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Summary. The glycogen of megakaryocytes and blood platelets has been in- 
vestigated in glutaraldehyde and osmium tetroxide fixed tissues by the periodic 
acid-thiocarbohydrazide-silver proteinate method (PA-TCH-SP). The PA- 
TCH-SP method involves the staining of intracytoplasmic glycogens more 
densely than the routine lead citrate method. Glycogen having a mean particle 
diameter of 21.1 nm has been shown localizing in the matrix of mature mega- 
karyocytes, while that of glycogen in the platelets was 26.2 nm. The staining 
pattern of the glycogen in blood platelets was classified into three groups 
according to staining intensity. 

It is found that the PA-TCH-SP method is a very suitable one for the 
demonstration of intracytoplasmic glycogen from the viewpoints of reaction 
specificity, reproducibility, fineness of reaction products, sufficiency of elec- 
tron density, and experimental cost. This method is also a very useful one 
for differentiating intracytoplasmic glycogens and ribosomes. 

Introduction 

Various histochemical methods have been reported to demonstrate vicinal hydr- 
oxyl groups of the mucosubstances at the electron-microscopic level. These 
methods are based on the principle of oxidizing the vicinal hydroxyl group 
with periodic acid to form dialdehyde which is then revealed by means of 
another reagent which produces electron-opaque reaction products. In principle, 
these methods are analogous to the PAS reaction in common use for the localiza- 
tion of vicinal hydroxyl groups of mucosubstances at the light-microscopic 
level. 

The typical demonstration methods of vicinal hydroxyl groups at the elec- 
tron-microscopic level are classified under at least four heads: (1) the periodic 
acid-thiocarbohydrazide (thiosemicarbohydrazide)-silver proteinate method (os- 
mium tetroxide) (Thi6ry, 1967; Hanker et al., 1964), (2) the periodic acid-penta- 



308 F. Murata et al. 

f luorophenylhydraz ine  method  (Bradbury and  Stoward, 1967; Stoward and  
Bradbury,  1968), (3) the periodic ac id-methenamine  silver method  (Rambourg,  
1967), and (4) the periodic acid-Schiff reagent-metall ic salt, in particular,  phos- 
photungst ic  acid method  (Thi6ry, 1967). A m o n g  them, the periodic acid-thiocar- 
bohydrazide-si lver prote inate  method  is regarded as the most  suitable method 
from the viewpoint  of react ion specificity, reproducibil i ty,  the fineness of the 
react ion product ,  sufficiency of electron density, and  experimental  cost (Thi6ry, 
1967). Work  is current ly  being unde r t aken  in this labora tory  to investigate 
the fine structure and  cytochemistry of b lood platelets (Mura ta  et al., 1973a; 
M u r a t a  et al., 1975). Blood platelets are k n o w n  to conta in  a b u n d a n t  intracyto- 
plasmic glycogen. It  is used as the energy source for clot retraction,  membrane  
t ranspor t ,  serotonin  uptake,  lipid a n d  prote in  metabol ism,  and  phagocytosis 
(Scott, 1968). Apply ing  the periodic acid-thiocarbohydrazide-si lver  proteinate 

method  to the b lood  platelet and  its precursor,  the megakaryocyte,  cytochemical 
staining of the glycogen in these cells has been investigated. 

Material and Methods 

New Zealand albino rabbits of both sexes weighing 1.0-1.5 kg were chosen as experimental animals. 
Bone marrow was obtained from femoral marrow. Buffy coat specimens were made from cardiac 
blood by a modified Anderson's method as described previously (Murata and Spicer, 1973b). 
Buffy coat from the centrifuged blood was fixed briefly in situ in 2.5% glutaraldehyde (Sabatini 
et al., 1963) buffered with 0.1 M cacodylate buffer (pH 7.2), minced, and transferred to small 
bottles for additional fixation. They were prefixed in 2.5% glutaraldehyde for 90 min and postfixed 
in 1% osmium tetroxide buffered with 0.1 M phosphate buffer (pH 7.2) for 60 min. All specimens 
were dehydrated through graded series of alcohol and acetone, and embedded in Epon (Luft, 
1961). Ultrathin sections were cut with an LKB ultrotome and placed onto the 150 meshes. They 
were either stained with uranyl acetate (Watson, 1958) or doubly stained with uranyl acetate 
and lead citrate (Reynolds, 1963) and examined in Hitachi HS-8 and HS-9 electron microscopes 
for the observation of their fine structures. 

For the histochemical staining, ultrathin sections were collected onto the gold grids. They 
were stained according to Thi~ry's method after slight modification (Thi~ry, 1967). The detailed 
procedures were as follows. 

i. Oxidation with 1% periodic acid solution for 20 min. 
2. Washing with distilled water, twice. 
3. Immersion in 0.2% thiocarbohydrazide solution dissolved in 20% acetic acid solution for 

40 min. 
4. Rinsing with 10% acetic acid solution. 
5. Rinsing with 5% acetic acid. 
6. Rinsing with distilled water. 
7. Staining with 1% aqueous silver proteinate for 30 min. 
8. Rinsing with distilled water, twice. 
As controls, ultrathin sections, omitting the oxidation process, thiocarbohydrazide treatment, 

and silver proteinate treatment, were observed. As a positive control, ultrathin sections of rat 
liver were also observed. 

Enzymatic extraction of glycogen from megakaryocytes, blood platelets, and hepatocytes was 
also performed on sections collected on gold grids, following the procedure described by Monneron 
and Bernhard (1966). After preliminary oxidation with 10% periodic acid for 30 min, the sections 
were incubated for 3-6 h at 37~C in 0.5% e-amylase in 0.05 M phosphate buffer (pH 7.0), and 
subsequently stained with uranyl acetate and lead citrate. Some ultrathin sections were stained 
after oxidation and enzyme digestion by the PA-TCH-SP procedure. 
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Results 

Morphologic Observation 

Megakaryocytes (Figs. l, 2). Megakaryocytes were giant cells found in the bone 
marrow. They had multilobed nuclei. Heterochromatin was found adjacent to 
the nuclear envelope. Nucleoli were numerous. Pairs of centriotes were seen 
in the cytoplasm. Golgi complexes were found throughout the cytoplasm. Small 
dense granules were widely distributed in the cytoplasm. The endoplasmic reticu- 
lum was sparse, but free ribosomes were common. Mitochondria were numerous 
and generally small in size. At the periphery of the cytoplasm, many demarcation 
membranes (DM) were discernible and became continuous with cell surface. 
Glycogen particles were generally sparse. Single uranyl acetate staining did 
not increase the electron density of the glycogen (Fig. 1). After double staining 
with uranyl acetate and lead citrate, glycogen was easily discernible because 
of increasing electron density (Fig. 2). 

Blood platelets (Figs. 3, 4). Platelets were small, biconcave disks, about 
3 gm in diameter, e-Granules, mitochondria, and short cisternae of rough endo- 
plasmic reticulum were found. Two types of vacuoles, i.e., a surface connecting 
system (SCS) and a dense tubular system (DTS), were also discernible in the 
cytoplasm (Fig. 4). Serotonin-containing granules were prominent in the rabbit 
platelets (Figs. 3, 4). In addition, glycogen particles were observed distributing 
diffusely or forming clusters in the cytoplasm after double staining with uranyl 
acetate and lead citrate (Fig. 4). 

Cytochemical Staining 

After cytochemical staining, fine electron-dense reaction products were observed 
in the cytoplasm of the megakaryocytes (Figs. 5, 6). The electron density of 
PA-TCH-SP-stained glycogen was apparently denser than that of lead-citrate- 
stained glycogen. These reaction products were distributed as solid small particles 
in the cytoplasm and never aggregated to form clusters (Figs. 5, 6). The glycogen 
stained by the PA-TCH-SP procedure had a mean diameter of 21.1 nm. After 
observing bone marrow, it was found that not all megakaryocytes were reaction- 
positive. Some megakaryocytes were almost reaction-free. These negative mega- 
karyocytes were regarded as immature or as an involution form after release 
of platelets. As the cell matured, the number of reaction products increased. 
The localization of the glycogen was restricted exclusively to the cytoplasmic 
matrix. 

In the platelets, more prominent cytoplasmic staining was observed 
(Figs. 7-10). The glycogen stained with PA-TCH-SP method had a mean diame- 
ter of 26.2 nm. Glycogen particles of megakaryocytes and blood platelets cor- 
responded to the/%particles of Drochman (1962). The intensity of the staining 
was classified conveniently into three groups: weak, intermediate, and strong. 
In the weak group, reaction products were distributed sparsely in the cytoplasm 
(Figs. 7-9); in the intermediate group, small-sized clusters of the reaction-posi- 



Fig. 1. Electron photomicrograph of the rabbit megakaryocyte stained with uranyl acetate alone. 
The electron density of glycogen is not increased, and it is barely recognizable in the cytoplasm. 
x 30,000 

Fig. 2. Electron photomicrograph of the rabbit megakaryocyte doubly stained with uranyl acetate 
and lead citrate. After lead citrate staining, glycogen increases its electron density and becomes 
easily observable in the megakaryocyte, x 12,000 

Fig. 3. Electron photomicrograph of rabbit blood platelets stained with uranyl acetate. Many 
serotonin-containing granules (SCG) with high electron density are discernible, however the electron 
density of the glycogen is not sufficient for it to be visible, x 16,000 

Fig. 4. Electron photomicrograph of rabbit blood platelets stained with uranyl acetate and lead 
citrate. After lead citrate staining, cytoplasmic glycogen is easily recognizable. Each platelet contains 
a different amount of glycogen. Surface connecting system (SCS) and dense tubular system (DTS) 
are also observed in the cytoplasm, x 19,000 

Fig. 5. Low-power magnification electron photomicrograph of the rabbit megakaryocyte stained 
by the PA-TCH-SP method. Reduced silver is found distributed in the cytoplasm as solid particles. 
Reaction products never aggregate to form clusters. • 12,000 

Fig. 6. High-power magnification of electron photomicrograph of the rabbit megakaryocyte stained 
by the PA-TCH-SP method. Reaction products are observed localized on the glycogen in the 
cytoplasmic matrix, x 19,000 



Fig. 7. Electron photomicrograph of rabbit blood platelets stained by the PA-TCH-SP method. 
The intensity of reaction is variable; many platelets belonging to the weak group (W) and intermedi- 
ate group (/) are seen in this photograph, x 12,000 

Fig. 8. Electron photomicrograph of rabbit blood platelets stained with PA-TCH-SP method. There 
are some intermediate (/) and many weak group platelets (W). Figures 7 and 8 show that the 
intensity of the reaction does not depend on the depth, x 12,000 

Fig. 9. Electron photomicrograph of rabbit blood platelets stained with PA-TCH-SP method. At 
the center, a blood platelet belonging to the strong reaction group (S) is surrounded by many 
weak-group blood platelets (W). x 19,000 

Fig. 10. Electron photomicrograph of rabbit blood platelets stained by the PA-TCH-SP method. 
Though almost all blood platelets have lost their cytoplasmic cell organellae, they still keep glycogen 
in the cytoplasm. Especially in the blood platelet at the center, strong reaction is observed, x 19,000 

Fig. 11. Electron photomicrograph of the rat liver stained by the PA-TCH-SP method. Variable-sized 
cytoplasmic glycogen particles are deposited with reaction products, x 10,000 

Fig. 12. Electron photomicrograph of the rat liver after c~-amylase digestion and double staining 
with uranyl acetate and lead citrate. The pale areas indicate where cytoplasmic glycogen has been 
digested, x 12,000 
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Fig. 13. Elecgron photomicrograph of rabbit blood platelets after e-amylase digestion and uranyl 
acetate and lead citrate staining. Glycogen is incompletely digested and some glycogen particles 
are still recognizable in the cytoplasm, x 30,000 

Fig. 14. Electron photomicrograph of rabbit blood platelets after c~.amylase digestion and PA-TCH- 
SP staining. In the cytoplasm, there are still some reaction products discernible, suggesting the 
incomplete digestion of glycogen and the reaction of the PA-TCH-SP method to undigested glycogen. 
x 30,000 

tive glycogen and single reaction-positive glycogen particles were found (Figs. 7, 
8); in the strong group, reaction products formed clusters (Fig. 9). In some 
platelets, almost half of the cell area was occupied by glycogen. Reaction pro- 
ducts were found only in the cytoplasmic matrix. No reaction products were 
found in the surface connecting system or in the mitochondria and other places 
in the cytoplasm. The glycogen of the platelets is the energy source of clot 
retraction etc. In this experiment, platelet clusters were frequently observed. 
However, there was no clear relationship between the intensity of the reaction 
products and the localization of the platelets in the cluster. Some platelets 
which lost all cell organellae were still stained by the PA-TCH-SP method 
(Fig. 10). In the control specimen, omitting periodic acid oxidation, thiocarbohy- 
drazide, and silver proteinate, no reaction products were found, however glyco- 
gen of low electron density was barely discernible in the cytoplasm. In the 
rat liver specimen stained by the PA-TCH-SP method, strong reaction was 
observed (Fig. 11). After e-amylase digestion, liver glycogen was digested mark- 
edly (Fig. 12), while the glycogen of the blood platelet was incompletely 
extracted, as the pale areas on the photograph indicate (Fig. 13). Some platelets 
were stained using the PA-TCH-SP method after e-amylase digestion (Fig. 14). 
In these platelets, reaction products were still observed, which is attributable 
to the incomplete e-amylase digestion. 

Discussion 

At the light-microscopic level, the PAS reaction was applied to megakaryocytes 
and blood platelets. All previous papers have described the positiveness of 
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the PAS reaction in these two types of cells (Wislocki et al., 1949; Wachstein, 
1949; Oguro and Hayami, 1965; Itoga et al., 1967; Jain, 1969). As the PAS 
reaction and the PA-TCH-SP method are same in principle, both procedures 
can be used to stain intracytoplasmic glycogen. Naturally, the present electron- 
microscopic results coincide with the former light-microscopic ones. There is 
also a paper demonstrating intracytoplasmic glycogen in these cells using silver 
methenamine staining (Gibb and Stowell, 1949). 

The PA-TCH-SP reaction used in this experiment to show intracytoplasmic 
glycogen is regarded as the best method for the demonstration of the vicinal 
hydroxyl group at the electron-microscopic level. As ThiSry mentioned, its reac- 
tion specificity is the highest among the PA-TCH-SP, PA-TCH-OS, methena- 
mine silver, and PA-Schiff-PTA methods (Thi6ry, 1967). The reproducibility 
of the reaction is much more stable than the methenamine silver method, which 
is very uncertain. The reaction products are fine enough to reduce nonspecific 
reaction at the cell organellae level. For example, the/~-particle of the glycogen 
(Drochman, 1962) is easily recognizable in this staining. The electron density 
of the reaction products is great enough to ascertain the real localization of 
the reaction product. Moreover, the cost of the experiment is cheaper than 
with the PA-TCH-OS method, which almost ranks with the PA-TCH-SP method 
for the demonstration of glycogen. The PA-TCH-OS method uses about 0.5 g 
osmium tetroxide per experiment for the osmification (Hanker et al., 1964). 

Glycogen in the megakaryocytes and blood platelets is recognized even in 
routine electron-microscopic morphologic preparations. Especially, its existence 
in the platelets is sometimes easily discernible after staining with lead citrate 
(Reynolds, 1963). Glycogen is larger than ribosomes, but in some cells their 
intermingled localization in the same cytoplasmic matrix makes it difficult t o  
differentiate these two cell components clearly after routine electron microscopy 
staining. The electron density of glycogen and ribosomes is almost the same 
after lead citrate staining (Reynolds, 1963). In this case, this PA-TCH-SP staining 
may be very helpful for their differentiation. Glycogen is stained more densely 
by the PA-TCH-SP procedure than by lead citrate staining, while no increase 
of electron density is observed in ribosomes. Furthermore, e-amylase is directly 
applicable to Epon-embedded ultrathin sections for glycogen digestion (Monne- 
ron and Bernhard, 1966). After this treatment, glycogen has been extracted, 
while ribosomes remain unaffected. For the histochemical visualization of the 
intracytoplasmic glycogen, these two procedures are regarded as essential. Some 
reaction products were still observed after oxidation, e-amylase treatment, and 
PA-TCH-SP staining in the blood platelet. This may be attributable to the 
imcomplete digestion of glycogen. 

Glycogen in the platelets is the energy source for clot retraction, serotonin 
uptake, membrane transport, and lipid and protein metabolism (Scott, 1968). 
Davis (1973) described the glycogen which is within the surface connecting 
system or facing it. He reported that glycogen in this region is used first as 
the energy source for clot retraction and matrix glycogen is subsequently utilized. 
In the rabbit megakaryocytes and blood platelets, some glycogen particles face 
the surface connecting system, but no glycogen particles have been detected 
hitherto morphologically or cytochemically in the surface connecting system. 
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Glycogen persisted in such platelets which lost all cell organellae in this experi- 
ment. According to Scott (1967), during coagulation and clot retraction induced 
by thrombin, glycogen synthesis was shown to continue in vitro. In some kinds 
of cells, glycogen was found not only in the cytoplasmic matrix, but also intrami- 
tochondrially, perimitochondrially, intracentriolarlly, or pericentriolarlly (The- 
mann, 1960; Ishikawa and Pei, 1965 ; Bernthold, 1966; Lentz, 1966 ; Anderson, 
1968; Anderson and Personne, 1970). The experimental subjects in most of 
these reports were lower animals. Localization of glycogen in these sites has 
not been encountered hitherto in the megakaryocytes and blood platelets. Reac- 
tion products were found only in mature megakaryocytes after PA-TCH-SP 
staining. Immature megakaryocytes and involution-formed megakaryocytes 
hardly show the reaction products in their cytoplasmic matrix. These cytochem- 
ical observations coincide with Cawley and Hoyhoe's morphologic observations 
(Cawley and Hoyhoe, 1973). They state that only mature megakaryocytes con- 
tained glycogen in the cytoplasm. 

Since glycogen dissolves to some extent in aqueous solution despite the 
precipitation of associated proteins, the histologic preservation of glycogen varies 
with the method of tissue fixation. Though Carnoy's solution is regarded as 
the best fixative at the light-microscopic level (Takeuchi, 1975), according to 
another paper, adequate preservation is obtained only with quenching (Leske 
and Mayersbach, 1969). A critical review has not been made to evaluate the 
effectiveness of various fixative solutions for histologic preservation of glycogen 
at the electron-microscopic level. Though Takeuchi (1975) reported that glutaral- 
dehyde, as used in this experiment, is a good fixative for the preservation 
of glycogen, we have to keep in mind that the reaction product we have observed 
is only deposited on the glutaraldehyde-fixable glycogen. To know the real 
intensity of reaction, apart from that relating to the cytoplasmic matrix, requires 
further difficult processing such as freeze-drying etc. At the tight-microscopic 
level, increased PAS reactivity of the hepatocytes has been observed after freeze- 
drying (Nawa et al., 1969). 

Among many enzymes which regulate glycogen metabolism, phosphorylase 
is a degradative enzyme for the phosphorylytic cleavage of the 1 4  linkage 
of glycogen. Histochemical study of the phosphorylase in blood and bone mar- 
row smears has been reported by Takeuchi and Kinoshita (1956). They found 
weakly positive phosphorylase activity in the megakaryocytes. Quaglino and 
Hoyhoe (1962) improved the method devised by Takeuchi and Kinoshita and 
found diffuse positive staining with occasional coarse granules in megakaryocytes 
and blood platelets. The pattern of phosphorylase distribution follows very 
closely that of preformed glycogen as demonstrated by the periodic acid-Schiff 
reaction or the present PA-TCH-SP method. The combined results of PAS- 
reactivity, PA-TCH-SP procedure, and phosphorylase distribution suggest that 
enzymatic activity roughly parallels the amount of intracellular glycogen (Miwa, 
1967). 
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