 

The analogy between the staining of nucleic 
acids in solution and in the tissue sections is 
imperfect, since the nucleic acids in tissue sec- 
tions are bound to proteins. If bound proteins 
in the sections blocked nucleic acid dye-binding 
sites in a strictly random manner, this would 
correspond to an alteration of P/D in solution. 
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Therefore,  the inconsistencies discussed in the 
previous pa rag raph  canno t  be resolved by as- 
suming r a n d o m  blockage of dye-binding sites 
by  protein.  ~ I t  is m u c h  more likely tha t  proteins 
bound  to nucleic acids in vivo form structures 
wi th  a h igh  degree of molecular  order. If  this 
order  were preserved in sections, dye-binding 
sites migh t  be blocked in a m a n n e r  such tha t  the 
remain ing  exposed sites would form a regular 
array, quite different in its stacking properties 
f rom the array of all sites potentially available 
on the naked nucleic acid. I t  is also possible tha t  
in the nat ive nucleoprotein complex the secondary 
structure of the nucleic acid itself might  be differ- 
ent  from the s tructure assumed by the same 
nucleic acid free in solution. In ei ther  case, the 
K of an  ordered nucleoprotein macromolecule  
might  differ from the K of the isolated nucleic 
acid componen t  of tha t  molecule. 

We  propose tha t  the stacking differential be- 
tween DNA-  and  RNA-pro te in  in acrolein- 
polyester sections is greater  t han  tha t  between 
acrolein t reated free D N A  and  R N A  in solution, 
for ei ther  or bo th  of the following reasons: K of 
DNA-prote in  is lower than  K of free DNA, and  
K of RNA-pro te in  is higher  than  K of free RNA.  
T h e  K values in the sections are assumed to 
reflect preexisting ordered structures of nucleo- 
prote in  molecules, which are bet ter  preserved 
by  the acrolein-polyester procedure than  by the 
procedures with which  it has been compared.  
U n d e r  this assumption, the close correlat ion 
between degree of color contrast  and  preservation 

2 The role of protein binding in modifying nucleic 
acid metachromasy has often been investigated by 
using reagents, such as acetic anhydride or nitrous 
acid, which block or remove amino groups. Such 
blockade or removal presumably eliminates the cat- 
ionic sites on protein molecules that  permit proteins 
to bind to nucleic acid phosphates. However, these 
reagents also block or remove amino groups on nu- 
cleic acid bases, leading to disruption of hydrogen- 
bonded base pairs and disorganization of helical 
secondary structure. Dilute solutions of nitrous acid, 
in fact, are commonly used (9, 11, and references 
cited therein) to produce controlled alterations of 
DNA molecules. Thus, experiments with these re- 
agents will not decide the relative importance of 
protein binding and nucleic acid secondary structure 
in determining the staining of nucleoproteins. Doubt  
has also been cast, for other reasons, on the signifi- 
cance of experiments with reconstituted nucleopro- 
teins (13). 

2f_ 21 

B0S 

17 

(AO) 

5 ~ N A  

CHROMATIN ~ DNA 
c -  

Nucle oprotein Nucleic acid 

Fmtrm~ 8 This is a representation, in the style of Fig. 
5 in the companion paper (14), of the K values (with 
acridine orange) of native nucleoproteins compared to 
the K values of the corresponding free nucleic acids. 
The points shown for ribosomes and those shown for 
ribosomal RNAs are the limits of the range of values 
observed by Furano and Bradley. All native two- 
stranded DNAs have K values within the narrow range 
1.~ to 1.4. The "?" next to the point for native chro- 
matin indicates that  this particular K has not yet been 
measured; our observations on toluidine blue-stained 
sections suggest that  the K of native ehromatin may be 
even lower than the K of native DNA (see text). The 
metachromatic color contrast between stained ribo- 
somes and chromatin in tissue sections is enhanced by 
superior fixation of the native nucleoproteins, which 
preserves the stacking differential, or difference between 
their K values. With increasing denaturation of pro- 
teins, the K values will more closely approach those of 
the free nucleic acids and the stacking differential 
between ribosomes and chromatin will be reduced. 

of cytoarchi tecture  is easily understood,  since 
bo th  reflect the fixation of proteins in life-like 
t r idimensional  order. Acrolein, though similar to 
formaldehyde in many  of its properties,  intro-  
duces more chemical  cross-linkages (W. G. A1- 
dridge, Universi ty of Rochester,  personal com- 
municat ion)  which  stabilize cytoarchi tecture  and  
molecular  archi tecture  against  subsequent  de- 
naturat ion.  Polyester wax has a lower mel t ing 
point  and  is a more polar  compound  than  paraffin 

334 THE JOURNAL OF CELL BIOLOGY • VOLUME ~5, 1965 



wax; for both reasons, infiltration with polyester 
wax might have less tendency to denature pro- 
teins. It is also possible that molten paraffin wax 
might denature DNA, raising its K and thus 
reducing the stacking differential. It is noteworthy 
that formaldehyde-fixed brains embedded in 
celloidin, a procedure carried out entirely at 
room temperature and in which the final em- 
bedding matrix is a relatively polar compound, 
may show substantial color contrasts between 
DNA- and RNA-protein when stained with 
thiazine dyes (23). Finally, Carnoy's fluid, in 
addition to reducing the stacking differential 
between pure nucleic acids, will denature and 
partially strip away the associated proteins. 

It is easy to construct plausible models of DNA- 
protein in which those phosphate groups which 
remain free to bind dye are so far apart that 
stacking of bound dye is hindered or even com- 
pletely prevented. (If stacking is hindered, K is 
lower than K of free DNA; if stacking is pre- 
vented, K has no physical meaning but can be 
considered formally equal to 0. According to the 
stacking equations, unstacking can become com- 
plete at finite P/D only in the limiting case K = 0.) 
For example, if every nth site (n being some small 
integer) is free to bind dye, but all the intervening 
sites are blocked, the DNA-protein may be able 
to bind an amount of dye such that P/D = n, 
and yet the bound dye may remain completely 
unstacked, although there would be appreciable 
stacking at the same P/D on free DNA. 

It might seem harder to imagine how bound 
protein could enhance stacking of dye on RNA. 
However, experiments are now in progress which 
demonstrate enhancement of stacking by protein 
in at least one RNA-protein-dye system. Furano 
and Bradley (personal communication) have 
studied the binding of acridine orange to prepa- 
rations of whole ribosomes and of the correspond- 

ing ribosomal RNA freed from protein. The 
amount of dye bound per nucleotide phosphate 
is the same for whole ribosomes as for free ribo- 

somal RNA. However, the K of various ribosome 
preparations ranged from 15 to 23, or even higher, 
depending on the buffer system employed, whereas 
when the RNAs are stripped away from their 
associated proteins the values of K are lowered to 
the range of 4 to 7. These findings are summarized 
in Fig. 3, which also represents our speculation 
concerning the K of DNA-protein, and is drawn 

to conform in style to Fig. 5 of the preceding 
paper (14). Although these experiments have not 
yet been extended to other dyes such as toluidine 
blue, or to all the fixatives compared in this 
paper, they already provide evidence that the 
conformation of ribosomal RNA is radically 
altered by isolation from the specific ribosomal 
proteins. Furano and Bradley speculate that 
RNA in the ribosome is constrained to the shape 
of a straight chain, whereas when free in solution 
it acquires regions of helical secondary structure 
which lower the value of K. A straight chain 
structure, in which all the nucleotide bases are 
free, is more consistent than a partially hydrogen- 
bonded helical structure with the requirements of 
proposed mechanisms for the read-out of the 
genetic code. 

The metachromatic dyes have been considered 
unsuitable for quantitative histochemistry be- 
cause of their failure to conform to Beer's Law. 
However, we have seen that the very property 
which is responsible for non-conformity to Beer's 
Law, namely, the variation of molar extinction 
and spectral shape of metachromatic dyes ac- 
cording to their state of binding and aggregation, 
is amenable to quantitative treatment and can 
be used to study the structure of the molecules 
to which the dyes are bound. In the present study, 
the metachromatic color contrast between chroma- 
tin and ergastoplasm in toluidine blue-stained 
sections of appropriately prepared tissues has 
been used to show that DNA-protein and RNA- 
protein in tissues differ more in their conformation 
than do free DNA and RNA in solution; the color 
contrast has also provided at least a partial clue 
to the nature of the respective conformations. 
This approach can be expected to gain in versa- 
tility from the use of other metachromatic dyes 
with distinctive binding and stacking properties, 
and to gain in precision from the substitution of 
microspectrophotometry for subjective visual 
judgments of color. The quantitative study of 
altered dye spectra in stained tissues has great 
promise as a source of new information about 
the structure of the components of living matter. 
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