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Abstract

1. Attempts have been made to confirm how the formazan formation is affected in the presence
of oxygen gas when the cells are incubated with neotetrazolium salt and the subsrtates for the en-
zymes to be tested. 2. In the cases of succinoxidase formazan formation is minimized under pure
O2tension, it increases with decrease in O2 tension, and reaches its maximum value under N2gas.
3. This relationship between the oxygen tension and the diformazan formmation can likewise be
observed even after pretreatment of the system with KCN. 4. In measuring enzyme activity of the
DPN-diaphorase system with L-glutamate and DPN as substrate and NT as hydrogen acceptor, the
same relationships between the oxygen tension and the NT-reduction can be seen as in succinoxi-
dase system. 5. In the determination of enzyme activity of the cytochrome-c-cytochrome oxidase
system with p-phenylene-diamine as substrate and NT as hydrogen acceptor, likewise the difor-
mazan formation is markedly affected by oxygen tension and increased with the reduced oxygen
tension but under pure Ns gas the value is reduced. When the systen is pretreated with KCN, how-
ever, the diformazan formation reveals its maximum value under pure nitrogen gas, the values of
which correspond to those values of endogenous reaction without substrate. 6. The above results
show that the neotetrazolium salt can compete with O2 as hydrogen acceptor, and less values of
formazan formation may be obtained under higher oxygen tension and the higher values under
lower oxygen tension independently from the true activity of the enzyme.
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In the course of the observations on the activities of respiratory enzymes
conducted biochemically and histochemically by using neotetrazolium salt as
electron acceptor, the authors have noticed that the increased 0 2 tension in the
gaseous space during the incubation of the cells acts as to decrease the reduction
of tetrazolium salt. The papers concerning the relationship between the for
mazan formation and the 0 2 tension appeared in the past but they presented
much disagreement with each other, resulting in the confusion of the opinions.
The main reason for this seems to be due to the fact that the materials and
methods for the observation have been at a variance. e. g. even in the observa
tion of a similar kind of cells the values obtained by using tissue slices, whose
thickness cannot be strictly controlled and in which a small difference in thick
ness results in a big difference in cell number of a given sample, may be less
reliable or difficult to compare with each other or with those obtained by cell
suspension.

From this viewpoint the authors observed the living cell suspension of L
cells cultured in such a fashion by which the cell number can be controlled strict
ly and the living activity of the cells can also be controlled by culturing under
the same conditions. The results are presented in this paper and show a definite
influence of 0 2 tension on the reaction of the respiratory enzymes to be demons
trated by using the tetrazolium salt.

MATERIALS AND METHODS

The L-strain and HeLa cells in culture served as materials. After 3-day
culture they were washed twice with Hank's solution and suspended in an
adequate amount of Hank's solution by being detached mechanically from the
culture vessel wall. The cell suspension thus obtained contained 500,000 to
1,500,000 cells per ml. Each one ml of the suspension was taken into the test
tube of 1.5mm in diameter and 10cm in length, total of 10 tubes for one ob
servation. The culture vessel should be kept shaking during the transfer. The
cell suspension in each test tube was added with 2 ml of the mixture of equal
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volume of substrate solution, 0.2 per cent neotetrazolium chloride aqueous solu
tion (NT) and 0.2 M phosphate buffer solution (pH 7.6). After adding the solu
tion each tube was tightly stoppered with rubber W stopper and the gaseous
space of the tube was immediately filled with the oxygen-nitrogen mixture in
a certain proportion by the method described in the previous paper1

•
2

• Thus 10
test: tubes contained pure oxygen, 80 %, 70 %, 50 %, 30 %, and 20 % oxygen,
air, and pure nitrogen gas. Then the cells were incubated at 37 cC, being gently
moved by the roller tube method. After one hour incubation 2 ml of neutralized
10 % formalin was added in each tube to stop the reaction. Then the packed
cells were obtained by centrifugation (3,000 r. p. m. for 10 min). To the packed
cells were added exactly 4 ml of ether-aceton mixture in an equall volume and
the amount of diformazan extracted by ether-aceton was measured by spectro
photometer at the wave length of 520 ml'.3.~. For the measurement of succi
noxidase activity 0.2 M sodium succinate was used as the substrate solution, for
the DPN-diaphorase the mixture of 0.45 % DPN, 0.5 M sodium malate. pH 7.6,
and 0.5 M sodium-L-glutamate in the volume ratio of 1.0: 1.5: 2.5 and for the
cytochrome c cytochrome oxidase system 0.2 per cent p·phenylene diamine was
used. In the case of cytochrome-c-cytochrome oxidase 2 ml of 1 N sulfuric acid
was added to stop the reaction, and in case of DPN diaphorase reaction was
stopped after 30 min of incubation.

KCN, which was used for the purpose to inhibit the activity of cytochrome
oxidase, was added to the medium so as to make the final concention of KCN
to be 0.005 M. In the control series endogenous substrate reaction was observed
by adding an epual volume of buffer solution in place of substrate solution.

RESULTS

The amount of diformazan produced by the L-cells incubated for 60 minutes
with NT and succinate was minimum in the tube containing pure oxygen and
increased with the decrease in oxygen tension, reaching the maximum value
under pure nitrogen. Exactly the same tendency as in L cells was observed in
the cases of HeLa cells (Figs. 1, 2). Under air the diformazan formation was
almost the same as that under the gas having 20 per cent oxygen. Endogenous
reaction in the medium containing no succinate showed the same tendency
though the amount of formazan was much less than that in the cases having
substrate.

The reaction curve in the case of air proceeded in a straight line with time
until 90 min. After that it declined slowly reaching plateau after 3 hours (Fig.
3). Consequently, the following obseryations were carried out with the incuba
tion time of 30 to 90 minutes, and 180 minutes at longest.

In the reaction series, preincubated with pure oxygen for various periods
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Fig. 3 The relationship between reaction
time and the amount of NT reduced, ex
pressed in optical density at 520 mll.
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Fig. 2 The same as Fig. 1. but for strain HeLa
cells.

of time (30 min to 120 min) and then
replaced with pure nitrogen the forma
tion of diformazan was accelerated
under nitrogen (Fig. 4). As demons
trated in Fig. 4, formazan was formed
more under N2 gas than under O2,

about 4 times as much as that of the
latter (A and B in Fig. 4). This relation
had been clearly recognized in the cases
previously incubated under O2 gas for
the various periods of time and placed
under N2 gas. The difference in the rate of formazan formation was also ob
served in the case incubated previously with N2 gas followed by replacing with
O2 gas (Fig. 5).

Fig. 1 Effect of oxygen tension on
the NT reduction by succinoxidase sys
tem of strain L cells. Columns show
the amount of NT reduced, in optical
density at 520 mp, after one hour in
cubation in the reaction medium with
succinate as substrate under pure oxy
gen, air, and pure nitrogen gases, re
spectively.
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Fig. 4 Effect of preincubation under pure
oxygen during various periods of time on the
NT reduction by succinoxidase system of strain
L cells. (A) was incubated in the reaction me
dium under pure oxygen from the beginning
to end for 60 min. (B) was incubated under pure
nitrogen from beginning to end for 60 min.
(C), (0), (E), and (F) were incubated under
pure oxygen for 30 min., 60 min., 90 min., and
120 min., respectively, and then the gasses were
replaced with pure nitrogen and further in
cubated for 60 min.

Fig. 5 Effect of alternative changing
of oxygen tension on the NT reduction.
(A) was incubated under pure oxygen
from beginning to end for 90 min.
(B) was incubated under pure oxygen for
30 min and then under nitrogen for 60
min. (C) was incuvated under nitrogen
for 90 min from beginning to end.
(D) was incubated under nitrogen for 30
min and then under oxygen for 60 min.

Observation on the DPN-diaphorase revealed identically the same relation
to oxygen tension as in the case with the succinic oxidase system (Fig. 6). But in
this case the amount of the {ormazan formed under N2 gas was about two times
that under O2 gas.

Observations on the cytochrome-c-oxidase system conducted with para
phenylene diamine (p-PDA) as the substrate gave some different data from those
in the succinoxidase system and in the DPN·diaphorase system. In this case,
too, the quantity of diformazan formation was greatly suppressed under pure
oxygen and increased with the reduced oxygen tension, reaching a very high
value under air as high as 10 times that under pure oxygen but it decreased again
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Fig. 6 Effect of oxygen tension on the NT reduction by DPN-diaphorase
of strain L cells. Columns represent the amount of NT reduced, expressed in
optical density at 520 mj.l, after 30 min incubation under various oxygen tension
at indicated ratio.

under nitrogen gas (Fig. 7).

Observation of the cells previously treated with 0.005 M KCN for 10 minutes
proved that the rate of NT reduction by succinoxidase system under various
oxygen tensons decreased, though it showed the same pattern as those of no
pretreatmeut with KCN (Fig. 8). Control experiment done under air without
pretreatment of KCN proved that only a part of the activity (about 3/7) of this
enzyme was suppressed by KCN. On the other hand, the cytochrome-c-oxidase
system showed a marked change in the formazan production by the pretreatment
with KCN, losing the characteristic pattern seen in the cases without pretreat
ment with KCN (Fig. 9). The NT reduction under nitrogen gas reached the
maximum value as in the case of succinoxidase system though the amount of
the formazan formed was much less.
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Fig. 7 Effect of oxygen tension on
the NT reduction by cytochrome-c-cyto
chrome oxidase system of strain L cells.
Columns represent the amount of NT re
duced, expressed in optical density at
520 mll. after 60 min incubation under
various oxygen tension at indicated ratio.

Fig. 8 Effect of potassium cyanide pre
treatment on the NT reduction by succinoxi
dase system of strain L cells. The cell sus
pension was pretreated with neutralized 0.05
M potassium cyanide in final concentration
for 10 min and then the reaction was made
to proceed for 60 min with succinate as
substrate under various gas tension at in
dicated ratio.

DISCUSSION

Up to date many attempts have been made to estimate enzyme activities in
succinoxidase system, DPN, or TPN-diaphorase system, etc. with the use of
tetrazolium salts, and the majority of investigators have found an increase in the
formazan formation under anaerobic conditionslH1 though some investigators
insist that anaerobic conditions have no appreciable influence on the diformazan
formationI2

•
13

•

SELIGMAN, NACHLAS et af. found an increased reduction rate of tetrazolium
salts (TPT, BT, NT, excepting nitro-BT) in the determination of succinoxidase
system in an anaerobic condition, especially in the reactions by using tissue sec
tions instead of homogenates.

ICHlKAWA12 also observed the increased formazan formation in the reaction
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Fig. 9 Effect of potassium cyanide pretreatment on the NT reduction by
cytochrome-c-cytochrome oxidase system of strain L cells. The pretreatment
was done with neutralized 0.005 M potassium cyanide in final concentration for
10 min and then the reaction was made to proceed for 60 min with para
phenylenediamine as substrate under various gas tension at indicated ratio.

of the dehydrogenase in living cells under anaerobic condition when glutamic
acid was used as substrate. The intensity of NT reduction, however, was the
same both under anaerobic and aerobic conditions when succinate was used as
substrate. Finally, he contends the reaction generally does not require anaerobic
conditions. FARBER, STENBERG et af.l3 likewise claim that there is no need of
expelling oxygen by boiling nor is it necessary to change the reaction atmosphere
to nitrogen gas, in their studies on DPN and TPN-diaphorase sysems by histo
chemical staining of tissue sections 20 p. thick, in which they used blue tetra
zolium (BT) and NT as hydrogen acceptors.

Judging from the authors' own experiences, it seems that the selection of
the enzyme systems, tetrazolium salts, and the methods of analysis are respon
sible for these conflicting findings. It appears that in the preparation of homo
genate, mechanical damage may bring about injury to the intracellular mem
braneous structures and hence the changes in enzymic activities resulting in
losing the reacting ability to aerobic or anaerobic conditions. In the experiments
by using tissue sections the difference in the thickness will act as a definite factor
as compared to that of gaseous atmosphere, as the cell number contained in the
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slice is greatly changed by a slight change in thickness. Furthermore, ability for
oxidative phosphorylation and active transport is largely damaged in the frozen
tissue sections. Consequently, it is to be expected that the reasonable result will
be giv.en by observing the living cells suspended in an adequate medium where
the cell number can be controlled fairly exactly and the vital activity is well re
tained. As just presented in the authors' experiments an unexpectedly tremendous
effect of oxygen tension can be seen on the formazan formation. The highest
value under N2 gas in succinoxidase and DPN-diaphorase systems clearly show
that O2competes with neotetrazolium salts as hydrogen acceptor.

The decrease in the formazan formation in N2 gas in the case of the cyto
chrome-c-cytochrome oxidase system shows that the tetrazolium salt is not so
effective hydrogen acceptor as O2 gas for this enzyme system. The inhibition
of the activity of the cytochrome oxidase system by KCN resulted in the formazan
formation in the type of succinoxidase system, the highest value under N2. This
coincides with the endogenous reaction without substrate. In the succinoxidase
system the pretreatment with KCN inhibits about 3/7 of the reaction and a part of
electrons can directly flow to the dye without intermediation of cytochrome system.

Thus, it is clear that the tetrazolium salt can compete with O2in a varying
degree according to the kinds of enzymes to be tested. In the case of succinoxi
dase system the tetrazolium salt can be used as hydrogen acceptor efficiently as
well as oxygen, and under N2 gas the highest value can be obtained independ
ently from the true activity of the enzyme, while in the case of cytochrome
c-cytochrome oxidase system, O2 is essential for keeping the unchanged activity
of the enzyme, and formazan formation is reduced under anaerobic conditions.
The finding supports the opinion of OKUNUKI14 who claims the cytochrome a-02
complex for cytochrome oxidase. According to this theory O2is necessary for the
formation of cytochrome a-02 complex, which will act as the terminal oxidase of
the cytochrome system.

CONCLUSION

1. Attempts have been made to confirm how the formazan formation is
affected in the presence of oxygen gas when the cells are incubated with neote
trazolium salt and the subsrtates for the enzymes to be tested.

2. In the cases of succinoxidase formazan formation is minimized under
pure O2tension, it increases with decrease in O2 tension, and reaches its maxi
mum value under N2gas.

3. This relationship between the oxygen tension and the diformazan form
mation can likewise be observed even after pretreatment of the system with
KCN.

4. In measuring enzyme activity of the DPN-diaphorase system with L-
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glutamate and DPN as substrate and NT as hydrogen acceptor, the same rela
tionships between the oxygen tension and the NT-reduction can be seen as in
succinoxidase system.

5. In the determination of enzyme activity of the cytochrome-c-cytochrome
oxidase system with p-phenylene-diamine as substrate and NT as hydrogen
acceptor, likewise the diformazan formation is markedly affected by oxygen
tension and increased with the reduced oxygen tension but under pure Ns gas
the value is reduced. When the systen is pretreated with KeN, however, the
diformazan formation rev~ls its maximum value under pure nitrogen gas, the
values of which correspond to those values of endogenous reaction without sub
strate.

6. The above results show that the neotetrazolium salt can compete with
O2 as hydrogen acceptor, and less values of formazan formation may be obtained
under higher oxygen tension and the higher values under lower oxygen tension
independently from the true activity of the enzyme.
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