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Abstract - The reflectance mode of confocal laser scanning microscopy is suitable to detect cerium-based primary
reaction products of oxidases (Ce!V-perhydroxide) and phosphatases (Ce™-hydroxy-phosphate converted into Ce!V-
perhydroxy-phosphate) as well as of DAB-based primary reaction products (Ni-DAB, Ni-Fe"DAB and Ce!V-DAB
complexes) of cytochrome C oxidase and peroxidases in vibratome, cryotome and semithin plastic sections. In
combination with confocal detection 3D images with submicron spatial resolution can be obtained. Moreover, Ce!V-
perhydroxide, Ce!V-perhydroxy-phosphate, Ce'V-DAB complexes and catechol-DAB polymers are highly absorptive.
Among other additives, especially stable nitroxyl radicals led to a distinct improvement of the DAB staining in terms
of sensitivity and proper localization. This was proven in addition by means of blotting a horseradish peroxidase
dilution series during several experiments. In sections it was easily possible to record reflectance signals and high
transmission contrast at the wavelength of the exciting argon ion laser (preferentially 488 nm). The results of an
imbibition study of cerium-containing model precipitates indicate that the cerium generally should be oxidized prior
to observation because the index of refraction of Ce! compounds is considerably higher than that of the
corresponding Ce compounds. A comparative numerical assessment of reflection intensities from reflectant parts in
morphologically similar sections is possible. Confocal laser scanning microscopy offers a unique way for high
resolution detection of primary histochemical reaction products being sufficiently reflective and/or absorptive. The
proposed techniques may open new methodological possibilities for basic research and for medical diagnosis.

Key words: Laser scanning confocal microscopy, reflectance, transmission, enzyme histochemistry, oxidase,
phosphatases, peroxidases, cerium-metal-DAB techniques, catechols, nitroxyl radicals, tetraphenylporphine
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Abbreviations: CLSM: confocal laser scanning
microscopy; LSM: laser scanning microscopy; PRP:
primary cerium reaction products;

INTRODUCTION

Enzyme histochemistry represents an interdiscipli-
nary link between biochemistry and morphology
and even a bridge to molecular biology (Hardonk et
al., 1977; Lojda et al., 1979; Meijer, 1975; Wohlrab
et al., 1979; Wohlrab and Gossrau, 1992). Enzymes
become more and more important as histochemical
tools for identification and localization of characte-
ristic structural elements at the cellular and mole-
cular level (Bendayan, 1981; Coulombe et al.,
1988; Seno et al., 1989), which is of special rele-
vance for the improvement of diagnosis in patho-
logy as well as for the cell biological understanding
of pathological processes (Hulstaert ef al., 1989;
Rath, 1981). Last but not least, enzymes are effec-
tively used as tracers in immunoassays (ELISA,
RIA), in protein blotting, in immunocytochemistry
(Cuello, 1983; Luppa et al., 1986; Polak and van
Noorden, 1983; Polak and Varndell, 1984) and in
hybridization histochemistry (Landegent, 1987).
From this wide range of applications of enzyme
histochemistry it is evident that further develop-
ments in the field of catalytic enzyme demonstra-
tion techniques are of considerable interest.

Conventional one photon confocal laser scanning
microscopy (CLSM) using argon ion laser (488
nm, 514 nm) and He-Ne-laser (543 nm) as irradia-
tion sources (for reviews see Cheng and Summers,
1988; Gu and Sheppard, 1993; Pluta, 1989; Rigaut
et al., 1993; Shotton, 1995) offers a unique way for
visualization enzymatic histochemical reaction
products as well as for visualization of details of
important biological structures, e.g. in chromo-
somes. Such reaction products are the low soluble
precipitates of the enzymatically generated primary
cerium reaction products (PRP) formed by phos-
phatases, oxidases as well as peroxidases (for
reviews see Hulstaert et al., 1989; van Noorden and
Hulstaert, 1991; van Noorden and Frederiks, 1993;
Halbhuber ef al., 1994). Under microscopical dark-

field observation this kind of precipitates appear
already as well-localized, faint, but frequently very
bright, light-scattering patterns (Halbhuber et al.,
1994; Sebastian and Bock, 1987). However, the
dark-field microscopy suffers from the drawback:
that portions of the tissue which are free from light-
scattering material are poorly visible. CLSM, on
the other hand, by using two detection channels,l
permits the simultaneous imaging of light-scatte-
ring and non-luminous structures and diminishes

light originating from sources out of focus. \
|

Our aim was to adapt the CLSM reflectance as well |
as the CLSM transmission mode to enzyme- and
immunohistochemical studies of high resolution |
with vibratome, cryotome and semithin sections for |
routine purposes. The studies demonstrated the fea- |
sibility of both modes for cerium-based and DAB- :
based primary enzymatic reaction products (PRPs). :
The reflectance mode permits optical sectioning
(3D image analysis). Furthermore, an attempt was
made at a comparative assessment of the amount of
reflective primary cerium reaction products.

REFLECTANCE-CLSM

Reflectance-CLSM has been used in histochemis-
try to investigate various aspects. Robinson and |
Batten (1989b, 1990) employed the reflectance
laser scanning microscopy at first to localize
cerium-based reaction products in stimulated neu-
trophils formed by released H,O, and by lysosomal
acid phosphatase activity in various cultured cells
without any additional visualization steps.
Robinson and Batten (1989a, 1989c¢) as well as the
group of Turner et al. (1993) described the detec-
tion of DAB polymers demonstrating exogenous
peroxidase activity in lysosomes of neutrophils.
Lewis et al. (1990), Paddock et al. (1991) and
Watanabe et al. (1995) demonstrated confocal
reflectance images of silver grains in radioautogra-
phic specimens. Deitch et al. (1990a, 1990b, 1991)
studied the reflectance of biocytin-filled dendrites
visualized with DAB/Ni. Arnold et al. (1992) utili-
zed the reflective properties of DAB polymers for
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in situ hybridization experiments using digoxige-
nin-labelled DNA probes. Whallon et al. (1994)
investigated the intracellular distribution of hexoki-
nase in PC12 cells by confocal imaging of the
reflection of DAB polymer formed by immuno-
bound horseradish peroxidase. Rawlins and Shaw
(1990), Rigaut et al. (1993) and Linares-Cruz et al.
(1994, 1995) applied the method using an in situ
hybridization protocol for the detection of ribo-
probes labelled by 1 nm-5 nm (also silver enhan-
ced) colloidal gold particles. Kazama et al. (1994)
and Neri et al. (1997) described an immunohisto-
chemical and enzyme-histochemical double stai-
ning utilizing the reflective properties of colloidal
gold particles as well as lead phosphate precipitates
in the laser scanning confocal microscope. Ploton
et al. (1994) described the visualization of silver
dots on proteins of the nucleolar organizer regions
(Ag-NOR proteins) employing the confocal laser
scanning reflectance mode. Duschner (1995) pro-
posed the use of the CLSM to estimate changes in
the dental enamelum of humans. In recent studies,

Fig. 1

Ito and Otsuki (1998) localized apoptotic cells in
situ as well as specific chromosome regions, detec-
ted by the reflectance from anti-digoxigenin anti-
body-immunogold-silver complexes.

Our experimental results demonstrate, that the
highest reflectance intensities using an argon ion
laser (488 nm) are accompanied with PRP of oxi-
dases consisting of Ce!V-perhydroxide (Ce'V-OOH)
and CeV-hydroxide (Ce!V-OH; Fig. 1).
Considerable reflectance intensity was also obser-
ved with Ce!V-perhydroxy-phosphate-based (Ce!-
PHP, Fig. 2) PRP. In general, in sections Ce'l-based
PRPs gave much lesser reflectance signals (Fig. 3).
These observations were confirmed in model pre-
parations, which showed that generally Ce'Y com-
pounds were higher reflective compared with Ce
reaction products. The highest reflectance being
observed in case of Ce!V-OOH and Ce'V-OH as
well. The Ce!V-phosphate containing compounds
were considerably less reflective than Ce'V-
hydroxides (Halbhuber ef al., 1996).

D-proline oxidase activity in peroxisomes, enterocytes, intestine, rat. Reflectance of reoxidized PRP

(Ce'V-OOH), autofluorescence/reflectance overlay, cryotome section.
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In account with the formulas of Fresnel, governing
the amount of reflection (reflectance) with respect
to the entrance angle and polarization, and the
Snellius’ law, it is obvious, that the reflection beha-
vior of a given cerium-based PRP should be
directly related to its index of refraction. This was
confirmed by our gross imbibition study: High
reflectance of a PRP in histochemical preparations
corresponds to a high index of refraction of model
precipitates of which the PRP is assumed to consist
of (Halbhuber et al., 1996). With respect to the ima-
ging of H,O,-generating oxidases, it was observed

|

that the Ce' ions in two steps capture enzymati-
cally liberated H,0; to form Ce'V-OOH as the true
PRP. However, the Ce!V-OOH is regarded to oxi-’
dize subsequently Ce' ions which are present in
the incubation medium in form of dextrane-Cell |
complexes, resulting in a reduction of the Ce!¥-
OOH and its conversion into Ce'V-OH (Halbhuber
et al., 1991, 1994). Therefore, in order to achieve
optimized reflection intensities, the latter com-
pound should be reoxidized into Ce!V-OOH with
H,0, prior to CLSM microscopy. Irrespective of

the high index of refraction of Ce!V-OH, the reflec-

Fig. 3 Immunobound alkaline phosphatase cerium method (antivasopressin-APAAP), nucleus supraopticus,
rat. Reflectance/autofluorescence overlay of PRP (Cel-hydroxy-phosphate) without any reoxidation. Cryotome
section.

page 811 top

Fig. 2 Alkaline phosphatase activity in myoepithelial cells of the submandibular gland, rat. Reflectance of
reoxidized PRP (Ce'Y-perhydroxy-phosphate) red, autofluorescence green. False color overlay. Cryotome section.

page 811 bottom

Fig. 6 Immunobound peroxidase activity. Reflectance/transmission false color overlays. Semithin Epon plastic

sections, rat. a) Apoptotic nuclei in intestinal villis (tips, stroma cells with yellow reflectance signals). Non-apoptotic
nuclei gave very weak or no reflection images. Ce!V-DAB polymers; b) The same as in a, however catechol-DAB final
reaction products; ¢) Neurohypophysis, rat. Demonstration of vasopressin in Herring bodies. Ce!Y-DAB reaction
products as in a. d) The same as in ¢. Catechol-DAB reaction products.
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Fig. 4
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Cerebral cortex, rat. Horseradish peroxidase tracing of neurons. Reflectance of Ni-Fell-DAB reaction

product. Note the excellent visualization of nanometer-sized PRP.

tance signals of this compound still were signifi-
cantly lower than that of Ce!V-OOH.

Excellent reflection intensities were also yielded
with metal-DAB complexes as demonstrated with
the enzymatically generated PRP of immunobound
and endogenous peroxidase activities as well as of
oxidase activities (COX, H,O,-generating oxidases).
Beside Ni-DAB complexes (Halbhuber et al., 1996)
especially Ni-Fe-DAB and Ce'V-DAB complexes
are highly reflective (Figs. 4, 5b, 6b) even in semi-
thin sections when viewed under non-confocal
conditions. Strand breaks of DNA in apoptotic nuclei
labelled by a TUNEL-technique (Aschoff and
Jirikkowski, 1997) using the metal-DAB protocol
revealed in such sections significant higher reflec-
tion intensivities than non-apoptotic nuclei (Fig. 6a).
Employing these results, a further amplification of
the reflection signals of Ce!V-OOH or Ce!V-perhy-
droxy-phosphate enzymatic reaction products is pos-
sible (Fig. 7). In this special case, the oxidized

cerium-incubated sections should be postincubated
in metal-DAB media for 10-30 min. at 20°C.

Regarding the use of Ni-Fel-DAB solutions, it is
absolutely recommended that the incubation time
should be restricted to 15-20 min. to avoid the for-
mation of black-blue colored reaction products. The
latter may absorb reflection signals remarkably.

In case of application of metal additives in the pre-
sence of chromogenic 1,2-dinucleophiles as DAB
(and the below discussed catechols), the occurrence
of metal chelates with the chromogen and subse-
quently related intramolecular redox- and catalytic
processes must be taken into account too. Recently
were described transition metal complexes of 1,2-
bezoquinones and their intramolecular electron tran-
sition processes (Giitlich and Dei, 1997). In electron
spin resonance studies the DAB polymerization pro-
duct showed a large "free spin type" of signal while
the monomer did not (Hiraoka et al., 1986).
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Fig. 5

Endogenous peroxidase activity in lysosomes of liver macrophages, rat. Transmission and reflection

images of PRPs, vibratome sections. a) Transmission image; b) confocal reflectance image of Ce!V-DAB polymers; c)
transmission image; d) reflectance image of Karnovsky not metal containing DAB polymers. The not metal DAB

reaction products provide evidently lower transmission contrast and lower reflectance intensity than the C

containing DAB products.

This means, that highly reactive free radicals are
formed during DAB polymerization capable of bin-
ding metals to form metal-DAB polymerization
products. The presence of metals in these com-
pound was confirmed by energy dispersive X-ray
analysis (EDAX) of metal-DAB polymers
(Hiraoka et al., 1986). The metal-DAB polymeriza-
tion products are more stable during ultra violet

1. Ni-Fel' DAB

50 mM TRIS-HCI buffer, pH 8.0
0.5% NiSOy4

0.01% Ammonium-Fel'-sulphate
0.02% DAB

(addition of 0.005% TEMPO in
0.1 ml of THF is possible)
0.005% H,0,

eV

light irradiation than the not metal containing DAB
polymers. This is further supported by their low
solubility and high density (DAB polymer:
d=1.474, Pt-DAB polymer: d=2.156; Hiraoka
1992, personal communication).

The following metal-DAB incubation media are
proposed:

2. Cell.DAB

0,1 M Sodium acetate buffer, pH 5.0
(with or without dextrane T70 which
inhibits the formation

of Ce-DAB precipitates in

the medium)

0.02% DAB

(addition of 0.005% TEMPO in 0.1 ml

of THF is possible) 0.005% H,0,
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The incubation lasted about 10-30 min. at 20°C.

A quantitative assessment of the reflecting power
and its correlation with the enzymatic activity of
cerium- or DAB-based precipitates meets with
several difficulties. First of all, the combined effect
of backscattering and absorption by the precipitates
causes considerable attenuation of the illuminating
beam with increasing depth of the plane of focus.
This results in a more or less pronounced decrease
of reflectance within the section. Moreover, the
dependence of the reflectance on the depth of the
plane of focus implies the necessity of strictly
controlling the distance of the plane to be imaged
from the surface of the section. This may be diffi-
cult in view of thickness and irregularities of the
most routine sections as well as by diffusion beha-
vior of the incubation constituents. Therefore,
quantifying the amount of precipitates simply by
summing up the light backscattered from a distinct

layer within a histological section will in general be
an unreliable procedure. Under restricted condi-
tions, however, such as with objects containing
reflecting PRP only in a sufficiently fine pattern,
the method may be of interest for comparative pur-
pose (Halbhuber et al., 1996).

In table 1 the ratios Ce!V/Ce of reflectance signals
R of different organs are shown to demonstrate in
principle the feasibility of a quantitative compari-
son of morphologically similar reflectance patterns
indicating different alkaline phosphatase activities
in different tissues: Ce!V-perhydroxy-phosphate is
in its reflectance clearly superior to Ce'l-hydroxy-
phosphate (22.7 ileum and 83.9 gl. seminalis). The
surprising high variation of the ratios is difficult to
explain. Possibly, the observed variability is related
to different growth conditions of the Ce!!-hydroxy-
phosphate or/and Ce'"-perhydroxy-phosphate pre-
cipitates, and the local surrounding conditions

Fig. 7

Uricase activity, liver; rat. Autofluorescence/reflectance overlay of reoxidized PRP (Ce'Y-OOH) after

amplification with Ni-Fe''-DAB polymers. Cryotome sections. Note the strongly increased reflectance compared with

the non-amplified PRP as seen in fig. 1.
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Table 1
signals R of Ce!V-perhydroxy-phosphate and Ce
hydroxy-phosphate as the reaction product of
alkaline phosphatase activity in cryotome sections of
several organs

Comparison of ratios of reflectance
s

Organ Reerv/Reem
lleum!, control 27+ 12
lleum!, 95° after NaCl stress 438+ 2.2
Cerebrum? 623+ 92
Gl. seminalis? 83.9 +16.2

'Brush border of enterocytes (Ott, 1998); 2capillaries
in the cerebral cortex; Sconnective tissue

which may vary appreciably with the macromole-
cular components of biostructures in the vicinity of
the enzyme sites.

The quantitation of specific reflectance may be
interfered by unspecific background reflectance
too. It may originate both from non-specific preci-
pitate and from tissue reflectance due to local inho-
mogeneities of the index of refraction below the
resolution limit. Non-precipitated, electrovalently
bound Ce'!! ions could, in cases where a post-oxi-
dizing treatment with H,O, had been included,
give rise to background reflectance unrelated to
any enzyme activity by formation of Ce!V-OOH.
For this reason, the treatment with a Ce!''-chelating
agent like EDTA (ethylenediaminetetraacetic acid)
and DTPA (diethylenetriaminepentaacetic acid) is
necessary. In studies of other authors, complexing
of lanthanides was carried out in a similar manner
for other purposes, e.g. for fluorescence sensitiza-
tion (Abubaker et al., 1993), in flow cytometry
(Condreau et al., 1994) and for chelate labeling in
histochemistry (Seveus et al., 1992). For our pur-
poses EGTA  (ethyleneglycol-bis-([3-amino-
ethyl)ether) was most convenient to clear
selectively Ce'! ions whereas EDTA treatment led
to considerable loss of specific PRP.

The main contribution to the non-specific reflec-
tance can obviously derived from the optical inho-
mogeneity of the tissue. In order to minimize this
background, proper matching of the mounting

medium and the tissue is essential, a fact well
known from dark field microscopy (Sebastian and
Bock, 1987). According to our work, Canada bal-
sam (n=1.520) was found to render better matching
than Entellan (n=1.495). Another source of tissue
background was found in the customary air-drying
of fresh cryotome sections. Therefore, the fresh
cryotome sections were directly transferred into the
fixative without air-drying at all (Halbhuber e? al.,
1996).

Nonetheless, optical inhomogeneities can also pro-
vide suitable informations reflecting structural pro-
perties in Giemsa-stained human chromosomes. In
fig. 8 is clearly demonstrated a reflectance banding
pattern which corresponds negatively to the
Giemsa-banding pattern as seen with the transmis-
sion mode ("negative banding"). It is interesting to
note, that this banding pattern only was observed
after standard-preparation and Giemsa-staining of
chromosomes. It was abolished completely when
the Giemsa-staining was omitted. The reason of
this phenomenon is still unclear. It seems, that after
binding of Giemsa-dyes supramolecular arrange-
ments of DNA-protein complexes are induced,
which are strongly reflective. It is suggested that
the reflectance signals in the Giemsa-stained bands
may obviously absorbed. Further experiments are
necessary to understand the molecular basis for the
type of "dye induced” chromosomal reflectance
banding pattern.

In summary, the reflectance method provides a
valuable tool for detecting of distribution patterns
of enzymatic reaction products with inherent high-
contrast imaging even in cases of weak enzymatic
activity in relative thick material (10-15 um cryo-
tome and paraffin sections, 30-60 pm thick vibra-
tome sections). With the restrictions discussed
above, it is possible to compare quantitatively the
variations of such patterns caused by pathological
deviations or experimental manipulations. In
contrast to non-confocally working, dark field
methods and their inherent optical disturbances
caused by light-scattering structures out of focus
reflectance, confocal laser microscopy offers a tool
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Fig. 8

for the photometric determination of the amount of
light-scattering reaction products in a defined layer
within the object. Nevertheless, semithin sections
plastic (0.5-1.0 pm) should be exclusively viewed
in the reflectance mode under non-confocal condi-
tions, because the yield of specific reflectance
signals is significantly increased whereas non-spe-
cific background signals remain very low. In this
special case the "signal to noise ratio" seems to be
maximally due to the minimal contribution of non-
reactive structures to the background reflectance
pattern.

TRANSMISSION-LSM

Cerium-V as well as DAB-based PRPs of oxidases
and phosphatases are more or less yellow-brown or
brown tinged. Therefore, these group of com-

K.-J. Halbhuber et al.

Isolated metaphase human chromosomes (lymphocytes, Giemsa-stained). a) Transmission image with
"positive banding pattern"; b) reflectance image with "negative banding pattern”

pounds is highly absorptive for laser light at 433
nm. The polymer Ce'V-DAB complex is similarly
brown, but of higher contrast in comparison with
DAB polymers generated in the absence of metal
additives. Thus, cerium ions were used for contrast
amplification of the DAB method especially for the
laser transmission contrast enhancement. It is pre-
sumed that in case of Ce-DAB protocol during
incubation Ce™ is converted into the yellow-brown
colored Ce!V to form Ce'V-DAB polymer reaction
products. From this point of view, the transmission
contrast of the Ce!V-DAB polymers is due to the
high absorbance of the Ce!V cations as well as to
the dark brown tinction of the modified DAB poly-
mers. Polymerization and precipitation of DAB is
in the presence of cerium compounds much quicker
as well as more precise than without cerium. In
general, precipitates of Ce'V-DAB are smaller and
the risk of diffusion artefacts is reduced, which will

page 817 top
Fig. 9

Peroxisomal D-valine oxidase activity, kidney, rat. Transmission images of a) reoxidized PRP

(CeV-OOH); b) Ce!V-DAB amplified PRP in cryotome sections; ¢) as in a; d) as in b in semithin plastic sections.

page 817 bottom
Fig. 10
polymers as PRP. Paraffin section.

Immunobound peroxidase activity, cytokeratin, human ureter. Transmission image of Ce!V-DAB
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enhance the lateral resolution considerably. The
figs. 9 to 12 demonstrate the efficiency of cerium as
ameans of contrast enhancement in oxidase and
peroxidase histochemistry. In contrast to this the
blue tinged Ni or Ni-Fe!l DAB polymerization pro-
ducts gave much lower transmission contrast than
the Ce™V-DAB counterparts (Fig. 13).

The factors controlling the interaction of reactive
DAB intermediates during the staining oxidation
cascade, critically depend on the used multicompo-
nent systems. The rate and orientation of the inter-
wcting constituents obviously depends on the
relative reactivity of the competiting intermediates.

Fig. 13

Laser scanning microscopy 819

The above discussed influence of cerium additives
on the oxidative DAB staining reaction should be
due mainly to three contributions:

1) The well known metal catalytic effect on the
DAB oxidation,

2) the oxidation-reduction potential of the enzyma-
tic system in relation to that of the reductants, and
that of the reductants among one another in a mul-
ticomponent system. The latter are represented here
by competing Ce'V-OOH, Ce!V and Ce!l species
and their complexes.

3) Physico-chemical effects due to the occurrence
of highly charged metal cations and metal contai-
ning intermediates and their influence onto the pre-

D-valine oxidase activity, liver, rat. Transmission image of Ni-Fe!' DAB-amplified primary PRP Ce!V-

OOH. Note the low transmission contrast compared with CelV-DAB complexes. Cryotome section.

page 818 top
Fig. 11

Monoaminooxidase activity, liver, rat. Ce'¥-OOH-based PRP amplified with Ce!V-DAB. Transmission

image. Note the high resolution and the high contrast imaging of the mitochondria. Cryotome section.

page 818 bottom
Fig. 12

Apoptotic nuclei of enterocytes, intestine, rat. TUNEL-reaction. Immunobound peroxidase activity,

transmission image of Ce!V-DAB-based PRPs. Semithin Epon plastic section.
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Table 2 SDS-polyacrylamide minigel electrophoresis and blotting onto nitrocellulose of a HRP dilution series
(1 : 27, starting concentration 10 mg/ml; blots were incubated in 10 ml of the corresponding buffer)*
No Reactants final stained Buffer (pH)
Dilution Color of Stain
1 5 mg of DAB, 0.1 ml of 1% H,0,? 1 2512 50 mM TRIS (7.5)
brown
2 as1 1:1024 100 mM HEPES (8.0)
+15 mM NiSOq strong blue-violet ®
3 0.05% DAB, 0.01% H>0, 1:128 50 mM TRIS (7.6)
0.5 mg catechol brown
4 as 3 14256 as 3
but only 0.0005% H,0, brown
5 as 3 1:512 10 mM phosphate-b (7.5)
+ 1 mM NiSOy, 0.6 mM CoCl; © strongly blue-grey
6 as s 1:256 as s
but catechol has been omitted reddish violet
7 0.02% DAB, 0.005% Hy02 1:512 100 mM acetate-b (5.0)
0.5% CeCls brown
8 as'7 1:256 as7
+ 1.5 mg catechol dark brown
9 0.015% DAB, 0.005% Hy0, 1:64 100 mM PIPES (6.5)
2% NiSO4 blue-grey
10 as 9 1:64 as 9
+0.5% CeCl3 pale blue grey
1 0.01% DAB, 0.005% H,0, , 0.1% catechol, 1:512 100 mM acetate-b (5.0)
0.05% p-phenylendiamine, 0.5% CeCls dark red-brown
12 0.01% DAB, 0.01% H,0, , 0.005% catechol, 1:512 25 mM TRIS (7.5)
0.02% 2,7’ -diaminofluorene strongly red-brown ®
13 as 12 1:512 25 mM TRIS (7.5)
+0.005% TEMPO strongly brown °
14 0.015% DAB, 0.01% H02 1:1024 100 mM HEPES (7.8)
0.1% NiSO4 dark blue violet®
15 0.015% DAB, 0.005% HyO,, 1:1024 100 mM HEPES (8.0)
0.1% NiSOq4 strongly blue violet®
16 as 15 1:1024 -2048 as 15
+ 0.005% TEMPO dark blue violet > ¢
17 0.02% DAB, 0.005% H,0,, 1:1024 100 mM HEPES (8.0)
0.005% 4-carboxy-TEMPO dark brown ®
18 as 17 1:1024 as 17
+0.1% NiSO4 dark blue violet ®
19 0.03% DAB, 0.005% H,0,, 0.01% meso- 1:256 100 mM HEPES (8.0)
tetraphenylporphine, 0.15% NiSO4 (dry blot: 1 : 2048) dark blue violet® 4
20 as 19, but instead of NiSO4 1:1024 as 19
0.15% CoCly (dry blot: 1 : 2048) dark blue grey ©
21 as 19, but instead of 0.15% NiSOq: 1:1024 as 19
"~ 0.05% CoCl, and 0.005% CuSOy4 (dry blot: 1 : 2048) dark blue violet
22 as 17 1:2048 as 17
+ 0.05% NiSOq brown
23 0.02% DAB, 0.005% H,0», 1:2048 - 4096 100 mM HEPES (8.0)

0.005% TEMPO, 0.05% NiSO4

strongly blue violet?
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cipitation behavior (restraining of colloids) and
onto the precipitate itself by metal incorporation
(reflectance, refraction index, color, electron den-

sity).

In mind, that the oxidative staining cascade repre-
sents a complex interplay of synergetic and compe-
titive radicalic reaction pathways, we investigated
the influence of some further additives onto the
staining efficiency: Further redox active transition
metals, aromatics on principle capable of under-
going coupling reactions (catechols, 2,7’-diamino-
fluorene) and radical mediators (stable nitroxyl
radicals as e.g. 2,2,6,6-tetramethyl-piperidine-1-
oxyl - TEMPO and meso-tetraphenylporphine).

In this experiments, low valent transition metals as
e.g. Co?*, Ni%*, Mn?* or Fe** frequently led to
increased staining sensitivity and precipitation
speed, whereas especially in presence of Fe**-salts
the staining reaction frequently failed (radical trap-
ping or other inhibitory effects).

Depending on the metal, a nucleophilic addition of
hydrogen peroxide at the free or chelated metal
center is assumed to lead to reactive oxidizing spe-
cies mainly in two ways:

1) Via furnishing of more or less stable metal inter-
mediates, e.g. as above discussed for Ce!V-OOH.
Those intermediates may be useful as “deposition
tools' for enzymatic activity as examplarified here

by the Ce-PRP technique. Recently, in non-enzy-
matic model experiments, the relative reactivities
of some transition metal alkyl-hydroperoxides
were discussed in mechanistically considerations
and alternatively peroxo-metal or oxo-metal path-
ways were distinguished (Lempers et al., 1998).

2) In case of less stable metal-hydrogen peroxide
intermediates, the fast occurrence of free radicals is
reasonable, as e.g. hydroxy radicals capable of
hydroxylating (oxidizing) aromatic substrates too.
This type of reaction is represented by the Fell-rela-
ted Fenton chemistry (also the Haber-Weiss reac-
tion, see e.g.: Brook er al., 1982) and their
modifications by chelators, which can be involved
into the redox events too (Van der Zee et al., 1993).

The staining sensitivity of DAB in the presence of
different additives and under different reaction
conditions was estimated by means of electroblot-
ting (details and results see Table 2). After gel elec-
trophoresis, a dilution series of horseradish
peroxidase was blotted onto nitrocellulose mem-
branes and incubated with the appropriate additives
(catechol, 3,5-di-tert-butyl-catechol, the stable
nitroxyl radicals TEMPO and 4-carboxy-TEMPO,
meso-tetraphenyl-porphine, 2,7’-diamino-fluo-
rene). A selection of our optimization effords is out-
lined in table 2 verifying the staining sensitivities in
the presence of the exemplarily chosen metal salts
and additives concerning the not modified DAB
protocol.

Legend Table 2

aKarnovsky method; Pvery fast and neat staining; “Adams protocol; very sharp band patterns; *weekly stained
background; *Experimental details: Gels were cast by established procedures (Doucet and Trifaro, 1988; Doucet et al.,
1990) and run according to the respective manifacturer’s instructions (20 min. at 60 V, than 40 min. at 150 V). The
separating minigel composition consisted of 10% acrylamide, 0.1% N,N-methylene-bis-acrylamide (ratio 1 : 100) in
0.4% sodiumdodecylsulfate (SDS), 5% glycerol, 200 mM TRIS buffer and 100 mM glycine (final pH 6.7, no pH
adjustment), polymerization with 0.15% ammonium persulfate and 0.05% N,N,N’,N’-tetramethylenediamine
(TEMED). Native semidry blotting onto nitrocellulose (0.45 mm, Schleicher & Schuell) was performed according to
Pharmacia LKB Biotechnology (S 751 82 Uppsala, Sweden) instructrion no. SD RE-072 at 0.8 mA/cm?. HRP-dilution
series: starting concentration 10 mg/ml electrophorese buffer, dilution 1 : 2", each applied volume 3 ml. Staining for
peroxidase activities: Subsequently to the transfer, the NC-membranes were preequilibrated for 5 min. in 20 mM TRIS-
buffer (pH 5.8) containing 137 mM NaCl and 0.1% of Tween 20. Incubation was performed at room temperature in 10
ml of the corresponding buffer (Table 2). The staining reaction was stopped after a dark stain has been developed or at
the beginning of background staining (at least 3 min.), by rinsing again in 20 mM TRIS buffer (pH 5.8) containing
137 mM NaCl and 0.1% of Tween 20. The wet blots were instantly evaluated and photographed to maintain maximum
constrast. The results are given in table 2. All reagents were purchased from Sigma excepted the meso-

tetraphenylporphine (STREM Chem.).
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In general, the wide-ranging reactivity of assumed
quinoid intermediates toward O, N or S nucleo-
philes is potentially relevant for the efficiency of
the gradually occurring oxidative polycondenza-
tion cascade via radical intermediates. It is also
relevant for the coupling of additives and for cross
linking processes with the environment.

In general, during a two-electron oxidizing process,
1,2- (e.g. DAB) and 1,4-diamines (e.g. p-phenylen-
diamine) as well as phenols (e.g. catechols) are
regarded to lead to quinoide key intermediates
capable for further intermolecular self- (e.g. DAB)
or hetero-coupling (e.g. Hanker/Yates reagent) steps.

Consequently, phenols as well as amines could
behave in binary chromogenic DAB mixtures as
efficient couplers leading to an enhanced enzyme
detection sensitivity or to modified reaction pro-
ducts, or, on the other hand, to intermediates of
only low reactivity finally slowing down or braking

o

Fig. 14

down the overall oxidation cascade (inhibitory
effect).

Thus, the addition of 0.005% of catechol (1,2,-
dihydroxybenzene) to a standard DAB protocol led
to a distinct increase of the staining sensitivity and
resolution of the low soluble, reddish-brown tinged
final reaction products (Fig. 14). Also the reflec-
tance behavior of these products is impressionable
(Figs. 6b, 6d).

The following catechol-DAB medium is recom-
mended:

+ 25 mM HEPES/HEPSO-buffer, pH 8.0;

* 0.02% DAB and 0.005% catechol;

* (the addition of 0.005% TEMPO, dissolved in a
small amount of tetrahydrofuran (THF), or of the
better water soluble 4-carboxy-TEMPO, is possible
leading to a distinct clearing up of the precipitation
patterns);

¢ 0.001 - 0.01% hydrogenperoxide.

Immunobound peroxidase activity. Apoptotic nuclei intestine, rat. TUNEL-reaction. Transmission image

of PRP catechol-DAB polymers. Note the increased contrast and the high resolution power of the labelled nuclear
structure of the apoptotoc nuclei at the tip of the villus. Semithin plastic section.
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The incubation should carried out for 30 min. at
D0°C.

In contrast, under the same conditions the additive
3,5-di-tert-butyl-catechol performed as an inhibitor
(results have been omitted). This is due to the tert-
butyl substituents preventing the occurrence of oxi-
dative intermolecular crosslinkings subsequently
only leading to radical trapping and 'oxidative
power' consuming effects as well known from the
action of some phenols as antioxidants (e.g. Wu
and Lai, 1996).

For the explanation of the differing reddish-brow-
nish colored reaction products of DAB in the pre-
sence of catechol as responsible side reaction must
be taken into account the oxidative condenzation to
phenazines (dibenzo-pyrazine derivatives) or oxa-
zines of different molecular weights too, or the
directly condenzation of the starting materials to
5H,10H-phenazines prior the oxidation reaction
and their subsequently dehydrogenation. Both reac-
tions give rise to a termination of the DAB oxida-
tive polycondensation cascade (to polymeric
phenazins) leading to more oligomeric products of

lowered molecular weights and an overall mean
hypsochromic absorption shift (Phenazines and
oxazines as well as their hetero-analogeous thia-
zines are used as fluorescent dyes, some of these
dyes are employed as laser dyes; Gerhartz, 1988;
Van Duuren, 1963).

In an analogous manner to the above discussed
‘catecholic termination effect', the possibility of
controlling a narrowed polydispersity of the reac-
tion products by other additives (phenols, amines,
metal ions, stable radicals) is assumable, either in
terms of nucleophilic/electrophilic interactions
with quinoid intermediates or in terms of free radi-
cal processes.

The idea of the selective and reversible termination
of 'living radical ends' with appropriate reagents led
to 'living polymerization techniques', giving the
chemist a powerful tool to achieve a high degree of
control over polymer architecture (more recently
reviews: Hawker, 1996; Webster, 1991; transition
metal complexes: Sawamoto er al, 1996).
Surprisingly, kinetic stable nitroxyl radicals were
successfully employed even in the entantioselec-

Fig. 15

Immunobound peroxidase activity. Cytokeratin within the urothelium of human ureter. Paraffin section.
a) Transmission image; b) reflectance image of TEMPO-catechol-DAB polymers. Note the high transmission contrast,
the high reflectance intensity as well as the high resolution of the reaction products in the cytokeratin structures.
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tive organic synthesis (Braslau et al., 1997).

Thus, we investigated the influence of some stable
free nitroxyl-radicals utilized in 'living polymeriza-
tions' (TEMPQ; its better water soluble 4-carboxy-
late and the analogue 3-carbamoyl-2,2,5,5-
tetrametyl-3-pyrrolin-1-oxyl, results for the latter
have been omitted because of its comparable ove-
rall effect), and exemplarily the radical mediator
meso-tetraphenyl-porphine on the oxidation reac-
tion of DAB. Details are compiled in table 2.

The laser transmission contrast was found to be
improved slightly (also the reflection intensity!)
when instead or in the presence of metal-additives
the DAB polymerization is modified by using
TEMPO or its analogues (Fig. 15).

OUTLOOK

In conclusion, the high-resolution detection of
enzymatic activities in routine sections (vibratome,
cryotome, semithin) using the reflectance or trans-
mission mode of the CLSM or both in combination,
especially in the Ce!'- to Ce!V-based version, opens
new possibilities for cellular and molecular biolo-
gical studies. The techniques may be a valuable
tool for basic research as well as for clinical dia-
gnosis.
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