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ac t iv i t i es  of phospho ry l a se  a and  phospho ry l a se  a + b in 
the  endocard ia l  layers  were h igher  (p < 0.01) t h a n  those  
in the  ep icard ia l  layers.  The  PCr  level  of t he  endoea rd ia l  
layers,  however ,  was  lower  (p < 0.05) t h a n  t h a t  of t he  
ep icard ia l  layers.  No s ign i f ican t  differences were de t ec t ed  
in the  A T P  level  be t w een  t he  endo-  and  epicard ia l  layers.  
The  l iga t ion  of t he  smal l  b r a n c h  resu l ted  in a m a r k e d  
decrease  in g lycogen level  in  each  of t he  two layers,  and  
caused a convers ion  of p h o s p h o r y l a s e  f rom b form to a 
form. The  r a t e  of decrease  in g lycogen level a f t e r  the  l iga- 
t ion  in t he  endocard ia l  layers  was  fas te r  t h a n  t h a t  in t he  
ep icard ia l  layers.  The  level  of G 6 P  a n d  of l a c t a t e  in each  
of the  two layers  increased r ap id ly  a f t e r  t he  l igat ion.  The  
level of A T P  in each  of t he  two  layers  was no t  app rec i ab ly  
a l t e red  b y  t he  l igat ion.  T he  PCr  level  in each  of t h e  two  
layers  decreased  m a r k e d l y  un t i l  a t  l eas t  7 m i n  a f t e r  the  
l igat ion.  The  r a t e  of decrease  in t he  endoca rd ia l  PCr  level  
was more  r ap id  t h a n  t h a t  in t he  epicardia l  PCr. 

2. N i t r o g l y c e r i n - t r e a t e d  dogs.  Ni t rog lyce r in  (20 ~zg/kg) 
was in jec ted  in s t ead  of sal ine in th i s  series of exper imen t s .  
In  non- i schemic  hear t s ,  t h e  levels of glycogen,  G6P,  
l ac t a t e  a n d  ATP ,  a n d  t he  ac t iv i t i es  of phospho ry l a se  a 
and  p h o s p h o r y l a s e  a + b in each  of t he  two layers  did  no t  
differ f rom those  o b t a i n e d  in con t ro l  dogs. T he  level  of 

PCr in each  of the  two layers,  however ,  was  s l ight ly  lower 
t h a n  t h a t  o b t a i n e d  in con t ro l  dogs. Never the less ,  t h e  
level of PCr  in t he  endocard ia l  layers  was  a lways  lower 
t h a n  t h a t  in  t he  ep icard ia l  layers.  The  l iga t ion  of smal l  
b r a n c h  of c o r o n a r y  a r t e r y  p roduced  n e i t h e r  m a r k e d  
decrease  in glycogen level  no r  r ap id  convers ion  of phos-  
phory la se  f rom b form to  a form in b o t h  the  layers.  The  
level of A T P  in each  of t he  two layers  was  n o t  a l t e red  b y  
t he  l igat ion.  Af te r  t he  l igat ion,  t h e  level of PCr  in t he  
ep icard ia l  layers  decreased s l ight ly ,  b u t  t h a t  in  t he  
endoca rd ia l  layers  did  not .  

Z u s a m m e n / a s s u n g .  Nachweis ,  dass  die U n t e r b i n d u n g  
schon  eines k le inen  As tes  de r  K o r o n a r a r t e r i e  des H u n d e s  
im E n d o k a r d  eine st~Lrkere S te ige rung  der  a n a e r o b e n  
Glykolyse  als im E p i k a r d  bewirk t .  V o r b e h a n d l u n g  m i t  
Ni t rog lycer in  h e m m t  die S te ige rung  der  d u r c h  die L iga tu r  
b e d i n g t e n  a n a e r o b e n  Glykolyse.  
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I n t e r a c t i o n  o f  D r u g s :  A M a t h e m a t i c a l  M o d e l  a n d  

In  a p rev ious  p a p e r  ~ i t  was r epo r t ed  t h a t  novob ioc in  
c o m b i n e d  w i t h  t e t r acyc l ine  h a d  a synergis t ic  bac te r i c ida l  
effect  on P s e u d o m o n a s  p s e u d o m a l l e i .  This  c o m m u n i c a t i o n  
cent res  on  t he  ana lys i s  of t he  m a t h e m a t i c a l  model  t h a t  
has  been  p u t  fo rward  to  r ep re sen t  t he  r e l a t ion  be tween  
response  a n d  dose of drugs,  a lone  and  in com bi na t i on ,  
and  on  t he  g raph ic  p r e s e n t a t i o n  of the  va lues  ind ica t ed  
in t he  model .  Two c o m b i n a t i o n s  on ly  are p re sen ted  here, 
the  novob ioc in - t e t r acyc l i ne  and  t he  kanam ye i n - ch lo r -  
a m p h e n i c o l  ; t he  fo rmer  is bac te r i c ida l  on  P .  p s e u d o m a l l e i ,  
s t r a in  61, t he  l a t t e r  on  E s c h e r i c h i a  coli ,  s t r a in  801. 

M a t h e m a t i c a l  m o d e l .  The  concep t  of a d d i t i v i t y  of drugs  
is p r ed i ca t ed  b y  the  fol lowing model .  Le t  N deno te  the  
n u m b e r  of b a c t e r i a  p re sen t  a t  t i m e  t (in h), and  N O the  
n u m b e r  of b a c t e r i a  p re sen t  or ig ina l ly  (t = 0). I n  the  
absence  of drugs, i t  is a s s um ed  t h a t  bac t e r i a  grow a t  a r a t e  

d N  
p ropo r t i ona l  to  t h e  a m o u n t  p r e s en t  d t  ~- k N  where  k 

denotes  t he  g r o w t h  ra te .  The  r a t e  of bac te r i c ida l  a c t i v i t y  
of drugs,  s ingle or in  c o m b i n a t i o n ,  is p r o p o r t i o n a l  to  t he  
n u m b e r  of b a c t e r i a  p r e s en t  and  t he  a m o u n t  of drug(s) 
used:  

d N  
-- k N - - c z N =  - - ( c z - - k )  N (1) 

dt 

where  z deno tes  t he  a m o u n t  of drug(s),  s ingle or mixed  in 
f ixed p ropor t ion ,  a n d  c is a c o n s t a n t  wh ich  deno tes  t he  
specific bac te r i c ida l  a c t i v i t y  of drugs,  single or in com- 
b ina t i on .  B y  solv ing e q u a t i o n  (1), we h a v e  

N = No e (c z -  k) t  

and,  a f te r  a f ixed t i m e  i n t e r v a l  t 1 (24 h, e.g.), the  cor- 
r e s p o n d i n g  bac te r i a l  c o u n t  N1 sat isf ies  t he  e q u a t i o n  

N O 1 
- -  - -  g ( c  : - k )  t 1 .  ( 2 )  

N1 e- - (cz- -k)  t 1 

10.  CAr, Am, J. med. Microbiol. 6, 293 (1973). 

i t s  A p p l i c a t i o n  i n  B a c t e r i o l o g y  

We define t he  log response  q to  a d rug  dose as 

N o  
l~176 N~" 

This  q u a n t i t y  r ep resen t s  conven ien t ly ,  on  a decrea ings  
scale, t he  n u m b e r  of v iab le  b a c t e r i a  in  func t i on  of t he  
dose t e s t ed  a t  t i m e  t 1 = 24 t1: 

No = log10 [e (c z - k) (C  Z - -  k) t 1 logloe q = log10 ~ f  tl] = 

= 0 . 4 3 4 ( c z - - k )  t v (3) 

Accord ing  to th i s  m a t h e m a t i c a l  model ,  t he  log response  
will v a r y  l inear ly  w i t h  t he  t o t a l  a m o u n t  z of drug(s) 
tes ted ,  single or mixed  in fixe d p ropor t ion .  Since 

q = [(0.434 c) z -- 0.434 k]t : (c'z - -  k') t (4) 

the  specific r a t e  of bac te r i c ida l  a c t i v i t y  c'  depends  on ly  
on t he  a m o u n t  a n d  p r o p o r t i o n  of d rugs  t e s t ed  z whi le  the  
r a t e  of g r o w t h  k '  depends  on ly  on  t he  s t r a in  of bac t e r i a  
used. 

Le t  us suppose  t h a t  severa l  drugs  D 1, D 2, D 3 . . .  t h a t  
h a v e  bac te r i c ida l  ra tes  e'z, c'2, c'z ... are t e s t ed  in combina -  
t i on  in the  fol lowing amoun t s ,  respect ive ly ,  zz, z 2, z 3 ... 
W e  shal l  say  t h a t  t he  ac t ion  is add i t i ve  if eq. (1) becomes  

d N  
- - ~ k N - - ( c  l z  I + c ~ z  2 + Q z  a . . . ) N  
dt 

so t h a t  

~ -  = 0.434 (--/e + ~ C'n z n) tl ~ (~7 C'n Zn - -  k') t. (5) q loglo 
a v  I n 

W h e n  two drugs  are t e s t ed  in c o m b i n a t i o n ,  t h e n  

q = (c' 1 z 1 + c'2 z2) tl - -  k' t 1. (6) 

A given  pa i r  of drugs  exh ib i t s  isobole a d d i t i v i t y  a t  a 
p a r t i c u l a r  level of response  q, if t he  co r r e spond ing  isobole 
is rec t i l inear .  I f  t he  isobole is e i the r  m a r k e d l y  convex  or 
concave  t o w a r d  the  origin,  t he  c o m b i n e d  effect  is said to  
be  synerg i s t i c  in t he  f i rs t  case, and  an t agon i s t i c  in  t h e  
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Figs. A and B. The log response of Pseudomonas pseudomaEei (left) and of Escherichia coli (right) to drugs after 24 h incubation. A) Single drugs. 
B) Drugs mixed in fixed proportion. N, novobiocin; T, tetracycline; K, kanamycin; C, chloramphenicol. Points indicate experimental values. 
The dotted line at q = 2 represents 99% kill and arrow indicates the q value of the drug-free control. A) and B) are the graphic expression of 
eq. (4). 
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Log response (q) of P. pseudomallei and  E. coli to drugs,  single and in combinat ion.  Es t ima t ed  and re la t ive  doses of each antibiotic for 
99% bacter icidal  ac t iv i ty  of the combina t ion  

Dose tes ted E s t i m a t e d  dose b 
Stra in  Drug  (~zg/ml) q values �9 for q = 2 (~xg/ml) Relat ive  dose ~ Drug  effect a 

P. pseudomallei Novobiocin 0.2 - -2 .05 
2.5 - -1 .75 

25.0 0.29 
. . . . . . . . . . . . . . . . . . .  2.00 .................... 64.4 

100.0 3.54 

Te t racyc l ine  1.0 - -  1.80 
2.5 --1.21 
5.0 --0.51 
. . . . . . . . . . . . . . . . . . . . .  2.00 ................... 21.0 

25.0 2.66 

Novobiocin/ te t racycl ine  N 2.5, T 2.5 2.65 N 2.15, T 2.15 N 0.03, T 0.10 S 
N 0.2, T 5.0 2.55 N 0.18, T 4.40 N 0.003, T 0.20 S 

No drug  . . .  2.11 

E. coli K a n a m y c i n  

Chloramphenicol  

Kal lamycin /ch loramphenicol  

0.2 - -2 .20 
1.0 - -0 .90 
2.0 1.05 
........................... 2.00 .. . . . . . . . . . . . . . . .  2.5 

4.0 5.04 

2.5 1.68 
5.0 - -0 .98 

. . . . . . . . . . . . . . . .  2.00 .................. 22.1 
25.0 2.49 

K 2.5, C 2.5 4.62 K 1.55, C 1.55 
K 2.5, C 5.0 5.04 K 1.47, C 2.94 

I f  0.62, C 0.07 (A) 
K 0.59, C 0.13 (A) 

No drug  . . . - -  2.31 

q = log10 viable bac te r ia  af ter  24 h incubat ion  expressed as % of inoeulum size. b Es t ima t ed  dose for 99% bacter icidal  ac t iv i ty ,  i.e. 1% 
viabi l i ty  (q = 2). c Dose of each d rug  expressed as a f ract ion of I unit  of d rug  act ing alone, a S, m a r k e d  synergism;  (A), addi t ive  effect suggested.  
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Fig. C. Isobolograms of es t imated  99% kill of the novobiocin- te t racycl ine  combina t ion  against  P. pseudomallei (left) and of the kanamyc in -  
te t racycl ine combinat ion against  E. coli (right). I sobolograms show drugs mixed  in var iabIe  proport ions  and are cons t ruc ted  f rom the da t a  
es t imated  graphical ly  f rom Figures A and  B. Each  point  represents  the re la t ive  dose of each d rug  in the pair ;  this is expressed as a fract ion 
of 1.0 unit,  i.e. of the a m o u n t  needed b y  the same d rug  for the same effect (99% kill) when  the d rug  is act ing alone. Isobolograms are the 
graphic  expression of eq. (6). The  brocken line represents  a theoret ical  addi t ive  effect. The  sharply  convex isobole of the novobiocin- te t ra-  
cycline combina t ion  (left) indicates  a m a r k e d  synergist ic effect. 
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l a t t e r  3. The  e x t e n t  to  which  the  e x p e r i m e n t a l  d a t a  f i t  t h e  
m a t h e m a t i c a l  model  of s t r ic t  a d d i t i v i t y  impl ied  in eq. (6) 
has  been  discussed 1. The  g rowth  r a t e  k'  and  t he  bac te r i -  
cidal  ra tes  c'1 and  c% are d e t e r m i n e d  expe r i m en t a l l y  b y  
t e s t i ng  in para l le l  assays,  respect ively ,  g r o w t h  in absence  
of drugs  and  in presence  of each  drug  of t he  pa i r  (see 
Table) .  Resul t s  are recorded  as t he  n u m b e r  of v iab le  
bac t e r i a  expressed as % of t he  i nocu lum size a f te r  24 h 
incuba t ion .  The  log response  is t h e n  p lo t ted .  

Graphic presentation. This  en ta i l s  t he  cons t r uc t i on  of 
3 g raphs  for each  c o m b i n a t i o n  tes ted .  The  d a t a  t h a t  are 
e s t ima ted  g raph ica l ly  f rom t he  f i rs t  a n d  second g r a p h  are 
used to cons t ruc t  t i le th i rd ,  wh ich  is t i le i sobologram.  
F igures  A - C  show t he  3 g raphs  for t he  novobioc in-  
t e t r acyc l ine  c o m b i n a t i o n  a t  lef t  and  those  for t h e  k a n a -  
m y c i n - c h l o r a m p h e n i c o l  c o m b i n a t i o n  a t  r i g h t  Exper i -  
m e n t a l  d a t a  and  e s t ima ted  values  are p re sen ted  in t i le 
Table.  I n  t he  f i rs t  2 g raphs  (Figures A a n d  B), t he  log 
response  of i nd iv idua l  s t r a ins  is p l o t t ed  on  an  a r i t h m e t i c  
scale as a func t ion  of v a r y i n g  a m o u n t s  of drugs, single 
(Figure A) a n d  c o m b i n e d  in f ixed p r o p o r t i o n  (Figure 
B). I n  b o t h  graphs ,  t he  dose t h a t  gives the  h ighes t  
kil l  is m e a s u r e d  as 5 un i t s  a long t he  abscissa  and  t he  
we igh t  e q u i v a l e n t  of 1 un i t  is ind ica ted .  The  dose t h a t  
p roduces  99% kill  (i.e. 1% v iab i l i ty ,  q = 2) is ob t a ined  
g raph ica l ly  and  is t he  s t a n d a r d  level of effect iveness  of 
drugs,  b o t h  s ingle and  mixed  in f ixed p ropor t ion .  In  t he  
case of single drugs,  th i s  dose is o b t a i n e d  f rom the  n u m b e r  
of d rug  un i t s  a n d  t he  weigh t  e q u i v a l e n t  of 1 un i t  (~xg/ml) ; 
whereas  in t he  case of d rug  combina t ions ,  t he  dose of each  
d rug  ill t h e  pa i r  is o b t a i n e d  f rom t he  n u m b e r  of un i t s  of 
c o m b i n a t i o n  a n d  t he  we igh t  equ iva l en t  of each  d rug  in 
1 un i t  (tzg/ml). The  dose t h a t  p roduces  99% kil l  (q = 2) 
can  also be  o b t a i n e d  b y  in ter -  or ex t r apo la t ion ,  us ing  t he  
basic,  s imple  a lgebra  of t he  i n t e r p o l a t i o n  formula ,  and  is 
ca lcu la ted  as 

(dl --  d2) (ql -- 2) (d 2 -- di) (2 -- ql) 
dl or d~ + 

qI -- q2 q2 -- ql 

where  d 1 a n d  d 3 are t he  doses t e s t ed  (~g/ml), and  ql and  q2 
are t he i r  log responses,  respect ively .  

I n  cons t ruc t i ng  i sobolograms for 2 drugs  (Figure C), 
t he  dose of each  d rug  needed  for i ts  i n d e p e n d e n t  effect, 
i.e. 99% kill, is measu red  re spec t ive ly  as 1 u n i t  a long each  
of t he  2 axes  on an  a r i t h m e t i c  scale, and  t he  we igh t  
e q u i v a l e n t  Of 1 u n i t  is ind ica ted .  The  re la t ive  dose of each  

d rug  in t he  pa i r  is p lo t t ed ;  t h i s  is ob t a ined  b y  d iv id ing  
t he  dose of each  drug  t h a t  in  c o m b i n a t i o n  gives 99% kil l  
b y  t h a t  of the  same d rug  ac t ing  alone. I n  the  p r e sen t  
s tudy,  a synerg is t ic  effect  is o b t a i n e d  and  is a s sumed  to 
w a r r a n t  cl inical  cons ide ra t ion  w h e n  t he  c o n c e n t r a t i o n  of 
each  drug  in t h e  pa i r  is 0.2 u n i t  or less. Accordingly ,  t he  
co r re spond ing  isobole is m a r k e d l y  convex.  

Results and discussion. D u r i n g  t h e  las t  3 decades  several  
m a t h e m a t i c a l  models  h a v e  been  p u t  fo rward  for re- 
p r e sen t ing  t he  r e l a t ion  be tween  t he  dose of d rug  combina -  
t ion  and  the  level  of response  3, 3. The  model  p re sen ted  here  
has  c o m p u t a t i o n a l  conven ience ;  i ts  g raph ic  p r e s e n t a t i o n  
allows to  compa re  the  bac te r i c ida l  a c t i v i t y  of drugs,  
single or in  combina t ion ,  be tween  b a c t e r i a  and  bac te r i a l  
s t ra ins ,  a n d  t h e i r  synerg is t ic  effect, if present .  Tile use of a 
biological  u n i t  scale is essent ia l  in c o m p a r i n g  the  re la t ive  
effect  of d i f fe ren t  pa i r s  a n d  ind ica tes  more  c lear ly  t he  
u p p e r  l imi t  of syne rg i sm for a pa i r  of d rugs  (see Table) .  
I t  can  be  seen t h a t  t he  k a n a m y c i n - c h l o r a m p h e n i c o l  
c o m b i n a t i o n  is 100- to  1000-folds more  bac te r i c ida l  t h a n  
t h a t  of novob ioc in  w i t h  t e t r acyc l ine  (see Tab le  and  
F igure  B). However ,  only  t he  l a t t e r  is synergist ic ,  a n d  
h igh ly  so, since as l i t t l e  as 0.003 u n i t  of novob ioc in  is 
needed  for t he  bac te r i c ida l  effect  of t he  c o m b i n a t i o n  
(see Tab le  a n d  F igu re  C, left) ; accordingly ,  th i s  isobole is 
sha rp ly  convex.  W h e r e a s  c o n c e n t r a t i o n s  of k a n a m y c i n  as 
h igh  as 0.59 uni t ,  or over  one ha l f  of t he  c o n c e n t r a t i o n  for 
i ts  i n d e p e n d e n t  effect, are needed  for t he  bac te r i c ida l  
ac t ion  of t he  k a m a n y c i n - c h l o r a m p h e n i c o l  c o m b i n a t i o n  
th i s  isobole is s o m e w h a t  convex  and  suggests  an  add i t i ve  
effect only, accord ing  to t he  c r i t e r ia  used in th i s  s tudy .  

Rdsumd. On pr6sente  u n  module  m a t h 6 m a t i q u e  sur  la 
r e l a t ion  en t re  le dosage des a n t i b i o t i q u e s  en c o m b i n a t i o n  
et  le n i v e a u  de r6ponse  des bact6r ies .  On d6cri t  la pr6sen- 
t a t i o n  g r a p h i q u e  du  modgle  et  une  m 6 t h o d e  6 tabl ie  pour  
l ' i n t e r p r 6 t a t i o n  du  synergisme.  

O .  CALABI  

5100 Dorset Avenue, Kenwood 
(Maryland 20015, USA), 21 July 1974. 

2 S. LOEWE, Arzneimittel-Forseh. 3, 285 (1953). 
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T e m p e r a t u r e  D e p e n d e n t  A q u e o u s  S o l u b i l i t y  o f  A c t i n o m y c i n  D 

A c t i n o m y c i n  D (act-D) or dac t i nomyc in ,  an  an t ineo-  
p las t ic  drug,  is k n o w n  to be  soluble  in 95% e thanol ,  
p ropy lene  glycol, a n d  wate r /g lyco l  m i x t u r e s  1. A n  
ei fect ive  tool,  t h i s  c o m p o u n d  is employed  qui te  f r e q u e n t l y  
in t he  e luc ida t ion  of va r ious  biological  processes a n d  t he  
m e c h a n i s m  of ac t ion  of a whole  hos t  of drugs2,K W e  
c u r r e n t l y  use ac t -D  w i t h  g rea t  success to  induce  experi-  
m e n t a l  asci t ies a n d  pleurisy*,  s in a n i m a l  models .  A 
p r o b l e m  associa ted  w i t h  t he  use of ac t -D  has  been  t he  
impress ion  t h a t  i t  is inso luble  in an  aqueous  m e d i u m .  I n  
t he  course of our  s t u d y  a rec iprocal  r e l a t i onsh ip  be tween  
t h e  so lub i l i ty  of ac t -D  in a n  aqueous  m e d i u m  and  t e m p e r -  
a tu re  was se rend ip i tous ly  observed .  This  p r o m p t e d  ti le 
i nves t i ga t i on  of t he  t e m p e r a t u r e  d e p e n d e n t  so lub i l i ty  of 
ac t -D  a t  3 concen t r a t i ons .  

A e t i n o m y c i n  D was o b t a i n e d  ill 5 m g  via ls  f rom Sigma 
Chemical  Company ,  St. Louis,  Missouri.  A smal l  a m o u n t  

(0.5 ml) of PO~ buffer  (0.155 WI, p H  7.4) was a d d e d  to  t he  
v ia l  so as to  suspend  t he  drug.  The  suspens ion  was t h e n  
t rozen and,  w h e n  l a t t e r  t hawed ,  t he  d rug  passed  in to  
solut ion.  Whi l e  st i l l  cold t h i s  so lu t ion  was t r ans fe r r ed  to 
a n o t h e r  vessel. The  v ia l  was  t h e n  washed  severa l  t i m e s  
w i t h  cold buffer  u n t i l  all  t h e  d rug  was removed .  F ina l  
concen t r a t i ons  of t he  d rug  were 0.25, 0.5, and  1.0 mg/ml .  
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