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RESUME

_ .,. .. , 86_, + comme traceur pour étudier les effets du
On a utilise le Rb

diamide (acide diazénédicarboxylique bis (N,N'-diméthylamide)) sur le

transport du potassium dans les ce.llules-L des souris. L'absorption

active sensible à l'ouabaïne est réduite après le traitement de 0.4 à

0.6 mmol/L de diamide. L'importance de la réduction dépend de la tempé-

rature et de la présence de glucose dans le milieu. Ces résultats sug-

gèrent que l'élimination du glutathione par le diamide est le facteur

principal contrôlant le niveau de transport de K dans les cellules-L

traitées. En plus de la réduction du transport actif, le diamide pro-

duit des changements radicaux dans 1'ultrastructure cellulaire, proba-

blement par l'intermédiaire de l'équilibre altéré de Na /K et son ac-

tion sur la tubuline. Les régions dégagées sans organelles semblent

entourées de vacuoles et de régions de mitochondries enflées. Eventu-

ellement, les régions dégagées du cytoplasme se détachent de la cellule

par pincement.
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ABSTRACT

The effects of diamide (diazenedicarboxylic acid bis (N.N1-

dimethylamide)) on the transport of potassium in mouse L-cells have been

investigated using Rb as a tracer. Active, ouabain-sensitive uptake

is reduced after 0.4 to 0.6 mmol/L diamide treatment. The size of

reduction depends on the temperature and the presence of glucose in the

medium. These results suggest that the elimination of reduced glutathione

by diamide is the major factor controlling the level of K transport in

treated L-cells. In addition to decreasing active transport, diamide

produces dramatic changes in cellular ultrastructure, probably through

altered Na /K balance and its action on tubulin. Clear organelle-free

regions appear surrounded by vacuoles and swollen mitochondria regions.

The clear areas of cytoplasm eventually pinch off from the cell.
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1. INTRODUCTION

Diamide (diazenedicarboxylic acid bis (N,N'-dimethylamide))

was developed by Kosower et al. as a specific glutathione oxidizing

agent. They reported that diamide produces a stoichiometric oxidation

of glutathione in human red blood cells without inducing hemoglobin

alteration, osmotic fragility, or agglutinability by poly-L-lysine.

Diamide has continued to be used as a specific glutathione oxidant, even

though it has been shown to have a wide range of secondary effects,
(2)

including sensitizing cultured cells to ionizing radiation , disrupt-
(3)

ing microtubule formation , facilitating peroxidation of membrane

lipids and inhibiting protein synthesis .

Classical sulfhydryl (SH) agents, such as n-ethylmaleimide

(NEM), have been shown to deactivate Na -K adenosine-triphosphatase

(ATPase) and to slow active Na -K transport . Sodium and potassium

transport are coupled. However, NEM reacts rapidly with protein SH, in

addition to glutathione. Diamide, on the other hand, reacts quite

specifically with glutathione. It is important to observe how diamide,

which oxidizes glutathione with high efficiency, affects K transport in

cultured cells. Diamide has been shown to decrease K transport in the

rat lens , and to alter the shape of corneal epithelia .

The action of diamide on K transport is especially inter-

esting in relation to its role in the survival of cultured cells after

exposure to ionizing radiation. Diamide shows a concentration versus

sensitization curve that is biphasic; this suggests that it operates by
(9)

different mechanisms at low and high concentrations . Glucose and

temperature also influence radiation sensitivity with diamide. Since

Raaphorst and co-workers have shown that the internal ion con-

centration influences radiation sensitivity, a portion of the sensi-

tizing effect of diamide may be due to its effects on K transport.
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Peroxidation of membrane lipids after diamide exposure, as
(4)

observed by Power et al. , suggests that diamide may produce direct

damage to the cellular membrane, and thus may disrupt the passive com-

ponent of K transport.

On the basis of the above reports, it appeared interesting to

measure the effects of diamide on active and passive K uptake in mouse

L-cells.

2. MATERIALS AND METHODS

2.1 CELL CULTURE

Mouse L-cells were routinely cultured in spinner flasks at a

density of 1 - 5 x 10 cells/mL in Eagle's minimum essential medium

(MEM) with spinner salts (Flow Laboratories Inc.) and 7% heat-inactivated

fetal calf serum (Gibco Laboratories, Grand Island, N.Y.). Two days

before an experiment, the cells were plated on 35-mm culture dishes

(Falcon Plastics), at a density of 5 x 10 cells per dish, in MEM, with

10% heat-inactivated fetal calf serum, and incubated at 37°C in 5% CO,,.
2

The medium was aspirated from the monolayer and replaced with fresh

medium one day before the experiment.

2.2 DIAMIDE TREATMENT

Diamide (Calbiochem) was dissolved in medium (MEM) or

Dulbecco's phosphate buffered saline (PBS), and 1 raL was applied to the

monolayer. Some cells were -retreated with 1 mmol/L ouabain (Sigma) in
ft/- i

medium for 10 min before the addition of Rb . Ouabain binds to the

external cell surface and inhibits active Na -K transport . All

treatments took place at 37°C, unless otherwise specified.
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2.3 8 6Rb + UPTAKE

After completion of the diamide, or diamide and ouabain,
86 i

treatment, the monolayers were washed in fresh medium. Rb (37 kBq/mL),

in the form of RbCl (New England Nuclear), was then added as a tracer

for K , and uptake was allowed to take place at 37°C. Rb and K have

similar uptake characteristics, and Rb has been shown to be equiva-

lent to K in a number of experiments . At the end of the uptake

time, the monolayers were washed twice in 2 mL of cold PBS and lysed

with 1 mL of 0.1% trypsin in double-distilled water, and the Cerenkov

radiation was counted on the tritium channel of a Nuclear Chicago

Isocap/300 scintillation counter. The points shown in Figures 1 to 3

are the averages of duplicate measurements, and each experiment was run

three times with qualitatively similar results.

2.4 ELECTRON MICROSCOPY

(14)
Samples for electron microscopy were prepared by Hayat's

rapid procedure in Millonig's buffer and embedded in Spurr's epoxy

mixture. Sections were cut with glass knives and viewed in a Philips

electron microscope (EM-300).

3. RESULTS

Figure 1 shows that the addition of 0.4 mmol/L diamide in MEM
ft 86 +

(1.34 mmol/10 cells) to the monolayer for 20 min before Rb was
86 +

added altered the rate and equilibrium level of Rb uptake. In some

cases, 1 mmol/L of the care. ••- glycoside ouabain was added to the mono-
86 -+•

layer 10 min before the addition of Rb . In the presence of ouabain,
86 +

diamide slightly decreased the uptake of Rb . Thus, it appears that a

portion of ouabain-insensitive transport is decreased by 0.4 mmol/L
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diamide, as would be expected if passive permeability of the membrane

was influenced by diamide addition.

A second experiment was designed to observe the influence of

exposure time and temperature on the decrease in K uptake induced by

diamide. Diamide was added to the monolayers at a concentration of

0.6 mmol/L in medium (2 mmol/10 cells) at 22°C and 37°C and allowed to

remain on the cells for varying times, up to 30 min. The monolayers

were then washed in fresh medium and incubated in medium containing
86 +
Rb for 40 min. Figure 2 shows that, at both temperatures, active

86 +
Rb uptake decreased after only 5 min of diamide treatment. However,

86 +
diamide had less effect on cells treated at 22°C. Rb uptake is

plotted per 10 cells because some cells were lost from the monolayers,

especially for treatments longer than 15 min. The ouabain-insensitive

components of K transport, measured in 1 mmol/L ouabain, were similar

at both temperatures. They decreased slightly in the first 5 min but

did not decrease significantly with further treatment.

The influence of diamide is also dependent upon the medium in
86 +

which it is dissolved. Figure 3 shows the results of Rb uptake,

following the exposure of cells for 5 min to three solutions with

0.4 mmol/L diamide (1.5 mmol/10 cells): normal MEM which contained 0.1%

glucose, PBS without glucose, or PBS with 0.1% glucose. Diamide,
86 +

dissolved in PBS without glucose, showed the greatest decrease in Rb

uptake, although it was not as low as the value found in the presence of

1 mmol/L ouabain (see Figure 1). In separate experiments, it was found

that a 40-min treatment with diamide dissolved in PBS required a con-

centration of greater than 1.2 mmol/L to remove the ouabaln-sensitive

component of K transport totally. Thus, using 0.4 mmol/L diamide, all

of the active (ouabain-sensitive) transport was not eliminated, although

it was significantly reduced. Glucose in PBS, and normal medium, de-

creased the effect of diamide on transport.
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Diamide, at concentrations sufficient to decrease the active

transport, also produced dramatic changes in cellular ultrastructure,

probably through its action on tubulin and the Na -K pump. Figure 4a

is an electron micrograph of an L-cell after a 1-h exposure to 0.6 mmol/L

diamide, and Figure 4b was taken after a 20-min exposure. Organelle-

free blebs (long arrows) are seen pinching off the cell. The blebs are

often separated from the rest of the cytoplasm by vacuoles. Bulbous

organelle-free regions have been reported in human and rabbit neutro-

phils ' . Pinching of the nucleus at bulges (thick arrow in Figure 4a)

is sometimes seen after diamide treatment. In some cases, vacuoles and

swollen mitochondria collect at the edge of the organelle-free region

and, eventually, the clear cytoplasm pinches off from the cell. Con-

densed patches are also seen as particles in mitochondria (medium-length

arrows), perhaps due to the altered ionic milieu within the cell.

Mitochondrial particles are distinct and heavily stained in the diamide-

treated cells. These changes are rapid and appear in most treated cells

after only 5 min of exposure to diamide. After 20 min of exposure, all

cells are affected, and the ultrastructure does not change greatly for

longer exposures.

Figure 5 is an electron micrograph of an L-cell from an

untreated culture. The smooth nucleus (large arrow) is surrounded by a

uniformly spaced nuclear envelope, and the mitochondria (small arrows)

are well preserved, without the distinct particles seen in the diamide-

treated r.ells.

4. DISCUSSION AND CONCLUSION

We have shown that Rb uptake in mouse L-cells is rapidly

reduced by low concentrations of diamide, and that the magnitude of the

reduction depends upon temperature and the presence of glucose. These

effects oi diamide on the Na-K -dependent transport system are similar
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to those first observed in the rat lens . There, ii: was found that

lenses incubated with 0.4 mmol/L diamide, in the absence of glucose,

showed a progressive decrease in glutathione level and a 55 to 57%

decrease in Rb uptake. The presence of glucose minimized the swell-
(8)

ing of the rat lens and shape changes in corneal endothelial cells

Other SH agents, such as the SH-alkylating agent NEM, are less

specific for glutathione than diamide. They alter glutathione while

presenting a serious chemical challenge to a wide range of sulfhydryls

in the cell. Diamide, on the other hand, acts primarily on glutathione,

although it is becoming clear that it has secondary effects once the

major portion of cellular glutathione is oxidizedv ' '

Considering the drastic changes in cellular structure and K

transport, it is probable that e. portion of the radiation sensitization
(2)

seen in cultured cells after diamide treatment is due to an altered

ionic milieu within the cells. This suggestion is supported by radia-

tion studies ' , where radiation survival is found to be very

sensitive to salt concentration.

Peroxidation of membrane lipids, as observed by Harris et
(9) +

al. , does not appear to be the main cause of the decrease in K

uptake. Membrane damage is expected to increase the passive leakage of

ions across the membrane. However, diamide addition changed the passive

ouabain-insensitive component of transport much less than the active

component. This is in agreement with work on the permeability of

reticulocytes to leucine or mixed acids after diamide treatment . In

these studies, diamide did halt protein synthesis, although it did not

affect amino acid entry into the cell or its adenosine triphosphate

level. This result was interpreted as showing the importance of reduced

glutathione in maintaining normal physiological activity in cells.

A similar conclusion can be drawn from the in vitro work of

Dick et al. , who showed that oxidized glutathione inhibits the Na -
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K -stimulated, ouabain-inhibited ATPase. Our results with glucose

corroborate this view. Glucose is the energy source for the enzyme

glutathione reductase, which reduces oxidized glutathione. Thus, the

addition of glucose with diamide is expected to return some glutathione

to the reduced state and to reduce the inhibition of K transport. We,

therefore, interpret our results as showing that the production of

oxidized glutathione, rather than any secondary effect, is the main

cause of the decrease in K transport.

The level of oxidized glutathione is also implicated in the

disorganization of spindle and cytoplasmic microtubules by Oliver et

al. . They suggested that microtubules cannot be assembled or

maintained in the face of decreased levels of reduced glutathione.

Others have given evidence that the tubulin SH groups are involved and

are oxidized once the reduced glutathione is eliminated; however,
(18)

oxidized glutathione itself was shown to inhibit polymerization

The actions of oxidized glutathione on microtubules and on the Na -K

transport system may combine to produce the altered morphology seen in

Figure 4. The invagination and pinching of the nucleus are similar in
(19)

appearance to that seen in L-cells after irradiation , where micro-

tubule damage was again suggested as the cause.
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FIGURE 4: (a) Electron Micrograph of an L-Cell After a 1-h Exposure
to 0.6 mraol/L Diamide. Organelle-free blebs (long
arrows) are seen pinching off the cell. Pinching of the
nucleus is also seen (thick arrow). Mitochondrial
particles are distinct and heavily stained (medium-
length). X 7 960.
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FIGURE 4: (b) Electron Micrograph of an L-Cell After a 20-min
Exposure to 0.6 mmol/L Diamide. Organelle-free blebs
(long arrows) are already pinching off the cell.
Mitochondrial particles are forming (short arrows) and
are heavily stained. X 7 960.
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FIGURE 5: Electron Micrograph of an L-Cell from an Untreated Culture.
The large arrow points to the smooth nucleus. Small arrows
point to mitochondria, which are well preserved and do not
show the distinct particles seen in the treated cell.
X 7 960.
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