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Summary. LR White  is a well-suited resin for the demon- 
strat ion of  carbohydrates  with the PAS or PA-TCH-SP  re- 
action in semithin and ul trathin sections. The intensity of  
these reactions can be greatly enhanced by using 3 steps 
in tissue preparat ion,  either singly or in combinat ion:  1) 
The PAS reaction in semithin sections turns out  stronger 
after partial (70% ethanol) than complete (100% ethanol)  
dehydration of  the tissue before its transfer to 100% L R  
White. 2) Silver enhancement of  the PA-TCH-SP  reaction 
product  can simply be effected by physical  development  
of  ul t rathin sections (PA-TCH-SP-SE reaction). Least  pre- 
cipitates are formed in this procedure,  when sections are 
mounted  on uncoated gold grids, processed for cytochem- 
istry, and thinly coated with carbon in the end. 3) The 
use of  hot silver proteinate (50 ~ C) plus strong silver en- 
hancement  (15-20 min silver lactate developer) reveals min- 
ute concentrat ions of  TCH-label led aldehyde groups in the 
tissue that  do not  react with silver prote inate  at room tem- 
perature.  - Silver enhancement  and the use of  hot  silver 
proteinate  do not  depend on L R  White,  but  may also be 
applied to ul t rathin sections of  tissue embedded in other 
resins. 

Introduction 

The periodic acid - th iocarbohydraz ide  silver proteinate  
(PA-TCH-SP)  react ion is the electron microscopical  ana-  
logue of  the light microscopical  PAS reaction;  both  meth- 
ods are specific for the demonst ra t ion  of  glycogen, neutral  
and sialoglycoconjugates (Thi6ry 1967; Schr6vel et al. 1981, 
review). In the past, the PA-TCH-SP  reaction has most  
frequently been applied to epoxy (araldite or epon) sections, 
but  better and more consistent results are obtained with 
ul trathin sections of  tissue embedded in one of  the hydro-  
philic resins glycolmethacrylate  or Lowicryl  K 4 M  (Neiss 
1986; cf. Thomopoulos  e t a l .  1983). The lat ter  resins, 
however, are rather  difficult to handle,  and fur thermore 
Lowicryl  K 4 M  is a highly allergenic substance. This is why 
we have tested L R  White,  another  hydrophil ic  resin o f  
the acryl type that  is less harmful  and easier to use than 
Lowicryl  K 4 M  or glycolmethacrylate.  

I t  quickly turned out  that  L R  White  is very well suited 
in our hands  better  than any other resin tested thus far 
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- for the demonst ra t ion  of  periodate-react ive carbohydra tes  
both at the light and electron microscopical  level. In addi-  
tion, and this is what  will be repor ted in this paper,  we 
found three simple steps in tissue prepara t ion  that  greatly 
enhance the intensity of  PAS and PA-TCH-SP  staining in 
L R  White  sections. These steps are 1) partial dehydration 
of the tissue (only up to 70% ethanol)  for the PAS reaction, 
2) the use of  hot silver proteinate (at 50 ~ C) in the P A - T C H -  
SP sequence, and 3) physical  development  (" silver enhance- 
ment") of  ul trathin sections after the PA-TCH-SP  reaction. 
Step 2 and 3 can be combined and thus enable the demon- 
strat ion of  minute quantit ies of  per iodate-generated alde- 
hyde groups in the tissue that  otherwise escape detect ion 
with the conventional  PA-TCH-SP  procedure.  

Materials and methods 

This study utilized liver, kidney and colon of Wistar rats and 
NMRI mice from random bred closed colonies of the department's 
own animal house. 

Fixation. The animals were anesthetized with ether and fixed by 
perfusion via the left ventricle as follows: 1. Prerinse for 90-120 s 
with a modified Tyrode's solution containing 143 mM NaCI+ 
5.6 mM KC1 + 1.0 mM MgCIz + 11.9 mM NaHCO3 + 3.2 mM 
NaH2PO4+5.0 mM glucose+18.3 mM procaine-HCl+25 g/1 
polyvinyl-pyrrolidone (PVP K30, mol.wt. 40000; Fluka, Switzer- 
land), pH 7.~7.4, 340 mosmol; 2. Perfusion fixation for 5 min with 
4% formaldehyde (freshly prepared from paraformaldehyde)+ 
25 g/1 PVP K30 in 0.12 M sodium phosphate buffer, pH 7.~7.3, 
1560mosmol. In a few experiments 6% glutaraldehyde+l mM 
CaClz+25g/1 PVP K30 in 0.1 M eacodylate buffer, pH7.2, 
870 mosmol, was used, but the latter fixative gave a higher back- 
ground staining with silver enhancement of ultrathin sections (see 
below). 

After completion of the perfusion, liver, kidney and colon were 
quickly excised, cut in approx. 1-mm-thick slices (the colon in cylin- 
ders of 2 mm length) and immersed in the same fixative as had 
been used for the perfusion; there the tissues remained for at least 
one night or up to several weeks, at 4 ~ C. 

Dehydration and LR White embedding. Liver and renal cortex were 
cut with a vibratome in 200 ~tm-thick slices, the short colon seg- 
ments were not trimmed any further. - From this point until em- 
bedding all steps of tissue preparation were performed in stoppered 
vials, on a rotary shaker (approx. 7-8 rpm), at room temperature. 
The same buffer was used for rinsing as had been contained in 
the fixative of the respective tissue. 

Dehydration was carried out with ethanol (analytical grade), 
infiltration and embedding with LR White (London Resin Co.) 
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of the grades " m e d i u m "  or " h a r d " .  We used a fast schedule, 
modified from the original procedure of Newman et al. (1983): 
1 .4  x 15 rain rinsing of the tissue with 0.12 M phosphate or 0.1 M 
cacodylate buffer, pH 7.4; 2. 2 rain 50% ethanol;  3. 2 rain 70% 
ethanol;  4. 2 x 5 min 70% ethanol (standard procedure; for varia- 
tions 4 ~ c  of this step see below); 5. 2 x 15 min 100% LR White 
(the vials are particularly carefully emptied, when changing from 
ethanol to LR White);  6. Embedding with fresh LR White in gela- 
tin capsules (the full and sealed capsules must  contain as little 
trapped air as possible); 7. Polymerization for 22-24 h at 60 • 1 o C. 

We have not  detected any differences in the cytochemical reac- 
tivity of semithin and ultrathiu sections from tissues embedded 
in " m e d i u m "  or " h a r d "  LR White. 

In one set of experiments three vibratome sections each of 
the same liver or kidney, and three segments of the same colon 
respectively, were processed strictly parallel, but for a variation 
in s tep4  of the dehydration: 4a. 4 x 5 m i n  70% ethanol;  4b. 
4 x 5 rain 100% ethanol (stored on anhydrous copper sulfate); 4c. 
2 x 5 rain 100% ethanol;  2 x 5 min 70% ethanol. 

The aim of these experiments was to compare partially dehy- 
drated (4a and standard procedure), completely dehydrated (4b) 
and completely dehydrated but  then partially rehydrated (4c) tis- 
sues that  had been exposed to alcoholic solutions for the same 
length of time, in order to level out differences in reactivity due 
to different rates of nonspecific extraction of tissue components 
(cf. Horobin 1982, pp 35-44). 

Semithin sections were cut with glass knives at a microtome setting 
of I p.m thickness, stretched on a hot plate and dried onto glass 
slides that  had been pretreated for 5 rain with I mg/ml polylysine 
(mol.wt. 25000; Sigma) as adhesive (Lucocq and Roth 1984). 
Mounted  sections were further dried for 2 h at 60 ~ C in an oven. 

Ultrathin sections were cut on a Reichert Ultracut  with a diamond 
knife (Diatome, Switzerland) at the borderline of silver to gold 
interference color, indicating a section thickness of approx. 90 nm. 
The sections were mounted on uncoated gold grids (300 or 
400 mesh; Gilder Grids, London). Prior to use the gold grids were 
cleaned with 5% nitric acid (10 rain in an ultrasonic bath), briefly 
rinsed with 100% ethanol and air-dried on filter paper in a covered 
Petri-dish. 

After cytochemical section staining (see below) the grids were air- 
dried for at least 15 min, and then thinly coated with carbon in 
an Edwards E 306A vacuum unit. This serves to stabilize LR White 
sections, mounted on grids without support film, for electron mi- 
croscopical observation. 

In the beginning of our study the sections were mounted on 
formvar- or formvar/carbon-coated gold grids, the carbon surface 
of which had been hydrophilized by glow discharge, but the former 
method proved superior. 

Cytochemistry 

General remarks. Only deionized and double quartz-distilled water 
(Destamat Heraeus, Hanau, FRG)  was used for the rinsing of 
sections and for all aqueous solutions. All chemicals were of analyt- 
ical grade or otherwise of the highest purity available. 

P A S  reaction. Polylysine-mounted semithin sections (see above) 
were treated as follows: 1. 30rain 1% periodic acid in water, 
pH 3.0, at room temperature, in the dark (see Schr6vel et al. 1981, 
p. 31); 2. 2 x 5 rain rinse with water, applying slight agitation; 3. 
20 min Schiffs reagent (Sigma Diagnostics no. 395-2-016 "Accu- 
s ta in"  gave a more intense reaction than either Sigma no. S-5133 
or Merck no. 9033) in the dark. 4.2  x 3 min rinse with water, apply- 
ing slight agitation; 5. Dry on hot  plate, coverslip with Entellan 
(Merck). 

PA-TCH-SP reaction (Thi+ry 1967). The customary procedure for 
the demonstrat ion of  glycoproteins employs 0.2% TCH for 3 days 

(Schr6vel et al. 198I lit.; Neiss 1986, p. 9). Using 2% TCH instead 
(Sakakibara and Egnchi /985) we have shortened this time down 
to 2 h. A comparison of adjacent ultrathin sections from the same 
block that  were treated with TCH both ways, but  otherwise strictly 
identical, showed no obvious differences in staining pat tern and 
reaction intensity. 

Grids were reacted with PA-TCH-SP, floating section side 
down on drops of freshly prepared solutions as follows : 1 .30 min 
1% (44 mM) periodic acid in water, pH adjusted to 3.0 with 1 N 
NaOH, at room temperature, in the dark (for variations i a, b 
of this step see below); 2. Rinse with 2 " j e t s "  (Lewis and Knight 
1977, pp 3~33)  of water, 20 ml each; 3. 120 rain 2% thiocarbo- 
hydrazide (Fluka) in 20% acetic acid, pH 2.9, at room temperature, 
in the dark (2% TCH is a nearly saturated solution, it is dissolved 
for a total of  2 h on a rotary shaker at 37 ~ C, with immersion 
for 5 min in an ultrasonic bath, after the first 60 rain at  37 ~ C); 
4. Rinse with 2jets  (20 ml each) of 20% acetic acid; float grids 
for 3 x 5 min on drops of 20% acetic acid, then for 1 min each 
on drops of 10%, 5%, 2.5% and 1% acetic acid; rinse with 2jets  
of water; 5. 30 min 1% silver proteinate in water (Albumosesilber 
no. 7447, E. Merck), pH 6.5-7.0 (determined by indicator paper), 
at room temperature, in the dark (for variations 5a, b of this step 
see below); 6. Rinse with 1 jet of water; 10 min rinse with water 
on a magnetic stirrer (see Neiss 1987); let grids air-dry or continue 
with silver enhancement (step ~10,  see below). 

Mild periodate (mPA)  treatment is thought  to selectively oxidize 
sialic acids without  O-substituted side chain (Schr~vel et al. 1981 
lit.). We have tested the mPA-TCH-SP reaction (Neiss 1986) on 
LR White sections, using several conditions of mild periodate oxi- 
dation (Volz et al. 1986), namely: la.  5 or 10 min I m M  NaJO4 
(purriss.p.a., Fluka no. 71860) in 0.1 M acetate buffer, pH 5.5, at 
0 ~ C (icebath), in the dark (Veh 1979); lb.  1 or 2 rain 40 m M  peri- 
odic acid in 0.05 M sulphuric acid, pH 1.2, at 0 ~ C, in the dark 
(Volz et al. 1986); 2.-6. these steps are identical as for PA-TCH-SP 
(see above). 

Silver proteinate treatment was varied in an attempt to enhance 
reaction intensity and to improve reproducibility of the mPA-TCH- 
SP sequence. Instead of 1% silver proteinate for 30 min at room 
temperature (Thi6ry 1967), we have applied: 5a. 15, 30, 45 or 
60 rain 1% silver proteinate, at 50 ~ C ( L o e t  al. 1987), in the dark;  
5b. 30 or 60 min 1% silver proteinate at 37 ~ C, in the dark. 

Silver enhancement (SE) of ultrathin sections was accomplished 
with a physical developer, containing either silver nitrate (Danscher 
and Schroder 1979; cf. Marchett i  e tal .  1987) or silver lactate 
(Danscher 1981 a; Danscher et al. 1987). 

The developers were prepared from stock solutions A, B and 
C, and the respective solution D was added in the darkroom imme- 
diately before use : A. 6 ml gum arabic, pH 3.9 (50 g + 100 ml water, 
stir for 3 days on a magnetic stirrer, filter 2 x through 6 layers 
of gaze); B. 1 ml 0.37 M citrate buffer, pH 3.7 (22.5 g citric acid- 
H z O + 2 3 . 5 g  sodium citrate.2HzO, add water to 100ml);  C. 
1.5 ml 77 m M  hydroquinone, pH 3.5 (0.85 g in 15 ml water); D. 
1.5 ml 6.5 m M  silver nitrate (0.11 g in 15 ml water) or 1.5 ml 
5.6 m M  silver lactate (0.11 g in 15 ml water). 

Solutions A and B were stored at - 7 0  ~ C, solutions C and 
D prepared on the day of  use and stored at 4~  in the dark. 
Filtering of the ready developer prior to use (Marchetti  et al. 1987) 
did not  reduce the risk of precipitations in our material. The physi- 
cal development was performed in direct continuation of the PA- 
TCH-SP and mPA-TCH-SP reaction as follows: 7. 4 rain silver 
nitrate developer or 10-20 min silver lactate developer at room 
temperature, in the dark; 8. 1 min 5% sodium thiosulfate in water, 
in the dark; 9. 20 min rinse with water on a magnetic stirrer (see 
Neiss 1987); 10. Let grids air-dry and coat with carbon (see above). 

Specificity controls of the PA-TCH-SP reaction (cf. Lewis and 
Knight  1977; Schrbvel et al. 1981; Neiss 1986) and of the PA(or 
mPA)-TCH-SP-SE reaction, i.e. with silver enhancement, were per- 
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formed as follows: a) 120 min TCH - 30 rain SP at room tempera- 
ture; b) 120 rain TCH 30 min SP - SE (silver enhancement; 
4 min silver nitrate or 20 min silver lactate developer respectively); 
c) 120 min TCH - 60 min SP at 50 ~ C; d) 120 min TCH - 60 min 
SP at 50 ~ C - SE; e) 30 rain 1% PA - 120 min bidistilled water 

60min SP at 50 ~ C - SE;f)  60min SP at 50 ~ C - SE; g) silver 
enhancement only; h) 30 min 1% PA - 120 min TCH - SE. Omis- 
sion of periodate oxidation (a-d), of thiocarbohydrazide (e), or 
of both (f), as well as silver enhancement only (g) or after PA-TCH 
without silver proteinate treatment (h), yielded blank sections or 
a homogeneously distributed nonspecific background staining that 
in no case resembled the staining pattern of the complete PA-TCH- 
SP-SE reaction. 

Electron microscopy. We used a Zeiss EM 109 equipped with TFP 
camera, and fitted with 200 I~m condenser and 30 gm thin foil 
objective apertures, at 80 kV. 

Results 

LR White is a well-suited resin for the demonstration of  
periodate-oxidizable carbohydrates both at the light and 
electron microscopical level. Comparing the staining pat- 
tern of  the " s t anda rd"  PA-TCH-SP reaction (30 rain 1% 
PA 120 rain TCH 30 rain 1% SP; all steps at room 
temperature) of  liver and kidney in ultrathin LR White 
sections with that observed in glycolmethacrylate and Low- 
icryl K 4 M  sections during a previous study (Neiss 1986), 
we have the general impression of  a better reaction intensity 
and reproducibility in LR  White embedded tissue. This is 
particularly evident when looking at membranes, the glyco- 
calyx of  which is rather thin. E.g. the Golgi apparatus 
(Fig. 7, arrows) and the basolateral cell membrane of  renal 
proximal tubule cells react clearly stronger in LR White 
sections of  the kidney cortex than they did in glycolmethac- 
rylate or K 4 M  sections (Neiss 1986). On the other hand, 
no differences in the cytochemical staining of  periodate- 
reactive carbohydrates have been found between tissues em- 
bedded in " m e d i u m "  or " h a r d "  LR White resin; this holds 
true for light and electron microscopy. 

When the conditions o f  periodate oxidation - which 
of  course heavily influence reactivity and specificity (cf. 
Pearse 1968, pp 307-318 lit.) - are kept constant, intensity 
and reproducibility of  the PAS and PA-TCH-SP reaction 
in LR  White sections are significantly enhanced by 1) par- 
tial dehydration of  the tissue, 2) silver enhancement of  the 
PA-TCH-SP reaction, and by 3) increasing temperature and 
time of  silver proteinate incubation. 

Par t ia l  dehydra t ion  o f  the tissue 

Partial dehydration means transfer of  the tissue from 70% 
ethanol directly to 100% resin; it has been introduced by 
Newman et al. (1983) for immunocytochemistry. Concern- 
ing the light microscopical PAS reaction, partial dehydra- 
tion is far superior to complete dehydration up to 100% 
ethanol. Without any exception all PAS-positive structures 
in liver, kidney and colon show a stronger or only at all 
positive reaction in partially dehydrated tissue. Compare 
the staining intensity of  liver glycogen (Figs. 1-3) and of  
the mucous secretory granules in colonic goblet cells 
(Figs. 4-6) after partial (Figs. 1 and 4) and complete dehy- 
dration (Figs. 2 and 5). On direct observation in the light 
microscope, small amounts of  glycogen can clearly be dis- 
cerned in close proximity of  all central venes, whereas in 
corresponding sites of  completely dehydrated liver fre- 

quently no glycogen is found in centrolobular localization. 
Renal brush borders react well after partial, but  hardly 
at all after complete dehydration. 

The decrease in PAS reactivity must not be merely at- 
tributed to extraction of  tissue components by 100% etha- 
nol, as the reactivity of  all PAS-positive structures is fully 
(compare Figs. 1 and 3) or at least partly (compare Figs. 4 
and 6) restored by partial rehydration of  the tissue (Figs. 3 
and 6), i.e. transfer of  the tissue from 100% ethanol back 
to 70% ethanol before infiltration with 100% resin. 

Concerning light microscopy, all our observations fa- 
vour partial dehydration o f  the tissue. As for electron mi- 
croscopy, however, this statement must be amended. Partial 
dehydration leads to serious problems in the cutting of  thin 
sections and causes poor  ultrastructural preservation - but 
only of  tissue sites that contain either large amounts of  
glycogen, such as periportal fields in liver, or mucous gran- 
ules in goblet cells. Obviously resin infiltration after partial 
dehydration is insufficient for ul tramicrotomy in those tis- 
sue sites that are characterized by a particularly high local 
concentration of  carbohydrates. However, liver tissue that 
is less rich in glycogen, the colonic smooth muscle layer, 
and the kidney pose no special problems in the cutting 
of  good ultrathin sections from partially dehydrated tissue 
(Figs. 7 11). 

A comparison of  PA-TCH-SP reacted ultrathin sections 
from partially and completely dehydrated renal tissue was 
inconclusive, but because of  the unequivocal results in light 
microscopy we used partially dehydrated tissue (Figs. 7-11) 
for our ultracytochemical studies, whenever possible. 

Silver enhancemen t  

o f  the P A - T C H - S P  react ion ( P A - T C H - S P - S E )  

The product  of  the PA-TCH-SP reaction are silver gran- 
ules; these should grow in size, when exposed to a physical 
developer. This is indeed the case (Fig. 7). Whereas glyco- 
gen particles always intensely react and are large enough 
to be easily detected, silver granules that indicate the pres- 
ence o f  membrane glycoconjugates are mostly small after 
the conventional PA-TCH-SP reaction (Fig. 8) and require 
a high magnification for their electron microscopic observa- 
tion (cf. Neiss 1986). A brief treatment (4 min) with silver 
nitrate developer after PA-TCH-SP increases the granule 
size and thus greatly improves the visibility of  the reaction 
product at low magnification (compare Figs. 7 and 8). E.g. 
the glycoconjugates of  Golgi membranes are very well con- 
trasted by the PA-TCH-SP-SE reaction (Fig. 7, arrows). 

We have tested physical developers based on silver ni- 
trate (Danscher and Schroder 1979) and on silver lactate 
(Danscher 1981 a). Both developers are useful for silver en- 
hancement of  the PA-TCH-SP reaction. The silver nitrate 
developer (Figs. 7 and 10) is fast in action (4 min at room 
temperature proved best); the silver lactate developer 
(Fig. 11) requires a longer reaction time (at least 10 rain, 
maximum 20 rain), but forms nonspecific silver precipitates 
also at a lower rate (cf. Danscher 1981 a, p. 10). 

Problems caused by nonspecific silver precipitation onto 
the sections arise with both methods, but can be reduced 
to almost zero, if only a few precautionary measures are 
taken. These include: the use of  glassware cleansed with 
chromosulfuric acid and thoroughly rinsed with bidistilled 
water, for all silver solutions; working in the darkroom 
under safelight conditions and whenever possible in dark- 
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ness; the preparation of  fresh silver solutions with bi- 
distilled water on the day of  use; final mixing of  the physical 
developer immediately before its application; and careful 
control of  the time of  development. 

Apart  from these customary precautions, we found two 
sources of  contamination that must be avoided. New gold 
grids, as packaged and shipped from the factory, are not 
always clean, but may be contaminated with slight traces 
of  organic material (presumably originating from the pro- 
duction process) that seems to favour nonspecific silver pre- 
cipitation. Cleansing of  the grids with nitric acid prior to 
use eliminates this possible source of  contamination. An- 
other, much more important source are the support films 
with which grids are usually fitted before mounting ul- 
trathin sections. We have applied the PA-TCH-SP-SE reac- 
tion to sections mounted on formvar-coated and on form- 
var/carbon-coated grids, the carbon surface of  which had 
been hydrophilized by glow discharge. Support  films of  the 
latter type attract heavy silver precipitates and are perfectly 
unsuitable for physical development. Sections mounted on 
formvar-coated grids are less prone to silver precipitation 
with the PA-TCH-SP-SE reaction, but in our hands clearly 
the best alternative was the use of  sections mounted on 
blank gold grids without any support film. 

Rather  large LR White sections (1 m m x  1.5 mm) of  
silver to gold interference colour (approx. 90 nm thick) can 
be processed cytochemically on blank 300 or 400 mesh 
grids, without breaking more than a few meshes of  the 
section. However, LR  White sections without support film 
are not stable in the electron beam, and must be reinforced 
by carbon coating. A thin carbon film that produces a light 
brown coloration on white porcelain, is sufficient to stabi- 
lize LR  White sections for prolonged electron microscopic 
observation, even at high magnification. A thicker carbon 
coat should be avoided, as according to our experience this 
gives rise to a ring-like contamination of  the specimen (cf. 
Agar  et al. 1974, p. 155) around the focused electron beam, 
when viewing the section at high magnification with maxi- 
mum intensity and minimum spot-size of  the illumination, 
such as is necessary for correction of  the objective lens 
astigmatism. - If  a vacuum coating unit is not available, 
sections on formvar film are the second best choice. 

The specificity of  the PA-TCH-SP-SE reaction is identi- 
cal to that of  PA-TCH-SP without silver enhancement. 
Omission of  periodate oxidation, omission of  T CH  incuba- 
tion (Fig. 9), and the physical development o f  ultrathin sec- 
tions without any pretreatment yield negative results. Inter- 
estingly, a negative reaction is also observed, when silver 
proteinate is left out in a PA-TCH-SE sequence. Apparently 
tissue-bound thiocarbohydrazone groups that have been 

generated by PA-TCH,  do not reduce visible amounts o f  
silver from the physical developer in a period of  time that 
is short enough, to prevent the formation of  nonspecific 
precipitates. 

Hot silver proteinate treatment 
(mPA-TCH-hot  SP-SE reaction) 

Numerous variations in the conditions o f  periodate oxida- 
tion and TCH treatment have been described in the litera- 
ture, but the silver proteinate treatment recommended by 
Thi+ry (1967; 30 min 1% silver proteinate at room tempera- 
ture), has remained unchanged for 20 years. Very recently 
Lo et al. (1987) have shown for the PA-TCH-SP reaction 
of  glycogen that Thi6ry's 1% silver proteinate solution can 
also be used at 50 ~ C, for as long as 12 h. Inspired by Lo 
et al. (t987) we have tried hot silver proteinate for another 
purpose, namely for the demonstration of  sialyl groups with 
mild periodate oxidation (mPA-TCH-SP reaction; Neiss 
1986). 

Mild periodate oxidation (2 min 40 m M  PA at 0 ~ C; 
Figs. 10 and 11) generates far less aldehyde groups in the 
tissue than does " s t anda rd"  periodic acid oxidation 
(30 mi'n 44 m M  PA at room temperature; Figs. 7 and 8); 
accordingly the reaction intensity of  mPA-TCH-SP-SE is 
much lower than that of  PA-TCH-SP-SE. Compare Figs. 7 
and 10; for both figures the sections have been processed 
identically, but for the difference in periodate oxidation. 
Without  silver enhancement, the mPA-TCH-SP reaction 
produces silver granules so small that they can only be 
detected at high magnification ( •  30000) in the electron 
microsope, and hardly be distinguished from the back- 
ground staining. Not  only intensity, but also reproducibility 
of  mPA-TCH-SP and mPA-TCH-SP-SE are poor, when 
these reactions are performed with silver proteinate at room 
temperature. Both problems are eliminated with the use 
of  hot silver proteinate (Fig. 11). 

Using the same mPA-TCH treatment as for Fig. 10, 
silver proteinate at 50~ plus strong silver enhancement 
cause a remarkable increase of  contrast (compare Figs. 10 
and 11). This signal amplification entirely depends on the 
temperature and time of  silver proteinate incubation, it can- 
not be brought  about merely by the prolongation of  physi- 
cal development. Using identical conditions of  mild perio- 
date oxidation, TCH treatment and strong silver enhance- 
ment (20 min silver lactate developer) as for Fig. 11, we 
tested silver proteinate at room temperature, 37 ~ and 50 ~ C 
for times of  up to 60 rain. Silver proteinate at 37 ~ C for 
60 min gives a significantly less intense, unsatisfactory reac- 
tion than does silver proteinate at 50 ~ C for only 30 rain. 

Figs. 1-3 show PAS-stained glycogen in 3 different vibratome slices of the same liver that have been partially (Fig. 1; 70% ethanol) 
or completely dehydrated (Fig. 2; 100% ethanol), or completely dehydrated, but partially rehydrated before resin infiltration (Fig. 3; 
100/70% ethanol). PAS reaction, microphotography and processing of the prints for Figs. 1-3 were performed under identical conditions, 
Rat liver; paraformaldehyde perfusion; LR White "hard" ; 1 pm-section; PAS reaction; x 380 

Figs. 4-6 show PAS-stained goblet cells in 3 tissue blocks of the same colon that have been partially (Fig. 4) or completely (Fig. 5) 
dehydrated, or partially rehydrated (Fig. 6) before resin infiltration, as for Figs. 1-3. Rat colon; glutaraldehyde perfusion; LR White 
"medium"; 1 pm-section; PAS reaction; x 950 

Fig. 7. Proximal tubule of a mouse kidney; PA-TCH-SP reaction with silver enhancement. Brush border membranes, small apical tubules, 
apical vacuoles, lysosomes, Golgi fields (arrows), basolateral cell membranes, and basal laminae are all heavily contrasted; the background 
staining is slight. N, nucleus. NMRI mouse; paraformaldehyde perfusion; LR White "medium"; partial dehydration; 30 min 1% 
PA - 120 min 2% TCH 30 rain 1% SP at 23 ~ C 4 min silver nitrate developer; x 9000 
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Silver proteinate  t reatment  at  50 ~ C should not  exceed 
60 min, if silver enhancement  is to follow, and also the 
time of  physical development  must  be carefully controlled. 
Otherwise background  staining becomes a serious problem. 
To date we use 45 min silver prote inate  at 50 ~ C plus 17 min 
silver lactate developer in the m P A - T C H - h o t  SP-SE reac- 
tion. This combinat ion  is a powerful  tool  for the detection 
of  a very low concentrat ion of  TCH-label led aldehyde 
groups in ul t rathin sections. Wi th  m P A - T C H - h o t  SP-SE 
a clear-cut positive result is reproducibly obtained in several 
tissue sites, e.g. the Golgi  appara tus  of  renal proximal  tu- 
bule cells (Fig. 11, arrow), that  either do not  react or  are 
but  inconsistently stained with mPA-TCH-SP-SE,  if silver 
proteinate  is employed at  room temperature.  

The specificity of  P A - T C t t - S P  and its related reactions 
is the same with hot  as with silver prote inate  at room tem- 
perature. In that  respect our  results confirm Lo et al. (1987). 
Figure 9 shows that  60 min silver proteinate  at  50 ~ C plus 
20 min silver lactate developer produce but  a negligible 
background  staining, if adequate  measures for the preven- 
tion of  nonspecific precipitates are taken (see above). 

D i s c u s s i o n  

L R  White  is an easy-to-handle hydrophi l ic  resin that is 
very well suited for the demonst ra t ion  of  carbohydrates  
with lectins (Ellinger and Pavelka 1985; Jones and S toddar t  
1986) and with the per iodic  acid - Schiff (PAS) or periodic 
acid - th iocarbohydrazide  - silver prote inate  (PA-TCH-SP)  
reaction. In this study we describe three simple steps in 
tissue preparat ion,  the use of  which greatly enhances the 
intensity and sensitivity of  the PAS and PA-TCH-SP  reac- 
t ion in L R  White  sections. These steps are 1) part ia l  dehy- 
dra t ion of  the tissue before resin infi l trat ion and LR White  
embedding,  2) silver enhancement  of  the PA-TCH-SP  reac- 
t ion by physical development  of  ul t rathin sections after cy- 
tochemical staining, and 3) the use of  hot  silver proteinate  
in the PA-TCH-SP  sequence. 

These steps take place in different stages of  the specimen 
preparat ion,  they are independent  of  each other, and each 
of  them is effective on its own in enhancing the amount  
or  contrast  of  the final react ion product  of  periodate-oxidiz-  
able carbohydrates .  But these steps can also be combined 
for obtaining maximum sensitivity in the demonst ra t ion  of  
minute quantit ies of  per iodate-generated aldehyde groups 

609 

in the tissue (Fig. 11). In the following we will separately 
discuss these steps in detail. 

P a r t i a l  d e h y d r a t i o n  

Transfer of  the tissue from 70% (instead of  100%) ethanol 
to 100% resin in the course of  dehydra t ion  and embedding 
significantly increases the reactivity of  all PAS-posi t ive 
structures in liver, kidney and colon. This finding is new. 
In contrary  to manufacturer ' s  recommendat ions  for com- 
plete dehydra t ion  of  the tissue (datasheet:  "Us ing  LR 
White  for light mic roscopy")  histological staining methods 
other than PAS might also benefit from par t ia l  dehydrat ion  
of  the tissue. 

Drawing parallels to immunocytochemis t ry  with LR 
White  sections, the better  reactivity of  carbohydrates  in par-  
tially dehydra ted  tissue is fully in line with the great gain 
in antigenicity that  is seen with part ial ly as compared  to 
fully dehydra ted  tissue (Newman et al. 1983; Newman and 
Jasani 1984). The loss of  antigenicity caused by complete 
dehydrat ion,  has been at t r ibuted to conformat ional  changes 
and/or  tissue extract ion (Newman 1987), but  the loss o f  
PAS reactivity in our mater ial  must  be explained differently. 
I t  is hard to imagine, how conformat ional  changes should 
affect the per iodate  oxidat ion of  carbohydrates ,  and also 
extract ion seems to play but  a minor  role, as the decrease 
in PAS reactivity that  is brought  about  by dehydrat ion,  
can be reversed to some extent by part ia l  rehydrat ion,  i.e. 
transfer of  the tissue from 100% back to 70% ethanol be- 
fore resin infiltration. 

These results strikingly resemble the findings of  Bedi 
and Horob in  (1976): Dewaxed paraffin sections that  were 
taken from xylene down to 100% ethanol,  did not  react 
with ethanolic periodic acid - ethanolic PTA-Schiff  reagent, 
but  they were stained with ethanolic PAS after part ia l  hy- 
dra t ion in 70% ethanol.  Horob in  (1982, pp 223-224) inter- 
preted this lack of  reactivity in water-free sections as 
"masking-of-access" .  The same explanat ion may also hold 
true for our material .  The " res idual  wa te r"  that  remains 
in the tissue after par t ia l  dehydra t ion  possibly acts as a 
spacer during resin infi l trat ion and polymerizat ion that  
enlarges the mesh-size of  the final cross-l inked polymer  
a round  hydrophil ic  tissue components ,  and thus facilitates 
better access of  cytochemical  reagents in plastic sections 
(cf. Ogston et al. 1973). 

Figs. 8-11 are from differently reacted adjacent ultrathin sections of the same block: Rat kidney; paraformaldehyde perfusion; partial 
dehydration; LR White "medium"; reaction conditions see below. 

Fig. 8. Proximal tubule; PA-TCH-SP reaction without silver enhancement (compare Fig. 7). The reaction product is less well visible, 
although the magnification is quite higher than in Fig. 7.30 min 1% PA - 120 rain 2% TCH - 30 min 1% SP at 23 ~ C; x 13300 

Fig. 9. Proximal tubule; control reaction without TCH.  Despite of periodic acid oxidation, 60 min hot silver proteinate treatment plus 
strong silver enhancement produce almost no staining of the section (compare Fig. 11). Arrow, core of iron-containing particles in 
a lysosome. 30 min 1% PA - 120 min bidistilled water - 60 min 1% SP at 50 ~ C - 20 min silver lactate developer; x 13300 

Fig. 10. Proximal tubule; except for mild periodate oxidation (mPA) this section has been identically treated as the section of Fig. 7. 
Mild periodate oxidation generates much less aldehyde groups in the tissue than does "standard" oxidation (30 min 1% PA), and 
the reaction intensity is much lower accordingly (compare Fig. 7). 2 min 40 mM PA in 0.05 M sulphuric acid at 0 ~ C - 120 min 2% 
TCH - 30 min 1% SP at 23 ~ C - 4 min silver nitrate developer; x 14500 

Fig. 11. Proximal tubule; using the same conditions of mild periodate oxidation and TCH incubation as for Fig. 10, hot silver proteinate 
plus strong silver enhancement yield an intense reaction that probably indicates the presence of sialyl groups. Arrow, Golgi field. 2 min 
40 mM PA in 0.05 M sulphuric acid at 0 ~ C 120 min 2% TCH - 60 min 1% SP at 50 ~ C - 20 min silver lactate developer; x 14500 
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The distribution of residual water in LR White blocks 
of partially dehydrated tissue is probably uneven, it should 
preferentially be concentrated at the most hydrophilic tissue 
sites. This assumption is supported by the fact that as a 
rule the ultrastructure of partially dehydrated tissue is very 
poor in all such sites, where hydrophilic groups are highly 
concentrated, e.g. in mucous granules of goblet cells and 
in large aggregates of liver glycogen. Here so much water 
is probably retained in the partially dehydrated tissue that 
resin impregnation becomes insufficient for ultramicro- 
tomy. 

The final amount of residual water in a polymerized 
LR White block of partially dehydrated tissue is unknown. 
It does not only depend on tissue hydrophilia (see above), 
but will also be less than is present in the tissue at the 
end of immersion in 70% ethanol. Namely the liquid 
monomer mixture of LR White "has  a limited miscibility 
with water to the extent of about 12% by volume" (B. 
Causton in: Newman 1987, p. 118). Therefore it should 
be expected that infiltration of partially dehydrated tissue 
with several changes of 100% resin in excess volume will 
somewhat continue dehydration of the tissue - if the resin 
has not been contaminated with water during manufacture 
or storage. 

Silver enhancement of  PA-TCH-SP 

Physical development, silver enhancement, silver amplifica- 
tion, silver intensification, and autometallography, are dif- 
ferent terms found in the recent literature, that all mean 
the same: a technique where metals or metal-containing 
molecules are made visible by autoinduction or enlarged 
by the precipitation of metallic silver (Danscher et al. 1987). 
In our study the physical development of ultrathin sections 
increases the size, and thus improves visibility and contrast, 
of the tiny silver granules that are produced by the PA- 
TCH-SP reaction. As only metallic silver, or sulphides and 
selenides of silver, are suitable catalysts for the reduction 
of silver ions to metallic silver (Danscher 1981c, 1984; 
Danscher et al. 1987), and as the latter salts do not occur 
in any of our reagents, the reaction product of PA-TCH-SP 
must therefore contain metallic silver rather than the"  silver 
opaque complex formed with tissue-bound thiocarbohydra- 
zones" that has been proposed by Schr~vel et al. (1981, 
pp 98-99). 

The principles of physical development are well under- 
stood and simple (lit. in: Danscher and Schroder 1979; 
Danscher 1981 a), but its application to ultrathin sections 
has posed some problems in the past (cf. Danscher and 
Rytter Norgaard 1985). These problems are easily over- 
come by 1) the use of gold grids, 2) thorough rinsing of 
the sections after silver enhancement, and 3) the employ- 
ment of  ultrathin sections mounted on blank grids without 
support film. 

Clean gold grids must be used, because they are chemically 
inert and not corroded by periodic acid oxidation or the 
acidic physical developer solution. Metallic gold like silver 
catalyzes the reduction of silver ions from the physical de- 
veloper (Danscher 1981 b, lit.), and therefore the side of 
a gold grid that is exposed to the developer becomes black- 
ened; this however does not interfere with clean section 
staining. 

Thorough rinsing of ultrathin sections can be accom- 

plished on a magnetic stirrer (Neiss 1987) without any risk 
of breaking the fragile ultrathin sections that are mounted 
without support film. After 20 min rinsing on the magnetic 
stirrer we never observed the "thick layer of gum arabic, 
containing nonspecific silver precipitates" reported by 
Danscher and Rytter Norgaard (1985, p. 706). We know 
from previous investigations (Neiss 1986) that such rinsing 
for as long as 4 h does not noticeably remove the silver 
deposits produced by PA-TCH-SP. 

The most important measure for avoiding precipitates 
turned out to be the use of ultrathin sections mounted on 
grids without support film. The worst precipitates that we 
ever saw, covered sections that had been mounted on gold 
grids fitted with a hydrophilized carbon/formvar film. Ap- 
parently support films either directly attract precipitates 
from the physical developer or else they collect all sorts 
of contamination during the preceding steps of  specimen 
preparation which then in turn induce further precipitates 
during physical development. 

Using these precautions we had no need to cover ul- 
trathin section with a gelatin protecting layer before physi- 
cal development (Danscher et al. 1987) or to resort to au- 
tometallography (Danscher 1984; Danscher and Rytter 
Norgaard 1985) which apart from the complicated handling 
requires rather expensive nuclear emulsion of limited shelf 
life. For making the silver nitrate developer (Danscher and 
Schroder 1979), we have successfully used bottles of  silver 
nitrate and hydroquinone that had been stored in the dark, 
but for more than 10 years at room temperature! 

Finally it must be stressed that silver enhancement of 
the PA-TCH-SP reaction by means of physical development 
is signal amplification, but not signal generation. This is 
proved by the fact that no reaction product, but (after pro- 
longed physical development) only nonspecific precipitates 
are formed by the PA-TCH-SE reaction, in which incuba- 
tion with silver proteinate has been omitted. Apparently 
tissue-bound thiocarbohydrazones are slower in reducing 
silver ions from the physical developer than are the hydro- 
quinone molecules contained therein. If  no "endogenous" 
metals or metal salts are present in the tissue that catalyze 
silver reduction and are directly visualized by physical de- 
velopment (Danscher 1981 ~ c ,  1984; Danscher et al. 1987), 
the PA-TCH-SP reaction has exactly the same specificity 
with as without silver enhancement. The presence of such 
endogenous catalysts must of  course be excluded by physi- 
cal development of an untreated control section. 

Hot silver proteinate 

The application of Thitry's silver proteinate at elevated 
temperature is entirely the idea of Lo et al. (1987). Using 
silver proteinate at 50 ~ C for the PA-TCH-SP staining of 
liver glycogen in araldite sections, these authors had to cut 
down TCH incubation to only 5 rain, as otherwise "the 
overabundance of reducing thiocarbohydrazones made it 
difficult to control the rate of silver-proteinate reduction" 
(Lo et al. 1987, p. 397) and caused overstaining. 

We have also employed silver proteinate on sections 
only, where the number of tissue-bound thiocarbohydra- 
zones is indeed very low, but for quite another reason. We 
have attempted the selective demonstration of sialyl groups 
in ultrathin sections of LR White embedded tissue by means 
of mild periodate oxidation (see for lit. : Schrtvel et al. 1981 ; 
Neiss 1986). Whether or not the mPA-TCH-SP reaction 
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and its sensitivity-enhanced variants  (mPA-TCH-SP-SE or  
m P A - T C H - h o t  SP-SE) are really "se lect ive"  for sialyl 
groups is no concern of  this paper .  In this context it is 
only impor tan t  that  mild per iodate  oxidat ion (which is 
acchieved by working at  0 ~ C, lowering the concentrat ion 
of  per iodate  and shortening the time of  oxidat ion) produces 
less - seemingly much less - aldehyde groups in the tissue 
than does s tandard  periodic  acid oxidation.  And  here it 
is, where hot  silver prote inate  becomes indispensable. Ac- 
cording to our  findings, minute quantities of  aldehyde 
groups still spontaneously condense with TCH, and form 
th iocarbohydrazones  (cf. Schr6vel et al. 1981, pp 98 99), 
but  then need hot  silver prote inate  plus s trong silver en- 
hancement  for visualization. 

The rate of  silver prote inate  reduction by thiocarbo-  
hydrazones is time- and temperature-dependent  (Lo et al. 
1987, this study). Fur thermore ,  as pointed out  above, it 
depends on the local concentra t ion of  th iocarbohydrazone  
groups at  a par t icular  section site. Where  this concentrat ion 
is high (e.g. at glycogen particles), enough silver is spontane-  
ously reduced at room temperature  from the silver protein-  
ate solution, to cross the threshold of  visibility. Where this 
is low (e.g. in the Golgi  appara tus  following mild per iodate  
oxidation),  sufficient amounts  of  silver are only reduced 
from hot  silver proteinate  solution, to be detected even with 
the aid of  subsequent s trong silver enhancement.  

How can these findings be interpreted? Al though the 
reduction of  silver ions by th iocarbohydrazones  must be 
an exothermic reaction, as it spontaneously occurs in the 
s tandard  PA-TCH-SP  sequence, it may nevertheless require 
some activation energy which at room temperature  is rather  
improbably  reached, where the concentrat ion of  t i s sue -  
bound  non-diffusible th iocarbohydrazone  groups is too 
low. Raising the temperature  of  silver proteinate  incubat ion 
might just  supply this act ivation energy and thus enable 
the reaction to proceed which is what  actually happens 
at 50 ~ C. 

In order  to test this hypothesis,  we have tried in one 
experiment (not described in materials  and methods),  to 
add energy other  than heat  to the reaction, m P A - T C H  pre- 
treated ul trathin sections were f loated on drops of  1% silver 
prote inate  for 30 min at  room temperature  not in the dark,  
but  under  the light of  2 UV tubes (Philips TL 6W/05;  dis- 
tance 15 cm). The silver prote inate  solution did not  blacken 
appreciably within 30 rain, and the reaction intensity turned 
out  stronger with than without  UV light. This would favour 
the hypothesis on act ivat ion energy. F o r  pract ical  reasons 
these experiments were not  continued, as incubat ion at 
50~  is readily available and easily reproducible  in any 
laboratory ,  which is not  so with UV light. 

Considering the rather  different condit ions of  periodic 
acid oxidat ion,  TCH treatment,  and silver prote inate  incu- 
bat ion (notwithstanding silver enhancement),  and compar-  
ing these with the sometimes rather  similar staining intensi- 
ties yielded by them (cf. Lo et al. 1987, this study), it  be- 
comes quite clear that  PA-TCH-SP  must  not  be regarded 
as a quanti tat ive but  only quali tat ive reaction - though 
nevertheless a useful indicator  of  carbohydrates .  

Concluding the discussion we want  to stress two points. 
Physical development  enhances the size of  preformed silver 
particles, but  does not  depend on the type of  plastic of  
the underlying section; and hot  silver proteinate  has been 
devised by Lo et al. (1987) working with araldite sections. 

Therefore both silver enhancement  of  the PA-TCH-SP  reac- 
tion, and the use of  hot  silver proteinate  solution are cer- 
tainly not  restricted to L R  White  sections, but  may also 
be applied to ul t rathin sections of  tissue embedded in aral- 
dite, glycolmethacrylate,  Lowicryl  K 4 M  or any other resin 
that  is suitable for the PA-TCH-SP  react ion (cf. Thomo-  
poulos et al. 1983). 
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