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domethacin-treated artery. In other words, ECso values 
were 3.3 mM and 3.9 raM, respectively. The results indi- 
cate that prostanoids are not involved in NaF-induced 
relaxation of the rabbit ear artery. 
EDRF has been shown to behave in the same way' as 
nitric oxide (NO), and methylene blue, L-NMMA and 
other agents have been used to inhibit the synthesis of 
EDRF (NO). Indeed, in the present experiment 10 ~tM 
methylene blue abolished the NaF-induced relaxation of 
the rabbit ear artery. L-NMMA also significantly de- 
pressed the NaF-induced relaxation, i.e., relaxation as a 
percentage of the maximum relaxation induced by 
0.1 mM papaverine 90.4_+ 5.2% in the absence and 
23.6 + 5.4% in the presence of 0.1 mM L-NMMA 
(N = 5). 
Data to date show that NaF affects not only stimulatory 
and inhibitory GTP-binding regulatory proteins (G- 
protein) 2 but also various other G-proteins, i.e., a G- 
protein coupling receptor activation to the breakdown of 
phosphatidylinositol 4,5-bisphosphate by a phosphodi- 
esterase 14 and transducin 1 s. Thus, Cushing et al. 11 have 
suggested that NaF-induced relaxation and contraction 
in the coronary artery may be G-protein-mediated, based 
on sensitivity to G-protein modulators, i.e., NaF can 
interact with a G-protein(s) and cause an increase in 
intracellular calcium concentration which leads to release 
of EDRFs. The suggestion is in accordance with the 
observation that the production of NO in the rat cerebel- 
lum is calcium-calmodulin-dependent 16. Furthermore, 
Flavahan and Vanhoutte17 have shown that NaF-in- 
duced endothelium-dependent relaxation of the canine 
coronary artery is mediated in part by activation of a 
pertussis toxin-sensitive G-protein. 
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It is concluded that NaF produces endothelium-depen- 
dent relaxation of the rabbit ear artery by releasing some 
relaxant substance, possibly an EDRF, from the en- 
dothelium. The process appears to be different from 
that in the coronary artery 11, and may not involve 
prostanoid. 
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Summary. In vitro applications of juvenile hormone III  and a juvenile hormone analogue, methoprene, were made 
to mitochondria isolated from dorsal longitudinal flight muscles of adult Locusta migratoria L. Both compounds 
completely inhibited oxygen consumption at the highest concentrations used. At lower concentrations, state 3 
respiration and respiratory control were reduced but the ADP/O ratio was largely unaffected. 
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In recent years, there has been considerable interest 
shown in the use of juvenile hormone analogues (JHAs) 
as novel agents for pest insect control. However, the 

majority of studies have investigated the morphological 
and pesticidal effects of the JHAs, so that relatively little 
is known about the effects of JHAs at the subcellular 
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level. In a previous paper, we reported that topical appli- 
cation of a juvenile hormone analogue, methoprene, to 
newly moulted fifth instar Locusta migratoria disrupted 
the subsequent development of the insects' dorsal longi- 
tudinal flight muscles ~. Mitochondria extracted from the 
flight muscles of adult locusts which had previously been 
treated with methoprene showed impaired metabolic ac- 
tivity compared to flight muscle mitochondria from nor- 
mal adults; both respiratory control and oxidative phos- 
phorylation being reduced. It was suggested that 
methoprene might have induced this effect by acting di- 
rectly on the flight muscle mitochondria. Several studies 
have shown that in vitro applications of juvenile hor- 
mone (JH) to isolated insect mitochondria can alter their 
oxidative metabolism but the effects varied widely de- 
pending on the substrate used in the mitochondrial incu- 
bations (see review by Steele z). Chefurka 3 investigated 
the effects of juvenile hormones and JH analogues 
(methoprene and epofenonane) upon isolated mouse liv- 
er mitochondria. Using succinate as the respiratory sub- 
strate, both JHs and JHAs were found to cause uncou- 
pling of  oxidative phosphorylation so that all respiratory 
control was lost, apparently due to an increased perme- 
ability of the mitochondria to various ions. 
The present study was carried out to investigate the in 
vitro effects of methoprene upon mitochondria isolated 
from locust flight muscles and to compare these with the 
effects of juvenile hormone and with the in vivo effects of 
methoprene reported previously 1. 

Materials and methods 
The insects used in the present study were 10-15-day-old 
adult Loeusta migratoria migratorioides (R&F) reared 
under standard conditions described previously 1. The 
method of mitochondrial extraction from locust dorsal 
longitudinal flight muscles was similar to that described 
by Chance and Hagihara g, and Chappell and Hans- 
ford 5. Flight muscles were dissected out from equal num- 
bers of  mate and female insects, and pooled in 10 mt of  
ice-cold (0-4~ isolation medium (0.32 M sucrose, 
1 mM EDTA and 5 mM Tris/HCl buffer, pH 7.3) in a 
glass homogenisation tube. Following the addition of 
proteinase (5 mg of Nagarse in 5 ml of isolation medi- 
um), the tissue was allowed to digest for 6 min at 0 - 4  ~ 
in which time 5 - 6  gentle passes of a teflon pestle were 
made by hand. through the suspension. The suspension 
was filtered through 4 layers of muslin (previously boiled 
in distilled water and soaked in ice-cold isolation medi- 
um). The residue was washed with 5 m| of  isolation medi- 
um and the muslin gently squeezed to expel the filtrate. 
The pooled filtrate was centrifuged at 4000 x g for 8 min 
at 0 - 4  ~ and the supernatant discarded. The pellet was 
resuspended in 10 ml of ice-cold isolation medium, cen- 
trifuged as before and the supernatant again discarded. 
The final pellet was gently washed with 1 - 2 ml of  fresh 
isolation medium to remove the "fluffy' layer on top of it. 
This was discarded and the residual pellet was resuspend- 

ed in a suitable volume of isolation medium to give a 
mitochondrial protein suspension of ca 10-30 mg/ml. 
Mitochondrial oxygen consumption was measured po- 
larographically at 30 ~ using a Rank oxygen electrode. 
Following the introduction of 2 ml of reaction medium 
(154 mM KCI, 0.4 mg/ml bovine serum albumin, 10 mM 
Tris and 30 mM phosphate buffer, pH 7.3), 100-150 ~tl 
of mitochondrial suspension and 10 Ixl of  substrate solu- 
tion (1 M pyruvate + 1 M proline) into the reaction 
chamber of  the oxygen electrode, various concentrations 
of methoprene or juvenile hormone III  were added to the 
chamber in 5 gl of ethanol. In control determinations, 
5 ~tl o f  absolute ethanol only was added instead. Proline 
was provided in addition to pyruvate since it has been 
suggested that proline may supply citric acid intermedi- 
ates to isolated insect mitochondria for maximal oxida- 
tion of pyruvate 6. Precisely 1 min after the addition of 
JH or JHA, 10 gl of 50 mM ADP solution (made up in 
30 mM phosphate buffer, pH 6.8) was injected into the 
chamber and oxygen consumption was monitored with a 
chart recorder. The initial oxygen content of the reaction 
mixture was 0.43 ~tg atoms oxygen, m1-1 at 30~ 7. 
Determinations of oxygen uptake (state 3 and state 4 
rates), respiratory control ratio (RCR) and ADP/O ratio 
were made according to the method of Chance and 
Williams 8, 9. Mitochondrial respiration was deemed not 
to be measurable when the mitochondria were incapable 
of displaying a steady rate of oxygen consumption. Mito- 
chondrial protein was determined by the Folin's method 
of Lowry et al. 1~ 

Results 
Four separate experiments, using independent mitochon- 
drial extractions, were carried out and the results ob- 
tained are shown in table 1. Preliminary studies showed 
that the addition of up to 20 Ixl of absolute ethanol to the 
reaction mixture had no significant effect on mitochon- 
drial oxygen consumption nor RCR and ADP/O ratios 
when compared with untreated mitochondria. Thus, un- 
der control conditions (i.e. in the presence of 5 tll of 
ethanol), mitochondria exhibited good respiratory con- 
trol and coupling of oxygen consumption to ADP phos- 
phorylation; the results comparing favourably with those 
from other studies 11, 12. However, some of the ADP/O 
values calculated in the present study were greater than 
the theoretical maximum of 3.0 (table 1). Similar results 
have been recorded elsewhere but no explanation for this 
phenomenon has yet been provided 12--14. 
In contrast, both methoprene and JH had a disruptive 
effect on mitochondrial respiration which became more 
marked with increasing concentrations of  JH or JHA per 
mg of mitochondrial protein. The results of the experi- 
ments are shown in table 1 and table 2, and the figure 
shows some typical oxygen electrode recordings from 
one experiment. At the highest concentrations of JH and 
JHA (ca 182nmoles-mg protein-I) ,  respiration was 
rapidly inhibited; ADP stimulating the metabolic rate in 
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Table 1. Effects o f  methoprene  and  J H  III on the oxidative metabol ism of  isolated flight muscle mi tochondr ia  

Expt. Treatment  n State 3 rate  State 4 rate  R C R  A D P / O  

1. Unt rea ted  3 5.7 ___ 0.5 0.8 _ 0.1 7.2 _ 0.4 3.0 _ 0.0 
1. 20 Ixl e thanol  4 5.7 + 0.7 0.8 + 0.2 7,5 ___ 0.7 3.2 + 0.2 

2. Contro l  3 9.6 + 0.3 1.1 _+ 0.0 8.7 _+ 0.3 2.7 ___ 0.1 
.2. 60.2 nmoles  J H A  2 9.2 1.1 8.8 2.8 
2. 77.9 nmoles J H A  4 8.2 + 0.1 1.8 _ 0.1 4.7 + 0.4 2.8 + 0.1 
2. 97.3 nmoles J H A  4 8.5 _+ 0.5 2.0 _+ 0.2 4,4 _+ 0.6 2.7 _+ 0.1 
2. 108.2 nmoles J H A  4 6.5 +_ 1.2 2.4 *2 3.5 . 2  2 .4*2 
2. 116.6 nmoles J H A  1 7.0 2.8 2.5 3.3 

3. Contro l  6 14.3 • 0.8 2.3 _+ 0.1 6.2 _+ 0.3 2,3 +_ 0.3 
3, 182.0 nmoles J H A  3 4.9 * l ** ** ** 
3. 182.1 nmoles  JH 3 ** ** ** ** 

4. Contro l  3 8.1 _ 0.9 1,7 _+ 0.2 4.7 _+ 0.6 2.9 _+ 0.3 
4. 74.7 nmoles J H A  2 9.1 3.1 3,2 2.7 
4, 44,6 nmoles J H  2 5.5 1,7 3,3 2,3 
4. 59.7 nmoles  J H  2 4.1 1.8 2.3 2.1 
4. 74.7 nmoles J H  2 3.1 1.7 1.9 1.9 

Contro l  1.00 1.00 1.00 1.00 
60.2 nmoles J H A  0.96 1.00 1.01 1.04 
74.7 nmoles J H A  1.12 1.82 0.68 0.93 
77.9 nmoles  J H A  0.85 1.64 0.54 1.04 
97.3 nmoles  J H A  0.89 1.82 0.51 1.00 

108.2 nmoles J H A  0.68 2.18 0.40 0.89 
116.6 nmoles J H A  0.73 2.55 0.29 1.22 
182.0 nmoles J H A  0.34 ** ** ** 

Measurements  o f  the respiratory metabol ism of  isolated mi tochondr ia  are given as Means  + SEM. Means  were calculated f rom the number  (n) o f  
determinations.  Treatments  are given as nmoles  o f  J H  or  J H A  - m g  of  mi tochondr ia l  protein ' ; state 3 and  state 4 rates  are in units o f  lag a toms  of  
oxygen �9 mg of  mi tochondr ia l  protein ~ h -  1 ; R C R  values represent  the mean rat ios o f  state 3 to state 4 rates; A D P / O  ratios are the numbers  ~  ~ am~ 
of  A D P  esterified to ATP for each lag a tom of  oxygen consumed.  * " O n l y  n number  o f  determinat ions gave measurable  results. **None  o f  the 
determinat ions  gave a measurable  result. 

~ ~ 4 State3 rate= 8.9 
Table 2. Effects of  methoprene  and  J H  III on the oxidative metabol ism 100 ~ State 4 rate = 1.8 
of  isolated flight muscle mi tochondr ia  (normalised results) ~ RCR = 4.9 

~ . A D P / O  = 2.6 
Treatment  State 3 State 4 R C R  A D P / O  

~ State 3 rate = 11.9 
State 4 rate = 2.0 

RCR = 6.0 
DP/O 2 2 

Measurements  of  the respira tory  metabol ism of  isolated mi tochondr ia  
are given as normalised results to allow easier compar i son  o f  results f rom 
separate experiments. State 3 and  state 4 rates, R C R  values and A D P / O  
ratios o f  experimental  determinat ions  were calculated as p ropor t ions  o f  
the corresponding cont ro l  values. Treatments  are given as nmoles o f  J H  
or  J H A  �9 mg of  mi tochondr ia l  protein t. ** None  of  the determinat ions 
gave a measurable  result. 

only one determination involving methoprene. At lower 
concentrations (ca 75-117 nmoles �9 mg protein- 1), 
methoprene tended to increase the state 4 rate, whereas 
it was either unaffected or slightly inhibited by JH III  (ca 
45-75 nmoles .mg protein-i) .  The ADP/O ratio was 
unaffected by methoprene whereas it was slightly re- 
duced by JH III, but in other respects the two treatments 
had similar effects, reducing state 3 rates and RCR val- 
ues. In terms of molar activity, JH III was more potent 
than methoprene. However, it should be noted that the 
average values quoted in tables 1 and 2 are derived only 
from the determinations that gave measurable results 
and therefore underestimate the effects of the higher con- 
centrations of the compounds, which caused a complete 
inhibition of respiration in some determinations. 
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Oxygen electrode recordings f rom Exper iment  4 showing differences in 
mi tochondr ia l  respirat ion following the addi t ion o f  (a) 5 p,1 o f  absolute 
ethanol ,  (13) 74.7 nmoles  o f  me thoprene -  mg mi tochondr ia l  p ro t e in -  
and  (c) 74.7 nmoles o f  JH II I .  mg  mi tochondr ia l  p r o t e i n -  1. State 3 and  
state 4 rates are in units of  p_g a toms  of  oxygen � 9  mi tochondr ia l  
p r o t e i n -  a h -  a ; R C R  values represent the rat io o f  state 3 rate  to state 4 
rate;  A D P / O  ratios represent gmoles o f  A D P  esterified to ATP for each 
gg a tom of  oxygen consumed.  11 addi t ion  of  120 lal mi tochondr ia l  sus- 
pension;  12addi t ion o f  pyruvate  + prol ine;  13 addi t ion  of  J H  or  J H A  in 
ethanol ,  or  o f  e thanol  alone;  ~ 4 addi t ion  o f  ADP.  

44.6 nmoles J H  0.68 1.00 0.70 0.79 
59.7 nmoles JH 0.51 1.06 0.49 0.72 
74.7 nmoles JH 0.38 1.00 0.40 0.66 

182.1 nmoles JH ** ** ** ** 
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Discussion 
Direct additions of methoprene and JH III  to isolated 
mitochondria had very damaging effects on respiratory 
metabolism, with the higher concentrations of JH and 
JHA causing a rapid loss of mitochondrial respiration. 
The results are similar to effects of JH on mitochondrial 
activity reported by Firstenberg and Silhacek 15 using 
mitochondria extracted from whole body homogenates 
of larval Plodia interpunctella. They found that in vitro 
addition of JH only prevented the oxidation of substrate 
systems which entered the electron transport chain at 
N A D H  (e.g. pyruvate). Substrate oxidations which en- 
tered the chain at later points (e.g. succinate and ~-glyc- 
erophosphate) were not inhibited by JH and succinate 
oxidation was actually stimulated by hormone treat- 
ment. They suggested that JH inhibited the oxidation of 
NAD-linked substrates by preventing the transfer of 
electrons between NADH and ubiquinone. 

Where respiratory rates were measurable following the 
addition of methoprene in the present study (JHA 
concentrations of 75-117 nmoles �9 mg mitochondrial 
protein-1), state 3 rates were reduced but state 4 rates 
were increased and this reduction of respiratory control 
suggests that methoprene may also have an uncoupling 
effect. This would be in agreement with Steele's 2 pro- 
posal that JH affected mitochondrial oxidative 
metabolism by causing disruption of mitochondrial 
membranes. This is supported by earlier studies which 
have shown that in vitro applications of JH and some 
JHAs to isolated insect cells 16 and insect cell mem- 
branes 17 increased membrane permeability and caused 
the appearance of lesions in the plasma membranes, ap- 
parently by interacting directly with membrane lipids 18. 
An increase in mitochondrial membrane permeability 
could explain why JH stimulated succinate oxidation 
since insect mitochondria are normally impermeable to 
such intermediates of the citric acid cycle 13,19. Disrup- 
tion of the mitochondrial membranes could also explain 
the JH-mediated inhibition of oxidation of NAD-linked 
substrates since the components of the electron transport 
chain are embedded in the inner membrane of the mito- 

2o chondrion and any damage to the mitochondrial mem- 
branes could affect the passage of electrons between the 
cartier molecules. However, uncoupling of mitochondri- 
al respiration would be expected to be largely masked in 
the present study by inhibition of NADH-ubiquinone 
electron transport and this might explain why JH seemed 
to have no stimulatory effect on state 4 rates. 
Chefurka's 3 finding that methoprene caused uncoupling 
of oxidative phosphorylation in mouse liver mitochon- 
dria is compatible with Steele's 2 proposals since verte- 
brate mitochondria are readily permeable to succinate 
and succinate oxidation enters the electron transport af- 
ter N A D H  17. Chefurka also found that juvenile hor- 
mones were far more effective than methoprene in dis- 

rupting mitochondrial respiration, similar to the present 
results. However, the concentrations that he required for 
maximal stimulation of state 4 respiration (ca 400-  
500 nmoles .mg mitochondrial protein-a for the JHs 
and ca 2500 nmoles .mg  protein -a for methoprene) ,  
were much higher than those used in the present study, 
suggesting that insect mitochondria may be considerably 
more sensitive to such compounds than mammalian mi- 
tochondria. 
The effects of in vitro treatments with methoprene upon 
mitochondrial oxidative metabolism were very similar to 
those we reported previously following in vivo applica- 
tions of the JHA to fifth instar locusts ~, in which flight 
muscle mitochondria showed impaired state 3 respiration 
and respiratory control but with no significant change in 
ADP/O ratios or state 4 respiration. This raises the pos- 
sibility that the mode of action of methoprene was simi- 
lar in both cases, with the JHA acting directly on the 
flight muscle mitochondria after its topical application to 
locusts and presumably causing a loss of structural integ- 
rity of the inner mitochondrial membrane by penetrating 
the lipid bilayer. 
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