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G r o w t h  o f  Tr ich ine l la  spiral is  (Nematoda) Muscle Larvae in the Rat 

The life cycle of Trichinella spiralis and  i ts  m a n y  para-  
me te r s  in t he  l abo ra to ry  r a t  has  been  k n o w n  for m a n y  
years  and  comprehens ive ly  reviewed 1, ~. There,  however ,  
have  been  only  a few repor t s  3-6 on dai ly  g rowth  of t he  
larvae  in skeletal  muscle ;  ind ica t ing  an  incomple teness  of 
life cycle in format ion .  Never theless ,  th i s  g rowth  is o f t en  
and  i m p o r t a n t l y  used as a cr i ter ion in t he  eff icacy of T. 
spiralis a n t i h e l m e n t h i c s  L The aim, therefore ,  of th is  p a p e r  
is to  inves t igate ,  descr ibe  and  es tab l i sh  def in i te  p a r a m e t e r s  
concern ing  th i s  g rowth  (in vivo) in r a t  skeleta l  muscle .  

Materials and methods. Spraque -Dawley  male  a lbino 
ra ts  were  used in t he  inves t iga t ion .  T h e y  were  m a i n t a i n e d  
ind iv idua l ly  in p o l y c a rbona t e  cages con ta in ing  t r e a t e d  
bedding .  P u r i n a  l abo ra to ry  chow a n d  f resh  w a t e r  were  
p rov ided  ad l ib i tum.  A t  t he  age of 42 days,  r a t s  were  ino- 
cu la ted  w i t h  3000 infec t ive  larvae  by  in tuba t ion .  The  
sample  size was  18 r a t s / d a y  pos t inocu la t ion  (pi). A t  t h e  
app rop r i a t e  t i m e  in te rva l  pi, r a t s  were  killed w i t h  e the r  
fumes  and  the i r  d i a p h r a g m s  excised.  The  muscle  f ibres  
were t eased  a p a r t  on to  microscope  slides. Measurements ,  

Growth in [zm of TrichineUa spiralis muscle larvae as reported by 
various authors 

Day Authors and host 
pi 

HARLEY ~ ALI THO- RI-  HEM- 
(rats) KHAN a MAS 4 CHELS 5 MERT e 

(mice) (mice) (mice) (rats) 

4 _b . . . .  

5 1074.100 - - - 100 
6 1064.t-12 - 129 - - 
7 1114.11 140 129 107 137 
8 1174-18 163 137 121 - 
9 1264.20 175 143 135 - 

10 1474.28 205 161 145 158 
i1 1674.3i  225 206 162 - 
12 203=E51 270 263 226 - 
13 2434.59 347 319 313 255 
14 3 8 5 4 . 7 3  404 392 326 - 
15 5 0 0 4 . 7 5  525 480 450 327 
16 5 7 2 4 . 8 0  705 608 552 - 
17 6 4 4 4 . 8 4  850 673 569 601 
18 6904.85 - 762 639 - 
19 7064.88 - 872 789 862 
20 7214.90 - 968 938 - 
21 8444.92 - 1075 942 - 
22 9 0 8 4 . 9 3  - 1141 1043 - 
23 9 1 0 4 . 9 4  - 1160 1079 - 
24 9214.94 - 1175 1125 - 
25 9304.95 - 1185 1225 - 
30 9304.90 920 1217 - - 

Present study, b No data given, e Mean -4-S.E.; where N = 180. 

in [zm, were  m a d e  a t  × 450 using a m i c r o m a n i p u l a t o r  and  
ocular  mic rome te r .  180 m e a s u r e m e n t s / d a y  pi  were  m a d e  
(10/rat) on the  largest  larvae  present .  Only  la rva l  l eng ths  
were  cons idered  since n e m a t o d e s  show a more  p r o n o u n c e d  
increase in l eng th  while growing  t h a n  t h e y  do in  w i d t h  
(LEES). 

Results and discussion. F r o m  a compara t i ve  p o i n t  of 
view, i t  is a p p a r e n t  t h a t  di f ferences  in dai ly  mean  l eng ths  
of T. spiralis muscle  la rvae  have  been  repor ted  in t he  
l i t e ra ture  (Table). Since t h e  au tho r s  "-e have  no t  s t a t e d  
e i ther  the i r  sample  size, s t a n d a r d  error,  or s t a n d a r d  
deviat ion,  s t a t i s t i ca l  compar i sons  c a n n o t  be m a d e  aga ins t  
this  p re sen t  s tudy .  

F r o m  d a t a  o b t a i n e d  in t he  p r e s e n t  s tudy ,  it  is evi- 
den t  t h a t  a s t a n d a r d  g r o w t h  ra te  is n o t  p r e s e n t  for 
T. spiralis in r a t  skele ta l  muscle.  The  ra te  of dai ly  
g rowth  varies per  d a y  pi  ; is no t  t he  same on each successive 
day  pi;  and  is n o t  logar i thmic .  The  g r o w t h  ra te  of th i s  
n e m a t o d e  in r a t  ske le ta l  muscle ,  therefore ,  is a d iscont in-  
ous process.  

This  indica tes  t h a t  in a n t i h e l m e n t h i c  s tudies ,  ident ical  
cont ro l  an imals  m u s t  be used  concur ren t ly  u n d e r  ident ica l  
s i tuat ions ,  and  t h a t  worker s  c a n n o t  d e p e n d  on the  l i tera-  
tu re  for compar i sons  of la rva l  lengths .  E a c h  exper iment ,  
where  g rowth  is a factor ,  m u s t  be t r e a t e d  separa te ly  and  
on an exact  day  pi  basis.  

Rdsumd. Dans  le p r6sen t  t ravai l ,  on a cons ta t6  que le 
t a u x  d ' acc ro i s sement  de Trichinella spiralis dans  le muscle  
stri6 du ra t  est  tr~s va r iab le  e t  offre un  processus  dis- 
cont inu .  
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Inhibition of L-Alanine-induced Germination of Baci l lus  cereus Spores by Theophylline 

In  a prev ious  s t u d y  we no t i ced  t h a t  t heophy l l ine  inhi-  
b i ts  nuc leos ide- induced  ge rmina t ion  of Bacillus cereus 
spores  1. I t  will be  shown in th is  r epo r t  t h a t  also L-alanine- 
d e p e n d e n t  ge rmina t ion  of B. cereus spores  is s t rongly  
af fec ted  b y  theophyl l ine .  S tudies  on th is  inh ib i t ion  m a y  
c o n t r i b u t e  to  a b e t t e r  u n d e r s t a n d i n g  of t h e  m e c h a n i s m  
by  which  L-alanine in i t ia tes  t he  sequence  of b iochemica l  
even t s  lead ing  to  germina t ion .  As emphas i zed  recen t ly  by  
GOULD ~, no convinc ing  exp lana t ion  of t he  role(s) p layed  by 
L-alanine in th i s  p h e n o m e n o n  has  been  so far  presented .  

Methods. 1-week-old spores  of B. cereus, s t ra in  'R', ob- 
ta ined  as descr ibed  p rev ious ly  1, were  used t h r o u g h o u t  th is  
s tudy .  In  a ' s t a n d a r d  p rocedure ' ,  t h e  ge rmina t ion  mix-  
tu re  cons is ted  of 0 .033M sod ium (Na/Na2) p h o s p h a t e  
buffer,  p H  6,4, L-alanine 2 m M  and  h e a t - a c t i v a t e d  spores  
(75°C, 15 rain in H 2 0  ) a t  a concen t r a t i on  of 4.5 × 107 to  
5.0 × 10~/ml. Unless  o therwise  specified, the  expe r imen t s  
were  carr ied  ou t  a t  34°C. Theophyl l ine  (1 ,3-d imethyl -  
xan th ine ,  pure  cryst . )  was  ob ta ined  f rom Merck (Darm- 
s tad t ,  Germany) .  Germina t ion  was fol lowed by  decrease in 
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op t i ca l  d e n s i t y  (OD) of t h e  g e r m i n a t i o n  m i x t u r e ,  a t  
625 nm,  in a s p e c t r o p h o t o m e t e r  Hi lger -Gi l ford .  As ' ind i -  
ca to r s '  of t h e  k ine t i c s  of g e r m i n a t i o n ,  t h e  fo l lowing p a r a -  
m e t e r s  h a v e  b e e n  used :  1. t h e  ' e x t e n t  of g e r m i n a t i o n '  
(E~/o), ca l cu la t ed  as p e r c e n t a g e  of OD decrease  f r o m  O D,  
( in i t ia l  va lue)  to  OD~ (f inal  va lue)  of t h e  g e r m i n a t i o n  mix -  
t u r e  b y  t h e  f o r m u l a  (OD,-ODj, /OD d × 100; 2. t h e  ' r a t e  of 
g e r m i n a t i o n '  (V), expressed  as m a x i m u m  p e r c e n t a g e  of 
OD decrease  pe r  ra in  a n d  ca lcu la ted  g r a p h i c a l l y  f rom p lo t s  
of p e r c e n t a g e  of OD decrease  ve r sus  t ime .  

Results .  T h e o p h y l l i n e  has  b e e n  f o u n d  to  a f fec t  b o t h  t h e  
e x t e n t  a n d  t h e  r a t e  of g e r m i n a t i o n  i n d u c e d  b y  i~a lan ine  in  
B.  cereus spores.  A t  a f ixed  L-alanine  c o n c e n t r a t i o n ,  t h e  
p e r c e n t a g e  of i n h i b i t i o n  is d e p e n d e n t  on  t h e o p h y l l i n e  dose, 
o n  p H  of t h e  g e r m i n a t i o n  m i x t u r e  a n d  t e m p e r a t u r e .  T h e  
d e p e n d e n c e  is s h o w n  in T a b l e  I a n d  F igures  i a n d  2. U n d e r  
t h e  m o s t  f a v o r a b l e  cond i t i ons  of p H  a n d  t e m p e r a t u r e  
( pH  6,4; 34°C), m a x i m u m  i n h i b i t i o n  is a ch i eved  a t  a con-  
c e n t r a t i o n  of t h e o p h y l l i n e  of 6 raM;  a t  h ighe r  c o n c e n t r a -  
t ions ,  t h e  i n h i b i t i o n  is no t  inc reased  a n d  i t  does  n o t  exceed  
t h e  va lues  of 70-75 % i n h i b i t i o n  of t h e  ex t en t ,  a n d  80-85 ~/o 
i n h i b i t i o n  of t h e  ra te ,  of ge r m i na t i on .  

Some  s t r u c t u r a l  ana logues  of t h e o p h y l l i n e  {adenine, 
guan ine ,  h y p o x a n t h i n e ,  x a n t h i n e ,  1 - m e t h y l - x a n t h i n e  a n d  
1 , 3 , 7 - t r i m e t h y l x a n t h i n e  or  caffeine)  h a v e  been  t e s t e d  for  
t h e i r  ab i l i t y  t o  i n h i b i t  L -a l an ine - induced  g e r m i n a t i o n .  
O n l y  1 - m e t h y l - x a n t h i n e  a n d  caf fe ine  h a v e  s h o w n  a s igni-  
f i c a n t  i n h i b i t o r y  effect.  A t  a c o n c e n t r a t i o n  of 6 raM,  
1 - m e t h y l - x a n t h i n e  caused  a p p r o x i m a t e l y  10% i n h i b i t i o n  
of t h e  r a t e  of g e r m i n a t i o n  w i t h o u t  i n f luenc ing  i ts  e x t e n t ,  
whi le  caffe ine  i n h i b i t e d  s t rong ly  b o t h  t h e  r a t e  a n d  t he  ex-  
t e n t  of g e r m i n a t i o n  (62% a n d  53% of inh ib i t i on ,  respec-  
t ively) .  There fo re  caffe ine  can  ef fec t ive ly  replace  theo-  
phy l l i ne  as i n h i b i t o r  of t h e  g e r m i n a t i o n  b y  L-alanine.  
Moreover ,  t h e  r e su l t s  i nd i ca t e  t h a t  t he  p resence  of m e t h y l  
g roups  on  t h e  x a n t h i n e  r i ng  is r equ i red  for t h e  i nh ib i t i on .  

T h e  r eve r s ib i l i t y  of t h e  i n h i b i t i o n  p r o v o k e d  b y  theo -  
p h y l l i n e  on  g e r m i n a t i o n  is d e m o n s t r a t e d  b y  t h e  fo l lowing 
e x p e r i m e n t .  Spores  were  t r e a t e d  w i t h  10 m M  t h e o p h y l l i n e  
in  s o d i u m  p h o s p h a t e  buf fe r  0 .033M,  p H  6,4 for  30 ra in  a t  
34°C. Af t e r  a c c u r a t e  w a s h i n g  o u t  of t h e  i n h i b i t o r  a n d  
s u b s e q u e n t  exposu re  to  2 m M  L-alanine,  these  spores  ger- 
m i n a t e d  as wel l  as u n t r e a t e d  ones. S imi l a r  r e su l t s  were  
o b t a i n e d  w h e n  t h e  spores  were  t r e a t e d  w i t h  t h e o p h y l l i n e  
d u r i n g  t h e  h e a t - a c t i v a t i o n .  

Spores  of B.  cereus 'R '  g e r m i n a t e d  ex t ens ive ly  in  res-  
p o n s e  to  inos ine  a lone ;  however ,  fihe a d d i t i o n  of a s m a l l  
a m o u n t  of L-a lanine  (3 ,0-6,0  ~ M )  to  t h e  g e r m i n a t i o n  mix -  
t u r e  c o n t a i n i n g  inos ine  r e su l t ed  in  a s t r o n g  e n h a n c e m e n t  
of  t h e  r a t e  of g e r m i n a t i o n .  W h e n  th i s  e n h a n c e m e n t  was  
t e s t e d  for  s e n s i t i v i t y  to  t h e o p h y l l i n e ,  i n h i b i t i o n  was  n o t  
obse rved  (Table  I I ) .  Therefore ,  t h e  s t i m u l a t i n g  effect  of 
L-a lanine  on  i n o s i n e - d e p e n d e n t  g e r m i n a t i o n  is una f f ec t ed  
b y  t h e o p h y l l i n e  which ,  in  t h i s  regard ,  seems to  a c t  as 
D-alanine  8. 

Discussion.  W e  h a v e  s h o w n  t h a t  t h e o p h y l l i n e  is a s t r o n g  
b u t  r eve r s ib le  i n h i b i t o r  of t h e  g e r m i n a t i o n  i n d u c e d  b y  
L-alanine  in  B .  cereus spores.  As  fa r  as  t h e  m e c h a n i s m  of  

1 N. SIMONETTI and A. CASSOSE, G. Microbiol. 16, 75 (1968). 
G. W. GOULD, J. appl. Bact. 33, 34 (1970). 

s S.C. WARREN and G, W. GOULD, Biochim. biophys. Aeta 170, 341 
(1968). 
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Fig. 1. Effect of pH on the inhibition of L-alanine-induced germina- 
Lion by theophylline. Heat-activated spores {75 °C, 15 rain} were in- 
cubated either in L-alanine 1 mAI or in L-alanine 1 m M  plus theo- 
phylline 4 raM, at different pH values of sodium (Na/Naz) phosphate 
buffer 0.033 M. To adjust the pH of the buffer to 5.2 a solution 0.5 N 
of HCl was used. The percentage inhibition (I%) on the rate 

-" @ ) and on the extent ( - - © - - © - - )  of germination, has 
been calculated as described in Table I. The arrows indicate optimal 
pH value of the germination in the absence of theophylline, 

Table I. Inhibition of L-alanine-indueed germination by theophylline 

Theophylline Extent of Rate of 
concentration germination germination 
(raM) (E%) 1% (v) 1% 

0.0 42.0 - 3.80 - 
0.5 42.2 0.0 3.75 1.3 
1.0 34.3 18.3 2.80 26.3 
2.0 25.5 39.3 1.75 54.0 
5.0 15.0 64.3 1.20 68.4 
6.0 13.0 69.0 0,80 78,9 

10.0 14.0 66.6 0.80 78.9 

Heat-activated spores (75°C, 15 min) were incubated at 34°C in so- 
dium (Na/Na~) phosphate buffer 0.033 M, pH 6.4 containing 2 m M 
h-alanine and varying concentrations of theophylline, as indicated. 
The symbol:I% represents the percentage inhibition of the germina- 
tion calculated using the formula (N,-NdN,) × 100, where N, is the 
value of the extent (or the rate) of germination in absence of theo- 
phylline and Nt is the respective value in presence of theophylline. 
The parameters E% and V are expressed as defined in methods. 
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Fig. 2. Effect of temperature on the inhibition of L-alanine-iuduced 
germination by theophylline. Heat-activated spores (75 °C, 15 min) 
were incubated in sodium (Na]Nas} phosphate buffer 0.033 M, pH 6.4 
containing 1 m M  L-alanine without or with 4 mM theophylline, at 
different temperatures. The percentage inhibition (I%) on the rate 
(----O------O~) and on the extent ( - - © - - © - - )  of germination, has 
been calculated as described in Table I. The arrows indicate optimal 
temperature of the germination in absence of theophylline. 
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the  inhibi t ion  is concerned, our  da t a  are  consis tent  wi th  
the  hypothes is  t h a t  the0phyl l ine  inhibi ts  some enzymic  
step invo lved  in germina t ion  by  L-alanine. A number  of 
enzymes,  in par t icu la r  phosphorylases4,  5 and phospho-  
diesterases ", a re  known to be affected by  theophyl l ine ;  
however ,  there  is so far  no evidence tha t  the  ge rmina t ive  
ac t i v i t y  of L-alanine depends  specifically on one of these 
enzymes.  In  B. cereus ' R '  spores, theophyl l ine  inhibi ts  the  
r ibonucleosidase x b u t  this  enzyme,  whose i n v o l v e m e n t  in 
the  ge rmina t ion  by  nueleosides has been ques t ioned  ~, 7, s, 
has  p resumab ly  no role in ge rmina t ion  by  L-alanine. There-  

fore, fu r the r  studies mus t  be carried ou t  in order  to de- 
f ine the  specific t a rge t  of the inh ib i tory  ac t i v i t y  of theo-  
phyl l ine  on germinat ion .  

WARRm~ and GouI~D 3 suggested tha t ,  in B. cereus 
spores, t he  role p layed  by  L-alanine alone in ' t r igger ing '  
germina t ion  is d i f ferent  f rom tha t  played by  this  amino-  
acid in ' s t imu la t ing '  nucteoside-induced germinat ion .  The  
fact  t h a t  theophy l l ine  s t rongly  inhibi ts  the  ge rmina t ion  
by  L-alanine alone bu t  does no t  affect  the  s t imula t ion  b y  
L-alanine of inosine- induced germinat ion ,  gives addi t iona l  
evidence in f avour  of the  suggest ion made  by  ~VARREN 
and GOULD. 

Table II. Effect of theophylline on the stimulation by L-alanine of 
inosine-dependent germination 

Effectors of germination Extent of Rate of 
germination germination 
(E%) (V) 
- -  + - -  + 

Inosine 40.0 39.2 2.70 2.55 
Inosine + L-alanine 3 [zM 45.0 44.8 4.80 5.00 
Inosine + L-alanine 6~M 45.0 45.0 5.30 5.25 
L-alanine 6~zM 0.0 - 0.0 - 

Heat-activated spores (75°C, 15 rain) were incubated at 34°C in so- 
dium (Na/Na~) phosphate buffer 0.033M, pH 6.4 containing the 
effectors of germination cited in the Table, in the absence (-) and in 
the presence (+) of 10 mM theophyiIine. Inosine was used at a con- 
centration of 0.1 mM, The parameters E% and V are expressed as 
defined in methods. 

Riassunto. In  spore di  Bacillus cereus, la teofi l l ina ini- 
bisce revers ib i lmente  la germinaz ione  da  L-alanina m a  
non l ' a t t i vaz ione  che la L-alanina eserci ta  sulla germina-  
zione da  inosina. I1 possibile s ignif icato di quest i  da t i  
discusso. 
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T H E O R I A  

S o m e  G e n e r a l  C r i t e r i a  f o r  t h e  E n e r g e t i c a l  C h a r a c t e r i z a t i o n  o f  E x c i t a b l e  S y s t e m s  

All  l iv ing organisnls  exhibi t ,  a t  the i r  respect ive  levels  
of specialization,  exci tabi l i ty ,  a l lowing t h e m  to  funct ion  
su i tab ly  in the  m e d i u m  wi th  which  t h e y  interact .  F r o m  
the  phys ica l  v iew point ,  exc i tab i l i ty  represents  the  
ab i l i ty  of t he  sys tem to respond to a cer ta in  modi f ica t ion  
of the  intensive parameters of the  m e d i u m  by  a sudden 
release of energy,  which consequen t ly  reduces its free 
in te rna l  energy.  Man-made  models  of biological  exci table  
sys tems x and  some o ther  technical  devices  also h a v e  
this  proper ty .  

In  th is  p re l imina ry  note, I propose some general  
cr i ter ia  for a phenomenolog ica l  charac te r iza t ion  of the  
funct ioning of the  exc i tab le  systems,  i r respect ive  of thei r  
concre te  nature .  A more deta i led  analysis  in te rms  of 
theore t ica l  physics  wil l  follow. 

Firs t ly ,  we have  to  po in t  ou t  t h a t  all  exc i tab le  sys tems 
are dissipative structures ~ which are ma in t a ined  only  by  
a well-defined coopera t ion  be tween  the  in te rna l  processes 
and the  f luxes of  energy  and m a t t e r  f rom the  ex te rna l  
world.  In  i ts  res t ing s tate ,  t he  exc i tab le  sys tem as a 
whole  possesses a h igher  po ten t ia l  energy,  due  to  the  
fact  t h a t  some of i ts  microscopical  componen t s  (elemen- 
t a ry  par t ic les  and]or  a toms  and molecules) are on h igher  
energy levels  and p reven ted  by  the  s t ruc ture  of t he  
sys tem f rom leaving  these  levels, I f  a n u m b e r  of micro-  
scopical componen t s  pass, however ,  to lower energy 
states,  this  represents  ' leakages '  which, in t e rms  of non- 
equi l ibr ium t h e r m o d y n a m i c s  3, will  be denoted  by  the  
f luxes J~. The  fact  t ha t  some microscopical  components  
are  p r e v e n t e d  f rom reaching  the  lower energet ical  levels 

means  t h a t  there  are in t he  sys tem general ized (thermo- 
dynamica l )  forces X~ which are  ma in ta ined  constant ,  
despi te  the  leakage f luxes:  

Xk ---- as ----- X~,o ~ O. 

This implies  that ,  dur ing  the  rest ing s tate ,  an energy :  

dUR 
dt -- ~ J~ X°k 

is dissipated per  t ime  unit .  This  formula  represents  the  
most  general  expression for the  ' res t ing me tabo l i sm '  
in tens i ty  of the  exci tab le  systems.  

The  s t imulus  changes the  s t ruc tu re  of t he  exc i tab le  
system, so t h a t  the  forces X~ will  be reduced f rom the i r  
rest ing values  X~ to  some lower va lues  X~. I f  the  sys tem 
acts according to t he  'a l l  or  none '  law, t he  forces will 
vanish, so t h a t  an  overa l l  ene rgy :  

T 

uA = of { z  J,  (t). (t>} dt 

will  be released. The  t i m e  in te rva l  v represents  t he  
re f rac tory  period given by  the  condi t ion  : 

22 x ~  (3) = 0. 
k 

The  exci tab le  sys tem obeys the  'a l l  or  none '  law when 
the  s t imulus  produces  a high cooperative change of the  
s t ructure ,  which  means  t h a t  a local change is p ropaga ted  
by  a resonance mechanism,  so t h a t  there  is no equiva lence  


