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J u v e n i l e  H o r m o n e  R e g u l a t i o n  of Ox idat ive  M e t a b o l i s m  in I so la ted  Insec t  M i t o c h o n d r i a  

During  the  g rowth  and  deve lopmen t  of insects,  charac-  
ter is t ic  changes  occur in the  q u a n t i t y  1, morpho logy  2-4, 
phosphol ip id  compos i t ion  t, and  oxida t ive  act ivi t ies  1, ~, 5 
of mi tochondr ia .  Some inves t iga tors  have  l inked these  
changes  in mi tochondr ia l  me tabo l i sm wi th  endocr ine  
control .  In  an early s tudy,  DE WILDE and STEGWEE 6 
d e m o n s t r a t e d  t h a t  corpora  allata,  endocr ine  glands  which  
produce  juveni le  ho rmone  (JH), exer ted  a d i rect  effect  
on the  resp i ra t ion  of Leptinotarsa decemlineata. A subse- 
quen t  s tudy  7 revealed t h a t  a J H - a c t i v e  ex t r ac t  f rom 
Cecropia s t imula ted  succinate  ox ida t ion  in isolated 
mi tochondr i a  f rom Leptinotarsa. CLARKE and  BALDWINS 
also concluded t h a t  J H  prepara t ions  affected the  oxida- 
t ive  ac t iv i ty  of isolated mi tochondr i a  f rom Locusts 
migratoria and  Schistocerca gregaria. In  cont ras t ,  the  
oxida t ive  act ivi t ies  of mi tochondr i a  isolated f rom 

Table I. Effect of juvenile hormone on the rates of substrate oxida- 
tion by isolated mitoehondria from Plodia interpuncteIla 

Substrate Additions Qo~(N) RC 

Pyruvate-malate None 335.6 5.27 
JH~ 11.5 0.74 

Pyruvate-glutamate None 303.2 3.95 
JH 20.6 1.00 

Malate None 55.7 1.65 
JH 7.6 0.91 

c~-Ketoglutarate None 100.0 2.15 
JH 23.2 0.91 

Glutamate None 64.1 2.23 
JH 10.2 1.34 

Succinate None 121.4 1.23 
JH 160.8 1.20 

cr None 314.4 1.68 
JH 295.7 1.07 

Ascorbate None 69.9 0.99 
JH 72.0 0.93 

-JH concentration during incubation = 1.77 • 10-4M. 

Table II. Effect of inhibitors and aging on NADH oxidation by mito- 
chondria from Plodia interpunctella 

Mitochondrial Inhibitor Qo2(N) RC 
aging time (rain) 

a l la tec tomized  L. migratoria 9 and Blaberus discoidalis 1~ 
were found  to be s imilar  to  those  of normal  insects.  The 
recent  ident i f ica t ion  and  syn thes i s  of J H  p e r m i t t e d  us to 
t e s t  d i rec t ly  t he  effects of J H  on isolated insect  mi to-  
chondr ia  in a def ined medium.  In  th is  paper ,  we repor t  
t h a t  J H  no t  only  s t imula ted  succinate  ox ida t ion  bu t  
also inh ib i ted  NAD-l inked  oxida t ions  ill isolated insect  
mi tochondr ia .  

Materials and Methods. The t e s t  insects  were larvae  of 
t he  In d i an  meal  moth ,  Plodia interpunctella (Hiibner),  
reared  at  the  s t an d a rd  condi t ions  previous ly  descr ibed 11. 
A 5% homogena t e  of ac t ive ly  feeding las t  ins ta r  larvae  
(6-8 mg average weight)  was p repa red  in 0.5 M recrys ta l -  
l ized man n i t o l  conta in ing  10 2 M t r i e thano lamine  (TEA), 
10 -3 M EDTA,  and suff icient  HCI to give a p H  of 7.412. 
Twice-washed  mi tochondr i a  were isolated by  dif ferent ia l  
cen t r i fuga t ion  (defined as those  par t ic les  sed iment ing  
dur ing  10 rain a t  forces be tween  500 and  6000 • and  
resuspended  in a volunle  equal  to  t he  original  t issue 
weight  in a m e d i u m  consis t ing of 0.45 M manni toI ,  10 -a 
M MgSO~, 6 •  -a M A T P  (pH 7.4 w i t h  TEA) and  
5 m g / m l  bovine  se rum a lbumin  (BSA). All man ipu la t ions  
dur ing  isolat ion were conduc ted  a t  0-4 ~ 

The mi tochondr ia l  ox ida t ive  act ivi t ies  were  de t e rmined  
on a Gilson o x y g rap h  equipped  wi th  a v ib ra t ing  p l a t i n u m 
electrode and a j acke ted  cell m a i n t a i n e d  at  30~ The 
basic incuba t ion  m e d i u m  placed in t he  cell con ta ined  
600 #moles  recrys ta l l ized manni to l ,  15 #moles  MgSO4, 
6/*moles A D P  and  0.25 mg cy toch rome  c in 1.55 ml  H~O. 
To th is  med i u m was added  0.1 ml  of mi tochondr ia l  
suspens ion  and  e i ther  0.5 ml  of B S A  (25 mg/ml)  or 0.5 ml  
of B S A - J H  [BSA conta in ing  250 /*g Cecropia J H  ~2 (a 
mix tu re  of isomers of m e t h y l  10, l l - epoxy-7 -e thy l -3 ,  11- 
d imethyl -2 ,6- t r idecadienoate) /ml~.  The B S A - J H  ~ a s  
p repa red  by  mix ing  1 #1 of J H  solut ion (10 mg  J H / m l  of 
acetone) per  mg of d ry  bovine  se rum albumin,  d ry ing  
under  ni t rogen,  and mak ing  up  to  vo lume  wi th  H20. 
Other  concen t ra t ions  of J H  in the  cell were ob ta ined  by  
subs t i t u t ing  equiva len t  por t ions  of B S A  for B S A - J H .  

After  a 5-min p re incuba t ion  period,  30 / ,moles o! each 
subs t ra te  be ing t e s t ed  in a to ta l  vo lume  of 0.2 ml  were 
mixed  in to  t he  cell contents .  The subs t r a t e  sys tems  used 
were py ruva t e -ma la t e ,  p y r u v a t e - g l u t a m a t e ,  py ruva te ,  
malate ,  g lu tamate ,  e -ke toglu tara te ,  succinate,  e-glycero- 
phospha te ,  ascorba te  and N A D H .  Oxygen  consumpt ion  
was  moni to red  for 3 to  6 rain, t h e n  50 / ,moles  of inorganic  
p h o s p h a t e  (P,) in 0.05 ml  (pH 7.8 w i t h  TEA) was  added,  
and  a second ra te  of oxygen  c o n s u m p t i o n  was measured.  
Resp i r a to ry  contro l  (RC) values  were calcula ted by  divid-  
ing the  ra te  of O 2 c o n s u m p t i o n  before P ,  add i t ion  into 

0 None 107.2 

30 None 288.0 
45 None 414.5 
60 None 448.6 
0 Oligomycin ~ 31.1 

45 Oligoraycin 315.0 
0 JH b 55.9 

45 JH 120.7 
45 Oligomycin + J H 43.3 
45 Rotenone c 21.5 

~Oligomycin concentration during incubation = 4.10 • 10-SM. 
concentration during incubation = 1.77 • 10-aM. o Rotenone 
ecntration during incubation = 6.25 • 10-aM. 
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the  ra te  of oxygen  consumpt ion  af ter  Pi addit ion.  
Mitochondria l  ox ida t ive  ac t iv i ty  is expressed as #a toms  
of O3 consumed per  h per  mg  mi tochondr ia l  n i t rogen 
[Qo2(N)]. All de te rmina t ions  were repl icated twice  wi th  
different  mi tochondr ia l  preparat ions.  Mitochondria l  ni- 
t rogen was de te rmined  by  micro-Nessler izat ion13 

Results and discussion. Resul ts  of these exper iments  
(Table I) showed t h a t  those subs t ra te  systems which have  
NAD-l inked  oxidat ions  (e-ketoglutarate ,  g lu tamate ,  
malat.e, py ruva te -mala te ,  and pyruva te -g lu tamate )  were 
s t rongly  inhibi ted  by  J H .  Those subs t ra te  oxidat ions  tha t  
enter  the  respi ra tory  chain on the  oxygen  side of N A D H  
dehydrogenase  at  coenzyme Q (succinate, e-glycerophos- 
phate)  or at  cy tochrome C (ascorbate) were not  inhib i ted  
by JH .  Since J H  inhibi ted  the  ox ida t ion  of only the  NAD-  
l inked substrates,  i t  was apparen t ly  inhibi t ing  the  
t ransfer  of electrons in the  region between NAD-l inked  
subst ra te  oxida t ions  and ubiquinone of the  respi ra tory  
chain�9 

For  fdr ther  studies of the  mechan ism of J H  inhibi t ion,  
i t  was necessary to min imize  substra te  pe rmeab i l i ty  as a 
variable.  This  was accomplished by  pre incubat ing  the  
mi tochondr ia l  suspension at  30 ~ for 45 rain and then  
storing on ice unt i l  needed. These aged mi tochondr ia  
oxidized NADI.I  a t  a considerably  faster  ra te  t han  did 
fresh mi tochondr ia  (Table II) .  However ,  py ruva te -  
malate ,  bu t  no t  succinate,  oxida t ion  was a lmost  comple-  
te ly  lost dur ing the  45-rain pre incubat ion  period. These 
observat ions  indica ted  t h a t  aging a t  30~ al tered mi to-  
chondria l  pe rmeab i l i t y  so t h a t  N A D H  entered more 
readi ly  bu t  also enabled some cofactors (e.g., those for 
p y r u v a t e - m a l a t e  oxidat ion)  to be lost 14. 

Al though  the  aged mi tochondr ia  showed no respi ra tory  
control  (RC = 1.0) wi th  N A D t t  as substrate,  some 
coupl ing of e lectron t ranspor t  and ox ida t ive  phosphory-  
la t ion was indicated by  the  inhibi t ion of respira t ion t h a t  
occurred when ol igomycin (specifically inhibi ts  ox ida t ive  
phosphory la t ion  15) was added (Table II) .  W h e n  J H  was 
added  to aged mi tochondr ia ,  e i ther  in the  presence or 
absence of ol igomycin,  N A D H  oxida t ion  was inhibi ted  
to  the  same degree as was observed wi th  py ruva t e -  
mala te  ox ida t ion  by  fresh mitochondria .  These results 
clearly indicated tha t  J H was inhibi t ing electron t ranspor t  
be tween N A D H  and ubiquinone and e l imina ted  the  
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Juvenile hormone inhibition of pyruvatemalate oxidation by fresh 
mitochondria and NADH oxidation by aged mitoehondria. 

possibilit ies t ha t  J H  was act ing by  al ter ing permeabi l i ty  
of the  mi tochondr ia l  membrane  to NAD-l inked  substrates  
or by  inhibi t ing coupled phosphoryla t ion  in the  N A D H  
region of the  resp i ra tory  chain. 

More precise local izat ion of J H  inhibi t ion was demon-  
s t ra ted in an  exper iment  in which ferr icyanide was used 
as the  electron acceptor  16. For  this  assay, 0.10-ml volumes  
of 10 3 M an t imye in  A, 0.5 71//Pi, 5 • 10-z M KaFe(CN)6, 
0.04 3/d N A D H  and aged mi tochondr ia  (ca. 0.1 mg N) 
plus 0.50 ml  of e i ther  B S A  or ]3SA-JH were added to 
1.55 ml  of basic incubat ion  medium.  The ra te  of ferr icya- 
hide reduct ion  at  30~ was moni tored  at  420 nm on a 
Gilford recording spec t rophotometer .  The results showed 
t h a t  the  ra te  of ferr icyanide reduct ion  was not  a l tered by  
subs t i tu t ing  B S A - J H  for B S A  (742.6 vs. 762.8 ffmoles 
Fe(CN)G -a reduced/h  per  mg mi tochondr ia l  N, respec- 
t ively),  indicat ing tha t  N A D H  dehydrogenase  was no t  
inhibi ted by JH .  Therefore,  i t  was concluded t h a t  Jl . i  
inhibi ts  electron t ranspor t  in the  nonheme iron region 
between NADI-I dehydrogenase and ubiquinone.  W h e t h e r  
or not  the  mechanism of J H  inhibi t ion is s imilar  to t h a t  
of rotenone,  amyta l ,  deoxycortocis terone,  d ie thyl  stil- 
bestrol, progesterone,  and piercidin A, which have  been 
repor ted  to inhib i t  electron t ranspor t  in the  same re- 
gion15, 17 will  require fur ther  study.  

W i t h  py ruva t e -ma la t e  as substrate ,  respi ra tory  ac t iv i ty  
of fresh mi tochondr ia  was max ima l ly  inhibi ted by  a J H  
concent ra t ion  of ca. 2 • 10 -4 M and min imal ly  inhibi ted  
by a concent ra t ion  of ca. 10 5 MY. A similar  range of 
effect ive J H  concent ra t ions  was found when N A D H  was 
oxidized by  aged mi tochondr ia  (Figure). A plot  of 
substra te  concent ra t ion  d iv ided by  react ion ra te  vs. 
substra te  concent ra t ion  a t  different  J H  concent ra t ions  
revealed tha t  the  N A D H  oxida t ion  was noncompe t i t ive ly  
inhibi ted by  J H  (K~ = 0.11 mM).  

Also, suCcinate oxida t ion  by  fresh mi tochondr ia  was 
s t imula ted  by  the  addi t ion of J H  (Table I) a l though e- 
g lycerophosphate  and ascorbate  ox ida t ion  were not. I t  
appeared  tha t  this J H  effect did no t  involve  the electron 
t ranspor t  chain bu t  was onty associated wi th  the  succinic 
dehydrogenase  step of the  oxidat ion.  Expe r imen t s  in 
progress indicate  t ha t  J H  does not  s t imula te  succinate  
oxida t ion  indirect ly  by  inhibi t ing the  NAD- l inked  
format ion  of oxaloaceta te  (an inhibi tor  of succinic 
dehydrogenase) .  Fu r the r  e lucidat ion of the  ac tual  site at  
which J H  affects succinate  ox ida t ion  is cur rent ly  under  
invest igat ion.  

Our da ta  conclusively demons t ra te  t ha t  isolated Plodia 
mitochondr ia  respond to changes in J H  concentrat ion.  
The concentra t ions  of J t t  which are effect ive are of the  
same order of magn i tude  as the  J H  concentra t ions  found 
in v ivo  in the  adults  of the  Cecropia m o t h  ls-~~ We do not  
know if s imilar  concentra t ions  of J H  occur in the  larvae 
of Plodia, nor do we know the  concent ra t ions  of J H  t h a t  
are accessible to mi tochondr ia  in vivo. Therefore,  the  
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phys io logica l  s ignif icance of these  J H  effects on  mi to -  
chondr ia l  m e t a b o l i s m  c a n n o t  be  ful ly  assessed u n t i l  
f u r t h e r  s tud ies  re la te  t he  obs e r va t i ons  in  v i t r o  to  proces-  
ses in v ivo  2~ 

Zusammen/assung. Nachweis ,  dass  das  J u v e n i l h o r m o n  
in isol ier ten  M i t o c h o n d r i e n  der  G e t r e i d e m o t t e  Plodia 
interpunctella die N A D - g e k o p p e l t e  O x y d a t i o n  h e m m t  u n d  

21 Florida Agricultural Experiment Journal Series No. 4899, June 14, 
1973. 

die S u c c i n a t - O x y d a t i o n  s t imul i e ren  kann .  J H  sche in t  auf  
die N i c h t h a e m - E i s e n k o m p o n e n t e  der  A t m u n g s k e t t e  ein- 
zuwirken.  

D. E.  FIRSTENBERG a n d  D. L. SILHACEK 

Department o/ Entomology and Nematology, University of 
Florida, Gainesville (Florida 32607, USA), and 
Insect Attractants, Behavior and Basic Biology, 
Research Laboratory, Agr. Res. Serv., USDA 
GainesvilIe (Florida 32607, USA), 
74 June 1973. 

Finite Growth Span of Mouse Mammary  Gland Serially Propagated in vivo 

I n  severa l  r ecen t  r epo r t s  1-~ t he  a s se r t ion  was m a d e  t h a t  
n o r m a l  mouse  m a m m a r y  g land  ha s  a l imi ted  capac i t y  
for g r o w t h  w h e n  r e p e a t e d l y  i sograf ted  in to  young  hosts .  
This  f ind ing  has  a t t r a c t e d  i n t e r e s t  because  i t  appea r s  to  
fu rn i sh  a useful  in  v ivo  c o m p a r i s o n  to  t h e  cell cu l tu re  
f ind ings  of HAYFLICKS' ~ a n d  o the r s  ~, who  r epo r t  t h a t  
n o n - t r a n s f o r m e d  f ib rob las t s  also d i sp lay  a l imi ted  n u m b e r  
of p o t e n t i a l  cell doubl ings .  The  m a m m a r y  t r a n s p l a n t  
t e c h n i q u e  ha s  t h u s  become  a useful  model  s y s t e m  for t h e  
s t u d y  of ce l lu lar  aging,  w h e n  aging  is def ined in t e r m s  of a 
t ime - r e l a t ed  decl ine in g r o w t h  ra te .  

Th i s  r epo r t ed  i n a b i l i t y  of m a m m a r y  t i ssue  to grow 
w i t h o u t  l im i t  has  been  d i spu ted  s, mos t  recei~tly in  a 1970 
r e p o r t  b y  HOSHINO ~: In  these  s tud ies  HOSHINO m e a s u r e d  
the  su rv iva l  r a t e  of grafts ,  a n d  scored as successes a n y  
t r a n s p l a n t s  t h a t  were able  to  r e cons t r uc t  iden t i f i ab le  
m a m m a r y  ou tg rowths .  Us ing  t h i s  c r i t e r ion  of regenera-  
t i on  r a t h e r  t h a n  growth ,  as used b y  DANIEL e t a l .  ~-4, 
HOS~tlNO found  t h a t  2 of h is  t r a n s p l a n t  l ines su rv ived  for 
nea r ly  4 years ,  a per iod  well  b e y o n d  t h e  o r d i n a r y  life 
span  of t he  mice  used b y  h im.  He conc luded  on the  bas is  
of these  and  s imi lar  e x p e r i m e n t s  t h a t  t h e  life span  of 
mouse  m a m m a r y  g land  is p o t e n t i a l l y  indef in i te  s,9 B y  
ex tens ion  i t  could  be  a rgued  t h a t  t h e  use of t h e  m a m m a r y  
t r a n s p l a n t  s y s t e m  as a model  of cel luiar  ag ing  is in- 
appropr i a t e .  

I n  t he  p re sen t  p a p e r  I s u b m i t  resu l t s  i nd i ca t i ng  t h a t  
t h i s  c o n t r a d i c t i o n  is more  a p p a r e n t  t h a n  real,  a n d  t h a t  
t he  d a t a  of b o t h  inves t iga to r s  are m u t u a l l y  cons i s t en t  
w h e n  differences  in  t e r m i n o l o g y  and  e x p e r i m e n t a l  des ign 
are  t a k e n  in to  account .  

Materials and methods. Mice of t he  Ba lb /cCrg l  s t r a i n  
were used. F e m a l e  hos t s  3 weeks  of age were  p r e p a r e d  for 
t r a n s p l a n t a t i o n  b y  excis ing the  smal l  m a m m a r y  r u d i m e n t  
f rom each  ingu ina l  (No. 4) m a m m a r y  fa t  pad  1~ Th i s  
ope ra t ion  m a k e s  ava i l ab le  2 m a m m a r y  g land-f ree  fa t  
pads  wh ich  p rov ide  a n a t u r a l  s i te  for  t he  g r o w t h  of 
m a m m a r y  t r a n s p l a n t s .  P r i m a r y  i m p l a n t s  (consis t ing of 
0.5 m m  pieces of e i the r  p r i m a r y  or s econda ry  duct)  were 
t a k e n  f rom the  No. 3 m a m m a r y  fa t  pad  of a single 
10 week vi rg in .  I n  t he  p r i m a r y  t r a n s p l a n t ,  48 graf t s  were 
m a d e  i n to  24 hos t s ;  these  an ima l s  were t h e n  r a n d o m l y  
d i s t r i b u t e d  in to  2 e x p e r i m e n t a l  groups.  

A t  each  passage  all hos t s  f rom t he  p rev ious  t r a n s p l a n t  
rece ived  a single i.p. i n j ec t ion  of 0.5 ml  of a 0.5% suspen-  
s ion of t r y p a n  blue, wh ich  aids in v i sua l iz ing  t he  m a m m a r y  
o u t g r o w t h s  ~. All p rev ious ly  t r a n s p l a n t e d  mice  were 
anes the t i zed ,  t he i r  ingu ina l  f a t  pads  exposed,  a n d  t h e  
e x t e n t  of m a m m a r y  o u t g r o w t h  in each  fa t  p a d  es t ima ted .  
The  m o s t  v igorous ly  growing g land  was a lways  selected 
for s u b s e q u e n t  p ropaga t ion ,  a n d  24 pieces 0.5 m m  in size 
were r e m o v e d  a n d  t r a n s p l a n t e d  in to  t he  c leared fa t  pads  

of hos t s  for t h e  n e x t  t r a n s p l a n t  genera t ion .  A t  t h e  end  of 
each  passage,  all t r a n s p l a n t e d  g lands  and  a sample  of 
hos t  g land  were removed ,  fixed, e x t r a c t e d  in acetone,  
s t a ined  w i t h  h e m a t o x y l i n ,  d e h y d r a t e d  in alcohols  to  
xylene,  a n d  s tored in m e t h y l  sa l icyla te ,  i n  each  successful  
t r a n s p l a n t  the  e x t e n t  of m a m m a r y  o u t g r o w t h  was mea-  
sured  a n d  for each  gene ra t i on  t he  m e a n  pe r cen t  fa t  p a d  
filled was ca lcu la ted ;  th i s  m e a n  was used as an  i nd i ca to r  
of growth .  These  m e t h o d s  h a v e  been  descr ibed  in de ta i l  
elsewhere a. 

Results. The  e x p e r i m e n t  was  des igned  to  p e r m i t  s t u d y  
of t h e  p o t e n t i a l  g r o w t h  span  of m a m m a r y  t i ssue  b y  
choos ing  cond i t ions  of serial  passage  wh ich  e i the r  d id  or 
d id  no t  al low un re s t r i c t ed  g r o w t h  to t ake  place. Th i s  was  
accompl i shed  b y  m a k i n g  use of t he  fol lowing facts  
r ega rd ing  m a m m a r y  m o r p h o g e n e s i s  A t r a n s p l a n t  of 
y o u n g  m a m m a r y  g land  p laced  in t he  cen te r  of t he  c leared 
fa t  pad  regenera tes  recognizab le  g land  w i t h i n  a b o u t  
2 weeks, a n d  grows to  fill t h e  ava i l ab le  f a t  w i t h i n  2 to  
3 months* .  G r o w t h  ceases w h e n  t he  e longa t ing  duc t s  
r each  t he  l imi t s  of t he  fa t  pads,  a n d  unless  t he  g land  is 
aga in  t r a n s p l a n t e d  a n d  more  v a c a n t  f a t  is m a d e  ava i l ab le  
for growth ,  t h e  g land  will, in  t h e  absence  of p regnancy ,  
r e m a i n  mi to t i c a l l y  i nac t i ve  for  t h e  life of t h e  hos t .  

I t  is there fore  possible  to  con t ro l  t h e  e x t e n t  of cell 
p ro l i fe ra t ion  in each  t r a n s p l a n t  l ine  b y  v a r y i n g  t he  
d u r a t i o n  of t he  t r a n s p l a n t  in te rva l .  I n  t he  p r e sen t  
e x p e r i m e n t  two in t e rva l s  were used. I n  one sub l ine  
t r a n s p l a n t s  were m a d e  a t  3 m o n t h  in te rva l s ,  so t h a t  
when  the  o u t g r o w t h  filied the  fa t  p a d  i t  was aga in  t r ans -  
p l an t ed  and  v a c a n t  fa t  was aga in  ava i l ab le  for c o n t i n u e d  
growth.  I n  t he  second sub l ine  a 12 m o n t h  t r a n s p l a n t  
i n t e rva l  was selected,  in which  g r o w t h  t ook  p lace  on ly  
a t  t he  b e g i n n i n g  of each  genera t ion .  Fo r  mos t  of t he  
12 m o n t h  per iod  t he  g land  in th i s  sub l ine  was m i t o t i c a l l y  
quiescent ,  a l t hough  t he  ceils r e m a i n e d  me tabo l i ca l l y  
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