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ABSTRACT 

Chick embryo mitochondria, studied with the electron microscope, show crista-free areas 

of low electron opacity. These areas are observable after fixation with osmium tetroxide, 

calcium permanganate, potassium permanganate, formaldehyde, acrolein, acrolein followed 

by osmium tetroxide, uranyl acetate followed by calcium permanganate, and acetic acid- 

alcohol. Staining of sections with lead hydroxide or uranyl acetate, or with both, resulted 

in an increased density of a fibrous material within these areas. The appearance of the 

fibrous structures varied with the fixative employed; after fixation with osmium tetroxide 

the material was clumped and bar-like (up to 400 A in diameter), whereas after treatment 

of osmium tetroxide-fixed tissues with uranyl acetate before dehydration the fibrous 

structures could be visualized as 15 to 30 A fibrils. Treatment with ethylenediamine- 

tetraacetate (EDTA) in place of uranyl acetate coarsened the mitochondrial fibrils. After 

fixation with calcium permanganate or potassium permanganate, or a double fixation by 

uranyl acetate followed by calcium permanganate, the fibers appeared to have a pattern 

and ultrastructure similar to that observed after the osmium tetroxide-uranyl acetate 

technique, except that some of them had a slightly greater diameter (up to 50 A). Other 

fixatives did not preserve the fibers so well. The fibers appeared strongly clumped by 

formaldehyde fixation, and were difficult to identify after fixation with acrolein or acetic 

acid-alcohol, The staining of nucleic acid-containing structures by uranyl acetate and 

lead hydroxide was improved by treatment of osmium tetroxide-fixed sections with hydrogen 

peroxide, and the mitochondrial fibers also had an increased density in the electron beam 

after this procedure. The staining characteristics suggest the fibrous material of chick 

embryo mitochondria to be a nucleic acid-containing structure, and its variable appearance 

after different fixations parallels that previously reported, or described in this paper, for the 

nucleoplasm of bacteria and blue-green algae. The results, in addition to those described 

in the accompanying communication, indicate that these mitochondria contain DNA. 

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

Recent progress in preparative techniques has 

advanced our knowledge of nucleic acid structure 

and has led to some understanding of the essential 

requirements for adequate fixation and visualiza- 

tion of nucleic acids and nucleic acid-containing 

structures in electron microscopy (13, 16, 17, 40, 

42, 43). 

Some of these techniques have been adapted by 
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us in an a t t empt  to characterize chemically a 

f ibrous structure first observed within chick 

embryo mi tochondr ia  after the use of electron 

staining reactions (26, 28). T he  low contrast  of 

the structures after fixation with buffered osmium 

tetroxide solutions, their  increased density after 

staining with lead salts and  uranyl  acetate, and  

their  s tructural  similarity to some known DNA- 

containing regions in other  organisms and  or- 

ganelles led us to a t t empt  a more systematic 

survey of the similarities between the reactions of 

the mi tochondr ia l  fibers and  the reported char-  

acteristics of purified D N A  and bacterial  nucleo- 

plasm. 

This  first communica t ion  describes the appear-  

ance of the fibrous mater ia l  in question after a 

n u m b e r  of "s ingle" and  "doub le "  fixations and  

also the effects of some electron contrast ing agents. 

At tempts  have been made  to demonstra te  tha t  

(a) the areas of low density observed in chick 

embryo mi tochondr ia  are a normal  componen t  

of these mitochondria ,  (b) the rod-like fibrous 

structures in these areas have electron-staining 

characteristics consistent with  the view tha t  they 

contain nucleic acid, and  (c) the effects of various 

fixatives upon  the mi tochondr ia l  fibrous struc- 

tures parallel the reported effects of these agents 

upon  the bacterial  nucleoplasm and  purified DNA. 

The  report  tha t  follows deals wi th  enzymat ic  

t rea tments  of fixed tissues. 

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

FIXATION : Chick embryos were incubated from 

0 hours to 8 days at 37°C. The fixation procedure 

described refers to the 19-hour embryo (definitive 

streak stage). This stage has been utilized for most of 

the illustrative material in order to facilitate com- 

parisons between variously treated tissues. After the 

egg was opened and the overlying egg white re- 

moved, the fixative was quickly pipetted upon the 

live embryo in situ. After 5 minutes' fixation the 

embryo was excised, transferred to a buffered solution 

(vehicle of the fixative) where adherent yolk and the 

vitelline membrane were removed within about 30 

seconds, and then fixation was continued. Further 

dissection was performed during the subsequent 

30-minute washing period. 

The fixatives and conditions of fixation employed 

are summarized in Table I. The second fixative was 

applied either directly after the first fixation and 

washing period or after some intervening chemical 

treatment (29). 

Escherichia coli cells were fixed with fixatives 1 

(0.34 M, pH 8.0) or 8, Table I, at room temperature 

for 1 hour, washed, and subsequently mixed with 

agar (17). 

The specimens were dehydrated in an ethyl alcohol 

series (30 to 100 per cent) and embedded in Epon 

812 (22). 

] ~ L E C T R O N  M I C R O S C O P Y  : Sections, approxi- 

mately 60 to 90 m/z, were cut with a Porter-Bhim 

microtome equipped with glass knives, picked up on 

uncoated or Formvar-coated grids, and examined in 

a Siemens Elmiskop I, operated at 60 kv, with a 

condenser aperature of 100 or 200/z and an objective 

aperature of 20 or 50 #. The electron optical magnifi- 

cations varied between 1,000 and 30,000. 

T R E A T M E N T  O F  S E C T I O N S :  Most sections w e r e  

stained with alkalinized lead acetate (42) for 1 to 2 

minutes, lead hydroxide (14) for 15 minutes, uranyl 

acetate (13) for 3 to 5 hours, or lanthanum nitrate 

(40) for 15 minutes, singly or in combination. 

Some sections fixed with osmium tetroxide or 

acrolein followed by osmium tetroxide were oxidized 

with 2 per cent hydrogen peroxide for 30 minutes 

before staining (94). 

R E S U L T S  

A. Osmium Tetroxide 

Fixative 1 (Table  I), ~ 0 . 3 4  ~, pH 8.0, was 

found to bc most  satisfactory for osmium tctroxide 

fixations. The  p H  of thc fixative was a critical 

var iable  for these tissues; a t  and  below p H  7.4 

there was a part ial  disrupt ion of the cells, especially 

of the nuclear  contents and  the cell membranes .  

Fig. 1 is a survey micrograph  which illustrates 

the ectodermal  cells of the 19-hour chick embryo 

in the region of Hensen 's  node. The  "genera l "  

fixation quality, cxcept for cell membranes ,  ap- 

pears to be good. In  this double- t reated tissuc 

(osmium tetroxide followed by uranyl  acetate),  

contrast ing of the sections with lead hydroxide 

increases the elcctron opacity of m a n y  structures, 

including the nuclcoli. Unl ike the ch romat in  of 

most adul t  nuclei, however,  the chromat in ic  

areas of thcsc largc embryonic  nuclei  arc not  well 

defined and  consequently not  well contrasted by 

these procedures. 

I t  is to be observed tha t  an  area (0. I to 0.3 #) of 

very low electron opacity is present within the 

mat r ix  of most of the long, slender mi tochondr ia  

(which arc abou t  0.5 # in d iameter  and  up  to 20 

# in length).  These "c lea r"  areas remained un-  

altered in size when  the tonicity of the fixative 

was raised to 0.45 M. 
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T A B L E  I 

Time and Time and 
Fixative temperature Second fixative temperature 

1. 2 pe r  cen t  o s m i u m  te t rox ide  1 h o u r  at  0 to - -  - -  

in  buf fe red  sa l t  so lu t ion ,  2°C 

0.34 to 0.45 M (46), p H  7 . 0  to 

8.6 

3.* " " 

4. 1 pe r  c en t  o s m i u m  t e t rox ide  

in buf fe red  sucrose  so lu t ion  

(4), p H  8.0 

5. 4 per  c en t  f o r m a l d e h y d e ,  7.5 

pe r  cen t  sucrose ,  in phos -  

p h a t e  buf fe r  (11), p H  8.0 
6 .  ~c t~ 

7. 10 pe r  c en t  ac ro le in  in phos -  

p h a t e  buf fe r  (21), p H  8.0 

8. " " 

" " 0 .5  per  cen t  u r a n y l  ace-  2 hou r s  at  r o o m  

ta te  (17) in buf fe red  t e m p e r a t u r e  

sal t  so lu t ion  (46), p H  

5.3 

" " 0.25 M e t h y l e n e d i a m i n e -  " " 

t e t r aace t a t e  

( E D T A )  (17) in buff-  

e red  sal t  so lu t ion  (46) 

as in f ixat ive 2 

11/~ h o u r s  at  0 to - -  - -  

2°C 

I h o u r  a n d  24 

hou r s  at  0 to 2 °(2 

30 m i n u t e s  at  

r o o m  t e m p e r -  

a t u r e  

9 .  " " " " 

10. 3 pe r  cen t  p o t a s s i u m  p e r m a n -  10 m i n u t e s  at  

g a n a t e  (20) in bu f fe red  sal t  r o o m  t e m p e r -  

so lu t ion  (46), p H  8.0, or  in a t u r e  

wa t e r  

11. 3 pe r  cen t  c a l c i u m  p e r m a n g a -  10 m i n u t e s  a t  

h a t e  (1) in bu f fe red  sal t  so- r o o m  t e m p e r -  

lu t ion  (46), p H  8.0 a tu r e  

12. 2 pe r  cen t  u r a n y l  ace ta te ,  in 1 h o u r  a t 0  to 2°C 

buf fe red  sal t  so lu t ion  (46), 

p H  4.6 

13. Acet ic  ac id -a l coho l ,  1:3 (5) 30 m i n u t e s  at  0 

to 2°C 

14. " " " " 

F i x a t i v e  4 1 h o u r  a t  r o o m  

t e m p e r a t u r e  or  0 

to 2°C 

F ixa t ive  1 (0.34 M, p H  2 hou r s  at  r o o m  

8.0) t e m p e r a t u r e  

U r a n y l  ace t a t e  as in fixa- 2 hou r s  at  r o o m  

tive 2 t e m p e r a t u r e  

F ixa t ive  l l  10 m i n u t e s  at  r o o m  

t e m p e r a t u r e  

U r a n y l  ace t a t e  as in fixa- 2 hou r s  a t  r o o m  

tive 2 t e m p e r a t u r e  

* I n  these  expe r i men t s ,  e ach  e m b r y o  was b i sec ted  across the  p r im i t i ve  s t reak ;  one  ha l f  was t r e a t ed  wi th  

u r a n y l  ace ta te ,  a n d  the  o t he r  h a l f  w i t h  E D T A .  I t  was p rev ious ly  a s c e r t a i n e d  t h a t  t he re  was no  a p p a r e n t  

s t r u c t u r a l  va r i a t i on  b e t w e e n  m i t o c h o n d r i a  f rom di f fe rent  a reas  o f  t he  p r im i t i ve  s t reak  ec tode rm.  

1. UNSTAINED SECTIONS OF MITOCHONDRIA 

Fig. 2 r ep resen t s  a h i g h e r  m a g n i f i c a t i o n  of 2 

m i t o c h o n d r i a  f r o m  a n  o s m i u m  t e t rox ide - f ixed  

e m b r y o  (p r in t ed  for m a x i m u m  cont ras t ) .  W i t h i n  

t he  m i t o c h o n d r i a l  a r eas  of  low dens i t y  m a y  be  

obse rved  c l u m p e d  fibers of  low con t r a s t  (a r rows) .  

T h e  reg ions  of  low e lec t ron  opac i t y  a re  n o t  

b o u n d e d  by  m e m b r a n e s .  
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~. SECTIONS OF MITOCHONDRIA CONTRASTED 

WITH HEAVY METAL IONS 

Staining with uranyl acetate and/or lead com- 

pounds, based on procedures described by Huxley 

and Zubay (13) (but after a ~-hour  or 1-hour 

fixation period), or with lanthanum nitrate (40) 

increases the general contrast of most cell struc- 

tures, but most dramatically enhances the density 

of the clumped mitochondrial fibers. In comparing 

Figs. 2 and 3, it becomes apparent that the mito- 

chondrial fibers after staining with uranyl acetate 

have increased in contrast relative to the mito- 

chondrial membranes and are now of approxi- 

mately equal density. The fibrous structures are 

contrasted to a similar extent by treatment of 

sections with uranyl acetate or lead hydroxide, 

but sequential staining further increased their 

contrast. 

In any tissue section there is a wide variation 

in the number of electron-transparent areas per 

mitochondrion and in the number, size, and shape 

of the structures stained by the heavy metal com- 

pounds. The diameters of the fibers vary between 

15 and 400 A, and the thicker bar-shaped struc- 

tures are sometimes resolvable into a number 

of parallel strands. In many sections the thinner 

fibers appear to extend or attach to the mem- 

branes of the mitochondria (26). Mitochondrial 

fibers have been observed at all developmental 

stages studied. 

3. TREATMENT OF SECTIONS WITH HYDROGEN 

PEROXIDE 

Treatment of osmium tetroxide-fixed tissue 

sections with hydrogen peroxide increases the 

staining of nucleic acid-containing structures by 

heavy metal compounds (24). Sections were 

treated with 2 per cent hydrogen peroxide for 

30 minutes (24), rinsed, and then contrasted with 

uranyl acetate and/or lead hydroxide (Fig. 4) 

Under these conditions, membranes have a low 

density, and the ribosomes and mitochondrial 

fibers are the only cytoplasmic structures which 

are strongly electron-opaque. 

The peroxide treatment removed the mito- 

chondrial dense granules, leaving holes in the 

section, and thus this reagent is also of value in 

distinguishing between mitochondrial fibers which 

have been cut in cross-section and the dense 

granules. 

Sectioned Escherichia coli fixed in osmium tetrox- 

ide as used for chick embryos, are shown un- 

stained in Fig. 5 and after the peroxide treatment 

and staining in Fig. 6. The nucleoplasm has the 

typical clumped appearance seen after osmium 

fixation. After the peroxide and staining proce- 

dures the clumped nucleoplasm and the ribosomes 

are heavily contrasted (Fig. 6), and previously 

undetected fine strands can be seen radiating 

from the dense, aggregated portions of the nucleo- 

plasm. It is apparent that both the mitochondrial 

fibers, described above for chick embryo, and 

the bacterial nucleoplasm have a high contrast 

after these procedures, but they are not visibly 

altered in structure. 

4. URANYL ACETATE AND E D T A  TREATMENTS 

OF TISSUES 

Figs. 7 and 8 represent micrographs from ad- 

jacent ectodermal regions of a single embryo 

after osmium tetroxide-fixation followed by im- 

mersion in uranyl acetate or EDTA solutions (17). 

After these treatments the mitochondrial fibers 

no longer appear as bar-like structures (up to 400 

Explanation of Figures 

Arrows, mitochondrial electron-trans- n, nucleus 

parent areas and/or mitochondrial nu, nueleolus 
fibers v, cytoplasmic vesicle 

cm, cell membrane y, yolk globule, at various stages of di- 
er, endoplasmic reticulum gestion 
m, mitochondrion 

All micrographs of chick embryos depict the 19-hour Hensen's node or primitive streak. 
FmvaE 1 Survey micrograph of chick node (ectoderm) fixed with buffered ~ per cent 

osmium tetroxide, with salts added to ~ 0.34 M, at pH 8.0; tissues treated with 0.5 per 
cent uranyl acetate, sections stained with lead hydroxide. Almost all the mitochondria 
within tile field have areas of low density in their matrices. X 8,200. 
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A in diameter) typical of osmium tetroxide-fixed 

mitochondria but may be recognized as clusters 

of fine fibrils. To facilitate comparison of the 

effects of these treatments, both micrographs are 

enlarged to 80,000 diameters. At this magnifica- 

tion the mitochondrial fibrils (15 to 30 A) of the 

uranyl acetate-treated tissues may not be visible 

in the reproduction of the print (see Fig. 9 for the 

fine structure of the fbri ls  after this treatment), 

but the EDTA-treated tissues clearly show mito- 

chondrial fibers (30 to 60 A). A higher magnifi- 

cation of a mitochondrion after uranyl acetate 

rinsing is presented in Fig. 9. The  branched and 

irregular beaded appearance of the fibrils is 

characteristic of their structure after this t reatment 

or after fixation with calcium permanganate 

(see section B). 

B. Calcium and Potassium Permanganate 

Fixation with either 3 per cent calcium per- 

manganate (l)  or potassium permanganate (20) 

in buffered salt solution (46), at pH 8.0, generally 

resulted in better preservation of membranous 

components of the cell than did fixation with any 

of the osmium fixatives employed. The survey 

micrograph (Fig. 10) shows the junction between 

ectoderm and mesoderm. The mitochondria 

appear swollen (diameters up to 1 /z) relative to 

their appearance after osmium tetroxide-fixation. 

It  is again apparent that most of the mitochondria 

in the field have an area of low density within their 

matrix. After either potassium permanganate-  or 

calcium permanganate-fixation the mitochondrial 

fibers are faintly visible within the low density 

areas. Uranyl  acetate-treatment of tissues, stain- 

ing of sections with uranyl acetate, lead hydroxide, 

or double staining produce an over-all increase in 

contrast of all cell structures. In many sections of 

mitochondria very fine fibrils approximately 15 

to 30 A in diameter and some fibers of slightly 

greater diameters (up to 50 A) are more readily 

observed after these contrasting procedures (Fig. 

l 1). The  fine fibrils appear beaded and porous 

along their length and frequently seem to merge 

and branch. 

C. A erolein 

Tissues fixed with l0 per cent acrolein (21) in 

phosphate buffer, pH 8.0, and postfixed with 

osmium tetroxide show, in addition to the mito- 

chondrial areas of low density, the excellent pres- 

ervation of cellular membranes, especially those 

of the endoplasmic reticulum (Fig. 12). The 

nucleus, after staining with lead salts, clearly 

shows a nucleolus and a narrow, indistinct chroma- 

tinic material bordering the inner nuclear mem- 

brane. Although the mitochondrial fibers are 

often identifiable as fine fibrils after the staining 

of acrolein-OsO4-fixed tissues, they are not pre- 

served in a regular or distinct pattern (Fig. 12). 

Uranyl  acetate treatment of tissues fixed in acro- 

lein also did not preserve the fibers in any definitely 

recognizable form. Similarly, the bacterial nucleo- 

plasm after double fixation with acrolein and 

OsO4 (and staining of sections with lead or uranyl 

ions) is relatively indistinct (cf. Figs. 6 and 13). 

Nevertheless, fibrillar material (20 to 50 A in 

diameter) not unlike that observed in mitochon- 

dria after these procedures (of. Figs. 12 and 13) 

is more apparent in the bacterial nucleoplasm 

than in the chick mitochondria because of the 

higher concentration of this material in the bac- 

terium. 

D. Formaldehyde 

Fixation with formaldehyde or with formalde- 

hyde followed by osmium tetroxide causes a 

marked shrinkage of the mitochondria relative to 

their appearance after all other fixation methods. 

Despite the shrinkage and general increase in 

electron opacity of the mitochondrial  matrix, the 

areas of low density are still apparent (Fig. 14), 

indicating that these regions are, at least in their 

response to fixation, relatively rigid structures. A 

few dense fibers within these areas of low density 

FmUBE ~ Unstained sections of mitochondria. Tissue fixed with the osmium tetroxide 
fixative described in legend to Fig. 1. This micrograph shows some faintly visible material 
within the electron-transparent areas of the mitochondria. )< 57,000. 

FIGURE $ Section of mitochondrion of a 55-hour embryo (tailbud) stained with uranyl 

acetate. Although there is a general increase in contrast, it is apparent that the now clearly 
visible clmnped mitochondrial fibers are preferentially stained as compared to their ap- 
pearance in Fig. 2. X 105,000. 
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in formaldehyde-fixed, lead-stained mitochondria 

may also be seen in Fig. 14. 

E. Other Fixatives 

Two other fixatives were studied, acetic ac id-  

alcohol, 1:3, and 2 per cent uranyl acetate fol- 

lowed by calcium permanganate.  After staining 

the acetic alcohol-fixed material with uranyl 

acetate and /o r  lead hydroxide, or after uranyl 

acetate- t reatment  of tissue blocks, the mito- 

chondria were barely visible (no membrane was 

seen), the center and inner margins of the nuclei 

were heavily stained, and the ribosomes showed 

intense contrast. The  mitochondria, sometimes 

observed as areas of faint density, had traces of 

what appeared to be the fibrous component. 

Some portions of the tissue were preserved after 

successive treatments with uranyl acetate and 

calcium permanganate. The  uranyl fixative (pH 

4.5), known to preserve purified DNA fibers (40), 

kept many of the 15 to 30 A mitochondrial fibrils 

intact, despite disrupting most other cell con- 

stituents (28). 

D I S C U S S I O N  

The results presented indicate that electron- 

transparent areas within chick embryo mito- 

chondria are repeatedly observed after many 

different fixation procedures. They also show that 

the various techniques reported to increase the 

specificity of the staining of nucleic acid-con- 

taining structures by heavy metal compounds 

increase the density of fibrous structures found in 

the low density regions. Further, reagents known 

to stabilize the bacterial nucleoplasm and purified 

DNA fibers have the same effect on the mito- 

chondrial fibers (osmium tetroxide + uranyl 

acetate, uranyl acetate, and potassium perman- 

ganate). Agents, such as EDTA,  which partially 

aggregate the bacterial nucleoplasm, or fixation 

in osmium tetroxide or formaldehyde, which 

results in strong clumping of the nucleoplasm, 

or acrolein fixation, all have very similar effects 

upon the mitochondrial fibers. 

MITOCHONDRIAL AREAS OF LOW ELEC- 

TRON O P A C I T Y  : Although many reports in the 

literature relate the loss of density of the mito- 

chondrial matrix to fixation artifacts, postmortem 

changes, neoplastic transformations, and to the 

effects of certain chemicals administered to ani- 

mals (15, 46, cf. references 30 and 36), the results 

of the present investigation do not invite such in- 

terpretation. The mitochondrial areas of low elec- 

tron opacity are considered to be a structural com- 

ponent because they were observed after fixation 

by all the methods employed, and at various pH 

and salt concentrations. Furthermore, the fact that 

early chick embryos can be fixed directly without 

prior killing and dissecting of the embryo, and that 

the fixatives penetrate very rapidly into all parts of 

these small organisms seems to rule out a con- 

sideration of postmortem changes occurring before 

fixation. Generally, rarification is observed to 

occur throughout the matrix of the mitochondria 

and is frequently accompanied by swelling of the 

entire organelle, but the micrographs presented 

here show no over-all loss of density of the mito- 

chondrial matrix, and even the relatively shrunken 

mitochondria observed after fixation with form- 

aldehyde show clear areas (Fig. 14). The latter 

finding also suggests that such areas may have 

some structural rigidity. 

SPECIFICITY OF STAINING REACTIONS: 

The effects produced by heavy metal contrasting 

agents upon chick embryo tissues fixed in various 

ways indicate that under certain conditions the 

known nucleic acld-contalning structures of the 

cell are more highly electron-opaque than are 

FIGURE 4 Chick node tissue fixed with the osmium tetroxide fixative described in legend 

to Fig. 1. Sections treated for 80 minutes with ~ per cent hydrogen peroxide prior to stain- 

ing with uranyl acetate followed by lead hydroxide. The contrast of the mitochondrial 
fibers and ribosomes is greatly increased over that of the rest of the cytoplasmic com- 

ponents. The electron-opaque granules of mitochondria are specifically removed by tile 
hydrogen peroxide treatment. )< 60,000. 

FIGURES 5 AND 6 Escherichia coli cells fixed with the osmium tetroxide fixative described 

in legend to Fig. 1. Comparison between the nucleoplasms in unstained section (Fig. 5) 

and section treated with hydrogen peroxide and stained as described in legend to Fig. 4 
(Fig. 6). It  is apparent that the peroxide treatment and staining greatly increases contrast 
but does not visibly alter the structural appearance. )< 60,000. 
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structures containing little or no nucleic acids 

(Figs. 2 to 4, and 14). All of the results are con- 

sistent with those reported in the literature (13, 17, 

19, 24, 41, 42). Thus, after standard osmium 

tetroxide-fixation and section staining there occurs 

a general increase in contrast of most or all struc- 

tures, but the relative increase in density of ribo- 

somes, nucleoli, and mitochondrial fibers after 

staining appears to be somewhat greater than 

that of membranous structures (e.g., Figs. 2 and 3), 

suggesting that there is a higher degree of binding 

between heavy metal ions and nucleic ac id-  

containing structures than between these ions 

and the membranes. The generalized staining 

effect obtained by immersion of osmium tetroxide- 

fixed tissue blocks in uranyl acetate solutions is 

also in agreement with the results obtained by 

Kellenberger et al. (17) with bacteria. Staining 

after potassium or calcium permanganate fixation 

similarly resulted in a general increase in contrast 

of most cell structures. 

The contrasting by heavy metal ions after 

fixation with non-metallic reagents (formaldehyde, 

acrolein, acetic acid-alcohol) appears to be more 

specific for ribosomes, chromatinic areas, and 

nucleoli than after metallic fixation (e.g., refer- 

ences 19 and 41). Formaldehyde-fixed and stained 

mitochondria show the mitochondrial fibers to 

be densely stained. The oxidation and perhaps 

removal of the reduced osmium tetroxide com- 

pounds by hydrogen peroxide markedly increases 

the staining specificity of known nucleic ac id-  

containing cell components by heavy metal com- 

pounds (24). All of these results are compatible 

with the view (6) that the relative non-specificity 

of staining observed after the use of metallic 

fixatives may be the result of a complex-ion forma- 

tion between the fixative and the contrasting 

agent. The removal of reduced osmium tetroxide 

compounds by hydrogen peroxide could thus 

account for the fact that after t reatment  with this 

reagent the heavy metal contrasting agents do 

not produce a general over-all increase in staining 

but a relatively specific one. 

STRUCTURE OF THE MITOGHONDRIAL FI- 

BERS: The appearance of the mitochondrial 

fibers varies with the fixative employed, and the 

electron opacity varies with the staining reactions 

used. After osmium tetroxide-fixation the mito- 

chondrial fibers have a low density (Fig. 2); this 

is also true of the osmium tetroxide-fixed bacterial 

nucleoplasm in areas of comparable fiber con- 

centration (Fig. 5), and may perhaps relate to 

the fact that purified preparations of nucleic 

acids do not produce a visible reduction product 

with osmium tetroxide (2). The difference ob- 

served in the density of the osmium tetroxide- 

fixed, unstained, clumped bacterial nucleoplasm 

and similarly fixed mitochondrial fibers is un- 

doubtedly related to the much greater concentra- 

tion of the bacterial DNA per unit area and not to 

its reactions with osmium tetroxide. The  clumped 

bacterial nucleoplasm after fixation with form- 

aldehyde has a density equivalent to that ob- 

served after osmium tetroxide-fixation, although 

the former fixative could hardly increase the 

weight density of the structures significantly (23). 

The  mitochondrial fibers are also clumped by 

formaldehyde, but, as with osmium tetroxide, 

they were not readily visualized until staining 

with heavy metal ions was carried out. 

After all of the staining procedures employed 

following osmium tetroxide-fixation (Figs. 3, 4), 

the fibrous component of the mitochondria is 

recognizable as a bar-like structure (up to 400 A 

in diameter), usually with some fine filaments 

(15 to 50 A) extending toward the periphery of 

the mitochondria (26). The  bacterial nucleoplasm 

also shows fibrous strands extending from the 

larger clumped portions (Fig. 6). It  may be noted 

that in unstained sections of bacteria these fine 

filaments are not detectable; i.e., they have a low 

FIGURE 7 Portion of primitive streak fixed with osmium tetroxide, treated with 0.5 
per cent uranyl acetate for ~ hours; sections stained with lead hydroxide. The areas of 

low density in the mitoehondria contain fine fibrils (between arrows), which are barely 
visible at this magnification (see Fig. 9 for a magnified image of the fibers after this treat- 
ment). )< 80,000. 

FIGURE 8 Portion of primitive streak (from the same embryo as in Fig. 7) treated with 

0.25 M EDTA (instead of uranyl acetate) for ~ hours; sections stained with lead hydroxide. 
Mitochondrial fibers are coarsened. The fibers have a diameter approximately two to 
several times that of fibers observed after uranyl acetate treatment. X 80,000. 
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intrinsic density comparable to that of the mito- 

chondrial fibers. Similar fibrous structures with 

similar properties have been shown to correspond 

with the DNA-containing portions of the kineto- 

plast-associated mitochondrion of Trypanosorna 

(39) and Bodo (32), and kappa particles of Para- 

mecium (7, I0). Some chemically undefined fibrillar 

structures within the mitochondria of giant amebae 

(31) and a marine ciliate (9) have also been re- 

ported. 

The ultrastructure of the mitochondrial fibers 

has been found to be stabilized as branching 15 

to 30 A fibrils (Figs. 7 and 8) after treatment of 

tissues by the technique of Kellenberger et al. (17), 

which is the generally accepted method for the 

preservation ot the bacterial nucleoplasm. The 

fibrils appear markedly similar in substructure to 

purified DNA, as shown by Stoeckenius (40). 

Uranyl  acetate-treatment of osmium tetroxide- 

fixed tissues has also been shown to stabilize the 

DNA-containing regions of blue-green algae (12), 

chloroplasts (35), and kappa particles of Para- 

mecium (33), as well as chemically unidentified 

fibrils in the mitochondrion of Micromonas (34). 

I t  is of interest that uranyl acetate treatment of 

unfixed D N A  protein films stabilizes the fibers 

against alcoholic dehydration, and in the ab- 

sence of uranyl acetate the fibers are clumped by 

alcohol (40). I t  seems plausible that the clumped 

appearance as well as the low density of the 

mitochondrial  fibers after osmium tetroxide-fixa- 

tion may be related to the lack or low degree of 

fixation of nucleic acids by osmium tetroxide, 

which allows clumping to take place during 

alcoholic dehydration procedures. 

Fixation with either of the permanganate re- 

agents also stabilized the mitochondrial fibers as a 

branching network of fibrils, and potassium per- 

manganate has been shown to stabilize the bac- 

terial nucleoplasm in a manner  comparable to the 

Kellenberger et aI. (17) procedure (25, cf. reference 

16). Further suggestive evidence that the mito- 

chondrial fibers contain D N A  is the cytochemical 

demonstration that RNA,  but not DNA, corn- 

pounds are removed from cells fixed with potas- 

sium permanganate (3). 

The treatment of tissues with E D T A  in place of 

uranyl acetate partially aggregates the mito- 

chondrial fibers, again mimicking the action of 

this metal chelator upon the bacterial nucleo- 

plasm. Tha t  the aggregation in both bacteria and 

mitochondria is not so great as after osmium 

tetroxide-fixation alone indicates that the E D T A  

treatment effects some degree of stabilization of 

the fibers. 

The  similar appearance of the bacterial nucleo- 

plasm and the mitochondrial fibers after acrolein- 

osmium tetroxide double fixation and staining 

again appears to reflect the similarities in the 

composition of these structures. 

It  is apparent that all the similarities between 

the fibrous cores of the chick mitochondria, as 

well as of mitochondria from other organisms 

(27), and the nucleoplasm of bacteria are not 

simply morphological. The similarities in struc- 

ture after many different fixation procedures, 

rather, are indicative of a set of distinct chemical 

reactions which these "plasms" share in common. 

The reactions in bacteria are considered to be 

specific for highly hydrated DNA (16) not coated 

by histones (44, 47). Many of these reactions 

have been demonstrated to occur in other cyto- 

plasmic structures containing DNA, which are 

considered to be "self-replicating" (cf. references 

8, 18, 37, 38). The fact that mitochondria, long 

thought to be "self-replicating" structures (cf. 

references 8, 18, 37, 45), should have a component 

with similar properties is perhaps not surprising. 

It  seems to be most unlikely that the staining reac- 

tions, which are highly suggestive of a nucleic acid 

content in the mitochondria, and the parallel re- 

sults obtained in the fixation of mitochondrial fibers 

and bacterial nucleoplasm are simply fortuitous. 

When we consider that no other naturally occurring 

structure thus far studied has all the properties dis- 

cussed, with respect to fixation, stabilization and 

staining, the unavoidable conclusion appears to 

be that the mitochondrial fibers contain DNA. 

FIGURE 9 Higher magnification of a mitochondrion from an osmium tetroxide-fixed, 

uranyl acetate-treated embryo, as in Fig. 7; section stained with lead hydroxide. The 15 to 

30 A fibrils have bulbous and porous enlargements along their length and often appear to 

branch. (The cell membrane and membranes of the mitochondrion are clearly visible as 

trilaminate structures, except where the membranes are in intimate association with the 

irregular vesicular structures observable in these cells.) X ~5,000. 

604 THE JOUnNAL OF CELL BIOLOGY • VOLUME 19, 1963 



MARGIT M. K. NASS AND SLYV.~_N NASS Intramitochondrial DNA Fibers. I 505 



The  following paper  will present more direct  

evidence to show tha t  this conclusion is warranted.  

It is a pleasure to acknowledge the hospitality of 

Professor O. Lindberg, Director of the Wenner-Gren 

Institute. The authors are most grateful to Dr. B. A. 

Afzelius for instructing them in the techniques of 

electron microscopy and for his helpful advice and 

comments on the manuscripts. Discussions also with 

Professor T. Gustafson have been most encouraging 

and stimulating. 

A preliminary report of these findings was pre- 

sented at the Symposium on Cytochemical Progress 

in Electron Microscopy, held in Oxford, England, 

July, 1962 (28). 
Some of the work was carried out while Margit 

Nass was a Postdoctoral Fellow of the National 

Science Foundation. She was later aided by a grant 

for a Postdoctoral Fellowship from the American 

Cancer Society. 

This work was also supported in part  by a Public 

Health Service Fellowship (CA-8573) to Sylvan Nass 

from the National Cancer Institute, United States 

Public Health Service. 

Received for publication, December 13, 1962. 

B I B L I O G R A P H Y  

1. AFZELIUS, B. A., in The Interpretation of Ultra- 

structure, (R. J.  C. Harris, editor), New 

York, Academic Press, Inc., 1962, 1, 1. 

2. BAHR, G. F., Exp. Cell Research, 1954, 7, 457. 

3. BRADBURY, S., and MEEK, G. A., Quart. J. 

Micr. Sc., 1960, 101, 241. 

4. CAULVmLD, J. B., J. Biophysic. and Biochem. 

Cytol., 1957, 3, 827. 

5. CLARKE, J.  L., Phil. Tr. Roy. Soc. London, 1851, 

141, 607. 

6. DAEMS, W. T., and PERSIJN, J. P., J. Roy. Micr. 

Soc., 1963, 81, Pts. 3 and 4, 199. 

7. DIPPEL, R. V., J. Biophysic. and Biochem. Cytol., 

1958, 4, 125. 

8. EPHRUSSI, B., J. Cell. and Comp. Physiol., 1958, 

32, suppl. 1, 35. 

9. FAUR~-FREMmT, E., FAVARD, P., and CARASSO, 

N., J. Micr., 1962, 1, 287. 

10. HA~JXLTON, L. D., and GETTNER, M. E., J .  

Biophysic. and Biochem. Cytol., 1958, 4, 122. 

11. HOLT, S. J.,  and HicKs, R. M., J. Biophysic. and 

Biochem. Cytol., 1961, 11, 31. 

12. HoPwooD, D. A., and GLAUERT, A. M., J.  

Biophysic. and Biochem. Cytol., 1960, 8, 813. 

13. HUXLEY, H. E., and ZUBAY, G., J. Biophysic. and 

Bioehem. Cytol., 1961, 11, 273. 

14. KARNOVSKY, M. J., J. Biophysic. and Biochem. 

Cytol., 1961, 11, 729. 

15. KARRER, H. E., J. Ultrastruct. Research, 1960, 4, 

420. 

16. KELLENBERGER, E., in The Interpretation of 

Ultrastructure, (R. J.  C. Harris, editor), New 

York, Academic Press, Inc., 1962, 1, 233. 

17. KELLENBEROER, E., RYTER, A., and S~CHAUD, J., 

J. Biophysic. and Biochem. Cytol., 1958, 4, 671. 

18. LEDERBERO, J., Physiol. Rev., 1952, 32, 403. 

19. LEDUC, E. H., and BERNHARD, W., J. Biophys#. 

and Biochem. Cytol., 1961, 10, 437. 

20. LOFT, J. H., J. Biophysic. and Biochem. Cytol., 

1956, 2, 799. 

21. LUFT, J.  H., Anat. Rec., 1959, 133, 305. 

22. LUFT, J. H., J. Biophysic. and Biochem. Cytol., 

1961, 9, 409. 

23. MAALg~E , 0. ,  and BIRCH-ANDERSON, A., Symp. 

Soc. Gem Microbiol., 1956, 6, 261. 

24. MARINOZZI, V., and GAUTIER, A., Compt. rend. 

Acad. sc., 1961, 253, 1180. 

25. MERCER, E. H., Nature, 1958, 181, 1150. 

26. NASS, M. M. K., and NASS, S., Exp. Cell. Re- 

search, 1962, 26, 424. 
27. NASS, M. M. K., NASS, S., and AFZELIUS, B. A., 

in preparation. 

28. NASS, S., and NASS, M. M. K., J. Roy. Micr. 

Soc., 1963, 81, Pts. 3 and 4, 209. 

29. NAss, S., andNAss, M. M. K., J. CellBiol., 1963, 

19, 613. 

30. OBERLINO, C., and BERNHARD, W., in The Cell, 

(J. Brachet and A. E. Mirsky, editors), New 

York, Academic Press, Inc., 1961, 5, 405. 

31. PAePAS, G. D., and BRANDT, P. W., J. Biophysic. 

and Biochem. Cytol., 1959, 6, 85. 

32. PITELKA, D. R., Exp. Cell Research, 1961, 25, 87. 

33. RIs, H., Can. J. Genet. Cytol., 1961, 3, 95. 

34. Ris, H., Fifth Int. Congr. Electron Micr., 1962, 

Vol. 2, XX-I .  

FIGURE 10 Survey micrograph of chick node (at cctoderm-mesoderm junction) fixed 

with 3 per cent calcium permanganate, with salts added, and buffered at  pH 8.0; tissues 

treated with uranyl acetate and sections stained with lead hydroxide. The mitochondria 

contain areas of very low density in their crista-free regions. X 9,~00. 

606 THE JOURNAL OF CELL BIOLOGY • VOLUME 19, 196S 



MARGIT M. K. NASS AND SYLVAN NAss Intramitochondrial DNA Fibers. I 607 



35. RIS, H., and PLAUT, W., J. Cell Biol., 1962, 13, 
383. 

36. ROUILLER, CH., Int. Rev. Cytol., 1960, 9, 227. 
37. SALSER, W., Perspect. Biol. and Med., 1961, 4, 

177. 

38. SONNEBORN, J.  M., Adv. Virus Res., 1959, 6, 

229. 

39. SaXlNERT, M., J. Biophysic. and Biochem. Cytol., 

1960, 8, 542. 

40. STOECKENIOS, W., J. Biophysic. and Biochem. 

Cytol., 1961, 11, 297. 

41. SWIFT, H., Brookhaven Syrup. Biol., 1959, No. 

12, 134. 

42. WATSON, M. L., J.  Biophysk. and Biochem. Cytol., 

1958, 4, 727. 

43. WATSON, M. L., J. Biophysic. and Biochem. Cytol., 

1961, I1, 257. 
44. WILKIN$, M. H. F., and ZUBAY, G., J. Biophysic. 

and Biochem. Cytol., 1959, 5, 55. 
45. WILSON, E. B., The Cell in Development and 

Heredity, (Macmillan Co., New York, 3rd 

ed., 1928). 

46. ZETTERQVIST, H., thesis, Karolinska Institute, 

Department of Anatomy, Stockholm, Sweden, 
1956. 

47. ZUBAY, G., and WATSON, M. R., J. Biophysic. 

and Biochem. Cytol., 1959, 5, 51. 

FIGURE 11 Chick node fixed with 8 per cent calcium permanganate in buffered salt solu- 
tion, at pH 8.0; sections stained with lead hydroxide. Mitochondrial fibrous structures 
appear as 15 to 50 A fibrils with porous and bulbous enlargements along their length. 
3< 1~0,000. 
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FIOURE 1~ Chick node fixed wUih 10 per cent acrolein buffered at pH 8,0, postfixed with osmium tet- 

roxide, stained with lead hydroxide. Cell membranes and especially the parfiele-studded membranes of 

tile endoplasmic reticulum are very well defined. The mitochondrial areas of low density are apparent. 

The mitochondrial fibers are irregularly distributed and not easily reeoguizable in a definite and repro- 

ducible form. X 40,000. 

FIGURE 13 Escherichia coli fixed and stained as 

described in legend to Fig. 1~. The nucleoplasm 

forms an irregular fibrous network, which is not 

strongly contrasted by uranyl or lead staining. X 

40,000. 
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FmURE 14 Chick node fixed with 4 per cent formaldehyde in sucrose, buffered at pH 8.0, for 24 hours; 

sections stained with lead hydroxide. The mitochondria appear shrunken. The areas of low density 

within the mitoehondrial matrix are nevertheless apparent. In some of these areas clumped mitochondrial 

fibers may be seen after staining (arrows). No membranes are visible. At lower left is part of a densely 

packed cell characteristically seen after formaldehyde and acrolein fixation. X 4~,000. 
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