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Imidazole-buffered osmium tetroxide: an 
excellent stain for visualization of lipids in 
transmission electron microscopy 
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Summai'y 

The usefulness of imidazole-buffered osmium tetroxide as a stain for lipids in transmission elec- 
tron microscopy has been investigated. Rat liver and other tissues were fixed by perfusion with 
glutaraldehyde and post-fixed with osmium-imidazole and the appearance of lipid droplets was 
compared with that after post-fixation in unbuffered aqueous osmium tetroxide or an osmium 
solution buffered otherwise. Prominent electron-opaque staining of lipid droplets and of lipopro- 
tein particles was noted after post-fixation with 2% osmium-imidazole, pH 7.5, for 30 rain. The 
lipid droplets appeared well circumscribed with no evidence of diffusion. In contrast, the intensity 
of staining was much less and there was some diffusion around lipid droplets in material post- 
fixed in aqueous or cacodylate-buffered osmium tetroxide. Spot tests on filter paper revealed that 
unsaturated fatty acids, especially linolenic and linoleic acids reacted more intensely with 
osmium-imidazole than with aqueous osmium tetroxide. These findings demonstrate that 
osmium-imidazole provides an excellent stain for lipids in transmission electron microscopy and 
that most probably it stains lipids with unsaturated fatty acids. 

Introduction 

The s tudy of the ul trastructure of biological materials by electron microscopy depends  to 
a large extent  on  the deposi t ion of osmium co m p o u n d s  in the tissue. These deposi ts  are 
formed dur ing  fixation wi th  buffered osmium tetroxide, which  is also a rout ine proce- 
dure  for material  fixed primarily by glutaraldehyde.  Altmann,  in 1894, found  that  
o smium tetroxide blackens oleic acid and olein, both  of which  are unsatura ted,  but  does 
not  react wi th  palmitic and  stearic acids, which  are saturated and it is by n o w  generally 

accepted that o smium tetroxide reacts wi th  unsa tura ted  lipids in tissues. In addition, 
however ,  the type of buffer  used as a vehicle for osmium tetroxide is also impor tan t  for 
the quali ty of fixation (Wood & Luft, 1965; Ericsson et al., 1965). Imidazole is a potent  
substance,  which stimulates the activity of cyclic nucleotide phosphodies terase  (Butcher 
& Suther land,  1962) and inhibits selectively th romboxane  synthetase in platelets 
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(Needleman et al., 1977). Tu et al. (1968) reported that imidazole increased significantly 
the peroxidatic activity of haem-peptides and Simionescu et al. (1975) and Straus (1980) 
used imidazole in cytochemical studies to enhance the intensity of staining of haem- 
proteins. Imidazole is also used as a buffer for biochemical and cell biological studies 
(Gibbons & Fronk, 1979; Gibbons & Gibbons, 1979). 

In the present study, we have used imidazole-buffered osmium tetroxide for post- 
fixation of tissues fixed primarily by glutaraldehyde perfusion and compared their 
ultrastructural appearance with material post-fixed in osmium tetroxide buffered in 
another way. Furthermore, the reaction of osmium-imidazole with saturated and 
unsaturated fatty acids has been studied in a spot test on filter paper. The results 
indicate that osmium-imidazole reacts more intensely with unsaturated fatty acids than 
aqueous solutions of osmium tetroxide, and that osmium-imidazole provides an excel- 
lent stain for tissue lipids. 

Materials and methods 

Normal male Sprague-Dawley rats, weighing 150-200 g were used. In one experiment, animals 
received 30 000 IU of vitamin A (Vogan-Aquat, Bayer). The liver was fixed by perfusion with 
1.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, containing 4% polyvinylpyrrolidone and 
0.05% CaC12. Other tissues were fixed with the same fixative by retrograde perfusion through the 
abdominal aorta. 50 pm-thick sections were prepared with a Smith-Farquhar TC2-chopper and 
placed in 0.2 M imidazole to which 4% aqueous osmium tetroxide was added. We tested the effect 
of varying the pH of the imidazole solution between 6 and 10, and the post-fixation time from 5 to 
60 min. 

For comparison, tissues were post-fixed in osmium tetroxide in the following buffers at pH 7.2: 
cacodylate, veronal-acetate (Caulfield, 1957), s-collidine (Bennett & Luft, 1959), and unbuffered 
aqueous osmium tetroxide (Claude, 1970), as well as osmium tetroxide reduced with potassium 
ferrocyanide (Kamovsky, 1971). All material was dehydrated with ethanol and embedded in 
Epon 812. Ultra-thin sections were contrasted with lead citrate for I min and examined in a Zeiss 
EM 10 electron microscope. 

The fatty acids oleic, linolenic, linoleic, palmitic and stearic acids were purchased from Sigma 
Chemie GmbH Munich, West Germany. Palmitic and stearic acids were dissolved in chloroform. 
All five acids were spotted out onto filter paper and stained either with 2% osmium-imidazole, 
pH 7.5, or 2% aqueous osmium tetroxide. 

Results 

The figures presented here illustrate the staining of lipids in rat liver and brown fat, but 
similar observations have been made in other tissues such as kidney, adrenal and 
peripheral nerves. In material post-fixed with osmium tetroxide prepared in conven- 
tional buffers at pH 7.2, the lipid droplets showed moderate contrast, with a pale central 
region surrounded by a thin rim of electron-dense material (Figs. 1a-d). The lipid 
droplets appeared well circumscribed after post-fixation in veronal-acetate buffer (Fig. 
la) and reduced osmium tetroxide (Fig. ld) with no evidence of diffusion. In 
cacodylate-buffered (Fig. lb) and aqueous osmium tetroxide (Fig. lc), however, diffuse 
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electron-opaque precipitates around some lipid-droplets were noted. The strongest con- 
trast of cytomembranes with the abovementioned buffers was obtained after post- 
fixation with reduced osmium, which also stained glycogen deposits (Fig. ld). Promi- 
nent electron-opaque staining of lipid droplets was obtained after post-fixation with 2% 
osmium-imidazole, pH 7.5, for 30 rain. Whereas larger lipid droplets (> 3/~m) showed 
a lighter central core, the smaller ones (which could also be sections through the 
peripheries of larger droplets) were completely blackened (Fig. 2a). These were all well 
circumscribed and there was no evidence of diffusion or precipitation around them. The 
very low density lipoprotein particles also stained quite strongly with osmium-  
imidazole (Fig. 2b). 

The injection of vitamin A resulted in a marked increase in size and number  of lipid 
droplets in perisinusoidal fat-storing cells, causing focal indentation of the nucleus 
(Wake, 1971; Kobayashi et al., 1973). The contrast between the appearance of these 
lipid-droplets in material treated with osmium-imidazole on the one hand and with 
osmium-cacodylate on the other is illustrated in Figs. 3a and b, respectively. By shor- 
tening the time of treatment with osmium-imidazole to 5 rain only, we noted differ- 
ences in the intensity of staining of lipid droplets in hepatocytes and in fat-storing cells 
(Fig. 4a). It should be noted that osmium-imidazole penetrated 50/~m chopper sections 
within 5 min and required only 30 min for penetration of I mm 3 tissue blocks. 

At an alkaline pH, some evidence of lipid extraction was observed. The lipid droplets 
lost part of their contents (Fig. 4b), and cytomembranes, especially of sinus lining cells, 
were interrupted. A brown precipitate was noted in vials containing the tissue. In such 
material the lipoprotein particles showed a translucent core surrounded by an 
electron-dense coat (Fig. 4c). 

The lipid droplets in brown adipose tissue from the interscapular region were similar 

Fig. 1. Rat liver post-fixed with osmium tetroxide prepared in conventional buffers at pH 7.2. 
Note the appearance of lipid droplets with a pale centre and a thin electron-opaque rim. The 
droplets are well circumscribed in veronal-acetate buffered (a) and in reduced (d) osmium, but 
show some diffusion (arrows) after post-fixation in cacodylate-buffered osmium (b) or in aqueous 
osmium tetroxide (c). The glycogen particles stain positively in reduced osmium (glycogen). (a) x 
12 500; (b) x 10 500; (c) x 14 500; (d) x 14 000. 
Fig. 2. Rat liver post-fixed with 2% osmium-imidazole, pH 7.5, for 30 min. (a) Note the promi- 
nent electron-opaque staining of lipid droplets (L). In larger droplets (> 3/ira), a lighter core is 
noted (L), but smaller droplets stain diffusely black. BC, bile canaliculi, x 6300. (b) Lipoprotein 
particles in the Golgi region of a hepatocyte. Note the electron dense appearance of the very low 
density lipoprotein particles (VLDL). x 34 000. 
Fig. 3. Fat storing cells from the liver of a rat treated with vitamin A. Post-fixation with osmium 
imidazole (a); or with cacodylate-buffered osmium, pH 7.2 (b). Note the large number of lipid 
droplets (L) in fat storing cells (FSC), which stain much more intensely after osmium-imidazole 
treatment. (a) x 14 300; (b) x 8400. 









Fig. 4. (a) Vitamin A-treated animal, post-fixation in osmium-imidazole for only 5 min. Note the 
difference in the intensity of staining of lipid droplets in the hepatocyte and the fat storing cell 
(FSC). The latter have denser cores and lighter peripheries, x 7000. (b) After the post-fixation in 
osmium-imidazole at an alkaline pH, evidence of lipid extraction is noted. Lipid droplets show 
some loss of their contents (arrows). x 19 500. (c) In the same material, VLDL show a translucent 
core, surrounded by an electron-dense coat (arrows). x 62 000. 



Fig. 5. Brown adipose tissue from the interscapular region of rat, post-fixed either with 
osmium-imidazole (a) or with cacodylate-buffered osmium (b). The lipid droplets show stronger 
contrast after osmium-imidazole treatment. Note also the increased contrast of mitochondrial 
membranes. (a) x 14 000; (b) x 11 500. 
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to our  observat ions  of lipid droplets  in the liver in that they also stained more  intensely 

wi th  osmium- imidazo le ,  pH  7.5 (Fig. 5a) than  wi th  osmium-cacodyla te ,  pH  7.2 (Fig. 

5b). 
The spot  test on  filter paper  revealed that  linolenic and linoleic acids stained darker  

Os O4-IM:~DAZOLE OsO4. H20 
pH 7.5 

L|NOLENIC ACID 

LINOLEIC ACiD 

OLEJC ACID 

PALMITICACID 

STEAR|C ACID ( 6 )  

Fig. 6. Spot test on filter paper with fatty acids. Linolenic, linoleic and oleic acids were used 
directly and palmitic and stearic acids after dissolution in chloroform. All acids were spotted out 
onto filter paper and stained either with 2% osmittm-imidazole, pH 7.5, or with 2% aqueous 
osmium tetroxide. The linolenic and linoleic acid stain black with osmium-imidazole, but show 
diffuse greyish reaction �9 aqueous osmium tetroxide. Spots of osmium-imidazole with 
unsaturated fatty acids are well circumscribed, but show diffusion with aqueous osmium tetrox- 
ide. Saturated fatty acids remain without any significant reaction with either solution. 
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with osmium-imidazole,  but oleic acid reacted more intensely with aqueous osmium 
tetroxide (Fig. 6). Whereas the spots of aqueous osmium with unsaturated fatty acids 
showed diffusion, the spots of osmium-imidazole remained well circumscribed. The 
saturated fatty acids palmitic and stearic acids did not show any significant reaction with 
either solution (Fig. 6). 

Discussion 

The present study has revealed that osmium-imidazole  provides an excellent stain for 
lipids containing unsaturated fatty acids in transmission electron microscopy. It pene- 
trates the tissue quite rapidly and stains lipid droplets more profoundly than either 
aqueous osmium tetroxide or osmium buffered in another way. The stronger reaction of 
osmium-imidazole with unsaturated fatty acids, linolenic and linoleic acids, was also 
demonstrated in spot tests on filter paper. These findings suggest that imidazole facili- 
tates the interaction of osmium tetroxide with unsaturated lipids in the tissue. 

The rapid penetration of osmium-imidazole  and its improved staining of unsaturated 
lipids can be explained on the following grounds. 

(1) As a quasi-aromatic molecule with a strong capacity to bind a number  of metals 
(Barnard & Stein, 1958), imidazole could form a co-ordination compound  with osmium 
(Fig. 7). The formation of similar co-ordination compounds  of osmium with aromatic 
molecules such as pyridine has been well established since the pioneering studies of 
Criegee and his associates (1936, 1942). These co-ordination compounds  have a strong 
affinity towards double bonds and exhibit superior penetrating characteristics (Zeiss, 
1960). 

(2) The presence of the tertiary amino group in the imidazole molecule could also 
explain the rapid penetration of this compound.  It is known  that the tertiary amino 
group in local anaesthetics forms a free base, which penetrates easily through tissues 
and cell membranes  (Kuschinsky et al., 1981). The formation of the free base is facili- 
tated at an alkaline pH, which could explain our finding of the more intense reaction of 
alkaline osmium-imidazole  with partial extraction of tissue lipids. The strong affinity of 
osmium-imidazole  to unsaturated lipids is also in agreement with recent observations 
which indicate that several imidazole derivatives react quite intensely with unsaturated 
lipids in artificial membranes  or certain micro-organisms (Yamagushi & Iwata, 1979; 
Sud & Feingold, 1981). 

As mentioned above, some evidence of lipid extraction is noted when  the post-fixation 
with osmium-imidazole  is carried out at an alkaline pH. In such preparations, lipopro- 
tein particles appear as electron-dense rings surrounding a translucent core (Fig. 4c). 
This is consistent with the lipid core model  of lipoprotein particles indicating that these 
consist of a triglyceride core, surrounded by a coat of protein, phospholipids and choles- 
terol (Schumaker & Adams, 1969; Jackson et al., 1976). The lipid extraction becomes 
more pronounced with prolongation of exposure of tissue to osmium-imidazole  in 
alkaline media (pH 9-10). In such material, the plasma membranes  of sinus-lining cells 
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Fig. 7. Proposed model of the co-ordination compound of two imidazole molecules with osmium 
tetroxide. Interrupted lines symbolize the connection of p-electrons between osmium and 
imidazole. 

are disrupted and numerous lipid spheres with a diameter of 1500-2000 A are found in 
sinusoidal and other vascular spaces (Angermiiller, unpublished observation). These 
particles exhibit a dark brown colour and have an oily consistency on precipitating 
during the post-fixation to the bottom of vials containing the tissue. Further analysis of 
these particles could identify the exact types of lipids that interact with osmium 
imidazole. 

In tests on filter paper, the black spots of osmium-imidazole with unsaturated fatty 
acids remained well circumscribed and showed little or no diffusion, whereas the spots 
of aqueous osmium with the same fatty acids exhibited moderate to severe diffusion 
(Fig. 6). This corresponds to the electron microscopical observations revealing that in 
hepatocytes post-fixed in osmium-imidazole, lipid droplets exhibited sharp contours 
(Fig. 2a), while evidence of diffusion was noted in material post-fixed in aqueous 
osmium tetroxide or cacodylate-buffered osmium (Figs. lc, b). These findings emphas- 
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ize the superior quality of osmium-imidazole for demonstration of lipids in electron 
microscopy. 

Feeding of vitamin A causes enlargement of perisinusoidal fat storing cells (Ito, 1973; 
Wake, 1971; Kobayashi et al., 1973). The large lipid droplets of these cells exhibit the 
typical green flourescence for vitamin A and are the intracellular sites of storage of this 
vitamin (Wake, 1980). We found that in tissues exposed briefly (5 rain) to 
osmium-imidazole, the lipid droplets in hepatocytes stained darker than those in fat- 
storing cells (Fig. 5a). This is consistent with the notion that these two cell types contain 
different types of lipids, This observation suggests that osmium-imidazole could 
provide helpful information in differentiating between the various types of lipids in 
the tissue. Further studies using differential lipid extraction in conjunction with 
osmium-imidazole could pave the road for the development of more specific cytochemi- 
cal stains for different types of lipids. 

Note added in proof. It is important to adhere to the procedure outlined in Materials and 
methods by placing the tissue first in imidazole buffer and adding the aqueous osmium 
solution to it afterwards. Prior addition of osmium to imidazole gives rise to a brown 
solution and interferes with reproducibility of the method. 
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