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EFFECTS OF MILLIMETER WAVE IRRADIATION ON 
MITOCHONDRIAL OXIDATIVE PHOSPHORYLATION 

Freshly prepared. ra.t liver mitochondria were irradiated at 
8.58mm (35GHz) and at 40 discrete wavelengths between 5.00 
and 6.00mm (60 to 50 GHz) to ·evaluate the effects of CW 
millimet.er wave irradiation on oxidative phosphorylationo 
The microwave exposure technique and instrumentation, in
cluding the determi.nation of power density, reflections, 
and frequency stability have been described in an accom
panying paper. In initial experiments, mitochondrial sus
pensioris (Oa 25ml containing 20mg protein) were exposed for 
15 min at 8058mm, and subsequently evaluated for their ef
·ficiency in coupling succinate oxidation to the phosphory
lation of ADP (respiratory control) by the conventional 
Clark-type oxygen electrode technique. Charages in respira
tory control ratios were not apparent at power densities 
below 500mW/cm2. The decrease above 500mW/cm2 was,attribu
ted to a thennal ~£feet. Power density values cited in 
this paper are maximal values entering the medium under the 
irradiating horna 

Oxidative phosphorylation is a membrarae dependent process, 
however, the above approach would not detect reversible 
membrane alterations. Therefore, a new biochemical assay 
technique was developed to allow an evaluation of millimeter 
waves on actively phosphorylating mitochondria. The assay 
technique involves a quantitative determination of ATP syn
thesis linked to succinate oxidation. ATP is trapped by hexo-

_kinase plus glucose, and the resulting glucose-6-phosphate is 
assayed for by measuring the extent of NADP reduction cata
lyzed by glucose-6-phosphate dehydrogenase. pl, pS-di(adeno
sine S')-pentaphosphate, which was found to have no effect 
on oxidative phosphorylation, was included in the reaction 
medium to inhibit ATP synthesis due to adenylate kinase ac
tivity. The extent of ATP synthesis coupled to succinate 
oxidation was virtually unaltered when mitochondria (1.5mg 
in 1ml) were irradiated at 25°c in a t3erm.ally regulated 
water jacketed cuvette for 2 min at 8.58mm (from 0.01 to 
1000mW/cm2) or for 2min at 5e00 to 6.00mm at 5 mW/cm2 (in 

· increments of Oo02Smm)c The reaction had to be limited to 
2min to eliminate oxygen depletion as a complicating factor. 
Our procedures have not revealed any effect of millimeter wave 
irradiation or~ mitochondrial oxidative phosphorylation. 
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Mitochondria are subcellular organelles which carry out 
the cell's major energy conserving process, oxidative phos
phorylationo By this process, energy made available during 
the oxidation of metabolic intermediates such as NADH and 
supcinate is utilized to drive the thermodynamically unfavorable 
synthesis of ATP from ADP plus inorganic phosphateo Although 
the mechanistic details have not been fully established, it is 
well accepted that an intact membrane vesicle (impermeable to 
protons) is essential for this energy coupling process. Oxi
dative phosphorylation involves a wide variety of protein com-· 
ponents (including cytochromes, flavoproteins, ATPase coupling 
factors, membrane transporters) specifically arrange,9- in the 
lipid matrix of the inner mitochondrial membrane. Because of 
the intimate relationship between structural and functional 
properties of mitochondria, we considered the process of oxi
dative phosphorylation to be an ideal sensitive model for in
vestigating interactions of millimeter waves with biological 
membranes .. 

In our initial experiments, isolated rat liver mitochon
drial suspensions (0025ml containing 20mg proten) were placed 
2o5mm beneath the rectangular aperature of a pyran1idal horn 
and exposed for 15min to 8.58m..m.(35 GHz)waves. The irradiated 
mitochondria were subsequently evaluated for their ability to 
couple succinate oxidation to phosphorylation of ADP by the 
conventional Clark-type oxygen electrode technique. Respira
tory control ratios (rate of succinate oxidation with ADP 
present+ rate of succinate oxidation in the absence of ADP) 
were comparable for unirradiated samples and irradiated samples 
at power densities below 500mW/cm2. At higher power densities 
there was a sharp drop in respiratory control ratios, most 
likely due to an adverse thermal insult to the membrane system. 
Power density values cited in this paper are maximal values 
entering the medium under the irradiating horn. It should be 
noted that Elder and Ali (Ann. N.Yo Acad. Sci. 247, 251 (1975) 
similarly did not detect any nonthermal effect of microwave

2 irradiation (2o45 GHz) at power densities of 10 and SOmW/cm 
on respiratory contrQl ratios of isolated rat liver mitochondria. 

The above irradiation/biochemical approach is limited in 
that it is ineffective in detecting reversible membrane altera
tions. We therefore developed a new quantitative biochemical 
assay technique which would allow an evaluation of electro-

- magnetic field effects on actively phosphorylating mitochondriao 



;~ ,_. Measurements of oxidative phosphorylation with an oxygen electrode 
and simultaneous exposure to electromagnetic fields were not used 
because of interactions between the electrode and these fieldso 
In the new assay technique, ATP which is sy1;1thesized during succin
ate oxidation (Figure 1) is immediately converted to glucose-6-
phosphate by hexokinase plus glucose in the reaction medium. Levels 
of glucose-6-phosphate are subsequently assayed for by measuring 
the extent of NADP reduction catalyzed by glticose-6-phosphate de
hydrogertase. pl,p5-di(adenosine 5 1 )-pentaphosphate (Ap5A) was in
cluded in the reaction medium to inhibit ATP_ synthesis Irom adeny
late kinase activity. Ap5A was found to have no effect.on mito~ 
chondrial oxidative phosphorylation, Mitochondria, actively phos
phorylating ADP (1.5mg protein in 1ml of medium containing succinate, 
ADP, Pi, glucose, hexokinase, and Ap5A)_-were irradiated at 25°c in 

. a thermally regulated,, water jacketed c-u.vette for 2 min at 8 o 58mm 
at power-levels from 0e010. to lOOOmW/cml, or for 2min at 5.000 to 
6.000- (60 to 50 GHz) in increments of 0.025mm at a power level of 
5 imW/cm2., The reaction time was limited to 2min to insure adequate 

. availability of oxygen during the exposure. The technique was 
shown to be sensitive to a 10% change in ATP synthesis. Our pro
cedures have not revealed (Figures 2 and 3) any significant effect 
of millimeter wave irradiation on the extent of ATP synthesis coupled 
to succinate oxidation (oxidative phosphorylation)o 
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