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Summary 

The influence of fixation and embedding medium on the periodic acid-thiocarbohydrazide-silver 
proteinate (PA-TCH-SP) staining reactivity in the mouse intestine was studied. It was found that 
the combination of osmium tetroxide and epoxy resins was the least sensitive for the 
demonstration of complex carbohydrate with the PA-TCH-SP method. Post-osmication reduced, 
but did not abolish, PA-TCH-SP reactivity (except for the Golgi complex) when non-epoxy resins 
were used. The staining pattern of a particular organelle differed depending on the embedding 
medium used. Golgi cisternae exhibited the most intense PA-TCH-SP reactivity in 
non-osmicated tissues embedded in non-epoxy resins. Post-osmication of tissues was required to 
reveal the fine structure of the glycocalyx as well as to preserve the fine structure of tissues 
embedded in styrene-methacrylate and styrene-Rigolac 2004. The choice of fixation procedures 
and embedding media in a given study should be governed primarily by the sites of interest. 

Introduction 

Macromolecules rich in carbohydrate are found in intracellular as well as extracellular 
sites in most, if not all, tissues. The physiological significance of complex carbohydrates 
is poorly understood but they have been implicated in a wide range of important 
biological processes ranging from morphogenesis in normal tissues to malignant 
transformation (Spiro, 1969; Skutelsky & Danon, 1969; Yanagimachi et aI., 1972; 
Weiser, 1973; Nilsson et al., 1973; La Mont et al., 1974; Marikovsky et al., 1974; Grinnell et 
al., 1975; Luft, 1976; Skutelsky & Farquhar, 1976; Pigman, 1977; Miller et aI., 1977; 
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Borysenko & Woods, 1979). Knowledge concerning the structure and distribution of 
these glycoconjugates in normal and pathologically altered tissues is needed to 
characterize more clearly their possible functional significance. 

Numerous methods have been developed for the ultrastructural histochemical 
localization of complex carbohydrates (for a recent review, see Spicer & Schulte, 1982) 
but these methods have been reported to vary widely in specificity, sensitivity and 
reproducibility. A major problem is that, although the majority of methods reported to 
be specific for neutral complex carbohydrates are performed on thin sections, attempts 
to localize glycoconjugates containing acidic functional groups (carboxyls and sulphates) 
with post-embedment methods have been largely unsuccessful. Furthermore, the 
pre-embedment  staining methods currently employed for the localization of acidic 
glycoconjugates suffer from poor and inconsistent cellular penetration of staining 
reagent and make staining of intracellular complex carbohydrates uncertain. The 
development of sensitive and specific post-embedment histochemical methods for the 
localization of complex carbohydrates based on the presence of carboxyl groups and/or 
sulphate esters would be of great value in allowing reproducible intracellular staining 
and the direct comparison of serial sections stained with different methods. In this way, 
it would be possible to localize the reaction products from different methods in the same 
cell or possibly cellular organelle, thus greatly facilitating the in situ characterization of 

the glycoconjugate. 
Initial attempts to stain thin sections of epoxy-embedded tissues directly with cationic 

reagents, dialysed iron and high iron diamine, proved unsuccessful. It was, therefore, 
decided to investigate the use of several well-known and new embedding media and the 
effect of fixation on staining with these reagents and the periodic acid-thiocarbo- 
hydrazide-silver proteinate :,(PA-TCH-SP) method for the detection of vicinal diols 

(Thiery, 1967). 
In the first of this three-part series, we report the physical and chemical characteristics 

of the various fixation and embedding combinations employed as well as their 
morphological and PA-TCH-SP staining characteristics. The influence of embedding 
media and fixation on the post-embedment histochemical staining reactivity of dialysed 
iron and high iron diamine is described in parts two and three, respectively. 

Materials and methods 

Fixation 
Rectosigmoid colon and duodenum were collected as rapidly as possible from adult male black 
mice (C57/BL6) killed by cervical dislocation. Specimens to be embedded routinely in Epon or in test 
media were minced into pieces about 1 mm 3 and fixed for 1 h in 2.5% glutaraldehyde in 0.1 M 
phosphate-buffered saline (PBS), pH 7.4, at 4 ~ C. The tissues were washed 1 h in each of two 
changes of PBS and part of the specimen was subsequently post-fixed in unbuffered 2% osmium 
tetroxide, pH 7.2 at 4~ for either 5 or 60 rain. Following osmication, tissues were placed in 
distilled water for 15 rain at room temperature. 

Specimens to be embedded in the test media were fixed additionally for 1 h at 4 ~ C in ~he 
following solutions. 
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(1) A mixture of glutaraldehyde-osmium tetroxide-s-collidine, according to Hirsch & Fedorko 
(1968). 

(2) A mixture of 2% formaldehyde-2.5% glutaraldehyde-0.02% picric acid, according to Ito & 
Karnovsky (1968). 

(3) A mixture of 0.35% Glutaraldehyde-1.4% Tris-l.0% EDC (1-ethyl-3[3-dimethylamino- 
propyl] carbodiimide), according to Yamamoto & Yasuda (1977) as modified by Willingham & 
Yamada (1979). 

(4) A mixture of 2.5% glutaraldehyde-D-catechin (1 mg/ml), according to Mizuhira et at. (1981). 

Dehydration, infiltration and embedment 
Processing and embedment of tissues in the resins below was identical to the procedures used in 
the following cited references: Epon 812 (Luft, 1961); Spurr's resin (Spurr, 1969); Polystyrene 
(Shinagawa & Ogura, 1960; Francioni & Borgioli, 1979);.Vestopal W (Ryter & Kellenberger, 1958; 
Estes & Apicella, 1969); Rigolac (Kushida, 1960); styrene-methacrylate (Kushida, 1961; Mohr & 
Cocking, 1968; Takamiya et al., 1980); styrene-Rigolac 70F or 2004 (Shinagawa & Uchida, 1961}. 
Polymerization procedures for these resins also followed those in the above references with the 
exception of styrene-methacrylate, which we found required 72 h at 56 ~ C for complete poly- 
merization, possibly because the inhibitor was not removed from n-butyl methacrylate. 

Three new embedment procedures were developed using combinations of styrene and existing 
resins. The following procedm-es were found to yield optimal results with the tissues tested here 
as well as other tissues including stomach, pancreas and major salivary glands. 

Styrene-epoxy resin mixtures 
Complete Epon 812 or Spurr's resin was mixed with styrene in the proportions 1:2, 1:1 and 2:1. 
Polymerization was achieved with ali three ratios, but only the mixtures of Spurr's resin (not 
Epon 812) with styrene resulted in blocks of sufficient hardness to y~etd thin sections consistently. 
The mixture of one part Spurr's resin to two parts styrene was chosen as optimal for routine use. 
Preparation of this embedding medium simply entailed prepa~Sr G the resin according to Spurr 
(1969), mixing one part of this resin with two parts of styrene and stirring for 10 rain at room 
temperature. 

Prior to embedment, tissues were dehydrated for 15 rain in one change each of 50, 75 and 90% 
ethanol and placed in two changes of 100% acetone for 10 min at room temperature. 

Infiltration was performed at room temperature for 30 rain with continuous agitation except for 
the final step which involved overnight infiltration at 4 ~ C. Infiltration was initiated in a 1:1 
mixture of 100% acetone-embedding medium and subsequently half of this mixture was removed 
and replenished with undiluted embedding medium. The resin mixture was then replaced twice 
with an equal volume of fresh undiluted medium and infiltration was continued overnight at 4 ~ C. 

Polymerization was perfomqed in Beem capsules at 60 ~ C for 72 h. Gelatin capsules proved 
unsatisfactory because of the formation of dense white precipitates, especially when high 
proportions of styrene were present. Because the styrene is volatile, the caps of the Beem capsules 
were kept closed, but even with this precaution there was some evaporation of styrene resulting in 
the loss of about half of the block volume. 

Styrene- Vestopal W mixtures 
Vestopal W resin was prepared according to Ryter & Kellenberger (1958) and mixed with styrene 
in the proportions 1:3, 1:2, 1:1 and 2:1. The above mixtures were readily miscible at all proportions, 
and mixing was complete after 10 rain. The amount of styrene used determined the viscosity of the 
final embedding mixture; the higher the proportion of styrene, the lower the viscosity. Prior to 
use, the embedding mixtures were placed in a vacuum desiccator for 30 min. Based on block 
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shrinkage, viscosity and ease of infiltration, the mixture of one part Vestopal W with two parts 
styrene was judged preferable for routine use. 

Dehydration was carried out at room temperature with continuous agitation in a 10 min change 
of 25, 50, 75 and finally 90% acetone. This embedding mixture was miscible with acetone but not 
ethanol. Infiltration was carried out by transferring specimens through the following steps: (1) 
45 min in 3:1 acetone 100%-resin mixture; (2) 60 rain in a 1:1 acetone 100%-resin mixture; (3) 
60 min in a 1:3 acetone 100%-resin mixture (4) 60 rain in resin alone; and (5) overnight in fresh 
resin alone. The styrene-Vestopal W embedding medium was polymerized in Beem capsules at 
57 ~ C for 21 h. 

Styrene-Rigolac mixtures 
Rigolac resin was.prepared according to Kushida (1960), and one part of this resin was mixed with 
two parts of styrene. The preparation and properties of styrene-Rigolac embedding mixture and 
the dehydration schedule with this mixture were identical to those described previously for 
styrene-Vestopal W mixtures. 

Infiltration was carried out at room temperature with continuous agitation by placing tissues in a 
1:1 mixture of acetone and 100% resin for 1.5 h, followed by resin alone for 1.5 h, a fresh aliquot of 
resin for another 1.5 h and a third portion of resin, overnight. 

Polymerization was carried out at 60 ~ C for 27 h in Beem capsules. Although blocks were of 
sufficient hardness to obtain thin sections, they remained slightly tacky. This tackiness 
disappeared after leaving the blocks at room temperature for 24 h. 

Sectioning and staining procedures 
Thin sections were cut with a diamond knife, except for polystyrene, where glass knives were also 
used. The sections were mounted on uncoated stainless steel grids, except for those obtained from 
the polystyrene and styrene-methacrylate resins, where Formvar-coated grids were used. For 
morphological observations, the sections were stained with lead citrate and uranyl acetate 
(Reynolds, 1963). For the detection of complex carbohydrates with periodate-reactive vicinal glycol 
groups, the PA-TCH-SP technique was used (Thiery, 1967). Control sections were stained by 
omitting the periodic acid oxidation step. The sections were examined and photographed in an 
AEI-6 electron microscope, operating at 60 kV. 

Results 

CHARACTERISTICS OF VARIOUS MEDIA 

The proper t ies  of the different  embedd ing  media  evaluated  in this s tudy are listed in 

Table 1. Polys tyrene  infiltrated the tissues well and  prov ided  very  good ultrastructural  
preservat ion  bu t  the sectioning proper t ies  of this resin were  very  poor  (Fig. 1). The 
epoxy  and  polyester  resins mixed readily wi th  s tyrene in all proport ions ,  thus 
decreasing the viscosity and facilitating infiltration. The combinat ion of Spurr ' s  resin 
and  s tyrene p roduced  sections wi th  excellent beam stability and exhibited cutt ing 
proper t ies  and fine structural preservat ion similar to that  obta ined wi th  epoxy  resins 

alone (see Figs. 16, 17). The po lyes t e r - s ty rene  combinat ions p rov ided  blocks with very  
good cutt ing proper t ies  (Table 1) and  sections wi th  excellent beam stablity. 

Ultrastructural  preservat ion was very  poor  in tissues fixed in g lu tara ldehyde wi thou t  
post -osmicat ion and e m b e d d e d  in Rigolac, s tyrene-Rigolac  70F or 2004 and even  worse  
in the s ty rene -methac ry la t e  mixture (Fig. 11). Postfixation wi th  osmitnn tetroxide for 
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Table 1. Chemical and physical properties of embedding media. 
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Preservation of 
fine structure 
fixation with: 

Staining with: 
Sectioning Glut Glut 

Resin Viscosity infiltration properties alone +OsO 4 UA-LC TCH-SP 

Epon 812 M E E E E E Strong 
Spurr's L E E E E E Strong 
Polystyrene L VG VP VG VG VG Moderate 
Vestopal W H P P E E E Strong 
Rigolac* M/H P P P - -  VP Negative 
Styrene-Methacrylate VL E E VP E E Strong 
Styrene-Spurr's Resin VL E E E E E Strong 
Styrene-Vestopal W M G G E E E Strong 
Styrene-Rigolac 70Ft M/L NG NG P - -  VP Negative 
Styrene-Rigolac 2004:; M/L NG NG P E VP Moderate 
Styrene-Rigolac M G G E E E Moderate 

*Because of very poor infiltration the preservation of fine structure could not be determined in post-osmica~ed 
tissues embedded in this resin. 
tNo polymerization was obtained when this mixture was used for osmicated tissues. 
;The staining properties of non-osmicated tissues were very poor, similar to those in Styrene-Rigolac 70F 
and the indicated staining properties are those for post-osmicated tissues. 
Abbreviations: Glut, glutaraldehyde; UA-LC, uranyI acetate-lead citrate; TCH-SP, thiocarbohydrazide-silver 
proteinate; L, low; M, medium; H, high; VL, very low; E, excellent; VG, very good; G, good; NG, not good; 
P, poor; VP, very poor; NP, no polymerization. 

only 5 min greatly improved fine structural preservation of tissues embedded  in 

s tyrene-methacryla te  (Figs. 13-15, 23) or s tyrene-Rigolac 2004, but seriously impaired 
infiltration of Rigolac into the tissue and prevented polymerization of the 
styrene-Rigolac 70F mixture. 

INFLUENCE OF EMBEDDING MEDIUM ON PA-TCH-SP STAINING 

Epoxy resins 
Non-osmicated colon embedded  in epoxy resins showed strong P A - T C H - S P  reactivity 
in a number  of sites containing complex carbohydrate (Table 2). Secretory granules in 
colonic goblet cells stained heavily and staining was more intense in superficial goblets 
(Figs. 2, 3). Golgi complexes in colonic goblet cells showed strong P A - T C H - S P  reactivity 
which was most  intense in the 3-4 cisternae of the mature  face (Figs. 2, 3). 

Mucous cell secretory granules were less reactive than  those in the goblets (Fig. 3) and 
P A - T C H - S P  staining revealed the possible presence of two different types of mucous  
cells (Fig. 4), one type having granules wi th  a diameter  of about 0.5 ~m and showing 
peripheral staining deposits and the other having granules with a diameter of roughly 
1.4 pm and showing uniform light staining reactivity. 
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Table 2 Influence of embedding  med ium and fixation on the P A - T C H - S P  reactivity of complex 
carbohydrates  in various sites of the mouse colon. 

Tissues not post-fixed 

Goblet Mucous Columnar Columnar 
cell ceil Gotgi cell celt 

Resin granules granules cisternae vesicles microvilli 

Epoxy (Spurr 's ,  Epon 812) 4+ + 2+ + 2+ 
Polystyrene 4+ + 2+ 2+ 3+ 
Vestopal  W 4+ + 4+ 4+ 4+ 
Rigolac 2+ -+ 2+ + 2+ 
S tyrene-methacy la te  4+ 2+ 4+ 4+ 4+ 
S ty r ene -Spu r r ' s  Resin 4+ 2+ 2+ 2+ 2+ 
S tyrene-Ves topa l  W 4+ -+ 4+ 4+ 3+ 
Styrene-Rigolac  70F 2+ + + + + 
Styrene-Rigolac  2004 3+ + + + 2+ 
Styrene-Rigolac  3+ -+ 2+ + + 

Tissues post-fixed with OsO 4 for 5 min 

Epoxy (Spurr 's ,  Epon 812) 0 0 0 0 0 
Polystyrene 3+ + + 2+ + 
Vestopal W 3+ -+ + 2+ 2+ 
Rigolac nta nta nta  nta nta  
S tyrene-methacry la te  4+ 2+ + 4+ 2+ 
S t y r e n e - S p u r r ' s  Resin 2+ + 0 + 2+ 
S tyrene-Ves topa l  W 3+ 0 -+ 2+ 2+ 
Styrene-Rigolac  70F nta nta nta nta nta 
Styrene-Rigolac  2004 3+ 0 - + 2+ 
Styrene-Rigolac  2+ 0 + +- + 

Tissues post-fixed with OsO 4 for 60 rain 

Epoxy (Spurr 's ,  Epon 812) 0 0 0 0 0 
Polystyrene 2+ + + + + 
Vestopal W 2+ 0 0 + + 
Rigolac nta nta nta nta nta 
S tyrene-methacry la te  4+ 2+ § 4+ 2+ 
S ty r ene -Spu r r ' s  Resin 0 0 0 0 0 
S ty rene-Ves topa l  W 2+ 0 0 + + 
Styrene-Rigolac  70F nta nta nta nta nta 
Styrene-Rigolac  2004 nta nta nta nta nta 
Styrene-Rigolac  2+ 0 0 + + 

Staining intensi ty is based on a subjectively es t imated scale from 0 to 4+ with 0 being unreactive 
and 4+ being the most  reactive, nta, no tissue available. 
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The superficial columnar cells exhibited an apical populat ion of vesicles with light 
P A - T C H - S P  reactivity at their periphery (Fig. 2). The numerous,  brush border-like 
microvilli on the luminal surface of these cells showed intense P A - T C H - S P  reactivity on 
the tip and light to moderate staining of the lateral surfaces (Fig. 2). 

Tissues exposed to osmium tetroxide for only 5 rain, after primary fixation in 
glutaraldehyde and embedded  in epoxy resins, showed no staining in any site with the 
P A - T C H - S P  technique. Attempts to stain sections from post-osmicated tissue after 
bleaching with hydrogen peroxide were unsuccessful. 

Polystyrene 
Staining of polystyrene-embedded sections of tissues fixed only with glutaraldehyde 
was similar to that described above for epoxy resins (Table 2). However, PA-TCH-SP  
reactivity was observed in sections of tissues fixed secondarily with osmium tetroxide 
and tissues post-osmicated for 5 min retained more reactivity than those exposed to 
osmium tetroxide for 60 rain (Fig. 5). Vesicles in surface epithelial cells stained uniformly 
throughout  their content (Fig. 5). 

Vestopal W 
All the sites containing the aforementioned complex carbohydrates showed intense stain- 
ing with P A - T C H - S P  in Vestopal W-embedded non-osmicated tissue (Table 2). In 
particular, staining was intense in Golgi complexes, and on the surface of microvilli and 
strong staining was observed on the baso-lateral plasma membrane of all colonic 
epithelial cell types (Fig. 6). Post-osmication decreased, but did not abolish, 
P A - T C H - S P  staining and reduced staining less after 5 than after 60 rain exposure 
(Fig. 7). 

Goblet cell secretory granules were heavily stained in both mouse  colon (Fig. 7) and 
d u o d e n u m  (Fig. 8). Intra-mitochondrial granules were evident in mouse colonic 
epithelium (Fig. 7) but were not present in the mouse  d u o d e n u m  (Fig. 8). Vesicles in 
superficial colonic columnar cells retained good reactivity after 5 min post-osmication 
and two populations of vesicles were distinguished in a single cell profile on the basis of 
their size and staining (Fig. 7). These vesicles were not observed in surface epithelial 
cells in the mouse d u o d e n u m  (Fig. 8). Al though decreased after osmication, good 
staining persisted on the microvillous surface and the baso-lateral plasma membrane of 
colonic cells (Fig. 7). Notably, staining was not observed in either the baso-lateral 
plasma membrane or apical brush border of mouse  duodenal  cells examined with this 
procedure (Fig. 8). 

Rigolac 
Sections from non-osmicated tissues embedded  in Rigolac showed decreased 
P A - T C H - S P  reactivity in all sites w h e n  compared to staining in Vestopal W (Table 2), 
probably due to extraction of carbohydrate. Goblet cell secretory granules stained 
strongly when  mucus  was present  and vesicles in superficial columnar epithelial cells 



Fig. 1. The ultrastructural appearance of tissues embedded in polystyrene is not good due to the 
poor sectioning properties of this resin. G, goblet cell secretory granules; L, lumen. 
Glutaraldehyde and 60 min OsO 4 post-fixation. Polystyrene embedment. Uranyl acetate-lead 
citrate staining, x 12 500. 
Figs. 2-22. Thin sections of tissues fixed and embedded in a variety of ways were stained with 
the PA-TCH-SP method. All figures with the exception of Fig. 8 are from the mouse rectosigmoid 
colon. 
Fig. 2 Goblet cell secretory granules (G) are heavily stained. The more distal cisternae in the 
mature face of the Golgi complex are also stained intensely (arrow). Staining is observed in the 
periphery of vesicles (v) in the superficial columnar cells (inset). Note also that staining of the 
microvillous surface is more intense on the tips of these structures (arrowheads). L, Lumen. 
Glutaraldehyde fixation. Spurr 's resin embedment, x 12 500. 

Fig. 3. Colonic mucous cell secretory granules (M) show only weak PA-TCH-SP reactivity as 
opposed to the intense staining of the goblet cell secretory granules (G). The microvillous surface 
(m) of the crypt mucous cells is only lightly stained. L, lumen, x 7500. Inset: inner cisternae of 
Golgi complex are heavily stained (arrow). im, intramitochondrial granules. Fixation and 
embedment as in Fig. 2. x 12 500. 
Fig. 4. Secretory granules in two neighbouring crypt mucous cells exhibit different staining 
patterns, In one cell (M1) PA-TCH-SP staining is evenly distributed over the entire mucous 
granule, whereas in the second cell (M2) staining is restricted to a peripheral location. G, goblet 
cell secretory granules; L, lumen. Fixation and embedment as in Fig. 2. x 12 500. 
Fig. 5. Colonic goblet cell secretory granules (G) as well as vesicles (v) in the surface columnar 
absorptive cells show good PA-TCH-SP reactivity. The baso-lateral plasma membrane (arrow) is 
lightly stained. Glutaraldehyde and 60 min OsO 4 post-fixation. Polystyrene embedment. 
x 12 500. 
Fig. 6. Dense PA-TCH-SP deposits are present in the Golgi complex cisternae (arrows). The 
baso-lateral plasma membrane (arrowheads) and the microvillous surface (double arrow) are also 
stained heavily. Glutaraldehyde fixation. Vestopal W embedment, x 30 000. 

Fig. 7. Following 5 min post-osmication, PA-TCH-SP reactivity was reduced, especially in the 
Golgi complex cisternae (Go) (cf. Fig. 6). Goblet cell secretory granules (G), the baso-lateral 
plasma membrane (arrows) and the microvillous surface (m) all retain excellent staining, x 10 000. 
Inset: Vesicles (v) in the superficial columnar cells are moderately reactive, x 15 000. Glutaraldehyde 
and 5 min OsO 4 post-fixation. Vestopal W embedment. 

Fig. 8. Secretory granules (G) of mouse duodenal goblet evidence intense staining whereas the 
microvillous surface (m) is only weakly stained. The baso-lateral plasma membrane (arrows) is not 
stained. Fixation and embedment as in Fig. 7. • 10 000. 
Fig. 9. Colonic goblet cell secretory granules (G) and the microvillous surface (arrow) are stained 
heavily. Peripheral staining is evident on vesicles (v) in the surface columnar cells. Glutaraldehyde 
fixation. Rigolac embedment, x 10 000. 
Fig. 10. The final four or five cisternae in the mature face of the Golgi complex (arrows) are 
heavily stained. G, goblet cell secretory granules; im, intramitrochondrial granule. Fixation and 
embedment as in Fig. 9. x 20 000. 

Fig. 11. Goblet cell secretory granules (G) and the Golgi cisternae (Go) are heavily stained with 
the PA-TCH-SP method. Glutaraldehyde fixation. Styrene-methacrylate embedment, x 12 500. 
Fig. 12. The microvillous surface (m) and vesicles (v) of surface columnar cells are intensely 
reactive. Glutaraldehyde-D-catechin fixation. Styrene-methacrylate embedment, x 12 500. 

Fig. 13. PA-TCH-SP staining evidence an internal meshwork structure in mucous cell secretory 
granules (M). Goblet cell secretory granules (G) are heavily stained. Glutaraldehyde and 60 min 
OsO 4 post-fixation. Styrene-methacrylate embedment. • 25 000. 
Fig. 14. Vesicles (v) in surface columnar cells, the microvillous surface (m), the baso-lateral 
plasma membrane (arrows) and the goblet cell secretory granules (G) show strong PA-TCH-SP 
reactivity. Gtutaraldehyde-OsO4-s-collidine fixation. Styrene-methacrylate embedment. 
x 20 000. 
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showed moderate reactivity in their periphery, but mucous cell granules and basolateral 
plasma membranes were unstained (Fig. 9). Golgi cisternae stained heavily (Fig. 10). 

S ~rene-methacrylate 
Poor preservation of fine structure was seen in unosmicated glutaraldehyde fixed tissues 
embedded in styrene-methacrylate, but when cellular organetles containing glyco- 
conjugates could be identified in non-osmicated specimens, their PA-TCH-SP  staining 
was excellent, as for example in the goblet cell secretory granules and Golgi cisternae 
(Fig. 11) and vesicles and the microvillous surface in superficial columnar cells (Fig. 12). 

Post-osmication greatly improved the preservation of fine structure of tissues 
embedded in this resin and, with the exception of Golgi cisternae and the microvillous 
surface, did not decrease P A - T C H - S P  staining intensity (Table 2). Furthermore, no 
differences were observed in the staining intensity of tissues post-fixed for 5 or 60 min. 
Osmicated tissues embedded in this resin showed P A - T C H - S P  staining that was 
comparable in all sites except Golgi cisternae to that obtained in non-osmicated 
specimens embedded in Vestopal W and superior to that seen in non-osmicated 

specimens embedded in epoxy resins (Figs. 13-15). 

Styrene- Spurr's mixture 
P A - T C H - S P  staining in non-osmicated tissues resembled that previously described for 
the epoxy resins (Fig. 16). Styrene-Spurr 's  embedded specimens also resembled 
epoxy-embedded tissues in lacking staining if post-osmicated for 60 min, but differed in 
showing moderate P A - T C H - S P  reactivity after 5 min post-osmication (Table 2, Fig. 17). 

Styrene- Vestopal W mixture 
Excellent P A - T C H - S P  reactivity similar to that observed in Vestopal W alone was 
retained in non-osmicated tissues embedded in the styrene-Vestopal W mixture 

Fig. 15. The glycocalyx (arrow) on the microvillous surface is densely stained as are vesicles (v) in 
the surface columnar cells. Fixation and embedment as in Fig. 13. x 45 000. 

Fig. 16. Goblet cell secretory granules (G) and the distal cisternae in the mature face of the Golgi 
complexes (arrows) are heavily stained, whereas mucous cell secretory granules (M) are only 
lightly stained. Glutaraldehyde fixation. Styrene-Spurr's embedment, x 12 500. 

Fig. 17. Following 5 rain posf-osmication, PA-TCH-SP reactivity is reduced in both goblet (G) 
and mucous (M) cell secretory granules (cf. Fig. 16). L, lumen. Glutaraldehyde and 5 rain OsO 4 
post-fixation. Styrene-Spurr's embedment, x 18 700. 

Fig. 18. Only light peripheral staining is evident in mucous cell secretory granules (M), yet the 
cisternae of the Golgi complex (arrow) in these cells are intensely stained. Goblet cell secretory 
granules (G) are also heavily stained. Glutraldehyde fixation. Styrene-Vestopal W embedment. 
x 12 500. 
Fig. 19. The more distal cisternae in the mature face of the goblet cell's Golgi complex (arrows) are 
heavily stained. Fixation and embedment as in Fig. 18. x 12 500. 
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(Table 2, Figs. 18-20). In particular, Golgi complexes were heavily stained (Figs. 18, 19) 
and unlike other specimens, staining was observed in Golgi cisternae of the mucous 
cells, although mucous cell secretory granules were unstained (Fig. 18). 

Styrene-Rigolac 70F or 2004 
Non-osmicated tissues embedded in these two resin mixtures exhibited P A - T C H - S P  
staining similar to that previously described for Rigolac (Table 2). Staining for 
post-osmicated tissues embedded in styrene-Rigolac 2004 was very similar to that in 
osmicated tissues embedded in Vestopal W and styrene-Vestopal W mixtures (Fig. 21). 

Styrene-Rigolac mixtures 
Although no obvious differences in P A - T C H - S P  staining were present between 
non-osmicated tissues embedded in Rigolac or styrene-Rigolac, the latter embedding 
mixture afforded better preservation of fine structure and decreased extraction of 

stainable material (Fig. 22). 

Controls 
All sites described as P A - T C H - S P  reactive in this study showed no staining with 
thiocarbohydrazide-silver proteinate (TCH-SP) alone with any combination of the 
fixatives and embedding media used (Fig. 23). Although intra-mitochondrial granules 
appeared to be P A - T C H - S P  reactive in all embedding media, these particles were also 

observed to be electron dense with TCH-SP alone. 

Discussion 

Preservation of fine structure in both unosmicated and post-osmicated tissues was 
excellent in most of the polyester, epoxy and styrene embedding combinations 
employed. Non-osmicated tissues embedded in Rigolac, styrene-Rigolac 70F or 2004 

Fig. 20. Vesicles (v) in the surface columnar cells, the microvillous surface (m) and the baso-lateral 
plasma membrane (arrow) exhibit strong PA-TCH-SP reactivity. Fixation and embedment as in 
Fig. 18. x 15 000. 
Fig. 21. Goblet cell secretory granules (G) are intensely stained, whereas only weak staining is 
observed on the microvillous surface (m). Golgi complex cisternae (arrows) are negative as are 
mucous cell secretory granules (inset). Glutaraldehyde and 5 min OsO 4 fixation. Styrene-Rigolac 
2004 embedment, x 10 000. 
Fig. 22. Golgi cisternae in mucous cells (arrowheads) and goblet cells (arrow) are intensely 
stained. Goblet cell secretory granules (G) are also heavily stained. Glutaraldehyde fixation. 
Styrene-Rigolac embedment, x 18 700. 
Fig. 23. Treatment with TCH-SP without prior periodate oxidation reveals no staining on goblet 
(G) and mucous (M) cell secretory granules (cf. Fig. 19). Go, Golgi complex. Glutaraldehyde 
fixation and 60 min OsO 4 post-fixation. Styrene-methacrylate embedment, x 12 500. 
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and styrene-methacrylate, however, revealed poor preservation of fine structure. 
Extraction of cellular material was evident in the case of Rigolac, styrene-Rigolac 70F or 
2004, whereas in styrene-methacrylate, poor preservation apparently resulted from an 
explosion type of damage in which tissue elements separated from one another (Fig. 11). 
Attempts to stabilize membranes, and thus prevent extraction with the fixative proposed 
by Ito & Karnovsky (1968) to fix membranes, were unsuccessful, whereas primary 
fixation with fixatives containing osmium tetroxide or post-fixation with osmium 
tetroxide for only 5 min, resulted in excellent preservation of fine structure with the 
above embedding procedures. Osmium tetroxide has been shown to fix phospholipids 
(Hayat, 1970) and stabilize cellular membranes. Such membrane preservation could 
explain the ability of osmium tetroxide to reduce cellular extraction in the 
styrene-Rigolac 2004 mixture and prevent 'explosion damage' in styrene-methacrylate. 
Alternatively, in the case of styrene-methacrylate, osmium tetroxide could affect the 
rate of polymerization of methacrylate, thus allowing polymerization to proceed evenly 
within the tissue block. 

The majority of studies utilizing PA-TCH-SP staining have been performed on thin 
sections of tissues fixed in glutaraldehyde, post-fixed in osmium tetroxide and 
embedded in epoxy resins (for example, Tixier-Vidal & Picart, 1971; Courtoy & Simar, 
1974; Hoshino et al., 1976; Yamada & Hoshino, 1976; Coghill & Hopwood, 1977; Wattel 
et al., 1977a,b; Geuze & Slot, 1978; Knecht & Hernandez, 1978; Lefranc et al., 1980; 
Luciano et d . ,  1980). Although the photomicrographs included in most of the studies 
show very strong and selective staining, our attempts to reproduce these results on 
sections of post-osmicated tissues embedded in epoxy resins were unsuccessful. On the 
other hand, in this study and others where the post-osmication step was omitted (for 
example, Hoshino et aI., 1976; Hopwood et al., 1977; Sato & Spicer, 1980; Spicer et al., 
1980), PA-TCH-SP staining has been consistently strong. Little is known about the 
binding properties of osmium tetroxide to carbohydrates (Bahr, 1954; Adams, 1960), but 
it has been suggested that osmic acid can oxidize adjacent cis-hydroxyl groups (Milas et 
al., 1959; Korn, 1966, 1967; Riemersma, 1968), thus rendering some sites which are 
PAS-positive or periodic acid-silver positive after glutaraldehyde fixation, unreactive 
(Rambourg, 1971). Simson (1977) has clearly shown that post-osmication is generally 
contra-indicated in cytochemical studies of carbohydrate-containing macromolecutes 
because osmium tetroxide apparently destroys or solubilizes some carbohydrate- 
containing cellular constituents, the inherent osmiophilia of some structures can mask 
the existing positive reaction and reduced osmium in the sections may reduce staining 
reagents 'non-specifically'. 

To our knowiedge, only one report exists dealing with the influence of embedding 
media on the staining of carbohydrate-rich macromolecules with the periodic 
acid-Schiff-phosphotungstic acid method (Horobin & Hague, 1971). In agreement with 
our results, these authors found no differences in staining of tissues fixed with buffered 
osmium tetroxide or glutaraldehyde followed by osmium tetroxide post-fixation and 
embedded in methacrylate resin but observed no staining in osmicated tissues 
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embedded in epoxy resins. The above authors attributed these results to differential 
penetration of staining reagent in epoxy versus non-epoxy embedding media. However, 
the PA-TCH--SP staining of glycoprotein observed in this study in epoxy-embedded 
specimens that were not post-osmicated attributes the lack of reactivity to the 
destruction of reactive groups rather than to the non-penetrability of staining reagents. 

It is evident from the above results that both osmium tetroxide fixation and the 
embedding medium influence, to some degree, PA-TCH-SP staining of complex 
carbohydrates. The results reported here allow a direct comparison of the influence of 
both fixative and embedding medium on PA-TCH-SP staining. In our experience, and 
that of others (Horobin & Hague, 1971), staining of post-osmicated tissues embedded in 
epoxy resins with PA-TCH-SP was the least sensitive method for the detection of 
carbohydrates. Positive staining was never seen using the above combination whereas 
when osmium tetroxide post-fixation was omitted, PA-TCH-SP staining proved 
excellent and highly reproducible. 

PA-TCH-SP reactivity was consistently stronger in non-osmicated tissues embedded 
in the epoxy and the non-epoxy resins and was more intense after non-epoxy than after 
epoxy embedment.  Osmicated tissues embedded in epoxy resins failed to stain with the 
PA-TCH-SP method, whereas staining was observed in osmicated tissues embedded in 
the non-epoxy resins. Moreover, differences were evident in the staining intensity of 
osmicated tissues embedded in the several non-epoxy embedding mixtures (Table 2). 
Osmicated tissues embedded in styrene-methacrylate appeared to maintain the greatest 
reactivity with the PA-TCH-SP method. 

Tissues post-osmicated for 5 min and embedded in the styrene-Spurr 's  resin mixture 
showed good PA-TCH-SP reactivity, whereas tissues osmicated for 60 min and 
embedded in this resin were all negative (Fig. 24, Table2). Furthermore, 
post-osmication for 5 min totally blocked all PA-TCH-SP reactivity of tissue embedded 
in the epoxy Spurr's resin but only slightly reduced staining in the styrene-Spurr 's  
mixture. 

Based on the above results and those shown in Table 2, it appears clear that some form 
of interaction between epoxy resins and osmium tetroxide prevents PA-TCH-SP 
staining of vicinaI-glycols either by masking these groups or by solubilizing them 
(Simson, 1977). Moreover, since both osmium tetroxide and epoxides are oxidizing 
agents it is probable that their additive effects in addition to that of periodic acid, may 
oxidize vicinal-glycol to carboxyl groups, thus rendering them unreactive with TCH-SP. 
An alternative explanation for the failure of post-osmicated tissues embedded in epoxy 
resins to stain with PA-TCH-SP is that the interaction of epoxides with osmium 
tetroxide may give rise to an oxidizing substance with two free oxygens (Morrison & 
Boyd, 1973), which can more actively oxidize the reactive groups of complex 
carbohydrates and more effectively impair PA-TCH-SP staining. 

Hydrogen peroxide has been used to bleach osmium tetroxide in plastic sections and 
enhance staining for glycoproteins at the ultrastructural level (Marinozzi, 1963; Merriam, 
1958; Silva, 1967), as well as to facilitate immunostaining (Nakane, 1971; Erlandsen et al., 
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1979). Our efforts to achieve staining with PA-TCH-SP  after hydrogen peroxide 
pre-treatment of post-osmicated tissues embedded  in epoxy resins were unsuccessful. 
Furthermore, hydrogen peroxide pre-treatment did not enhance PA-TCH-SP  reactivity 
on sections of post-osmicated tissues embedded  in the non-epoxy resins. 

Cellular organelles have been shown to vary in reactivity when  different periodic 
acid-silver methods  are used for the detection of vicinal-glycol groups in complex 
carbohydrates (Yamada & Hoshino, 1976). From the results presented here, it is evident 
that not only the staining intensity, but the staining pattern of a particular organelle as 
well, can vary with the fixation procedure and the embedding med ium used. For 
example, it is quite clear that post-osmication can reduce considerably or abolish 
P A - T C H - S P  reactivity in Golgi cisternae (Table 2). Staining intensity in Golgi cisternae 
was greatest in non-osmicated tissues embedded  in non-epoxy resins. The staining 
pattern of the organelles may differ in different fixation and embedment  combinations. 
For example, vesicles in surface epithelial cells from tissues embedded  in Spurr 's resin 
and Rigolac evidenced a peripheral staining pattern, whereas PA-TCH-SP  stain- 
ing was observed over the surface of the entire vesicle in tissues embedded  in 
styrene-methacrylate or in styrene-Vestopal W (Figs. 2, 9, 12, 20). In addition, mucous  
cell secretory granules, regardless of the mode of fixation, showed a meshwork 
appearance after P A - T C H - S P  staining when  tissues were embedded  in Spurr 's resin, 
styrene-methacrylate and s tyrene-Spurr ' s  resin, but staining was restricted to the 
periphery or no staining was observed in tissues embedded  in polyester resins or 
s tyrene-polyester  combinations. Furthermore, and again independent  of the mode  of 
fixation, the baso-lateral plasma membrane was stained in tissues embedded  in 
polystyrene, Vestopal W, styrene-methacrylate and styrene-Vestopal W but not in the 
other resins tested. 

Differential staining patterns were also observed in the microvillous surface and were 
dependent  upon  the fixation procedures as well as the embedding media. Microvilli in 
non-osmicated tissues embedded  in Spurr 's  resin showed strong reactivity on their tips 
and moderate reactivity on the lateral surface (Fig. 2), whereas strong reactivity was 
observed over the entire microvillous surface in sections from tissues embedded  in 
VestopalW, styrene-methacrylate and s tyrene-VestopalW (Figs. 6, 12, 20). The 
glycocalyx was not evident in non-osmicated tissues embedded  in any of the above 
media. On the contrary, when  post-osmicated tissues were examined, the staining of 
microvilli was moderate to strong and the substructure of the glycocalyx was evident in 
sections from tissues embedded  in polystyrene and styrene-methacrylate (Figs. 5, 15). 
The importance of post-osmication for revealing the structure of the surface glycocalyx 
has been previously noted (Marinozzi, 1968; Pratt & Napolitano, 1969; Ito, 1974; Luft, 
1976; Barsotti & Marinozzi, 1980). Furthermore, Luft (1976) has stated that there usually 
is greater similarity in the structure of cell coats among different cells visualized by the 
same method  than there is among the coats of the same cells prepared by different 
methods.  It is evident that techniques cannot be ignored in these studies. In our 
experience, post-osmicated tissues embedded  in styrene-methacrylate proved to be the 
most  useful for the studies of P A - T C H - S P  reactivity in cell surface glycoconjugate. 
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P A - T C H - S P  staining among the different organelles revealed quantitative 
differences, especially when sections from post-osmicated tissues were studied.~ For 
example, post-osmication of tissues and embedment  in non-epoxy resins resulted in 
only a small reduction in P A - T C H - S P  staining intensity in goblet cell secretory 
granules, whereas staining in the Golgi cisternae was almost totally abolished. The 
observed differences in the P A - T C H - S P  reactivity of goblet cell secretory granules and 
the Golgi cisternae most probably is related to the actual number of the available reactive 
groups. Sites contain.ing a relatively small number of vicinal-glycols available to periodic 
acid oxidation,, such as Golgi cisternae, exhibit the greatest P A - T C H - S P  staining lability 
when exposed to osmium tetroxide or epoxy embedment.  These observations are in 
accordance with those of Pearse (1975) that 'in histochemistry there is a threshold 
concentration per unit area of reactive groups, below which a negative or weak reaction 
will occur'. 

Organelles from different tissue sites fixed and embedded in exactly the same way, 
showed differences in the staining pattern and the staining intensity with the 
P A - T C H - S P  method. For example, the baso-lateral plasma membrane of the duodenal 
surface epithelial cells was negative in contrast to the corresponding membranes of the 
colonic surface epithelial cells (Figs. 9, 10). Furthermore, the microvillous surface in the 
duodenum showed far less reactivity as compared with the microvillous surface of the 
colonic surface epithelial ceils. These differences reflect the high degree of specificity of 
this method. 
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