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T h e  Content  of Citrate  in R e s t i n g  M u s c l e s  f r o m  Ver tebra te s  and I n v e r t e b r a t e s  
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(England), 3 September 7975. 

Summary. There  is a m a r k e d  di f ference b e t w e e n  t h e  c o n t e n t  of c i t r a t e  of anae rob i c  and  aerobic  muscles .  The  v a r i a t i o n  
of t he  c i t r a t e  c o n t e n t  in insec t  f l igh t  muscles  is v e r y  small .  

Muscle t i ssue  is cha rac t e r i zed  b y  i ts  ab i l i t y  to  pe r fo rm  
m e c h a n i c a l  work.  The  r a t e  a t  w h i c h  t h i s  work  is done  
var ies  cons ide rab ly  accord ing  to  t he  t y p e  of musc le  a n d  
t h e  a n i m a l  f rom w h i c h  i t  is der ived .  The  m e c h a n i s m  of 
r egu la t i on  of ene rgy  p r o d u c t i o n  invo lves  c i t r a t e  a m o n g  
o t h e r  i m p o r t a n t  r egu la to r s  (e.g. A T P ,  ADP,  AMP) 1. 
C i t r a t e  i n h i b i t s  b o t h  P F K  ~-,t ( phospho f ruc tok inase  
E.C. 2.7.1.1) a n d  c i t r a t e  s y n t h a s e  5,6 (E.C. 4.1.3.7). 

Owing  to t h e  i m p o r t a n c e  of these  enzym es  in me tabo l i c  
r egu la t ion  a n d  to  t he  m u l t i p l i c i t y  of me tabo l i c  roles 
p l ayed  b y  c i t ra te ,  i t  is s o m e w h a t  su rp r i z ing  t h a t  l i t t le  

Citrate content of resting muscles 

Animal Muscle Citrate content 
(b~mol/g frozen 
tissue) 

Mollusca 

Snail (Helix pomatia) Foot 0.115 4- 0.037 (6) 
Scallop (Pecten maximus) Snap 0.036 -4- 0.008 (6) 
Sea mussel (Mytillus edulis) Posterior 0.040 4- 0.006 (6) 

adductor 

Crustacea 

Lobster (Homarus vulgaris) Abdominal 0.086 -4- 0.033 (5) 

Insecta 
Locust (Schistocerca gregaria) Flight 1.063 -4- 0.066 (6) 
Cockroach (Periplaneta americana) Flight 0.639 4- 0.121 (6) 
Cockroach (Blaberus discoidalis) Flight 0.771 4- 0.078 (6) 
Cockohafer (Melolontha melolontha) Flight 1.342 • 0.087 (5) 
Water bug (Lethocerus cordo/anus) Flight 0.433 :t: 0.122 (6) 
Rosechafer (Pachnoda ephippiata) Flight 2.084 4- 0.257 (6) 
Dung-beetle (Hdiocopris sp.) Flight 1.461 4- 0.104 (6) 
Honey-bee (Apis melt/era) Flight 1.397 -4- 0.170 (6) 
Blowfly (Calliphora vicinia) Flight 1.514 4- 0.073 (5) 

Pisces 

Dogfish (Scylliorhinus canicula) White 0.182 4- 0.085 (5) 

Amphibia 

Frog (Ranatemporaria) Gastrocne- 0.079 4- 0.023 (5) 
mius 

Reptila 

Green Lizard (Lacerta viridis) Tail 0.042 4- 0.008 (5) 

Ayes 

Pigeon (Columba livia) Pectoral 0.266 4- 0.050 (5) 
Staffing (Sturnus vulgaris) Pectoral 0,255 • 0.095 (4) 
Domestic fowl (Gallus gallus) Pectoral 0.058 4- 0.008 (5) 

Mammalia 

Laboratory rat Thigh 0.140 4- 0.017 60 
Laboratory mouse Thigh 0.310:1= 0.067 (5) 

Muscles were extracted and citrate measured as described in the 
Materials and Methods section. The results are reported as means 4- 
SEM. with the number of individual muscles investigated given in 
parentheses. 

i n f o r m a t i o n  is ava i l ab le  conce rn ing  t h e  c o n t e n t  of 
c i t r a t e  in  muscle  t issues.  A r ecen t  s u r v e y  of t he  l i t e r a t u r e  
ind ica tes  t h a t  m e a s u r e m e n t s  of c i t r a t e  in  muscle  in v ivo  
are ava i l ab le  on ly  for muscle  f rom the  r a t  ~. 

I n  th i s  p a p e r  t he  c o n t e n t  of c i t r a t e  in a n u m b e r  of 
muscles  f rom d i f fe ren t  an ima l s  u n d e r  r e s t ing  cond i t ions  is 
repor ted .  

Materials and methods. All chemica ls  a n d  c i t r a t e  lyase  
were o b t a i n e d  f rom B o e h r i n g e r  Corp. (London)  Ltd. ,  
L o n d o n  W5 2TZ, U.K. ,  excep t  for t he  fol lowing:  d i sod ium 
E D T A  a n d  all inorgan ic  r eagen t s  were  o b t a i n e d  f rom 
B D H  Chemica ls  Ltd . ,  Poole,  Dorset ,  B H 1 2  4NN,  U.K. ,  
a n d  were of t he  h ighes t  p u r i t y  avai lable .  N e m b u t a l  was  
o b t a i n e d  f rom A b b o t  L a b o r a t o r i e s  Ltd . ,  Arge -Ve t  Divi-  
sion, Queenborough ,  Ken t ,  U.K.  Sandoz-MS22  was 
o b t a i n e d  f rom T h o m p s o n  & J o s e p h  Ltd. ,  Cast le  House,  
Cast le  Meadow, Norwich,  N O R  4ID,  U.K.  

An ima l s  were o b t a i n e d  f rom sources  g iven  s w i t h  t he  
add i t i on  of l izards  wh ich  were o b t a i n e d  f rom G e r r a r d  a n d  
Ha ig  Ltd . ,  E a s t  P r e s t o n ,  Sussex,  U.K.  All an ima l s  used 
were  m a t u r e  a n d  were al lowed free  access to  food a n d  
w a t e r  before  dea th .  

Freeze-clamping o/ muscle. All muscle  t i ssues  used in  
t h e  m e a s u r e m e n t s  of c o n t e n t  of c i t r a t e  were f rozen 
r ap id ly  w i t h  t he  a id  of a l u m i n i u m  tongs  cooled in l iquid 
n i t rogen .  The  m e t h o d  of r e m o v i n g  a n d  f r e e z e - d a m p i n g  
t he  muscle  d e p e n d e d  u p o n  t h e  a n i m a l  a n d  t h e  muscle  
u n d e r  inves t iga t ion .  In  each  case, t h e  m e t h o d  t h a t  was  
f ina l ly  a d o p t e d  r ep re sen t ed  a compromise  b e t w e e n  
r a p i d i t y  of freezing, se lec t ion  of a specific musc le  a n d  
freezing t he  muscle  u n d e r  r e s t i ng  cond i t ions  (see also 
Resu l t s  section).  Fo r  t he  snail,  a piece of t he  foo t  was  
r ap id ly  d issected  a n d  i m m e d i a t e l y  f reeze-c lamped.  Fo r  
t he  o the r  molluscs,  t he  shell  was  opened  b y  c u t t i n g  
t h r o u g h  t h e  muscle  w i t h  a scalpel  a n d  a piece of muscle  
was r ap id ly  d issected  a n d  f reeze-c lamped.  F r o m  open ing  
the  shell  to  f reezing t he  muscle,  t he  p rocedure  was com- 
p le ted  in 5-10 sec. Fo r  t he  lobster ,  t h e  a n i m a l  was  
' a n a e s t h e t i z e d '  b y  p lac ing  i t  in ice for 20 min ,  t h e n  t h e  
taf t  was cu t  off a n d  a piece o f a b d o m i n a l  muscle  was cu t  a w a y  
a n d  f reeze-c lamped w i t h i n  15 sec f rom r e m o v a l  of t he  
tail .  F o r  t he  insects ,  t h e  whole  a n i m a l  was  f reeze-c lamped 
whi le  a t  res t  (i.e. non-f ly ing) .  Th i s  p rocedure  resu l ted  in 
m u c h  of t he  f l ight  muscle  be ing  squeezed ou t  of t h e  t ho rax ,  
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so t h a t  t h e  muscle  could be  easi ly s e p a r a t e d  f rom cut icle  
and  o the r  t issues.  I n  some insects ,  t he  muscle  was dis- 
sected a w a y  f rom t h e  cut ic le  a t  l iquid  n i t rogen  t e m p e r a -  
tures .  Fo r  frogs, t h e  an ima l s  w e r e  a n a e s t h e t i s e d  w i t h  
Sandoz-MS222 (0.1 g/1 Water) and  t he  skin  was  r e m o v e d  
f rom the  h i n d  l imb,  t h e  gas t rocnemius  muscle  was 
s epa ra t ed  f rom the  o t h e r  muscles  and  f reeze-c lamped:  
t he  dissect ion was comple te  w i t h i n  30 sec. F o r  dogfish,  
t he  an ima l s  were a n a e s t h e t i z e d  b y  i.v. (caudal  ve in)  of 
N e m b u t a l  (011 rhl/kg), a piece of White muscle  was r ap id ly  
dissected a n d  f reeze-c lamped.  T he  d issec t ion  was coin- 
p le ted  w i t h i n  30 see. Fo r  t he  birds ,  t h e  an i m a l s  were 
a n a e s t h e t i z e d  by  a n  i.p. i n j ec t ion  of N e m b u t a l ,  f ea the r s  
and  skin  were r ap id ly  r e m o v e d  f rom a b o v e  t he  pec to ra l  
muscles  a n d  a piece of pec to ra l  musc le  was d issected  a n d  
i m m e d i a t e l y  f reeze-c lamped.  F r o m  t he  in i t ia l  incis ion to  
t he  f reeze-c lamping  of t he  muscle,  t he  p rocedure  was 
comple t ed  w i t h i n  5 sec. F o r  r a t s  a n d  mice, t h e  an i ma l s  
were a n a e s t h e t i s e d  w i t h  e ther ,  t h e  skin  was dissected 
f rom the  h i n d  l imb  a n d  t he  exposed muscle  was  freeze- 
c l amped  in si tu.  The  muscle  was d issected  a w a y  f rom the  
bone  a t  l iqu id  n i t r ogen  t e m p e r a t u r e s .  The  f rozen muscle  
was powdered  in a percuss ion  m o r t a r  a t  - -70 ~ a n d  t h e  
powdered  muscle  was e x t r a c t e d  b y  a d d i n g  4 -5  vo lumes  
of f rozen HC1Oi (6% w/v).  T he  e x t r a c t i o n  t ook  place in a 
m o r t a r  a n d  c o n t i n u a l  mix ing  w i t h  t he  pest le  t h a w e d  t h e  
m i x t u r e  of HC104 a n d  frozen muscle  powder .  T he  precipi-  
t a t e d  p ro t e in  was r e m o v e d  b y  cen t r i f uga t i on  a n d  t he  
e x t r a c t  was  neu t r a l i zed  w i t h  3 M-KHCO~.  C i t r a t e  was  
m e a s u r e d  in t he  neu t r a l i zed  e x t r a c t  e n z y m a t i c a l l y  9. 

Results and discussion. For  21 species of an ima l s  f rom 
severa l  phy la ,  t he  c o n t e n t s  of c i t r a t e  show cons iderab le  
v a r i a t i o n  (Table).  The  c o n t e n t s  of c i t r a t e  r ange  f rom 
0.036 to  2.084 ~mol /g  f resh we igh t  (snap muscle  of scal lop 
a n d  t he  f l ight  muscle  of rosechafer) .  

The  m e a n  va lues  of t h e  c i t r a t e  c o n t e n t  in t he  insec ts  
i n v e s t i g a t e d  is 1.07 tzmot/g f resh weight ,  whereas  t h e  
m e a n  va lue  of t he  r e s t  of t he  muscles  i n v e s t i g a t e d  is 
0.134 ixmol/g f resh weight ,  i.e. a b o u t  8-fold lower. 

The  v a r i a t i o n  of t he  c o n t e n t  of c i t r a t e  in  t h e  f l ight  
muscle  of insec ts  is a b o u t  5-fold, a n d  if t h e  w a t e r  b u g  
a n d  t he  cockroach  are  exc luded  f rom cons idera t ion ,  t he  
v a r i a t i o n  is on ly  2-fold. 

The  v a r i a t i o n  in t he  res t  of t he  musc les  e x a m i n e d  is 
a b o u t  9-fold. 

The  resu l t s  also i nd ica t e  t h a t  t h e r e  is a clear  di f ference 
in t he  c i t r a t e  c o n t e n t  b e t w e e n  t he  aerobic  a n d  a n a e r o b i c  
muscles,  so t h e  c o n t e n t  of c i t r a t e  of t h e  aerobic  muscles  is 
m u c h  h ighe r  t h a n  t h a t  of anae rob i c  muscles .  However ,  
f l igh t  muscle  P F K  is n o t  sens i t ive  to  c i t r a t e  40,11, the re fo re  
t he  i m p o r t a n c e  of h i g h  c i t r a t e  c o n t e n t  of t he  insec ts '  
f l ight  muscles  is n o t  clear.  

I t  m u s t  be  s t ressed  t h a t  t he  m e a s u r e m e n t s  r epo r t ed  
here  were m a d e  on  whole  muscle  p r e p a r a t i o n s .  There fore  
t he re  is no  i n d i c a t i o n  of t h e  c i t r a t e  c o n t e n t  in  t i le var i -  
ous cell c o m p a r t m e n t s  a n d  c o n s e q u e n t l y  ava i l ab le  to  t h e  
d i f fe ren t  enzymes .  

U n f o r t u n a t e l y ,  a t  t he  p r e sen t  t i m e  sa t i s f ac to ry  m e t h o d s  
for  m e a s u r e m e n t  of i n t e r m e d i a t e s  w i t h i n  d i f fe ren t  cell 
c o m p a r t m e n t s  are n o t  ava i l ab le  a n d  ,any i n t e r p r e t a t i o n  
t h a t  invo lves  t he  use of a precise c o n c e n t r a t i o n  of a 
me tabo l i c  i n t e r m e d i a t e  m u s t  be  m a d e  w i t h  cau t ion .  
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Summary. Elec t rophys io log ica l  s tudies  of t h e  labe l la r  sensil lae of Glossina morsitans show t h a t  one cell in  each  LR7  
sens i l lum responds  to  A T P  a t  c o n c e n t r a t i o n s  f rom 10 -8 to  10 -~ M.  

Adenos ine  t r i p h o s p h a t e  (ATP) is a n  i m p o r t a n t  feeding 
s t i m u l a n t  for mosqu i toes  ~,3, a flea% a t i ck  5 Rhodnius 
prolixus ~ a n d  t h e  t se t se  f lyL T h i s  implies  t h a t  these  
an ima l s  possess a c h e m o r e c e p t o r  sens i t ive  to  ATP .  
Physio logica l  ev idence  for  such  a r ecep to r  in Glossina 
austeni was s o u g h t  b y  RICE e t  al. s, a n d  t h e y  conc lude  
t h a t  a cell sens i t ive  to  A T P  is housed  in  one of t h e  labe l la r  
sensilla. No pos i t ive  iden t i f i ca t ion  of t he  sens i l lum could 
be  m a d e  h o w e v e r  because  t h e y  recorded  f rom a ne rve  
con ta in ing  t he  axons  of m a n y  receptors  whi le  s t i m u l a t i n g  
t h e  label la r  lobes. Here  I p r e s en t  ev idence  for a n  A T P -  
sens i t ive  cell in  t h e  la rges t  of t he  labe l la r  sensilla, 
cal led t h e  L R 7  sensil la s. 

Preparation and electrophysiological methods. W h e n  a 
f ly is n o t  p r o b i n g  t he  L R7  sensil la are p r o t e c t e d  b y  t he  
labe l la r  lobes, a n d  are n o t  v is ible  ex te rna l ly .  To expose  
t h e m  for  recording,  a sma l l  gauge  wire  is t i g h t e n e d  
a r o u n d  t he  bulbous ,  p r o x i m a l  p a r t  of t h e  h a u s t e l l u m  of a 
CO S anes the t i z ed  fly. This  p a r t  o I t he  h a u s t e l l u m  con t a in s  
t h e  r e t r a c t o r  muscles  of t he  label la  which ,  on  con t r ac t i on ,  
cause  t h e  label la  to  eve r t  expos ing  t he  a r m a t u r e  (presto-  

ma l  t e e t h  a n d  rasp ing  surfaces) and  t he  L R 7  sensi l la  3. The  
t i g h t e n e d  wire  p r o b a b l y  causes  these  muscles  to  c o n t r a c t  
and,  since t h e  wire  is lef t  in  place, t h e  labe l la  r e m a i n  
ever ted .  I n  th i s  m a n n e r  1 to  4 of t he  e igh t  LR7  sensi l la  
were m a d e  accessible. 
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