CORNELIS J. F. VAN NOORDEN

Histochemistry and
Cytochemistry

of Glucose-6-Phosphate
Dehydrogenase



Histochemistry and Cytochemistry
of Glucose-6-Phosphate
Dehydrogenase

CorneLss J. F. VAN NOORDEN

With 40 Figures and 17 Tables

SEMPER

BONIS|
2
GUSTAV FISCHER VERLAG - STUTTGART - NEW YORK - 1984



Dr. C. J. F. VaAN NOORDEN
Laboratory for Histology and Cell Biology, University of Amsterdam,
Academisch Medisch Centrum, Meibergdreef 15, NL-1105 AZ Amsterdam

Acknowledgements

I am grateful to Professor J. James for his criticism and editorial advice, to Ms. S. McCoy for her
advice in the English language, to Mr. J. G. van der Hart for drawing the figures, and to Mr. J.
Peeterse for preparing the photographs.

CIP-Kurztitelaufnahme der Deutschen Bibliothek

Noorden, Cornelis J. F. van: Histochemistry and cytochemistry of glucose-6-phosphate [glucose-six-phos-
phate] dehydrogenase / Cornelis J. F. van Noorden. — Stuttgart ; New York : Fischer, 1984. — (Progress in
histochemistry and cytochemistry ;- Viol.-45;5 Ne. 4)

ISBN 3-437-10936-7 (Stuttgart)

ISBN 0-89574-196-2 (New York)
NE: GT

© Gustav Fischer Verlag - Stuttgart - New York - 1984

Alle Rechte vorbehalten

Gesamtherstellung: Laupp 8-Gobel, Tiibingen 3 (Kilchberg)
Printed in Germany

ISBN 3-437-10936-7
ISBN 0-89574-196-2 NY
ISSN 0079-6336



Progress in Histochemistry and Cytochemistry

.4
is intended to prévide a medium for the publication of comprehen$ive and anal)'ticgl reviews within the entire field of
histochemistry and cytochemistry, as well as comprehensive original papers in these fields. Not only methodological
contributions, but also papers in the fields of applied histochemistry and cytochemistry will be accepted. Especially
desired are articles considering and promoting the relationship with biochemistry and biophysics.

In addition to articles requested by the editors, papers submitted to the editors will be accepted, provided that the
standard is sufficiently high. Generally, the manuscripts should comprise about 80-100 pages, each with 30 lines of 6C
tvpewriter spaces. The publication of more extensive, or briefer, manuscripts requires the approval of the editors. The
literature should be incorporated into the text as completely as possible.

Manuscripts should be written in English.
Accepted papers will be published as quickly as possible in separate issues. Four-five issues constitute one volume.

[t is a prerequisite that no submitted manuscript shall have been published elsewhere, either locally or abroad. The
copyright for all languages and countries, including the right to reproduce by photography or other means, is transfer-
red to the publishers as soon as the manuscript is accepted. Twenty-five copies of an issue will be allowed free of charge
to the senior author.

Submission of manuscript: Papers should be submitted to
Prof. Dr. W.Graumann

Anatomisches Institut der Universitit

Postfach 1103

D 7400 Tibingen / W. Germany

or

Prof. Dr. Th.-H.Schiebler

Anatomisches Institut der Universitit

Koellikerstrafle 6

D 8700 Wiirzburg / W. Germany

Instructions to Authors

Text: The manuscripts should be tvped with maximum legibility (double spaced), on one side of the page only, with a
broad margin. Language and content should be sufficiently reviewed to preclude the necessity of corrections in proof.
Use of the metric system is required for text and figures. Contributors are asked to type the names of authors in
CAPITAL LETTERS and to u#nderline names of species or other prominent words. Figures should be mentioned in the
text using arabic numerals in brackets. Small print (“‘petit”) is possible and should be indicated in the margin. The final
decision for the use of small print rests with the editors. The text should include a concise summary. The separate title
page should bear: title of the paper (concise but informative), the first name(s) and surname(s) of the author(s), name of
the laboratory or institute, running title of not more than 60 letters, full postal address of the senior author for the
proofs. The table of contents should be given on a separate sheet.

References: Text: The author’s name and year of publication should be given (if there are more than two authors, only
the first author and the abbreviation “et al.”’). When more than one publication by the author(s) has been published in
the same year, they should be differentiated as 1968a, 1968b etc.

Examples: ““...was found by SmiTH (1967a)” ... *“...was found (SmiTH et al. 1965; Apams 1968b)”.

The list of references should contain, in alphabetical order, the names and initials of all authors, the complete title in the
original language and the abbreviated name of the journal according to World Medical Periodicals (3rd edition 1961
WMA). For example:

SHEPARD, T.H., ANDERsEN, H., ANDERSEN, H. ].: Histochemical studies of the human fetal thyroid during the first half
of fetal life. — Anat. Rec. 149, 363-38C (1964).

Example for books:
THANNHAUSER, S.].: Lipidosis, diseases of the cellular lipid metabolism. — Oxford University Press, New York 1950.

Hllustrations: The use of figures should be restricted to the number and size necessary for understanding and documen-
tation of results. Figures must be included ready for reproduction and should be numbered using arabic numerals.
Ilustrations should be submitted on separate individual sheets. The legends must be listed on a separate sheet to be
attached to the manuscript. Photographs and microphotographs should be on glossy paper. Graphs should be finished
drawings not requiring further artwork or typesetting. Absolutely no part of a graph should be typewritten. All
lettering should be done with a lettering set. The original line drawings are required for the reproduction of graphs. For
the lettering of graphs please note that the height of characters after reduction should be at least 2 mm. Structural
formulae should also be finished drawings and the place where they are intended to appear should be marked in the
manuscript. Colored illustrations can only be printed if the author is prepared to pay the costs incurred. The original
color slides are required for color printing.

Subject Index: A subject index must be submitted with the second proof.
Paper format: 17x24 ¢cm

Type area of the page: 13.1x18.4 cm



Progress in Histochemistry
and Cytochemistry
Vol. 15 - No 4

Editorial Board

W. Graumann, Tiibingen
Z. Lojpa, Prague

A. G. E. Pearsk, London
T. H. ScHIEBLER, Wiirzburg



Progr. Histochem. Cytochem.
Vol. 15 - No 4 (1984)



n"43266

Contents

1 Introduction . . . . . . . . i e 1
2 Histochemicalmethods . . .. ... .. cosvu s nwomsosns 2
21 Tetrazolumsaltmethods : « « » 50 ¢ v s s sswvw s s s vomenssss 3
2.1.1 Exogencus cloctroBeartiory , » v o « ¢ 2 s s s mun v ox s mpan e oo 3
21.2 Tetrazoliumsalts . . . . . v cwow v v o v momcwss i nmmansass 5
2.1.3 The effect of oxygen on the tetrazolium salt reduction . . . . . .. ... .. 8
2.1.4 Leakage of enzyme molecules fromsections . . . . . ... ... ...... 12
2.1.5 Nothing dehydrogenase>activity . . . . . ... .. ............. 14
2.1.6 Optimum composition of incubationmedia . . . . ... ... ... .... 16
22 FPerficyanidemethod . o o v nw e e v s v mmmuwa s s s wmmme oo 17
3 Cytochemical methods . . . . . .. .. ... ... ... ... .. 17
3.1 Methodsin G6PDH cytochemistry . . . . . .. ... ............ 18
3.2 Incorporation of individual cells in a polyacrylamide carrier . . . . . . . .. 20
3.3 Humanerythrocytes . .. .. ... .. ... 21
3.4 Biochemical determination of G6PDH activity in singlecells . . . . . . .. 23
4 Ultrastructural localization « v« « s s s s ws s ns s s s swmms s 03 2w 24
5  Immunocytochemical localization . . .. ... ... ............ 27
6  Validation of qualitative histochemical methods . . . . . . ... ... ... 29
6.0 Applicationofthecriteria « s s = s s « s s sowm s 52 s mwwwws s s opo 29
6.1.1 Histochemicalmethod . « v o v v ¢ v 1 s smma v c v v momomeos aa 30
6.2.2 Cytochemicalmethod . . . . . .. ... ... .. ... ... ... .. 33
6.2.3 Cytochemical method for human erythrocytes . . . . . ... .. ... ... 35
7 QUARGIHGATON « . + + + ww mawm g ¢ 8 8 Bomism v o o o mw i o o » o 37
7.1 Applicationof thecriteria . . . . . . .. .. .o 39
7.1.1 Fundamental studies with model systems . . . . . ... ........... 39
7.1.2 Histochemicalmethod . « v s v c s s s v vm v o c v v mvmaenvns 46
7.1.3 Cytochemicalmethod . . . . .. ... . 0T oe v i voianowiiaas 47
8 Bpplicallons . . : : « s s 5 5 55.9 57 s P BEH T T HEH ST ERE T T BT 48
8.1 Metabolic heterogeneity of liver parenchyma . . . . . . .. .. ... . ... 48
8.2 CarCifiomas « « « « « s s wm v s o o s afm 545 50 8 B ES BEFF 5B 52
B3 Toxieology. . . : . ccssdsiisi s 239482 emases 9ass ona 58
84 GOPDHASfCIENEY « s o 5 w5 5 s s s 9 m3 520 s wmwe v o wwoomus 60
8.5 Reproductiveorgans . .. ... ... . w s e s s wates @t owows 61
8.6 Typelandtypellhydrogen . : .. :: oo veveeeacusnssssaos 64
8.7 Miscellan€ous  ; s s ss v am s s s s swmr s s mwmenw we o ww 67
9 SUDITHATY % ¢ & 5 4 e w ioiim o o o v ot io o o o oo e o & 3 B # B 67
I0 Refersnoes . . . v 2 cwowwmei s mas@a i nEwmsiiznes 68

11



1 Introduction

Glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate: NADP™* oxidoreduc-
tase; G6PDH; E.C. 1.1.1.49) is an ubiquitous enzyme distributed throughout the
animal and plant kingdom, including bacteria, fungi and yeast (NEGI and STEPHENS
1977). The enzyme catalyzes the oxidation of glucose-6-phosphate to 6-phospho-
glucono-d-lactone, the first step of the phosphogluconate pathway (pentose phosphate
cycle) with a concomitant production of NADPH (LEHNINGER 1975). G6PDH is the
rate-limiting, one-way enzyme of pentose phosphate biosynthesis (WEBER 1977 a, b). It
was discovered by WarBURG and CHrisTIAN in 1931 in erythrocytes and has been
called <Zwischenferment> at first. Studies on its working mechanism lead to the iden-
tification of the coenzyme NADP* (LEHNINGER 1975; Dixon and WEesB 1979). The
major function of the pentose phosphate cycle is the generation of NADPH as ex-
tramitochondrial reducing power necessary for many biosynthetic processes such as
the synthesis of fatty acids and steroids (NEwsHOLME and START 1977), the reduction of
glutathione (BEuTLER 1977, 1978) and hydroxylating reactions (ALTMAN 1972). The
pentose sugars are used for nucleic acid and nucleotide synthesis (LEHNINGER 1975).

Since G6PDH is located in the soluble fraction of the cytoplasm, it is not surprising
that up to some years ago relatively little work has been performed on the histochemi-
cal and cytochemical localization of this physiological important and widely distributed
enzyme (NEGI and STEPHENS 1977; RIEDER et al. 1978). Special care has to be taken in
order to prevent loss of nitrogenous material from unfixed tissue sections or cells
during incubation for the histochemical demonstration of enzymes (ALTMAN and
CHAYEN 1965). The loss of enzymes from the soluble fraction of cells can be consider-
able within minutes (KaLina and GaHaN 1965; ALTMAN and CHAYEN 1966; MEIJER
and DE VRIEs 1974; MEIJER 1978). For enzyme histochemical purposes, cryostat sec-
tions or cells cannot be fixed very well because destruction of enzyme activity occurs
almost immediately (MEnjEr and DE VRiEs 1974; vaN NOORDEN and Tas 1981; VAN
NOORDEN et al. 1982b; Raar et al. 1983). Once methods had been developed to
prevent loss of enzyme activity from tissue sections and cells, histochemistry and
cytochemistry of G6PDH activity made progress and so, in the past few years informa-
tion about its topochemical localization became available.

Retention of enzyme activity in tissue sections during incubation can be obtained by
the addition of inert macromolecules to the medium, like polyvinyl alcohol (ALTMAN
and CHAYEN 1965; JaAcOBSEN 1969; HENDERSON et al. 1978; RIEDER et al. 1978; vaN
NOORDEN et al. 1982b), or collagen polypeptides (BuTCHER 1971 a). A semipermeable
membrane interposed between the aqueous or gelled incubation medium and tissue
section can be used as well (McMiLLAN 1967; MEIJER and DE VRIES 1974; WEIss et al.
1979), whereas gelled incubation mixtures without interposed membrane have been
introduced by FAHiMI and AMARASINGHAM (1964), PETTE and BrRaNDAU (1966) and
RurtENBEEK and ScHOLTE (1976) for the histochemical demonstration of enzyme ac-
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tivities in the soluble fraction of cells. VAN NOORDEN et al. (1982 a) have demonstrated
G6PDH activity in different kinds of individual cells preventing loss of enzyme
molecules by incorporating the cells in the matrix of a thin film of transparent poly-
acrylamide prior to incubation.

Ultramicrochemical techniques of assay can be employed for a combined approach
of localization and quantification of enzyme activities (LOwRY and PAsSONNEAU 1972;
GALJAARD et al. 1974; JoNGKIND et al. 1974; KaTtz et al. 1977; TEuTscH and RIEDER
1979; LowRy et al. 1980; TEuTscH 1981). With this methodology, homogenates of very
small amounts of tissue (often only a few cells dissected from tissue) are analyzed with
scaled-down biochemical methods.

Another combination of localization and quantification of G6PDH activity in tissues
and cells, besides ultramicrochemistry, is cytophotometric analysis of tissue sections or
individual cells after staining for G6PDH activity (ALTMAN 1969, 1972; BUTCHER 1972;
BurcHER and ALTMAN 1973; vaN NOORDEN et al. 1982b, 1983 b). Both for a proper
localization and quantification of enzyme activity in tissue sections or cell specimen,
preparation of the biological material and the histochemical staining reaction should be
standardized and validated properly. Preferably correlations should be made between
histochemical or cytochemical and biochemical assays (vAN DER PLOEG 1975).

In the present text, methods for the histochemical and cytochemical localization of
G6PDH activity and their validity will be discussed. Immunocytochemical and ul-
tramicrochemical techniques for the demonstration of G6PDH will be reviewed as
well. Both qualitative and quantitative enzyme histochemical and cytochemical
methods will be evaluated using STowaARD’s criteria for establishing precision, repro-
ducibility, validity and specificity of the reaction (STowarDp 1980; STowARD and PLOEM
1982). Finally, applications of histochemistry and cytochemistry of G6PDH activity in
cell biology and physiology in general and in the disciplines of genetic diseases, car-
cinogenesis, reproduction and toxicology in particular will be reviewed. It will be
shown that the histochemistry and cytochemistry of this enzyme is a highly important
tool in cell science and in the study of diseased tissue.

2 Histochemical methods

Roughly, two different methods are available for the demonstration of G6PDH
activity In tissue sections. The one most commonly used is based on the reduction of a
tetrazolium salt as final electron acceptor. These colourless or weakly coloured water-
soluble compounds can be converted into intensely coloured water-insoluble formazans
by reduction ALTMAN 19762; WOHLRAB et al. 1979). Ideally, NADPH produced by
G6PDH activity is oxidized by a tetrazolium salt and its formazan is precipitated at the
site of the enzyme (Fig. 1 A). Potassium ferricyanide is the final electron acceptor in the
other method (BErcHTOLD 1979). The end product, copper ferrocyanide, is also water-
insoluble and can be observed under the electron microscope.
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FORMAZAN 1
a
TETRAZOLIUM SALT

GLUCOSE-6-PHOSPHATE —J_LNADP {DIAPHORASE (REDUCED) TETRAZOLIUM SALT
+ B H.
6-PHOSPHOGLUCONO-A-LACTONE NADP + H DIAPHORASE (0XIDIZED) FORMAZAN I
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PMS FORMAZAN l

Fig. 1. Schematic representation of tetrazolium salt reduction by glucose-6-phosphate dehydro-
genase activity. A, reduction without intervention of an electron transport system; B, reduction
via an endogenous electron transport system (diaphorase); C, reduction via an exogenous inter-
mediate electron carrier (PMS).

2.1 Tetrazolium salt methods

2.1.1 Exogenous electron carriers

The reduction of a tetrazolium salt by NADPH does not take place directly at all or
occurs only very slowly (ALTMAN 1976 2; BuTCHER 1982a; vAN NOORDEN and Tas
1982a, b; ButcHER and vAN NOORDEN 1984). The redox potentials of tetrazoles are
usually too high for the salts to become directly reduced by NADPH (ALTMAN 1976 a)
and therefore, either endogenous electron transport systems (Fig. 1B) or exogenous
electron carriers are required for the demonstration of NADPH production by GePDH
acuvity (Fig. 1C). Theoretically, BPST is the only tetrazolium salt with a redox
potential low enough to be reduced by NADPH (Fig. 1 A; ALT™MAN 1976 3, b; CLARK
1980). Endogenous electron transport systems involved are most likely NADPH cy-
tochrome ¢ (P450) reductase (vaN NOORDEN and BuTcHER 1984) and DT-diaphorase
(Raar and van Duijn 1983). Sometimes it is assumed that the mitochondrial respira-
tion chain is involved (RIEDER et al. 1978; MErjEr 1980) but this is highly unlikely,
considering that NADPH cannot permeate the membrane of these organelles
(ButcHER and CHAYEN 1968; MAHLER and CorDEs 1971). For a proper localization of
G6PDH activity one cannot rely on the endogenous electron transport systems because
these can well be the rate-limiting factor in the reduction of the tetrazolium salt and
therefore, will be demonstrated instead of the primary dehydrogenase activity (GAR-
BARSCH et al. 1978; HEywoob and BLacksHaw 1978; MELJER 1978; BERCHTOLD 1979;
VAN NOORDEN and Tas 19822, b).

Several exogenous electron carriers have been introduced in dehydrogenase his-
tochemistry, like phenazine methosulphate (PMS; FARBER and BUEDING 1956; WALKER
and SELIGMAN 1961), methylene blue (SINGER and KEARNEY 1954; FaBER and BuEDING
1956; ButcHER and Evans 1984), menadione (WATTENBERG and LEONG 1960;
Hasnimoro et al. 1964; CHAYEN et al. 1973 ¢), meldola blue (Burp and UsaTeGul-
GoMmEz 1973; MOLLERING et al. 1974; KuGLER and WRrOBEL 1978) and l-methoxy-
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phenazine methosulphate (I-methoxyPMS; Hisapa and Yacr 1977; NAKEMURA et al.
1980; SEIDLER 1980; vAN NOORDEN and Tas 1982 a, b). Menadione and methylene blue
should not be used in G6PDH histochemistry because these intermediates cannot be
reduced directly by NADPH (van NoorpeN and Tas 1982 a, b; Raar and van Duijn
1983; ButcHER and Evans 1984). It seems likely that the activity demonstrated in the
presence of these intermediate acceptors is that of the flavoprotein reductase rather than
the dehydrogenase. Meldola blue is not very useful either, although its electron trans-
ferring capacity between NADPH and a tetrazolium salt may be comparable with PMS
or l-methoxyPMS, when it is used in a not too high concentration (vaN NOORDEN and
Tas 1982 a; KUGLER 1982), but it stains cellular components like DNA and lipids blue.
This interferes with the colour of most formazans (HENDERSON and LOVERIDGE 1981;
VAN NOORDEN and Tas 1982 a, b; KuGLER 1982). Meldola blue also appeared to have
little effect in incubation media containing polyvinyl alcohol (HENDERSON and
LoverIDGE 1981; ButcHER and Evans 1984). This may be due to an almost complete
binding of this particular dye to the colloid stabilizer (KucLERr 1982). Therefore, at
the moment only PMS and I-methoxyPMS are really candidates for the role as
exogenous electron carrier in G6PDH histochemistry. /n vitro experiments showed
that I-methoxyPMS is a faster carrier than PMS (Hisapa and YaG1 1977; SEIDLER 1980;
Hisapa et al. 1981; KuGLER 1982) and it is also much less light sensitive than PMS.

As34

time (min)

Fig. 2. In vitro reduction of tetranitro BT in the presence of either I-methoxyPMS or PMS
demonstrated by the increase of absorbance at 534 nm (Ass,). A, reduction in a solution of 0.5 %
(w/v) bovine serum albumin (BSA) and 0.32 mM PMS; B, same as A but with |l-methoxyPMS
instead of PMS; C, reduction in a solution of 0.32 mM PMS; D, same as C but with I-
methoxyPMS instead of PMS; E, reduction in a solution of 0.5 % BSA. Temperature 37 °C, pH
7.45.
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Incubations in the presence of l-methoxyPMS give less photochemical reduction of
easily reducible tetrazolium salts (Fig. 2; Hisapa and Yac1 1977; Hisapa et al. 1981;
VAN NOORDEN and Tas 1982 a; vaN NOORDEN 1983). Moreover, Fig. 2 shows as well
that the so-called mothing dehydrogenase> activity due to SH-groups in proteins with
the example of bovine serum albumin (cf. Sr1 VENuGOPAL and ApiGa 1980) does occur
when using either l-methoxyPMS or PMS. This kind of «othing dehydrogenase
activity can be inhibited by addition of a SH-group inhibitor to the incubation
medium, like N-ethylmaleimide. No SH-group-dependent formazan production can
be observed in the absence of electron carriers. This formazan production is higher in
the case of PMS than of I-methoxyPMS (Fig. 2). It might well be a reason for a higher
formazan production in the absence of substrates and/or coenzymes when PMS is used
instead of I-methoxyPMS (NakaMURa et al. 1980; vaN NOORDEN and Tas 1982a, b).
On the other hand, substitution of PMS for l-methoxyPMS in a study of van Noor-
DEN and BUTCHER (1984) did not result in any substantial difference. Nevertheless, it is
recommended to use l-methoxyPMS for G6PDH histochemistry because of its
(photo)chemical stability and its fast electron transfer.

2.1.2 Tetrazolium salts

The tetrazolium salts which have been used in the past for the demonstration of
G6PDH activity often show different kinds of staining patterns and intensities. Recent-
ly, the four most widely used tetrazolium salts, i.e. neotetrazolium chloride (NT),
nitro blue tetrazolium chloride (nitro BT), tetranitro blue tetrazolium chloride (tet-
ranitro BT) and 2-(2-benzothiazolyl)-3-(4-phthalhydrazidyl)-5-styryl-tetrazolium
chloride (BPST) have been compared for their effects on the localization of GGPDH
activity under optimal incubation conditions (SINOWATZ et al. 1983; vaN NOORDEN and
BuTcHER 1984). Fig. 3 shows that only the use of nitro BT and tetranitro BT resulted
in localization patterns in agreement with the sites of G6PDH activity as determined by
microbiochemical techniques (TEuTscH and Rieper 1979; TeutscH 1981) and with
cytochemistry of isolated cells (KnooK et al. 1980; van NOORDEN et al. 1984 ¢). From
these studies it has been concluded that Kupffer cells, endothelial cells and epithelial
cells of bile caniculi show a high G6PDH activity. The staining patterns obtained with
tetranitro BT and nitro BT in the presence of I-methoxyPMS or PMS are in agreement
with these findings (Fig. 3). BPST-formazan seems to migrate from its site of produc-
tion due to a lack of firm substantivity, which results in a rather diffuse staining
pattern. Similar findings are reported in the literature (GAHAN and DAwsoN 1981; vaN
NOORDEN et al. 1982b; SiNOwATZ et al. 1983).

It has been previously mentioned that, on theoretical grounds, it should be possible
that NADPH reduces BPST directly due to the low redox potential of BPST (ALTMAN
1976 a, b; CLark 1980), but Fig. 4 shows this is not the case. In the absence of I-
methoxyPMS, reduction of BPST occurs considerably slower and the staining pattern
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resembles that of tetranitro BT and nitro BT in the absence of an exogenous electron
carrier (VAN NOORDEN and BuTCHER 1984).

Fig. 3. Adjacent cryostat sections of female rat liver stained for G6PDH activity with four
different tetrazolium salts. A, tetranitro BT; B, nitro BT; C, BPST; D, neotetrazolium in the
presence of nitrogen. The incubations have been performed in the presence of I-methoxyPMS as
electron carrier. x 130.

Staining with NT in the presence of I-methoxyPMS does not result in intercellular
differences in staining intensities between e.g. hepatocytes and Kupffer cells (Fig. 3).
The pattern is in fact very similar to that obtained in the presence of tetranitro BT in the
absence of an electron carrier. This may be due to the large size of NT-formazan
granules (ALTMAN 1976 a; SINOwATZ et al. 1983), but it might also be a result of the
unavoidable interference of DT-diaphorase or NADPH cytochrome c (P450) reductase
as endogenous electron transport systems. Nevertheless, when measuring formazan
production in a small area of serial sections of rat liver incubated in the presence of each
one of the tetrazolium salts mentioned above, similar reaction rates are obtained with
all four salts, when the molar extinction coefficients of the respective formazans are
taken into account (Table 1; BurcHER and van Noorpen 1984). This leads to the
conclusion that all four tetrazolium salts can give similar quantitative information of
G6PDH activity under optimal incubation conditions, but that the use of nitro BT or
tetranitro BT results in the best localization of G6PDH activity. The very fine forma-
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Fig. 4. Serial cryostat sections of female rat liver stained for G6PDH activity with four different
tetrazolium salts. A, tetranitro BT; B, nitro BT; C, BPST; D, neotetrazolium in the presence of

nitrogen. The incubations have been performed in the absence of an exogenous electron carrier.
x 130.

zan granules (ALTMAN 1976 a; vAN NOORDEN et al. 1982b), the ease of reduction
(ALTMAN 1976 a; vAN NOORDEN et al. 1982b) and the lack of lipid solubility of its
formazan (HoroBIN 1982) make tetranitro BT the tetrazolium salt of choice for
G6PDH histochemistry under normal conditions.

Table 1. End-point measurements of G6PDH activity in serial sec-
tions of female rat liver stained with four different tetrazolium salts.
The readings of integrated absorbance are taken from the same areas
in the sections at the wavelengths given in Table 9. Reactions were
performed for 5 min at 37°C.

Tetrazolium salt Increase in G6PDH activity
integrated (nmol Hy/mm?)
absorbance

Tetranitro BT 1280 80

Nitro BT 1190 93

BPST 480 60

Neotetrazolium 530 90
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When G6PDH activity is demonstrated in lipid-rich tissues, there might be even
some tetranitro BT-formazan diffusion into lipid-water interfaces (HoYER and AN-
DERSEN 1977; M@LLER and H@YER 1979). ALTMAN et al. (1979) have found a solution
for this diffusion problem by using BPST in the presence of nickel chloride. Nickel-
chelated BPST-formazan appeared to be extremely lipophobic (Fig. 5). Tetranitro BT-
and nitro BT-formazans did not show any chelation with metal ions under histochemi-
cal conditions. On the other hand, lipid can be removed before staining by acetone
pretreatment of the sections at 0°C to avoid formazan drift (JacoBsen 1969; MELL-
GREN 1971). However, our experience with acetone pretreatment is not very good: it
destroys the morphology of the section too much.

2.1.3 The effect of oxygen on the tetrazolium salt reduction

The effect of oxygen on the reduction of tetrazolium salt is a rather confusing
matter. The reduction of NT is strongly decreased in the presence of oxygen (ALTMAN
1976 a, c; ButcHER 1978a) and this is independent of the presence of PMS or
l-methoxyPMS or azide (inhibitor of cytochromes) (vaN NOORDEN and BUTCHER
1984). It is shown by BuTcHER (1978 a) that the rate of in vitro reduction of NT in an
aqueous medium is decreased by the oxygen tension (Fig. 6). On the other hand, it
appeared from the same study, that the reduction rate of NT is not decreased substan-
tially in a viscous medium (containing polyvinyl alcohol (PVA)) by the oxygen ten-
sion, but a lag phase is increased with time, when more oxygen is present in the
atmosphere (Fig. 7). An explanation for the differences between the effect of oxygen in
a PVA-containing medium and its effect in a medium without PVA might well be a
diminished diffusion of oxygen by PVA. During the first period of incubation of a
section, electrons are transferred preferentially to any oxygen present; when the oxy-
gen supply is exhausted at the surface of the section, the electrons are then available to
reduce NT and formazan production begins. Apparently, oxygen cannot diffuse quick-
ly enough into the section. The interference of oxygen in the reduction of NT is not
limited by diffusion to any significant extent in media without a stabilizer like PVA.

Fig. 5. G6PDH activity demonstrated in lipid-rich tissue of rat ovarian stroma with different
tetrazolium salts. A, nitro BT: poor localization; large accumulations of formazan granules are
distributed throughout the section, particularly over lipid droplets (solid arrow) and around
nuclear envelopes (open arrow). B, MTT + cobalt ions: very poor localization, with extensive
accumulations of formazan granules throughout the section. C, tetranitro BT: improved locali-
zation, but granular formazan accumulations are still apparent around lipid droplets (solid arrow)
and nuclear envelopes (open arrow). D, BPST: better localization as in A—C, but formazan is still
accumulating around lipid droplets (solid arrow) and nuclear envelopes (open arrow). E, BPST
+ cobalt ions and F, BPST + nickel ions: localization greatly improved. Formazan now appears
agranular, and there is no indication of accumulation around lipid droplets (solid arrows) or
nuclear envelopes (open arrows). x 400. — Reprinted with permission from ALTMAN et al. (1978).
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Fig. 6. The effect of oxygen on the rate of formazan production from neotetrazolium by G6PDH
activity in an aqueous solution in the presence of PMS. O—O 0 % oxygen, A—A 10 % oxygen,
0O—0 20 % oxygen. — Reprinted with permission from BuTcHER (1978).
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Fig. 7. G6PDH activity in the same pericentral region of serial sections of rat liver incubated on
the stage of a cytophotometer at room temperature under different oxygen tensions. The incuba-
tions were performed in aqueous media containing polyvinyl alcohol. The final electron acceptor
was neotetrazolium and PMS was used as intermediate electron acceptor. A—A 0% oxygen,
A—A 10 % oxygen, 0—[120 % oxygen —M 30 % oxygen, O—O 40 % oxygen, ®—® 50 % oxy-
gen. — Reprinted with permission from BuTcHER (1978).



