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PKELIMIMRÏ OBSERVATIOMS ON THE METABOLISM OF C^ -̂GLUCOSE BY 

INTACT LARVAE OF TRICHINELLA SPIRALIS 

UNDIE NEAR ANAEROBIC CONDITIONS

CHAPTER I

INTRODUCTION, HISTORICAL REVIEW, AND STATEMENT OF THE PROBLEM

Introduction

P hysio log ical s tu d ie s  of animal p a ra s ite s  have unquestionably 

developed considerably  ap a rt from in v e rte b ra te  physiology in  g e n e ra l. 

B asica lly , however, the  in te n tio n s  of such in v e s tig a tio n s  are  id e n tic a l  

reg ard less  of whether one i s  dealing  w ith f re e - l iv in g  t e r r e s t r i ^  or 

aquatic  animals or w ith  th e  p a r a s i t ic  v a r ie ty .  One s tr iv e s  to  determine 

by what mechanism such an organism survives in  th e  h a b ita t  p e c u lia r  to  

i t .  Here one fin d s  th a t  th e  h a b ita ts  of endoparasites diverge in  many 

ways from those of th e i r  f re e - l iv in g  r e la t iv e s . P a ra s i t ic  forms are 

exposed to  an almost endless a rray  of excretions and sec re tio n s  of th e i r  

hosts  th e i r  s i t e s  may or may not be very poor in  oxygen; and th e  pH may 

be uncommonly constant or markedly v a r ia b le . To fu r th e r  tax  the  imagina­

t io n  of the  in v e s tig a to r ,  one fin d s  th a t  p a ra s ite s  may l iv e  p a r t  of th e i r  

l i f e  cycle in  th e  "ou tside  world" w ith f lu c tu a tin g  environm ental condi­

tio n s  and the  balance of th e i r  l i f e  cycle under the constant "host super­

v is io n "  and co n tro lled  environmental p ro v is io n s . Undoubtedly, these
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conditions "leave th e i r  mark" on a p a r a s i t ic  anim al, bu t th e  most amazing 

f a c t  of a l l  i s  not th a t  p a ra s i te s  have adapted themselves to  such given 

circum stances bu t th a t  they  have a lte re d  themselves so ir re v e rs ib ly  as 

to  have a "physio log ical need" fo r  such an ex is ten ce . Indeed, some 

forms cannot e x is t  in  th e  absence of what a t  f i r s t  glance would seem to  

be almost insurmountable b a r r ie r s .  This i s  th e  realm of h o s t-p a ra s ite  

re la tio n s h ip  and is  in separab le  from p a ra s i te  physiology.

In  th is  in v e s tig a tio n , th e  approach might ap p ro p ria te ly  be 

termed a biochem ical one, bu t th e  in te n t  i s  most c e r ta in ly  not to  neg lect 

th e  o v e ra ll importance of th e  in te rp la y  of environment provided by each 

p a r t ic ip a n t—the p a ra s ite  and th e  h o s t. M equate considera tion  of th ese  

aspects  d ic ta te s  th a t  one be c o n tin u a lly  m indful both  of th e  l i f e  h is ­

to ry  of th e  form stud ied  and of th e  environm ental conditions supplied by 

th e  host anim al.

Although the carbohydrate metabolism of p a ra s ite s  i s  one of the 

b e s t known phases of p a ra s ite  physiology, our knowledge is  s t i l l  f a r  from 

complete, both as to  th e  mechanism of carbohydrate u t i l i z a t io n  and the  

types of carbohydrate metabolism occurring in  most groups. I t  is  no co­

incidence th a t  carbohydrate metabolism should c u rre n tly  be enjoying in ­

creased  sc ru tin y  in  p a ra s i t ic  form s, s ince  a ll  forms liv in g  in  anaerobic 

h a b ita ts  (such as th e  in te s t in e )  u t i l i z e  carbohydrate p rim arily  because 

i t  i s  th e  b e s t source of anaerobic energy. Anoxidative processes are 

p rim arily  ox ida tion -reduction  re ac tio n s  and i t  has been po in ted  out th a t  

th e  in te rm ed ia te ly  oxidized carbon atoms of carbohydrate (H-C-OH) are 

id e a l ly  su ite d  fo r  such purposes. I t  i s  fu r th e r  noteworthy th a t  most of 

th e  p a ra s ite s  s tud ied  to  d a te  do not com pletely oxidize sugar to  carbon
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dioxide and w ater. Although th is  i s  a necessary  r e s u l t  of the  la c k  of 

s u f f ic ie n t  supply of oxygen when such forms are  liv in g  in. an a rea  of 

reduced oxygen ten sio n , th e  same observation  i s  u su a lly  noted when such 

forms m etabolize a e ro b ic a lly  (Cheng, ISGh).  In  o ther words, most endo­

p a ra s ite s  are  ch arac terized  by the  prevalence of anaerobic or aerobic 

ferm entation . I t  i s  r e a d ily  apparent th a t  both anaerobic and aerobic 

ferm entation  i s  "w asteful" bu t th is  i s  not a disadvantage to  p a r a s i t ic  

forms since  they  occupy surroundings th a t  o ffe r  them a surp lus of r e a d ily  

av a ila b le  n u tr ie n ts .  P a ra s ite s  may u t i l i z e  th e  carbohydrate p re sen t in  

th e i r  environment fo r  sy n thesis  of c e l lu la r  m a te r ia ls ; fo r  production  of 

energy; or in d ire c tly , fo r  transfo rm ation  in to  reserve  energy s to re s .  

Glucose would seem to  be most freq u en tly  encountered by in te s t in a l  p a ra ­

s i t e s ,  and while i t s  u t i l i z a t io n  has been shown fo r  some en d o p arasites , 

S tannard, e t  (1938) were unable to  dem onstrate a glucose consumption 

by in ta c t  T ric h in e lla  s p i r a l i s  la rv a e .

Ezymatic p repara tions from la r v a l  homogenates or acetone powders 

have revealed  th e  presence of hexokinase, phosphohexose isom erase, a ldo­

la s e ,  g ly c e ra l phosphate dehydrogenase, enolase and la c t ic  dehydrogenase 

(Goldberg, 1957a , 195Tb; 1958; Agosin and Aravena, 1959) » This evidence 

i s  q u ite  in d ic a tiv e  of th e  presence of a c la s s ic a l  g ly co ly tic  scheme. 

Goldberg ( 1958) p o s tu la te s  th e  occurrence of such a pathway s im ila r  to  

th a t  found in  mammalian muscle. His evidence i s  based on the  occurrence 

of and th e  s im ila r  optima of th e  enzymes p u r if ie d  and ch arac te rize d .

These more e lab o ra te  s tu d ie s  are  in  good agreement w ith th e  e a r l i e r  work 

of von Brand e t  ( l 95l )  which in d ica ted  th a t  approximately th e  same 

amount of endogenous glycogen was consumed during aerobic metabolism as
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in  an aerob ica lly  m etabolizing la rv a e . However, in  the same rep o rt 

(von Brand ^  1951 ), i t  was noted th a t  whereas no endogenous l ip id s

disappeared in  an aerob iosis , th e  l ip id  content decreased about 21^ per 

day under aerobic c o n d itio n s . That the la rv ae  have a fu n c tio n a l hemo­

g lo b in , a co u tle te  cytochrome system, succin ic  dehydrogenase and most of 

( i f  not a complete) tr ic a rb o x y lic  cycle , i s  w ell documented (Agosin,

1956; Goldberg and N olf, 1956; Goldberg, 195Tb). The same workers r e ­

ported  the  occurrence of these  pigments in  ad u lt tr ic h in a e  homogenates, 

bu t s ta te d  th a t  th e  enzymes were apparen tly  le s s  ac tiv e  than  in  the  

la rv a e . These d e ta i l s ,  when coupled w ith the  documentation th a t  glycogen 

i s  apparen tly  fermented to  COg and energy r ic h  v o la t i le  f a t ty  ac id s , 

i l l u s t r a t e s  an apparent id iosyncracy  of these  worms.

The reported  presence of hexokinase and glucose-6-phosphate 

dehydrogenase enzymes (Agosin and Aravena, 1959) suggests th a t  pathways 

fo r  carbohydrate degradation o ther than th e  c la s s ic a l  g ly co ly tic  scheme 

may be p resen t in  T. s p i r a l i s . No attem pts to  ob tain  fu r th e r  evidence 

th a t  th is  may be tru e  have been forthcom ing.

H is to r ic a l Review

T ric h in e lla  s p i r a l i s  la rv ae  were f i r s t  described from the  muscle 

of man in  I835 by S ir  Richard Owens a t  a meeting of the  Zoological S ociety  

in  London. C redit fo r  d iscovery  of the  worm, however, must be given to  

a studen t of Owens' named James Paget (Gould, 19^5 ) . The d esc rip tio n  of 

the  worm from th e  f le s h  of hogs was published by Leidy ( l 846), but the 

g re a t German s c ie n t is ts  Leuckart (1860) and Virchow (1865) independently 

unraveled the  main fe a tu re s  of th e  complicated l i f e  h is to ry  of T ric h in e lla
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s p i r a l i s . Numerous o ther in v e s tig a to rs  have con tribu ted  to  our know­

ledge of th e  p a ra s i te .  Notable in  th is  group was Zenker (1860), who 

demonstrated th a t  th e  worm could cause a f a t a l  i l ln e s s  in  man in  the  

course of a few weeks. The' presence of bo th  in te s t in a l  and e x tra in te s ­

t i n a l  phases has made th e  study of th is  r a th e r  unique p a ra s i te  a  monu­

mental ta sk , and p o ss ib ly  fo r  th is  reason , the  species has continued to  

hold th e  fa sc in a tio n  of in v e s tig a to rs  in  ev er-in creasin g  numbers to  th e  

cu rren t tim e. Larsh (1962) expressed i t  in  the  follow ing manner:

"The in fe c tio n  produced by T. s p i r a l i s  i s  very  complex and, con­
sidered  in  th e  broad s e n se ," is  l i t t l e  understood even today.
To advance our knowledge, more inform ation  i s  needed considering 
th e  physiology of both  th e  p a ra s ite  and th e  h o s t. In  recen t 
y ears , biochem ical s tu d ies  of la rv ae  under various conditions 
have been f r u i t f u l  in  providing inform ation concerning chemi­
c a l  com position, c e r ta in  m etabolic pathways, excre to ry  pro­
du c ts, and so fo r th .  However, the  tim e has not a rriv ed  when 
such d a ta  can be used d ire c t ly  to  exp la in  th e  many complex 
in te r re la t io n sh ip s  of the  p a ra s ite  and h o s t . . .we may in  time 
unravel th e  m ysteries of th e i r  p re c ise  mechanism, e sp e c ia lly  
i f  th e  chemical s tu d ie s  continue to  provide b asic  da ta  con­
cerning th e  l i f e  needs and h o s t- to x ic  m etabo lites of the  
p a r a s i t e ."

Thus, d esp ite  th e  tremendous e f fo r ts  of s c ie n t i s t s  and the  use of elabo­

ra te  s c ie n t i f ic  equipment, many im portant aspects of the  p a ra s i te  and the 

d isease  i t  causes remain to  be explained.

L ife  H isto ry  of T r ic h in e lla  s p ir a l is  

The follow ing remarks concerning th e  l i f e  h is to ry  of th e  t r i c h ­

ina  worm must be prefaced  by the  r e a l iz a t io n  th a t ,  although th e  cycle 

d iscussed  h ere in  p e r ta in s  p rim arily  to  experim ental in fe c tio n s  of lab o ra ­

to ry  mice and r a t s ,  T r ic h in e lla  s p i r a l i s  i s  perhaps th e  s in g le  species 

of p a r a s i t ic  nematodes le a s t  r e s t r ic te d  in  i t s  range of h osts  (Gould,

19^5). I t  has been p o ss ib le , on occasion, by experim entally  a l te r in g
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some of the  h o s t 's  environmental co n d itio n s, to  in fe c t  an almost endless 

a rra y  of animals  w ith th i s  remarkably non-spec ific  p a ra s i te .  The p r in ­

c ip a l  f a c to r  in  the  su ccessfu l in fe c tio n  of animals which a re  not found 

to  he n a tu ra lly  in fec ted  seems to  be body tem perature. The worm develops 

most e f f ic ie n t ly  in  hosts  having a body ten g era tu re  of 35 to  37°C. In  

g en era l, homeothermic carn ivores and omnivores are  found to  be n a tu ra lly  

p a ra s it iz e d , a t  le a s t  on occasion, provided th e  h o st tem perature range 

s ta te d  above is  met. However, the  p r in c ip a l  n a tu ra l hosts of T r ic h in e lla  

s p i r a l i s  appear to  be man, th e  p ig  and th e  r a t  (Gould, 19^5 )*

Based upon the  number of p u b lic a tio n s , th e  most popular hosts  

fo r  experim ental s tu d ies  have been mice, r a t s ,  ham sters, r a b b its ,  and 

guinea p ig s , re sp e c tiv e ly  (Larsh, I962 ). Since mice have been used more 

commonly as experim ental h o s ts , th e  p e r tin e n t d e ta i ls  of th e  l i f e  h is to ry  

of th e  p a ra s i te  in  th is  animal are  reviewed in  order to  b e t te r  understand 

th e  o v e ra ll h o s t-p a ra s ite  re la tio n sh ip s  and, hopefu lly , to  ga in  some in ­

s ig h t as to  "im portant fa c to rs "  provided by the  h o s t.

The l i f e  cycle is  begun by in g estio n  of v iab le  t r ic h in a  la rv ae  

encysted in  raw or undercooked meat, or more commonly in  experim ental 

in fe c tio n s , by th e  o ra l  in o cu la tio n  of la rv ae  freed  from in fe c te d  muscle 

t is s u e  by th e  ac tio n  of a r t i f i c i a l  g a s tr ic  ju ic e .  In  e i th e r  case , la rv ae  

f reed  in  the  stomach of th e  host pass in to  th e  sm all in te s t in e  where they  

anchor themselves to  th e  in t e s t in a l  mucosa. Gould ( l 9^5 ) suggests th a t  

i t  i s  p o ssib le  th a t  they  ob ta in  both  nutrim ent ( t is s u e  ju ic e )  and oxygen 

fo r  growth from th e  mucosa. The f i r s t  p a r a s i t ic  phase i s  u su a lly  termed 

th e  p re -a d u lt and i t  w i l l  undergo development to  an ad u lt in  the  8 th  to  

72nd p o s tin fe c tiv e  hour according to  various in v es tig a to rs  (Gould, 19^5;
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Wu and K ingscote, 1957; Berntzen, 1965)- The development of a p re -a d u lt 

in to  a sex u ally  mature ad u lt worm in  th e  sm all in te s t in e  has been in te r ­

p re ted  to  req u ire  from one (Hyman, 1951; Berntzen, 1965) to  four molts 

(W e lle r ,,19^3; Gould, 19^5; Kim, I961, 1962), bu t i t  i s  g en era lly  agreed 

th a t  th e  transfo rm ation  i s  u su a lly  completed by th e  72nd p o s tin fe c tiv e  

hour (Gould, 19^5; Larsh, I962; Berntzen, 1965). I f  th e  recen t work of 

Berntzen (I965) i s  confirmed, th e  encysted tr ic h in a e  ( 4th  s tage  la rv a )  

req u ire  only a s in g le  molt to  become mature in te s t in a l  worms and in  a 

population  of worms th is  molt occurs between th e  8 th  to  72nd hour a f te r  

in g estio n  of v iab le  la rv ae . I f  what Berntzen rep o rts  i s  t ru e ,  th i s  

would rep resen t the  fo u rth  molt and would in d ic a te  th a t  T r ic h in e lla  has 

a ty p ic a l  nematode l i f e  cycle r a th e r  than  an a ty p ic a l cycle as suggested 

by the  work of W eller ( 19^3 ) and Kim (1961, 1962). I rre sp e c tiv e  of the  

number of m olts ( in te rp re te d  or p o s tu la te d ) , both  th e  p re -a d u lts  and 

ad u lts  are  deeply embedded in  th e  in t e s t in a l  mucosa and on occasion are  

repo rted  to  have penetra ted  in to  th e  cryp ts  of Lieberkuhn (Larsh, I962). 

The p re fe rred  s i t e  of th e  ad u lt t r ic h in a e  seems to  be the  p o s te r io r  h a lf  

of th e  sm all in te s t in e  (Roth, 1938; Larsh, 1962), which i s  a reg ion  

abounding in  bo th  p a r t ia l ly  and to t a l l y  d igested  nutrim ents (Read, 1950) . 

Some in v e s tig a to rs  have reported  th a t  in  young mice th e  a n te r io r  h a lf  

of the  sm all in te s t in e  i s  more h eav ily  p a ra s itiz e d ; but th e  same e f fe c t  

can be produced in  o lder mice i f  any agent (such as morphine s u lf a te )  i s  

adm inistered which d ra s t ic a l ly  reduces th e  in te s t in a l  emptying time 

(Larsh and Hendricks, 1949) . The e f fe c t  of in te s t in a l  emptying tim e has 

likew ise  been noted w ith  other in te s t in a l  p a ra s ite s  (Read, 1959) «

A fter th e  ad u lt stage of th e  worm i s  reached, copulation  takes
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place  e ith e r  in  the lumen or w ith in  th e  mucosa of the  in te s t in e  (Berntzen, 

1965). This occurs approxim ately 48 hours a f te r  the in g estio n  of in ­

fected. muscle, bu t only a f te r  the  f in a l  molt of the p a r tic ip a tin g  worms 

has been accomplished (Gould, 19^5; Berntzen, 1965). The ad u lt male 

u su a lly  measures from 1 .4  to  1 .6  mm in  leng th  by 0.033 to  0.040  in  d ia ­

meter while the  ad u lt female i s  considerably  la rg e r , measuring from 2.2 

to  3*6 mm in  leng th  and from O.O6O to  O.O72 mm in  diam eter. A fter copu­

la t io n ,  male worms are  slowly lo s t  from the  in te s t in e .  The time requ ired  

from f e r t i l i z a t io n  of females u n t i l  progeny are. deposited  i s  about 96 

hours a t  minimum (Berntzen, 19^5 ) , and th e  t o t a l  number of la rv ae  pro­

duced per female v a rie s  markedly w ith  th e  species of h o s t. About 1000 

to  1500 young tr ic h in a e  are re lea sed  by each female worm during her r e s ­

idence in  the in te s t in e  of a guinea p ig  whereas in  in fec ted  mice from 

230 to  507 larvae  are  produced (Roth, 1939 ) - The leng th  of th e  fema le  

worm's residence in  a p a r t ic u la r  host species v a rie s  from a u su a l maxi­

mum of 16 days in  the  mouse to  37 days in  th e  guinea pig (Roth, 1938^

1939)j th u s , i f  reduced to  a b a s is  of larvae  re leased  per female worm 

p er day, the ra te s  are  con^arable and furtherm ore are in  good general 

agreement w ith o ther e a r l ie r  in v e s tig a to rs  who reported  th a t  a f te r  the  

onset of la rv ip o s it io n , approxim ately one la rv a  was born from each female 

worm every h a lf  hour (Gould, 1945) . The gravid  female re le a se s  the 

second stage la rvae  d ire c t ly  in  th e  mucosa ( th e  f i r s t  molt having occurred 

in  u te ro ) (Berntzen, I965) . Gould (1945) , in  c it in g  the  in te rp re ta tio n s  

of o ther in v e s tig a to rs , s ta te s  th a t  th e  discharge may be d i r e c t ly  in to  

the  lymphatics or la c te a ls  of th e  in te s t in a l  v i l l i  and most previous in ­

v e s tig a to rs  accepted a hematogenous dissem ination of the  la rv ae  to  the
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m uscles. However, Berntzen (1965) re fu te s  th a t  any s ig n if ic a n t  number 

of la rvae  are  found e i th e r  in  blood or th e  lynqphatic system. Many con­

temporary in v e s tig a to rs  have in ad v e rten tly  strengthened Berntzen’s argu­

ment (even before i t  was advanced) by th e  admission th a t  i t  i s  u su a lly  

extrem ely d i f f i c u l t  to  dem onstrate la rv ae  in  the  blood, even a t  expected 

peak in te rv a ls .

The rou te  of ju v en ile  m igration from the  in te s t in e  to  the  f in a l  

lo ca tio n  in  s t r ia te d  muscle appears to  occur p rim arily  v ia  abdominal and 

th o rac ic  c a v itie s  and connective t i s s u e .  Examinations of f lu id  from the 

abdominal and th o ra c ic  c a v itie s  of host animals y ie ld  la rg e  numbers of 

second stage la rvae  (measuring about 100 microns in  len g th  by 5 p. in  

w idth) s ta r t in g  a t  th e  f i f t h  p o s tin fe c tiv e  day, and in  experim ental in ­

fe c tio n s  of r a ts  d ire c t  microscopic examinations of f re sh  mesentery show 

la rv ae  m igrating through connective t is s u e s  (Berntzen, I965 ). Micro­

scopic blood examinations during the  same period  are u su a lly  f r u i t l e s s ,  

reg ard less  of the host species involved (Gould, 19^5j Kagan, I960). As 

e a r ly  as i 860, Zenker noted th a t  th e  tr ic h in a e  were e sp e c ia lly  numerous 

in  th e  muscles a t  th e  s i t e s  of tendinous in s e r t io n s . Examinations of 

rodent s t r ia te d  muscle re v e a l increasing  numbers of second stag e  juven iles  

from about the  Tth p o s tin fe c tiv e  day onward u n t i l  about the  17th day, 

a f te r  which the  number increases s l ig h t ly  i f  a t  a l l  (P h illip so n  and 

Kershaw, i960, 196I; Berntzen, I969). The s iz e  of newly deposited  t r i ­

chinae apparen tly  remains unchanged during th e i r  t r a n s i t  from the  in te s ­

t in e  to  the  s t r ia te d  muscles (Gould, 19^5; Berntzen, I965 ). A fter a r r iv a l  

in  and invasion of th e  m uscles, th e  la rv ae  grow a t  th e  r a te  of 0.02 mm 

per day (Roth, 1939) u n t i l  a maximum s iz e  of about 1 mm in  len g th  and



10

35 microns in  -width is  a tta in e d  -within th e  c y s t.  Berntzen (1965) ob­

served th e  th i r d  and fo u rth  molts during th i s  period  of ra p id  la r v a l  

growth - th e  th i r d  molt occurred approxim ately fo u r days a f te r  muscular 

invasion  and th e  fo u rth  m olt occurred about th e  e ig h th  day. The l a s t  

ecdysis produces th e  fo u rth  stage la rv a e , and th ese  a re  in fe c tiv e  to  

th e  next h o s t. According to  th is  scheme, th e  fo u rth  molt occurs about 

th e  16th p o s tin fe c tiv e  day. This tim e c o rre la te s  w ell w ith th e  occur­

rence of in fe c tiv e  la rv ae  in  muscles of most experim ental h o s ts .

Nematode N u tr itio n  and Physiology

Although some rec e n t genera l reviews are  av a ila b le  (Bueding 

and Most, 1956; Bueding, 196O, 1962a, 1962b; F a irb a irn , I96O; von Brand, 

I96O; Lee, 1965), most of th e  work on nematode physiology has been p e r­

formed on A scaris , u su a lly  from hogs, and an ex ce llen t review of these  

s tu d ie s  i s  a v a ilab le  (F a irb a irn , 1957)* The reason fo r  ex tensive  study 

of th is  p a ra s ite  i s  ra th e r  obvious; i t  i s  a la rg e  form and e a s i ly  ob ta in ­

ab le . Since th e re  have been no m etabolic s tu d ie s  on th e  ad u lt T r ic h in e lla  

s p i r a l i s  and th e re  appear to  be c e r ta in  s im i la r i t ie s  between T r ic h in e lla  

and A sca ris , th e  inform ation a v a ilab le  p rim arily  from m etabolic s tu d ies  

of A scaris w i l l  be u t i l i z e d  in  attem pting to  exp la in  c e r ta in  p hysio log i­

c a l  c h a ra c te r is t ic s  o f th e  in te s t in a l  t r ic h in a e .

In  th e  i n i t i a l  co nside ra tion  of p a r a s i t ic  nematode n u tr i t io n ,  

i t  should be po in ted  out th a t  i t  i s  be lieved  th a t  nematodes are  exceed­

in g ly  p e c u lia r  in  a t  le a s t  one resp ec t s in ce , in  g en e ra l, th ey  undergo 

no somatic c e l l  m u ltip lic a tio n  a f te r  hatching in  s p i te  of a very  con­

s id e ra b le  increase  in  s iz e  (Hyman, 1951)• The major growth requirem ents



11

th e re fo re  are  fo r  cytoplasm ic ra th e r  than  nuclear syn thesis  and the 

n ucle ic  acids occur in  ra th e r  sm all q u a n titie s  r e la t iv e  to  the  t o t a l  

t is s u e  weight (Smyth, I962). Thus i t  i s  expected, and usua lly  observed, 

th a t  th e  most rap id  growth phase does no t occur u n t i l  th e  p a ra s i te  reaches 

th e  in te s t in e  w ith  i t s  abundant supply of food m a te r ia ls . However, th e  

p ic tu re  i s  not as c le a r  as i t  might seem fo r  w ith th e  adap ta tion  to  a 

p a r a s i t ic  ex is ten ce , th e re  i s  g en e ra lly  a sso c ia ted  an increased  rep ro ­

ductive cap ac ity . This im plies e i th e r  a syn thesiz ing  cap acity  on th e  

p a r t  of th e  p a ra s i te  or a  p rov ision  of p recurso rs fo r  nucle ic  ac id  syn­

th e s is  by th e  environment. In  the  case of T r ic h in e lla , i t  i s  f e l t  th a t  

th e  developed ovum ^  u te ro  contains s u f f ic ie n t  endogenous reserves to  

enable a f u l ly  formed ac tiv e  la rv a  to  develop w ithout th e  absorp tion  of 

fu r th e r  nu trim ent. However, any time a measurable increase  in  th e  over­

a l l  s iz e  of th e  la rv a  occurs, n u tr ie n ts  are  requ ired  to  supply energy 

and p recurso rs fo r  th e  syn thesis  of a d d itio n a l cytoplasm ic m a te r ia l.

Then, a t  th e  tim e of sexual m aturation , ad d itio n a l demands are  made 

e i th e r  of th e  p a ra s i te  or i t s  environment. In  th e  ad u lt t r ic h in a e , th i s  

requirem ent may be met by; ( l )  the  ready a v a i la b i l i ty  of a l l  host 

d ie ta ry  conponents; ( 2 ) ^  novo syn thesis  of g e n e tic a lly  im portant com­

pounds by th e  p a ra s i te ;  (3) in g estio n  and absorp tion  of the  req u ired  

substances from in te s t in a l  c e l ls ;  o r (4 ) any combination of th e  above.

D igestion of fo o d stu ffs  by nematodes may be ex traco rp o rea l, 

in tra c o rp o re a l, or a combination of th e  two, but i t  i s  always, so f a r  as 

i s  known, e x tr a c e l lu la r  (Rogers, I962). E xtracorporeal d ig e s tio n  is  

• thought to  occur in  nematodes whose food must en te r  th e  body by way of 

a hollow s ty l e t ,  th e  dimensions of which a re  such th a t  even b a c te r ia
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would tran sv e rse  i t  w ith  d i f f ic u l ty .  Such forms are  usueilly phyto-para- 

s i t i c ,  h u t dem onstration of cy to ly sis  of host t i s s u e  by zooparasites i s  

c e r ta in ly  not uncommon. In traco rp o rea l d ig estio n  is  thought to  be more 

common in  nematodes although in  some cases some p relim inary  s o lu b i l iz a ­

t io n  of food may occur e x te rn a lly  (Hobson, 1948) . Smyth (1962) regarded 

th e  g en era l morphology of th e  pharynx found in  in te s t in a l  tr ic h in a e  to  

be "markedly adapted fo r  sucking". In  1939,  von Scmeren demonstrated 

th a t  ad u lt t r ic h in a e  of both  sexes possessed a fu n c tio n a l buccal s ty l e t  

which could be pro truded  and re tra c te d , probably fo r  la ce ra tin g  host 

t is s u e  and re lea s in g  t i s s u e  f lu id s  fo r  n u t r i t io n .  The same in v e s tig a to r  

suggested th a t  th e  stichosome (th e  c e l ls  imbedded in  th e  esophagus) had 

a sec re to ry  ra th e r  than  absorp tive cap ac ity , and a lso  noted the  presence 

of two u n ic e l lu la r  d ig e s tiv e  glands a t  th e  ju n c tio n  of the esophagus and 

th e  in te s t in e .  He be liev ed  th e  ad u lt tr ic h in a e  penetra ted  th e  mucosa 

w ith th e  s ty le t  to  re le a se  the  c e l l  contents and fed  upon t is s u e  f lu id s  

of th e  mucosa. The la rv ae  a lso  possess a s ty le t  fo r  boring and i t  i s  

tem pting to  specu la te  th a t  they  may gain  some nutrim ent by c y to ly tic  

ac tio n  as they  p e n e tra te  through connective t i s s u e .  Rogers ( l 94l ) ,  in  

a study of A scaris and S trongylus, and Carpenter (1952), in  an examina­

t io n  of th e  d ig e s tiv e  enzymes of A scaris , were able to  demonstrate th e  

presence, of amylase, l ip a s e ,  p ro tease  and fo u r d if fe re n t  pep tidases in  

th e  esophagus and to  a le s s e r  ex ten t in  th e  mid- and hind g u t. Their 

find ings add s tren g th  to  the  g en e ra liz a tio n  th a t  nematodes probably con­

ta in  an a rray  of d ig e s tiv e  enzymes (Cheng, 1964) . Some of th ese  d ig e s ­

t iv e  enzymes undoubtedly are  re leased  to  th e  e x te r io r  by the esophageal 

g lands, bu t a t  l e a s t  c e r ta in  amounts would be added to  the  ingested
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nutrim ent on i t s  passage to  the in te s t in e  where the  fo regu t secre tio n s 

augment th e  enzymatic a rra y . In  add ition  to  cy to ly tic  e ffe c ts  noted on 

c e l l s , rep o rts  o f circum oral p r e c ip i ta te s . about both la rv ae  and adu lts  

by immune serum s tro n g ly  suggests th a t  some enzymes are  re leased  by these  

form s. From th e  above considera tions i t  i s  evident th a t  ex traco rpo real 

d ig es tio n  i s  o b lig a to ry  in  some forms; in  o thers i t  i s  u se fu l but non- 

e s se n tia l ;  and in  o ther p a ra s ite s  i t  may p lay  no p a r t  in  the  normal d i^  

g es tiv e  p rocesses, which a re  then  e n tire ly  in trac o rp o rea l.

Absorption of d igested  fo o d stu ffs  by nematodes is  even more 

poorly  understood. I t  seems c e r ta in ,  however, th a t  in  ad u lt nematodes 

absorption  u su a lly  occurs by way of the in te s t in e  and not through the 

c u tic le  (Rogers and Lazarus, 19^9 )* This in te rp re ta tio n  becomes more 

hazardous in  co nsidera tion  of la rv a l  n u tr i t io n  due to  th e  le s s  inger- 

vious n atu re  of th e  newly formed c u tic le  (B ird and Rogers, 1956; B ird, 

1958)♦ The acid  and a lk a lin e  phosphatases found in  the  in te s t in e  are 

thought to  p lay  an e s s e n tia l  ro le  in  the  absorption of simple sugars 

ag a in st a concen tra tion  g rad ien t (Rogers, I962). That these  enzymes 

are o b lig a to ry  in  T r ic h in e lla  la rv ae  seems dubious as the  t is su e s  con­

ta in  r e la t iv e ly  sm all amounts of glucose (O.OilJÉ of t o t a l  t is s u e  so lid s )  

b u t contain  in s tead  considerable q u a n titie s  of th e  d issacharide  tre h a lo se  

(1 .76^ of t o t a l  t i s s u e  s o lid s )  (F a irb a irn , 1958). Thus, the  concentra­

t io n  g rad ien t would favor glucose absorption and the enzymes would 

p o ssib ly  be superfluous. However, no concrete evidence is  ava ilab le  

th a t  e i th e r  la r v a l  or ad u lt tr ic h in a e  u t i l i z e  g lucose. Stannard; McCoy, 

and Latchford (1938) rep o rted  glucose gave no s tim ulation  of oxygen up­

take in  the a e ro b ic a lly  m etabolizing la rv ae .
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D is tr ib u tio n  of absorbed substances i s  mediated by th e  hemo- 

lymph which bathes a l l  th e  t i s s u e s .  This i s  a lso  the  tra n sp o r t system 

fo r  the movement of so lu tes  from one t is s u e  to  another as w ell as fo r  

removal of m etabolic w astes. This f lu id  has a ra th e r  high osmotic poten­

t i a l  but i s  always c o n s is te n tly  lower than  th e  osmotic p o te n t ia l  of th e  

h ost gut f lu id s  (Hobson e t  1952) . The high osmotic p ressu re  i s  due 

to  a high ash con ten t in  which the  cations of K, Ha, Ca and Mg predom­

in a te .  Cl i s  th e  p r in c ip a l  anion but i s  p resen t in  in s u f f ic ie n t  q u an tity  

to  balance th e  ca tio n s ; th e  defic iency  i s  made up by v o la t i l e  and non­

v o la t i le  organic acids ( Bueding and Most, 195^) and b icarbonate  (F a irb a irn , 

1957) '  P ro te in s , carbohydrates, and f a t s  a re  a l l  p re se n t. The p ro te in s  

co n s is t m ainly of albumins and g lobulins which d i f f e r  l i t t l e  in  amino 

ac id  content from th e i r  h o s t. Non-protein n itro g en  c o n s is ts  c h ie f ly  of 

f re e  amino a c id s , p ep tid es , u rea , and ammonia. Carbohydrates p resen t 

co n s is t c h ie f ly  of glycogen and tre h a lo se  w ith  only tra c e s  of glucose 

and other f r e e  carbohydrates (F a irb a irn , 1958) .  Fats are  th e  l e a s t  

abundant and are  rep resen ted  m ostly by phospholipids and tr ig ly c e r id e s  

(F a irb a irn , I9 6 0 ). The preceding inform ation i s  derived  s o le ly  from 

th e  s tu d ies  of A scaris hemolymph as d e ta ile d  an a ly sis  on T r ic h in e lla  are 

not yet p o ss ib le . I t  i s  l ik e ly  th a t  o ther p a r a s i t ic  nematodes may not 

vary  g re a tly  in  th e  gen era l congosition of th e  p e r ie n te r ic  f lu id .

Hemoglobin i s  u su a lly  found in  th e  hemolyi^h and th i s  i s  some­

tim es c ite d  as evidence of an aerobic metabolism (von Brand, 1952; Cheng, 

1964). This is  a  m isconception fo r  hemocoel hemoglobin of A scaris binds 

oxygen so t ig h t ly  th a t  i t  i s  almost in ç o ss ib le  to  d is so c ia te  i t  even by 

chemical means (von Brand, 1960) and so i t  i s  doub tfu l whether th is
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compound i s  of any value  in  oxygen tra n sp o r t .  Regarding th e  in fluence 

of varying oxygen ten sio n s  on th e  r a te  of oxygen consumption; von Brand 

(i960) d iv id es th e  in v e r te b ra te s  in to  two la rg e  groups: ( l )  those  which

can m aintain  an u n a lte red  r a te  of oxygen consumption even a t  low tensions 

because of easy en try  o f oxygen in to  th e i r  bodies ( i . e . ,  high su rfa ce / 

volume r a t io )  and/or an e f f ic ie n t  d is tr ib u t io n  mechanism ( i . e . ,  a func­

t io n a l  pigm ents) and (2 )  those  which have a re sp ira tio n  dependent upon 

oxygen ten s io n . This concept makes meaningless th e  old debate regarding 

th e  aerobic or anaerobic n a tu re  of in te s t in a l  worms pu rely  on th e  b as is  

o f h a b i ta t .  Thus, i t  i s  th e o re t ic a l ly  p o ssib le  to  f in d  two d if fe re n t 

species of worms ly in g  s id e  by s id e  in  th e  in te s t in e  w ith one leading 

a predom inantly anaerobic ex istence w hile th e  o ther ex h ib its  a p rim arily  

aerob ic  metabolism. The choice would depend on ( l )  an endowment of and 

(2 ) th e  fu n c tio n a l q u a li ty  of re sp ira to ry  pigm ents. While A scaris ad u lts  

ap p aren tly  would f a l l  in  category  2 mentioned above, T ric h in e lla  la rv ae  

co n ta in  fu n c tio n a l r e s p ir a to ry  pigments and a favorab le  surface/volume 

r a t io  which makes r e s p ir a t io n  independent of oxygen tensions as low as 

6 mm Hg (stannard  e t  1938)* I t  i s  tem pting to  specu la te  th a t  th e  

same would be tru e  fo r  ad u lts  and p re -a d u lts  of th is  form in  th e  in te s ­

t in e  bu t the  re p o rts  th a t  marked changes in  cytochrome content occur 

during th e  la r v a l  development of A scaris does not perm it th is  assumption 

(C o s te llo  and Cya, 1963) .  F a irb a irn  (1960) s ta te s  th a t  no o b lig a te  

anaerobes have been found in  th e  nematodes although some ad u lt forms 

(e sp e c ia lly  A scaris ) appear to  be m icro aero p h ilic . Although some eggs 

w ithstand  leng thy  periods of anoxia, th e re  has been g enera l agreement 

th a t  th e  metabolism of nematode eggs i s  p rim arily , and even o b lig a te ly .
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aerobic (F a irb a irn , I960).

Oxygen a t  p a r t i a l  p ressu res  up to  a t  l e a s t  I60 mm Bg i s  not 

to x ic  to  most ad u lt nematodes; in  f a c t  a t  these p ressu res i t  freq u en tly  

aids th e i r  su rv iv a l ^  v i t r o  (Rogers, I962). A ll nematodes can re sp ire  

in  cacygen, b u t th e  question i s  ra ise d  as to  -whether or not th i s  r e s p ir a ­

t io n  gives r i s e  to  energy "which i s  u se fu l in  the  economy of th e  p a ra s ite s  

in  v iv o . P ossib ly , la rvae  of T. s p i r a l i s  req u ire  th e  energy derived 

from ox idative metabolism fo r  m o ti l i ty  (von Brand, 1952) and perhaps i t  

i s  used only fo r  th is  fu n c tio n . There i s  some evidence th a t  ox idative 

processes which use l ip id s  as su b s tra te s  are to  some degree independent 

of the  anaerobic processes and do not lead  to  the  conservation of carbo­

hydrate . I t  seems p o ss ib le , th e re fo re , th a t  the  oxidation  of f a t s  may 

be necessary  fo r  th e  m igration of th e  larvae  3̂  v ivo , but when th e  l a r ­

vae l i e  quiescent in  th e  muscular t is s u e  of the  h o st th e  anaerobic c a ta ­

bolism of carbohydrates probably provides s u ff ic ie n t  energy fo r  su rv iv a l 

(Rogers, 1962). The importance of th e  same schemes to  th e  in te s t in a l  

t r ic h in a e  is  d i f f i c u l t  to  evaluate  because of inadequate knowledge as to  

ju s t  how much m c ii l i ty  i s  necessary  fo r  su rv iv a l. F a irb a irn  (1960) 

specu lates th a t ,  in  a l l  nematodes, th e  amounts of energy requ ired  fo r  

motion and locomotion 3̂  -vivo are  sm all.

While th is  i s  not an atteng)t to  negate th e  e f fo r ts  of o th e rs , 

i t  has been po in ted  out (F a irb a irn , I96O; von Brand, 196O; Rogers, 1962) 

th a t  manometric determ inations of oxygen uptake (Qg^) and re sp ira to ry  

quotien ts  (RQ) of p a ra s ite s  in  v i t r o  may be q u ite  m isleading. For example, 

the  io n ic  composition of th e  suspending medium may profoundly a f fe c t  th e  

re sp ira tio n  r a te  (Bueding, 19^9 ) and removal of COg may produce s im ila r
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a l te ra t io n s .  To i l l u s t r a t e  th e  l a t t e r  statem ent, ro u tin e  Warburg d e te r ­

m inations on th e  oxygen uptake of Nippostrongylus muris in d ica ted  th a t 

th e  e a r ly , f re e - l iv in g , la rv ae  were unaffected  by the  presence of 55̂  COg 

bu t th i s  concen tra tion  of COg doubled th e  oxygen uptake of th e  in fe c tiv e  

la rvae  (Schwabe, 1957)» Measurements obtained in  abnormal sa lin e  or 

b u ffe r  so lu tio n s  may a lso  be m isleading due to  a s tim u la tion  of a c t iv i ty  

(Rogers, 1962). In  ad d itio n  to  measuring oxygen consumption, many workers 

have determined carbon dioxide production during re sp ira tio n  and from 

the r e s u l t s ,  have ca lcu la ted  th e  R.Q. As pointed out by F a irb a irn  (1960), 

carbon dioxide measurements are  in  themselves leg itim a te , bu t th e  in te r ­

p re ta tio n  of R.Q. values even in  animals whose metabolism i s  compara­

t iv e ly  well-known i s  hazardous because th e  in te rp re ta tio n  presupposes 

th a t  a l l  COg a r is e s  from th e  complete oxidation of th e  su b s tra te  and 

th a t  no COg f ix a tio n  by th e  t is su e s  has occurred. Thus such d a ta  should 

be examined w ith extreme caution and the  assumptions involved should be 

recognized.

Biochemistry of Nematodes

P ro te in  and Amino Acid Metabolism 

The exact e s s e n t ia l  amino acids requ ired  by the p a ra s i t ic  nema­

todes are  unknown due p rim arily  to  our in a b i l i ty  to  cu ltu re  such forms 

u n t i l  re c e n tly . I t  would appear th a t  p ro te in  syn thesis must be q u ite  

e f f ic ie n t ,  considering th e  increased  reproductive cap ac itie s  of ad u lt 

females as w ell as th e  rap id  growth phases follow ing m olting of la rv ae . 

There are  in d ica tio n s  th a t  various transaminases are p resen t in  nematodes, 

thus allowing fo r  e f f ic ie n t  in terconversions of amino acids (Rogers, I962).
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Reductive am ination of pyruvate and a -k e to g lu ta ra te  has been demonstrated 

in  A scaris t is s u e s  ( P o liak  and F a irb a irn , 1955)* OZbe occurrence of both 

processes in  nematodes would suggest th a t  they  are not t o ta l ly  dependent 

upon host d ie ta ry  amino acids as was suggested as a p o ssib le  explanation 

fo r  s t r i c t  host s p e c i f ic i t ie s  of the  cestodes (Read, I965).

Haskins and W einstein ( 1957; a ,b ,c )  stud ied  th e  end products of 

n itrogen  metabolism in  ü trich in e lla  s p ir a l i s  la rvae  and repo rted  th a t  

they  excrete  2 .8  mg. n itro g en  p er gram of wet body w eight, of which 33^ 

i s  ammonia, 20^ i s  p ep tid e  n itro g en , i s  amino acid  n itro g en , and 7^ 

i s  v o la t i le  amino n itro g e n . Eleven amino acids were id e n tif ie d  in  th e  

excre ta  and th e  m a jo rity  of th ese  are termed "e sse n tia l"  in  mammalian 

metabolism. Most o f th e  amines found a re  thought to  rep resen t decarboxy­

la t io n  products of corresponding amino acids and some of those id e n tif ie d  

a re  known to  have profound pharm acological actions on t is s u e s  of h igher 

animals (F a irb a irn , I96O; Rogers, I962). These nitrogenous substances 

are  thought to  be norm ally re leased  although the  ^  v i t r o  amounts may 

be somewhat e levated  (F a irb a irn , 1960). The e ffe c ts  of these  nitrogenous 

excrements on host physiology a re  ra th e r  obvious but ju s t  what they  in ­

d ica te  in  terms of p a ra s i te  n u tr i t io n a l  requirem ents remains to  be evalu­

a ted .

L ipid  Metabolism

Although l ip a se s  and es te ra ses  occur in  the  gu t of c e r ta in  in ­

t e s t i n a l  nematodes, i t  i s  not known whether f a t ty  acids can be absorbed 

through th e  in t e s t in a l  wall (Cheng, 1964) . Likewise, th e  syn thesis  of 

l i p id  in  th ese  forms has no t been explored (F a irb a irn , 1955; 1956) .
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Regarding l i p id  catabolism , th e re  i s  some evidence th a t  higher 

f a t ty  acids g ive r i s e  to  tre h a lo se  and glycogen in  embryonating Ascaris 

eggs (Passey and P a irb a irn , 1957)* Presumably th i s  occurs by catabolism  

to  a 3-carbon compound followed by condensation of th e  3-carbon interm edi­

a te s ,  p o ssib ly  v ia  glucose to  glycogen. This conversion of f a t  to  carbo­

hydrate has not been conclusive ly  demonstrated in  animals b u t i s  known 

to  occur in  germ inating seeds (P a irb a irn , 1960).

During aerob ic  metabolism of la r v a l  t r ic h in a e , th e re  i s  a s ig n i­

f ic a n t  decrease in  t i s s u e  l ip id s  of th e  p a ra s i te .  A naerobically , how­

ever, l ip id  appears to  be m e tab o lica lly  in e r t  (von Brand e t  1951; 

von Brand, 1952) .  This decrease in  l ip id  content during periods of 

ae ro b io sis  appears to  be a sso c ia ted 'w ith  th e  energy requirem ents fo r  

m o til i ty . The assessm ent of th i s  observation  has been p rev iously  d is ­

cussed.

Carbohydrate Metabolism in Nematodes Other 

than Trichinella spiralis
Glycogen i s  th e  main type of reserve  n u tr ie n t  found in  the  

bodies of p a r a s i t ic  nematodes and i t  i s  not known to  d i f f e r  from mamma­

l ia n  glyc% en except fo r  a s l ig h t ly  sm aller m olecular weight (von Brand, 

1952). When p a r a s i t ic  nematodes a re  s ta rv ed , glycogen i s  depleted  

ra p id ly  and r e s u l ts  in  th e  production of m etabolic end-products ou tlined  

in  a succeeding paragraph. Nothing i s  known about the  syn thesis  of g ly ­

cogen in  p a r a s i t ic  nematodes so i t  i s  assumed to  follow  pathways s im ila r 

to  those  found in  mammals (Rogers, I962). The presence of monosaccharides, 

e sp e c ia lly  g lucose , lead s  to  a  n e t syn thesis  of glycogen in  A scaris and
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Etitner and Gonzeilez ( 1958) c ite d  iso tq p ic  evidence to  in d ic a te  th a t  

approximately 50^ of th e  glucose u t i l iz e d  from the medium was channeled 

i n i t i a l l y  to  glycogen sy n th es is .

The mechanism fo r  syn thesis  of tre h a lo se  i s  un certa in  although 

th e  r e la t iv e  abundance of th is  d isaccharide  i s  ra th e r  high in  the  p ara ­

s i t i c  nematodes s tu d ied  to  d a te . Trehalose cannot be d ire c t ly  converted 

by polym erization to  glycogen. I f  i t  con tribu tes  to  glycogen sy n th es is , 

an i n i t i a l  hyd ro lysis  would be necessary fo r  the  rearrangement of the 

1---- *1 to  a 1— *-4 type of carbon linkage found in  glycogen.

I t  has been suggested th a t  nematodes depend upon carbohydrate 

metabolism as t h e i r  source of energy p rim arily  because p ro te in s  and 

l ip id s  do not lend  themselves to  the  in te rn a l  oxido-reduction reac tio n s  

c h a ra c te r is t ic  of anaerobic p rocesses. However, even in  th e  more 

a e ro b ica lly  dw elling p a ra s ite  nematodes, carbohydrate metabolism is  the  

main method of producing energy. In  such cases, carbohydrates are  not 

oxidized com pletely to  carbon dioxide and w ater which in d ica te s  th a t  th e  

process i s  of th e  ferm entative type . Fermentation products ty p ic a lly  

include carbon d iox ide , organic acids (Bueding and Yale, 1951; Bueding, 

1953; F a irb a im , 195^; F a irb a irn , I96O; Rogers, 1962), and various 

alcohols (Bueding, 1951; F a irb a irn , I96OJ Rogers, I962). Carbon dioxide 

a r ise s  from pyruvate or o ther in term ediates in  the form ation of acid  and 

non-acid ferm en tation  products (F a irb a irn , 196O; Rogers, I962). The 

organic acids ty p ic a l ly  range from 02 to  C6 in  length  (both branched and 

non-branched) and, although they  o r ig in a te  during anaerobic g ly c o ly s is , 

th ese  products continue to  be produced in  approximately th e  same amounts 

during aerobic metabolism (F a irb a irn , 196O; Rogers, 1962). L actic  acid
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is  a major excretion  product only in  a very  few forms whereas f a t ty  

a c id (s ) ,  e sp e c ia lly  v a le r ic  ac id , i s  commonly produced as a r e s u l t  of 

nematode metabolism (von Brand, 1952; Rogers, I 962) . Thus, i t  would 

appear th a t  aerobic re sp ira tio n  is  merely superimposed upon a constant 

bas ic  ferm entation . The id e n tif ic a t io n  of various alcohols during 

metabolism has not been ex tensive ly  s tu d ied  but acetylm ethylcarb inol 

has been found as a normal excretory  product in  th e  nematodes. A scaris 

and Litomosoides (F a irb a irn , 196O; Rogers, I 962) .  I t  i s  suggested th a t  

re lea se  of such non-acid substances may occur f a i r l y  g en e ra lly .

Aside from the  carbohydrates p rim arily  concerned in  energy me­

tabolism , o thers of a more or le s s  complex nature are  a lso  p re sen t.

These include th e  rib o se  and deoxyribose of nucleic  acids as w ell as 

th e  amino sugars and uronic acids of g lycopro te ins and m ucoproteins.

A number of re p o rts  have appeared describ ing  the  histochem ical d i s t r i ­

b u tio n  of nucle ic  acids and g lycopro te ins in  nematodes (F a irb a irn , I960) 

but these  w i l l  not be d iscussed  a t  th is  p o in t.

In  concluding th is  b r ie f  survey of carbohydrate metabolism, i t  

may be le g itim a te  to  ask why nematodes indulge in  such m etabolic acro­

b a tic s  as th e  form ation of energy-rich  f a t t y  ac id s, e sp ec ia lly  of 5 to  

6 carbon len g th , when simple reduction  of pyruvate to  la c ta te  su ff ic e s  

in  most systems as th e  waste product. A doub tfu l p o s s ib i l i ty  might be 

th a t  energy is  obtained in  th e  conversion. More acceptable reasoning, 

however, might be based upon th e  chemical p ro p e rtie s  of the  acids them­

se lv e s . Giese ( 1962) p o in ts  out th a t  c e l l  membranes are  considerably  

more permeable to  undissocia ted  than d isso c ia te d  forms. Since th e  d is ­

so c ia tio n  constant of l a c t ic  ac id  i s  about te n -fo ld  th a t  of v a le r ic
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ac id , th i s  might he a  p la u s ib le  reason fo r  th e  form ation of f a t ty  ac id s . 

Another c lo se ly  re la te d  p o in t i s  th a t  the  f a t ty  a c id s , being only s l ig h t ly  

d isso c ia te d , are  excreted  m ainly in  acid  form whereas la c ta te  excretion  

would p o ssib ly  be a more severe d ra in  on t is s u e  ca tio n  rese rv es .

Carbohydrate Metabolism in  T fic h in e lla  s p ir a l i s

C urren tly , th e re  i s  genera l agreement th a t  many of the  e a r l ie r  

attem pts to  rev ea l m etabolic t r a i t s  in  p a r a s i t ic  nanatodes are  open to  

some c r i tic is m  because th ey  were not conducted under b a c te r ia - f re e  con­

d i t io n s .  More recen t a t te n ^ ts  to  e lim inate  or co n tro l b a c te r ia l  con­

tam ination  in  such m etabolic s tu d ies  have employed chemotherapeutic 

agen ts , e i th e r  during p rep ara to ry  or incubation  phases. The e ffe c ts  of 

such agents on th e  metabolism of p a ra s i t ic  forms sub jected  to  in v e s t i ­

g a tio n  remains la rg e ly  unevaluated and thus has not completely solved 

the  problem.

The re sp ira to ry  metabolism of T. s p i r a l i s  la rv ae  has been p re ­

v io u sly  s tud ied  by se v e ra l in v e s tig a to rs . Stannard efc r i .  (1938) em­

ployed mainly manometric techniques in  th e i r  experiments and pointed 

out th e  need fo r  ad d itio n a l confirm ation of th e i r  work w ith  chemical 

s tu d ie s . Such s tu d ies  were pursued and elaborated  by von Brand e t  a l .  

( 1951) . The l a t t e r  group conducted s tu d ie s  in  th e  absence of drugs but 

used a 3 hour d ig estio n  method to  f re e  th e  la rv ae  from muscle t is s u e .  

I so la tio n  and ch a ra c te r iz a tio n  of various enzymes asso c ia ted  w ith  carbo­

hydrate metabolism have been performed by o ther w orkers. The re s u l ts  

of th ese  s tu d ies  are  summarized in  Figures 1 and 2 . The ind iv idual( s ) 

is o la tin g  and ch arac te riz in g  th e  sp e c ific  enzymes a re  in d ica ted  in  each
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Ĥ COH
I
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Ĥ COH
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Ĥ COPO H- 
H 3 2

+ Eibulos e-5-phosphate
Transketo lase
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f ig u r e . While th ese  s tu d ie s  on worm homogenates do y ie ld  valuab le  in ­

form ation as to  p o te n tia l  c a p a b il i t ie s  of th e  la rv ae , i t  i s  im possible 

to  determine th e  value of th e  p a r tic u la r  enzyme or enzymatic pathway to  

th e  in ta c t  worm in  such a n a ly s is .

Bie hazards of carbon balances and re sp ira to ry  quo tien ts  have 

been prev iously  d iscussed . Since zo o p arasitic  nematodes are  no t rou­

t in e ly  cu ltu red  v i t r o  throughout th e i r  e n t ire  l i f e  cyc le , many of 

th e  experim ental procedures developed fo r  the  study of b a c te r ia l  metab­

olism  are not f e a s ib le .  However, the  use of rad io iso topes to  evaluate  

th e  preponderance of m etabolic pathways should th e o re t ic a l ly  be. a p p li­

cable in  p a ra s ite  physiology s tu d ie s . For example, Stoner and Hankes 

(1955# 1958) have employed C^^-amino acids to  demonstrate the  uptake of 

c e r ta in  amino acids by p a ra s ite s  ^  vivo as w ell as th e  subsequent 

metabolism v i t r o .

As y e t, no attem pts to  study th e  carbohydrate metabolism of 

T. s p ir a l i s  la rv ae  w ith  rad io iso topes have been made. C onsideration of 

th e  biochem ical inform ation regarding T. s p i r a l i s  la rv ae  suggests an 

a b i l i t y  to  u t i l i z e  exogenous glucose. This f a c t  was con tra ind ica ted  

only by the re p o rt of Stannard e t  (1938) . I f  an uptake of exogenous 

C^^-glucose d id  occur, i t  would then  be p o ssib le  to  use v a rio u sly  

la b e lle d  C^^-glucose to  gain  in s ig h t as to  operative pathways found in  

the  la rv ae . The ra t io n a le  of the  method i s  shown in  F igures 1 and 2.

I t  i s  apparent th a t  i f  only anaerobic g ly co ly sis  occurs, th e  r a t io  of 

re leased  from glucose-l-C ^^ and g lucose-6-C^^ should be 1 since  

both  lab e ls  would be found only in  the  methyl carbon of the  g ly cera ld e- 

hyde-3-phosphate. On th e  o ther hand, i f  C^^Og i s  p re fe re n t ia l ly
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re leased  from glucose-l-C ^^, when compared to  g lucose-6-C^^, th is  is  

presumptive evidence th a t  th e  shunt mechanism ou tlined  in  F igure 2 is  

a lso  o p era tiv e . Such a s i tu a t io n  would give a Cl/c6 r a t io  g re a te r  than 

1.

General Considerations 

The importance of e s ta b lish in g  a " to ta l  p ic tu re " , in  so f a r  

as p o ss ib le , p r io r  to  in i t i a t in g  an experiment regarding p a ra s ite  b io ­

chem istry i s  b e s t described  by Rogers (1962);

"An example from ou tside  p a ra s ito lo g y  may b e s t explain  what I  
mean h ere . The problem, l e t  us say, i s  to  d iscover the essen­
t i a l  biochem ical d iffe ren ces  between muscle and l iv e r .  We 
might s t a r t ,  w ithout any knowledge of the  biology of these  
t i s s u e s ,  by studying th e i r  b asic  metabolism - aerobic and 
anaerobic re s p ira t io n , the  gen era l processes of n itrogen  ca ta ­
bolism  and th e  mechanisms of syn thesizing  new t is s u e s .  The 
r e s u l ts  would show th a t  d if fe re n t  p a r ts  of th e  basic  ground 
p lan  of metabolism would have d if fe re n t  emphasis in  th e  d i f ­
fe re n t t is s u e s  as w ell as o ther minor v a r ia t io n s . Even the  
sy n th e tic  mechanisms would probably be b a s ic a lly  the same 
though th e  substances synthesized would d i f f e r .  G radually, 
however, inform ation would accumulate which th e  in sp ired  
biochem ist could in te rp re t  to  show th a t  th e  e s s e n tia l  b io ­
chemical d iffe ren ces  were those which concerned the  con­
t r a c t i l e  fu n ctio n  of muscle and th e  sto rage function  of the  
l iv e r .  Would th is  inform ation have come more quickly i f  we 
had s ta r te d  w ith our b io lo g ic a l knowledge about the  functions 
of l iv e r  and muscle? I  th in k  so . This may seem a gross 
exaggeration of th e  s i tu a t io n  of research  on p a rasitism .
But one must agree, fo r  in s tan ce , th a t  more inform ation on 
th e  b io logy  of in fe c tio u s  ness and th e  host as an environment 
fo r  th e  p a ra s ite  i s  needed as a b a s is  fo r  biochem ical s tu d ies  
on p a ra s itism ."

Statem ent of th e  Problem 

The p resen t in v e s tig a tio n  was designed to  obtain  d a ta  to  demon­

s t r a te  or deny th e  a b i l i ty  of th e  in ta c t  organism to  u t i l i z e  exogenous 

glucose under an ae ro b io sis . U n til th i s  study no rad io iso to p ic  techniques
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have been used to  examine th i s  fa c e t of T r ic h in e lla  s p i r a l i s  la rv ae , 

although a ll  in v es tig a to rs  a re  aware of the m erits  of such a technique.

For adequate eva lua tion , th e  i n i t i a l  research  ob jec tives were:

(1) to  determ ine the  necessary methods fo r  the recovery of high 

numbers of v iab le  muscle la rvae  in  a sh o rt period  of time 

follow ing host death .

( 2 ) to  devise s u ita b le  techniques fo r  the  recovery of b a c te r ia -  

fre e  la rv ae  w ithout the  use of a n t ib io t ic s  of chemotherapeutic 

ag en ts .

(3 ) to  e s ta b lis h  r e l ia b le  methods to  q u a n tita te  la rv a l  popula­

tio n s  .

(4 ) to  s e le c t  s u ita b le  rad io iso to p ic  methods fo r  determ ination 

of biochem ical pathways found in  in ta c t  v ia b le  la rv ae .

Thus, a f te r  s u ita b le  p repara to ry  techniques had been devised , 

la b e lle d  glucose-C^^ would be used as a su b s tra te  in  s tu d ies  of la rv a l  

carbohydrate metabolism. The ana lysis  of th e  amount of la b e llin g  occur­

rin g  in  the evolved from glucose-l-C^^ as compared to  g lucose-6-

would give presumptive evidence as to  the  r e la t iv e  importance and 

pathway(s) of carbohydrate catabolism  u t i l iz e d  by in ta c t  la rv a e . F u rther 

inform ation about worm-bound in  each in stan ce , would add evidence

to  in d ica te  the  e x is te n t pathways.

I t  was fu r th e r  proposed to  determine the  amount of la b e llin g  

which occurred in  the  various im portant b io lo g ic a l compounds follow ing 

nearly  anaerobic incubation  of the  la rvae  in  la b e lle d  g lucose. The 

possib le  fa te s  of such carbon atoms derived from glucose are  ou tlin ed  in  

Figure 3* From th is  f ig u re  i t  i s  seen th a t  nucle ic  ac id , glycogen and
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Figure 3*—Some p o ss ib le  fa te s  of C^^-glucose
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various carbohydrate f ra c tio n s  would probably be la b e lle d  i f  both  the  

c la s s ic a l  g ly c o ly tic  pathway and pentose monophosphate pathway are  p re ­

se n t. L abelling of f a t t y  acid  and p ro te in  would not be expected to  any 

major e x te n t. Presumably, some f a t ty  acid  la b e ll in g  could occur as a 

r e s u l t  of pyruvate degradation followed by conversion to  a c e ty l Co A 

and i t s  subsequent r e a c tio n s . P ro te in  could be la b e lle d  only i f  th e re  

were transam ination  of pyruvate to  a lan in e . However, i f  anaerobic 

shunts (p o rtio n s  of th e  Kfeb’s cycle) were p re sen t to  provide a su ita b le  

su b s tra te  fo r  a given transam inase, o ther amino acids could a lso  become 

la b e l le d .



CHAPTER H  

EXPERIMENTAL METHODS

P a ra s ite  P reparatory  Techniques 

The techniques u t i l iz e d  In  cleaning and preparing th e  In fec ted  

mice before th e  d ig e s tio n  procedure described l a t e r ,  were not evaluated . 

Since few b a c te r ia  surv ive passage through g a s tr ic  ju ic e ,  th e  ou tlined  

procedure may be of l i t t l e  Importance or perhaps not even necessary In 

preventing such contam inations. However, these  techniques a re  r e la t iv e ly  

ra p id , e a s i ly  performed, and were th e re fo re  Incorporated In to  the  ex p eri­

m ental procedure w ithout fu r th e r  eva lua tion .

The method o u tlin ed  fo r  the  recovery of la rv ae  from the  In fec ted  

animals described  below was found to  be q u ite  s a tis fa c to ry  In  most aspects. 

The use o f b lenderlzed  t is s u e  In stead  of la rg e r  fragments seemed to  be 

Ind ica ted  by th e  work of Kozar and Kozar, 1963. Obviously, th e  la rg e r  

th e  fragm ents, th e  longer th e  period  requ ired  fo r  complete d ig estio n  of 

th e  t i s s u e .  Kozar and Kozar found a d e f in ite  lo ss  of la rv a l  I n fa c t iv i ty  

to  be asso c ia ted  w ith  th e  lengthy  d ig estio n s  perscrlbed  by o ther In v e s ti­

g a to rs  and th e re fo re . In  th is  study . I t  was decided ra th e r  a r b i t r a r i ly  

to  minimize th e  d ig e s tio n  period . U nfortunately, b lenderlz lng  does In ­

crease th e  number of damaged la rv ae  and thereby reduce th e  t o t a l  la rv a l  

y ie ld  per anima l .  To remove these  In ac tiv e  la rv a e , th e  added s tep  of 

req u irin g  th e  la rv ae  to  crawl through th e  four layers  of bandage gauze

32
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in to  a  P e tr i  d ish  l i d  was included. This d id  increase  th e  time requ ired  

fo r  p reparations hu t had th e  added b e n e f it th a t  only ac tiv e  la rv a e , 

v i r tu a l ly  f re e  of d e b r is , were av a ilab le  in  subsequent m anipulations.

The subsequent passage of la rv ae  through a r e la t iv e ly  la rg e  

volume of s t e r i l e  s a lin e  su ccessfu lly  removed most, i f  not a l l ,  contam­

in a tin g  b a c te r ia .  While th e  f in a l  r e s u l t  in  th is  case cannot be taken 

as evidence of any s in g le  procedure, the  f in a l  p reparations revealed  

only 9 contaminated tubes out of a t o t a l  of J2 prepared in  th is  manner.

I t  is  possib le  th a t  th e  9 tubes were contaminated in  the  l a t e r  manipula­

tio n s  as surface growth, most l ik e ly  as an aerobic contaminant, was 

evidenced in  the  th io g ly co U a te  medium.

Recovery of Viable Larvae 

T ric h in e lla  s p i r a l i s  la rv ae  used in  a l l  experiments were ob­

ta in ed  from female mice in fec ted  w ith 200 la rv ae  approximately 3 to  4 

months p r io r  to  necropsy. The s t r a in  of T. s p i r a l i s  used in  th is  study 

has been m aintained in  r a t s  and mice in  th is  lab o ra to ry  fo r  sev e ra l years. 

The host animals were i n i t i a l l y  from th e  Jax s t r a in  and have been inbred 

in  our animal house fo r  many y ears. The female mice were in fec ted  a t  

one month of age.

Three to  four months p o s t- in fe c tio n , mice were s a c r if ic e d  and 

th e  la rvae  freed  from h o st t i s s u e  using a r t i f i c i a l  g a s tr ic  ju ic e .  The 

procedure was as fo llow s: the  mouse was k i l le d  by a s in g le  blow to  the

head, th e  f e e t  were amputated ju s t  above th e  ankle, th e  t a i l  was clipped  

o ff  a t  the  base and a small cut was made through the  hide ju s t  behind 

the  e a rs . I t  was then  p o ssib le  to  sk in  the mouse by p u llin g  th e  p e l t
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p o s te r io r ly  w hile holding on to  the  head w ith  th e  o ther hand. The head 

was then removed and th e  animal ev isce ra ted . Care was taken not to  s p iU  

any of th e  gut con ten ts on th e  ca rcass . A ll excess adipose t is s u e  was 

then  removed, th e  carcass was washed in  running ta p  w ater and dipped in  

J0% e th an o l. The carcass was then placed in  a  Waring b lender w ith about 

200 ml. of a r t i f i c i a l  g a s tr ic  ju ice  (7 ml. HCl and 10 grams powdered 

pepsin  per l i t e r  of d i s t i l l e d  w ater), and b lenderized  fo r  30-45 seconds. 

The re su ltin g  puree was poured in to  a 4000 ml. beaker, the b lender con­

ta in e r  was washed se v e ra l tim es w ith a r t i f i c i a l  g a s tr ic  ju ic e  and th is  

wash m a te ria l was added to  th e  d ig estio n  beaker u n t i l  th e  approximate 

concen tra tion  in  the beaker was one l i t e r  of g a s tr ic  ju ic e  to  ten  grams 

of b lenderized  t i s s u e .  D igestion of th e  carcass m a te r ia l was hastened 

by p lacing  th e  beaker on a m ag n e tic -s tir  heating  p la te  a t  3T°C w ith con­

s ta n t  s t i r r in g  fo r  fo r ty - f iv e  m inutes, a t  which tim e d ig e s tio n  was u su a lly  

complete. The freed  la rv ae  were recovered by pouring th e  contents of 

th e  beaker th ru  two lay e rs  of gauze in to  a la rg e  fu n n e l. A fter about 

twenty to  t h i r t y  m inutes, most of the la rv ae  were concentrated  in  the 

bottom f i f t y  m i l l i l i t e r s  of the f lu id  in  the  fu n n e l. This approximate 

volume of f lu id  was withdrawn in to  a  500 ml. beaker, 400 ml. of Hank's 

b a sa l s a l t  so lu tio n  was added, and four lay ers  of bandage gauze were 

secured over the  top  of th e  beaker w ith a rubber band. A P e tr i  d ish  

cover was placed over th e  beaker and the  e n tire  apparatus qu ickly  in ­

v e r te d . About 10 ml. of Hank's so lu tio n  were then added to  th e  P e tr i  

d ish . A ctively  moving la rv ae  were found in  la rg e  numbers in  the  P e tr i  

d ish  about 15 minutes l a t e r  and th ese  were e a s i ly  removed w ith  an o ra l 

p ip e t te  w hile observing th e  m anipulation under a  d isse c tin g  microscope.
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Larvae obtained in  the  manner described  above were then p ip e tte d  

in to  a v e r t ic a l  s e r ie s  of two separato ry  funnels which p rev iously  had 

been autoclaved and f i l l e d  w ith s t e r i l e  Hank's s a l t  so lu tio n  (F igure 4 ) . 

The volume of th is  apparatus was about 2500 ml. IBy g ra v ity , th e  washed 

la rv ae  became concentrated in  th e  500 ml. Erlenmeyer f la s k  and, as d e te r ­

mined by in o cu la tio n  of a b a c te r io lo g ic a l medium, were b a c te r ia l ly  

s t e r i l e .  A ll glassware and/or m ate ria ls  used a f te r  th is  p o in t were 

s te r i l iz e d  by autoclaving or f i l t r a t i o n  through a S e itz  f i l t e r .

Ey increasing  th e  t o t a l  amount of a r t i f i c i a l  g a s tr ic  ju ic e  as 

w ell as amount of carcass m a te ria l in  each d ig estio n  beaker, and by u s­

ing more sedim entation fu n n e ls , i t  was p o ssib le  to  recover la rg e  numbers 

of a c tiv e ly  moving la rv a e . The e n tire  procedure, from s a c r i f ic e  of the  

host u n t i l  "clean" la rv ae  were av a ilab le  fo r  incubation in  experim ental 

s tu d ie s , g en era lly  req u ired  about four hours.

In tim ation  of Larval Q uantity

In  order to  estim ate th e  number of la rv ae  p re sen t, th e  500 ml. 

Erlenmeyer f la s k  containing th e  washed la rv ae  and a magnetic s t i r r in g  

bar were removed from the washing appartus (F igure 4 ) .  About 200 ml. of 

the  s a l t  so lu tio n  was c a re fu lly  bu t quickly  decanted and th e  f la s k  s to p ­

pered w ith a  co tton  p lug . The f la s k  was then  placed on a magnetic s t i r ­

rin g -h ea tin g  p la te  a t  3T°C. Using a p ro -p ip e tte  and a s t e r i l e  1 ml. 

p ip e t te ,  samples were removed and placed in  Syracuse watch g la s se s . The 

number of la rv ae  in  each con ta iner was counted under a d isse c tin g  m icro­

scope and th e  concentration  of la rv ae  p er ml. of s a l t  so lu tio n  was ad­

ju sted  e i th e r  by adding or removing some of th e  suspending f lu id .
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P réparation  of Radioactive S ubstra tes 

F if ty  (iC amounts of each glucose-U-C^^ (CFAX 217 l o t  2 ) , g lu - 

cose-l-C^^ (CFAX 204 lo t  l ) ,  glucose-2-C^^ (OFAX 1$4 l o t  2T), and g lu - 

cose-6 -C^^ (CFAX 205 Lot l )  were purchased from Nuclear-Chicago Corpora­

t io n .  C arrie r glucose (D-glucose, C urtin  Company) of 1 .0  M concentra­

t io n  was prepared by weighing 90 grams of the  sugar in to  a 500 ml. volu­

m etric  f la sk . The f la s k  was brought to  t o t a l  volume and thoroughly 

mixed. A 25.0 ml. sample of th e  c a r r ie r  glucose was then p ip e tte d  to  

each of four 50 ml. volum etric f la s k s .  The rad io ac tiv e  iso tope sample 

was opened and r in se d  w ith  d i s t i l l e d  w ater in to  th e  50 ml. f la s k .  A fter 

s ix  such r in s in g s , the  f la s k  was brought to  volume w ith d i s t i l l e d  w ater 

and lab e lle d  to  in d ic a te  th e  resp ec tiv e  p o s itio n  of th e  C^^ la b e l .  These 

ra d io ac tiv e  su b stra te s  were u t i l iz e d  in  a l l  th e  incubations performed in  

th is  study and had approximately 1  [iC/wl. t o t a l  a c t iv i ty .

Metabolism of V ariously Labelled Glucose-C^^ Substrates

Washed la rv ae  were incubated an aero b ica lly  in  phy sio lo g ica l 

s a lin e  fo r  varying time in te rv a ls  (3 ; 6 , and l 8 hours) in  a  medium con­

ta in in g  e ith e r  glucose-U-C^^, g lucose-l-C ^^, glucose-2-C^^ or glucoser

6 -C^^. The expired COg was trapped in  5*0 ml. of 20̂ 6 NaOH to  determine
l4th e  r e la t iv e  amount of C Og re sp ire d  frcm th e  v a rio u sly  la b e lle d  sub­

s t r a t e s .  D uplicate samples were incubated concurren tly  fo r  each time 

in te rv a l  v i th  th e  s p e c if ic a l ly  la b e lle d  su b s tra te . Two loopfu ls of th e  

incubation  medium were inocu lated  in to  g ly c o lla te  medium a t th e  c lo se  of 

th e  incubation period  to  determine i f  b a c te r ia l  contam ination had occurred. 

I f  th e re  was contam ination, the  sample was d iscarded . I f  no b a c te r ia l  

colonies were evident a f te r  48 hours, th e  sample was considered to  be
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f re e  of b a c te r ia l  contam ination.

The incubations were performed in  a s p e c ia lly  designed appara­

tu s  (F igure 5) which could be autoclaved p r io r  to  use and then  placed 

in  a water bath  m aintained a t  37°C during th e  experim ent. The procedure 

in  th is  study was as fo llow s: 10 ml. of the  washed la r v a l  suspension

(recovered and assayed as p rev io u sly  s ta te d )  were p ip e tte d  in to  each of 

th e  15 ml. con ical base c en trifu g e  tu b es, allowed to  s e t t l e ,  and 6 ml. 

of th e  supernate removed w ith  a  s t e r i l e  p ip e t te .  One m l. of 0 .5  M sp ec i­

f i c a l ly  la b e lle d  glucose (con ta in ing  1  fxC/ml.) was then  added to  each 

tube , bubbling of Ng gas in to  each con tainer was begun ( th e  flow to  each 

con tainer could be reg u la ted  by an in d iv id u a l three-w ay v a lv e ) , and th e  

incubation apparatus was p laced  in  th e  w ater b a th  of a  Warburg apparatus. 

N itrogen gas was continuously  bubbled through the  incubation  medium u n t i l  

th e  ex p ira tio n  of th e  p re -s e t  tim e in te rv a l .  At th i s  tim e, d u p lica te  

incubation  tubes were removed, th e  COg-trapping so lu tio n s  were t ig h t ly  

stoppered and s to red . The la rv a e  were cen trifuged  from the  incubation 

medium, washed th re e  times w ith  1 .5  ml. of s t e r i l e  s a lin e , suspended in  

0.5 ml. of Hank's s a l t  so lu tio n , frozen  in  an a lcoho l-d ry  ic e  bath  and 

s to red  in  th e  deep-freeze . The wash w ater was added to  the  incubation 

medium, quick frozen  and s to red  in  the  deep-freeze .

Counting Procedures 

The trapped COg was p re c ip ita te d  w ith  an excess of sa tu ra ted  

BaClg so lu tio n  and th e  p re c ip ita te d  BaCÔ  washed fou r tim es w ith  OOg-free 

d i s t i l l e d  w ater. Ee-suspension of th e  p re c ip ita te d  m a te r ia l a f te r  each 

cen trifu g a tio n  was f a c i l i t a t e d  by th e  use of a Lab-Line Super Mixer.
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A fter th e  f in a l  wash, the p re c ip i ta te  was suspended in  abso lu te  ethanol 

and 1 .0  ml. of th e  seumples p ip e tted  to  p rev iously  weighed, concentric 

s ta in le s s  s te e l  planchets (Atomic A ccessories, I n c .) .  The sample on 

th e  p lanchet was evaporated to  dryness and weighed. The ra d io a c tiv ity  

of th e  expired  COg was determined in  a Nuclear-Chicago continuous gas 

flow  counting system. Corrections were made fo r  se lf-a b so rp tio n  of th e  

sample as w e ll as fo r  the background a c t iv i ty  and the sp e c if ic  a c t iv i ty  

p er 100 mg of BaCO  ̂ was ca lcu la ted .

The la rv ae  were removed from th e  deep-freeze and washed in to  

s tandard  s c in t i l l a t io n  v ia ls  (Nuclear-Chicago Corporation) of known 

w eight. A fter ad d itio n  of the  la r v a l  m a te ria l to  th e  v ia l s ,  they  were 

p laced  uncapped in  a la rg e  d ess ica to r  attached  to  a vacuum pump and 

d rie d  fo r  48 hours. V ials were again weighed and 1.0 ml. of hydroxide 

of %ramine (iQX) (Packard Instrum ent Co., In c .)  added to  each v ia l .  The 

la rv a e  were then  d igested  by incubation  in  the capped v ia ls  fo r  f iv e  

hours a t  45-50°C. H f te e n  ml. of standard s c in t i l l a t io n  so lu tio n  (4 

grams 2 ,5  diphenyloxazole and 50 ml» l ,4 - b is - 2  [̂ 5-phenyloxazoly l] - 

benzene, Nuclear-Chicago, In c . per 1000 ml. of sp e c tro -q u a lity  to luene, 

Matheson Coleman and B ell) were added. To e f fe c t  so lu tio n  of th e  Byamine- 

worm complex in  th e  to luene, 1 .0  ml. of abso lu te  ethanol was placed in  

each v ia l  before  th e  ad d itio n  of s c in t i l l a t io n  so lu tio n . The m ixture 

was then  counted in  a  Nuclear-Chicago room tem perature liq u id  s c in t i l l a ­

t io n  system (Model 723). C orrection fo r  quenching was ca lcu la ted  by the  

channe ls  - r a t io  method (Nuclear-Chicago Tech. B u ll. No. 13). I f  colored 

so lu tio n s  re su lte d , 0.1 ml. of C^^-benzoic acid  in  to luene ( a c t iv i ty  

22,581  dpm/ml.) was added and th e  c o rrec tio n  obtained by p lo tt in g  a
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separate  color-quench curve. A fter co rrec tio n  of th e  count fo r  quench­

ing and background a c t iv i ty ,  th e  t o t a l  a c t iv i ty  per 10 mg of la rv ae  was 

recorded.

Fate of Glucose in  In ta c t  Larvae 

Determ ination of th e  f a te  of exogenous glucose m etabolized by 

th e  in ta c t  la rv ae  was attem pted in  th e  follow ing manner: A 200 ml. sus­

pension of washed la rv ae  (con tain ing  an average of 790 la rv ae  per m l.) 

in  Hank's b a sa l s a l t  so lu tio n  was p ip e tte d  in to  a s t e r i l e  250 ml. f la s k .  

The la rvae  were allowed to  s e t t l e  f o r  10 m inutes, and 155 ml. of super­

na te  was removed w ith a p ip e t te .  The supernatant f lu id  was examined to  

v e r ify  th a t  no la rv ae  were removed from th e  suspension. O il pumped n i ­

trogen  gas was then  bubbled through th e  la r v a l  suspension fo r  5 m inutes, 

and then 5 ml. of O.5 M glucose-U-C^^ (Nuclear-Chicago CFJiX 206 lo t  l )  

contain ing 4.25 [iC/ml. was added to  th e  incubation f la s k . N itrogen was 

bubbled continuously through th e  m ixture during incubation a t  37°  fo r  

24 hours w ith continuous shaking. The expelled  gaseous m ixture was 

bubbled through two carbon dioxide t r a p s ,  each consisting  of a  f r i t t e d  

g la ss  f i l t e r  in  75 ml. of 10{6 NaOH so lu tio n . The NaOH used fo r  th e  

trapp ing  so lu tio n  was i n i t i a l l y  prepared as a  50^  so lu tio n , cen trifuged  

a t  a  high speed to  sediment any b icarbonate  p re se n t, and d ilu te d  to  IO5& 

w ith  COg-free w ater. At e x p ira tio n  of th e  pre-determ ined incubation 

phase, th e  trapped-CO^ was s to red  in  t ig h t ly  stoppered f la sk s  and worms 

were cen trifuged  from the  suspending supernate . P rio r to  cen tr ifu g a tio n  

of the  incubation  m ixture, two loops of the  m ixture were inocu la ted  in to  

tubes of th io g ly co U a te  medium and incubated fo r  48 hours a t  37°G to
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check fo r  b a c te r ia l  contam ination. Bie worms were then washed four 

times w ith p h y sio lo g ica l s a lin e .  Both worms and su p em a ta tio n , in  

separate  co n ta in e rs , were quick-frozen  in  an e thanol-dry  ic e  ba th  and 

s to red  in  th e  deep-freeze .

A fter determ ining th a t  no b a c te r ia l  contam ination had occurred, 

the  COg-trapping so lu tio n  was tre a te d  as p rev iously  described . In  th e  

rad io ac tiv e  determ inations, samples of known a c t iv i ty  were included so 

th a t  co rrec tio n s could be made fo r  s e lf-a b so rp tio n  of th e  san ç le , back­

ground a c t iv i ty  and machine e ff ic ie n c y . The determined counts per min­

u te  in  the  expired COg could then be ad justed  to  abso lu te  counts. This 

d a ta  could then be compared d i r e c t ly  w ith  th a t  obtained w ith  th e  l iq u id  

s c in t i l l a t io n  system used in  th e  balance of th e  rad io ac tiv e  determ ina­

tio n s  .

The worms were suspended in  O.05 M phosphate b u ffe r  (pH J .2 )  

and homogenized in  a  V ir t is  *45’ microhomogenizer. The hcmogenate was 

cen trifuged  a t  3OOX g in  an In te rn a tio n a l Model V cen trifu g e  to  remove 

la rg e  fragm ents. The supernatan t f lu id  was tre a te d  w ith th re e  volumes 

of cold 10^ tr ic h lo ro a c e tic  ac id  (TCA). The p re c ip i ta te  th a t  re su lte d  

contained p ro te in , l i p id ,  n ucle ic  ac id , and some glycogen. The super­

na tan t f lu id  contained glycogen and "acid  so lub le" substances. Both 

th e  supernatant f lu id  and th e  p re c ip i ta te  were f ra c tio n a te d  fu r th e r  as 

shown in  Figure 6 . P re c ip ita te  I I  was washed a t o t a l  of f iv e  times 

w ith  cold 1056 TCA (3X) and TCA (2X) to  remove th e  glycogen. The com­

bined washes were pooled to  form supernata tion  I I ,  from which glycogen 

was p re c ip ita te d  by th e  ad d itio n  of two volumes of e thano l in  an ic e  

b a th . Lipid m ate ria ls  were then removed from p re c ip i ta te  I I  by f i r s t
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HOMOGEHATE 

cen trifu g e  a t  3OOX g

ERECIPITATE I  
( la rg e  fragm ents)

SUPIENAIATIOIT I

cold 10$ TCA

r  —"
ERECIPIIAIE I I

I
SUPERKAIATION I I

cold 95$ ethanol

PEEdPHAIE A 
(glycogen)

re f lu x  w ith  e thano l: e th e r 
and chloroform : methanol

SUFERNASAnON A 
(ac id  so lu b les)

I----------------
PEBCIPITAIE I I I

hot 10$ NaCl

SUPEEOIAIATIOM B 
( l ip id s )

SUPERNAIATION I I I

cold 95$ ethanol

ERBCIPEEATE C 
(n u c le ic  ac id )

lEBCIPITAIE B 
(p ro te in )

f ig u re  6 .—Procedure flow  sheet fo r  la r v a l  f ra c tio n a tio n



4 4

re flu x in g  w ith 50 ml. of e thano l: e th er ( 3 : l )  fo r  two hours and then 

w ith  50 ml. of chloroformzmethgnol ( l : l )  fo r  one hour. The supernatant 

f lu id s  were combined and concentrated . Thus supernata tion  B represen ted  

the  ex trac tab le  l ip id  f ra c t io n  of th e  homogenate. The remaining p re ­

c ip i ta te  (p re c ip i ta te  I H )  was next ex trac ted  w ith  ho t 10^ WaCl, two 

ex trac tio n s  each of one hour du ration  were performed in  a b o ilin g  water 

b a th . The remaining p re c ip i ta te  (p re c ip i ta te  l U )  was taken to  rep re ­

sen t p ro te in  w hile th e  n ucle ic  acid  in  supernata tion  I I I  was p re c ip ita te d  

w ith two volumes of cold 95^ e thanol, washed and red isso lv ed .

A liquots of p re c ip ita te s  I ,  A, B and C as w ell as supernatations 

A and B were placed in  standard  s c in t i l l a t io n  v i a l s . F if te e n  m is . of 

standard s c in t i l l a t io n  so lu tio n  were added to  each v ia l  and the  sangles 

were then counted in  a Ïïuclear-Chicago Corporation 723 room tem perature 

liq u id  s c in t i l l a t io n  system.
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RESUIffS

Estim ating P a ra s ite  Populations 

The da ta  p resen ted  in  (Eahle 1 in d ic a te  th e  number of la rv ae  per 

1 ml. of Hank's b a sa l s a l t  so lu tio n  obtained by the  la rv a l  estim ation  

method s e t  fo r th  in  Chapter I I .  • Twenty samples of 1 ml. volume were 

removed from each of th re e  f la sk s  (A, B, and C) and placed in  Syracuse 

watch g la sse s . Each f la s k  contained a d if fe re n t number of la rv a e . The 

samples in  th e  watch g lasses  were placed in  th e  r e f r ig e ra to r  overnight 

to  immobilize th e  la rv ae  and thereby  expedite counting. The la rv ae  were 

counted under a B & L Zoomoscope a t  maximum m agnifica tion .

As th is  procedure appeared to  be reasonably rep roducib le , i t  

was se lec ted  as th e  method of choice fo r  the  subsequent m anipulations 

req u irin g  standard numbers of la rv ae  fo r  comparisons. In  order to  ad ju st 

the  t o t a l  number of la rv ae  per tube p r io r  to  incubation , a  s in g le  1 .0  

ml. sample was withdrawn and counted. Then, during th e  dispensing pro ­

cedures a f te r  the  i n i t i a l  adjustm ent, a t o t a l  of twenty 1 .0  m l. samples 

were withdrawn a t  random. These samples were re f r ig e ra te d  overnight 

and counted th e  succeeding day in  order to  ob tain  the  average number of 

la rv ae  in  each incubation  tube .
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TABLE 1

ESTIMATION OF LARVAL POHJLAÎCIONS

Sample No. Flask A Flask B Flask C

1 . 309 496 607

2 . 291 453 586

3. 273 450 633

h. 263 519 576

5. 282 504 592

6 . 301 449 597

7. 255 502 575

8 . 289 489 613

9. 282 474 550

10 . 276 493 626

11 . 301 467 605

12 . 316 500 579

13. 281 487 574

14. 254 469 612

15. 286 503 690

l6. 292 478 606

IT . 267 467 616

18 . 308 495 639

19. 287 497 574

20. 311 483 622

Totajy20 ml. 5724 9675 12072
Average Number/ml. 286.2 483.75 603.6
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E ffec ts  of th e  Experimental Environment on Larval Weights 

An experiment was conducted to  a sc e rta in  th e  e f fe c t  of the 

n itrogen  atmosphere on th e  weight of th e  la rv ae  when incubated in  0.1 M 

glucose and Hank's b a sa l s a l t  so lu tio n  (5 ml. t o t a l  volume). Accord­

in g ly , d u p lica te  samples from th e  same la rv a l  ba tch  were placed in  the  

incubation  tubes fo r  3> 6, 12, 2h and 48 hour p e rio d s . At th e  exp ira­

t io n  of th e  predeterm ined in te rv a l ,  the  d u p lica te  samples were removed 

from the bubbler and washed th re e  times w ith 2.0 ml. of Hank's s a l t  

so lu tio n . The excess sa lin e  was removed from the  sample w ith a p ip e tte  

a f te r  th e  f in a l  wash. The samples were quick frozen  in  an alcohol-dry  

ic e  ba th  and then washed in to  weighing v ia ls  w ith  d i s t i l l e d  w ater. The 

v ia ls  containing samples were d ried  ^  vacuo and then  weighed on a 

M ettle r Model HV-6  balance to  determ ine the  dry  weight of the  sample.

The r e s u l ts  of th i s  study are  shown in  Table 2 and suggest th a t  a s l ig h t  

bu t measurable decrease in  th e  weight of th e  la rv ae  occurs during the  

48 hour incubation  perio d . I t  should be pointed out th a t  not «.n of 

th e  s a l t  so lu tio n  can be removed by p ip e ttin g  a f te r  cen tr ifu g a tio n  so 

th e  d isso lved  s a l t s  in  th is  so lu tio n  do co n trib u te  to  th e  determined 

dry  w eigh ts. The average number of la rv ae  per sample was estim ated to  

be 4838.

Specific  A c tiv ity  of Released During Incubation

in  V ariously Labelled Glucose S ubstra tes 

D uplicate samples of la rv ae  were prepared and incubated in  g lu - 

cose-U-C^^, g lucose-l-C ^^, glucose-2-C^^, and g lucose-6 -C^^. The t o t a l  

volume of th e  incubation  mix±ure was 5 ml. Glucose concentration  in
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TABLE 2

DRY WEEGHT OF TRICHINELLA LARVAE AFTER INCUBATION IN 
0 .1  M GLUCOSE-HANK'S SAIfl? SOLUTION 

FOR PERIODS UP TO 45 HOURS

Length of 
Incubation

Sample
Number

Net Weight 
(mg.)

Average Dry 
Weight (mg.

3 hours 1 5.0
5.25

2 5.5

6 hours 1 5.0
5.1

2 5.2

12 hours 1 5.0
5.1

2 5.2

24 hours 1 4.8
5.0

2 5.2

48 hours 1 4.5
4 .65

2 4.8

^Estim ated 4800 la rv a e .
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a l l  f la sk s  was 0 .1  M. The sa lin e  so lu tio n  employed was Hank's "basal 

s a l t  so lu tio n . The incubation  mixture was prepared by adding 1 .0  ml. of 

la b e lle d  glucose to  4 .0  ml. of s a l t  so lu tio n  containing the  fre e d  la rv a e . 

P rio r  to  th e  ad d itio n  of su b s tra te , the  la r v a l  suspension was exposed 

to  bubbling Hg fo r  5 m inutes. Glucose was then added and bubbling 

of Hg gas continued fo r  3, 6, and l8  hours. The COg was trapped in  in ­

d iv id u a l tubes containing 5 ml. of 20^ NaOH. The HaOH trapp ing  so lu ­

t io n  was i n i t i a l l y  prepared in  a $0^ concen tra tion  and cen trifuged  to  

remove any d isso lved  b icarb o n a te . The so lu tio n  was then d ilu te d  to  20^ 

concentration  w ith  COg-free d i s t i l l e d  w ater. The average number of 

la rv ae  per tube was estim ated to  be 2862.

At th e  close of each resp ec tiv e  incubation  period , th e  COg-trap- 

ping tube was t ig h t ly  stoppered and s to red  in  th e  r e f r ig e ra to r .  Two 

loops of th e  supernate were withdrawn and inocu la ted  on th io g ly c o lla te  

medium. A ll cu ltu re s  were s t i l l  negative a f te r  48 hours.

The trapped COg was then p re c ip ita te d  w ith a standard  so lu tio n  

of BaClg, washed f iv e  times w ith COg-free w ater and suspended in  abso­

lu te  e thano l. A liquots were subsequently p la te d  on pre-weighed p lanchets 

and evaporated to  dryness. The samples were again  weighed and placed in  

a  Ïïuclear-Chicago open-window continuous gas-flow  counter. The d e te r ­

mined counts were co rrected  fo r  s e l f  absorp tion  and background a c t iv i ty .  

Tables 3, 4 , and 5 p resen t th e  re s u lts  of th ese  s tu d ie s , and Figure 7 

shows th ese  r e s u l ts  p lo tte d  as curves. No attem pt was made to  c o rre c t 

th e  HaCOg a c t iv i ty  to  in d ic a te  th e  abso lu te  a c t iv i ty .  However, the  

counting device enployed has a usual e ff ic ie n c y  of about 30%. The 

counts as p resen ted  are  comparable because of th e  standard conditions
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ta b le  3

SPECIFIC ACTIVITY OF EXPIRED OOg ABTIE THREE HOURS 
INCUBATION IN 0 .1  M GLUCOSE- HANK'S 

BASAL SALT SOLUTION

Incubation Time S ubstra te Cpm/lOO mg. BaCOg Average

3 hours G-U-C^^ lil-3

G-U-C^^ 153
148

G -I-Cl^ 142

G-l-C^^ 150
l46

G-2-C^^ 65

G-2-C^^ 62
63.5

G-6-C^^ 65

G-6-C^^ 87
77



51

TABLE k

SPECIFIC ACnVITT OF ESPIEID COg AFTER SIX HOUES 
INCUBATION IN 0 .1  M GLUCOSE-HANK'S 

BASAL SALT SOLUTION

In cu b a tio n  Time S u b s tra te Cpn/lOO mg. BaCOg Average

6 hours G_U-cl4

G-U-C^^

226

245
236

G-l-C^^

G-l-C^^

279

298
289

G-2-C^^

G-2-C^^

157

170
163

G-6-C^^

G-6-C^^

125

136
130
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TABLE 5

SPECIFIC ACTIVITY OF EXPIRED CO2  AETHR EIGEPEEN HOURS 
INCUBATION IN 0 .1  M GLUCOSE-HANK'S 

BASAL SALT SOLUTION

In cubation  Time S u b stra te Cpm/lOO mg. BaCOg Average

18  hours G-U-C^^ 485

G-U-C^^ 5T1
535

G-l-C^^ 286

G-l-C^^ 305
296

G-2 -C^^ 195
lit-

G-2-C 200
197

G-6 -C^^ 185

G-6 -C^^ 170
177



600- Figure 7 «—The s p e c if ic  a c t iv i ty  of trapped COg

500-

8
400.

^ 300.

I
I« 200J

u

100
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u t i l iz e d  in  th e  incubation  procedure. F u rther comment regarding th e  

d if fe re n t sp e c ific  a c t iv i t i e s  of th e  trapped  COg w i l l  be deferred  to  th e  

chapter e n t i t le d  DISCUSSIOiN.

14C -Bound in  Larval T issue 

Larvae were incubated in  th e  presence 0 .1  M glucose which was 

la b e lle d  e ith e r  uniform ly or in  th e  1, 2 and 6 p o s itio n s . The incuba­

tio n s  were conducted under commercially a v a ilab le  n itrogen  gas which was 

continuously bubbled through th e  l iq u id  phase. A fter exposure to  th e  

su b s tra te  fo r  e i th e r  3, 6 or l8  hours, d u p lic a te  tubes were removed, 

and two loopfu ls of supernate inocu la ted  in to  th io g ly c o lla te  b ro th . The 

la rv ae  were then cen trifuged  from th e  su p ern a ta tio n  and washed f iv e  

times w ith 1.5 ml. of s a lin e  so lu tio n . Excess s a lin e  was removed w ith  

a p ip e t te .  Die la rv ae  were suspended in  0 .5  ml. of Hank's s a l t  so lu tio n , 

quick frozen  in  an a lcoho l-d ry  ic e  b a th , and s to red  in  the deep -freeze .

A fter determ ining th a t  b a c te r ia l  contam ination had not occurred, 

the  la rvae  were thawed and tra n s fe r re d  in to  p rev iously  weighed standard  

s c in t i l l a t io n  v ia l s .  The v ia ls  were then  p laced  in  a d e s s ic a to r , a  

vacuum pump attached  and v ia l  contents d rie d  In  vacuo fo r  48 h o u rs . The 

s c in t i l l a t io n  v ia ls  were again weighed on a M ettle r HV-5 balance and

1 .0  ml. of Hyamine Hydroxide (lOX) added to  each con ta iner. The capped 

containers were next placed in  an oven heated  to  50- 55°C fo r  f iv e  hours 

to  d ig est th e  la rv a e . One ml. of abso lu te  e thano l was added to  each 

v ia l  to  e f fe c t the  so lu tio n  of th e  Hyamine-worm complex. F if te e n  ml. of 

standard s c in t i l l a t io n  f lu id  was added to  each v ia l  and th e  samples were 

counted in  the Nuclear-Chicago Model 723 room tem perature liq u id
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s c in t i l l a t io n  system. The co rrec ted  t o t a l  counts per 10 mg of v ia l  

contents are  l i s t e d  in  Tables 6, 7 and 8.

In  order to  co rrec t fo r  th e  quenching e f fe c t  of the  Hyamine and 

ethanol in  th e  v ia l s ,  a standard  quench curve was es tab lish ed  by th e  

ch an n e ls-ra tio  method and a ll  counts were co rrec ted  to  in d ica te  t o t a l  

d is in te g ra tio n s  occurring in  th e  d isso lved  m a te ria ls . The background 

co rrec tio n  was th a t  obtained from a blank containing appropria te  amounts 

of Hyamine, e thano l and s c in t i l l a t io n  so lu tio n . On occasion, some 

colored so lu tio n s  were observed, in  which case a separate  quench curve 

was ca lcu la ted  by th e  ad d itio n  of C^^-benzoic acid  of known ra d io a c t iv ity  

to  these  samples. Such samples were again counted in  th e  s c in t i l l a to r  

in  order to  ob ta in  th e  co rrec ted  t o t a l  a c t iv i ty  of th e  con ta in er.
ik

I t  was apparent th a t  th e  la rv a l  bound C a c t iv i ty  v aried  w ith  

the p o s itio n  of th e  la b e l  in  th e  glucose su b s tra te  as seen in  Figure 8 . 

P lau sib le  explanations of th is  d a ta  w il l  be covered in  DISCUSSION.

Larval F rac tio n a tio n

In  order to  fu r th e r  p inpo in t the  reasons fo r  th e  observed d i f ­

ferences in  la b e l l in g  p a tte rn s , attem pts have been made to  f ra c tio n a te  

th e  la rvae  in to  p ro te in , l i p id ,  glycogen, nucleic acid  and acid  so lub le  

f ra c tio n s  according to  th e  scheme shown in  Figure 6 (Page 43). Due to  

th e  very sm all q u an tity  of m a te ria l presented  by sev e ra l thousand la rv ae  

as w ell as to  t h e i r  low sp e c if ic  a c t iv i ty ,  no success was re a liz e d  in  

th ese  a ttem p ts . The l a s t  attenq>t to  f ra c tio n a te  the  la iv a e  involved 

the  use of a V ir t is  '4 5 ' microhcanogenizer which appears su ita b le  fo r  

f ra c tio n a tio n  of th e  la rv a e . However, h igher t o t a l  numbers of la rv ae
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TABLE 6

BOUND IN TRICHINELLA LARVAE AFTER THREE HOURS 
INCUBATION IN 0 .1  M GLUCOSE-HANK’S 

BASAL SALT SOLUTION

Incubation Time S ubstra te Cpm/lO mg. Worm Average 
cpm/lO mg.

3 hours G-U-C^^

G-U-C^^

22i*-

264
244

G-l-C^^

G-l-C^^

93

113,
103

G-2-C^^

G-2-C^^

184

196
190

G-6-C^^

G-6-C^^

85

160
120
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TABLE 7

BOUND IN TRICHINELIiA LARVAE AÏTEE SIX HOUES 
INCUBATION IN 0 .1  M GLUCOSE-HANK'S 

« BASAL SALT SOLUTION

Incubation Time S ubstra te Cpm/lO mg. Worm Average 
cpm/lO mg.

6 hours G-U-C^^

G-U-C^^

275

308
292 .

G-l-C^^

G-l-C^^

114

151
133

G-2-C^^

G-2-C^^

250

350
300

G-6-C^^

G-6-C^^

278

304
291
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TABLE 8

BOUND IN IBICHINELLA LARVAE ABTIE EIGHTEEW HOUES 
INCUBATION IN 0.1 M GLUCOSE-HANK'S 

BASAL SACff SOLUTION

Incubation Time Substrate Cpm/lO mg. Worm Average 
cpm/lO mg.

l8 hours G-U-C^^ 6l6

G-U-C^^ 54l
579

G-l-C^^ 300

G-l-C^^ 357
329

G-2-C^^ 360

G-2-C^^ 348
354

G-6-C^^ 467
G-6-C^^ 485

473
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and higher sp e c if ic  a c t iv i ty  su b s tra te s  w i l l  he required  before ra d io ­

a c t iv i ty  determ inations are s u f f ic ie n t ly  above background le v e ls .



CHAPTER IV 

DISCUSSION

This study in d ica ted  th a t  glucose was not a c tiv e ly  tran sp o rted  

in to  th e  c e l ls  of in ta c t  la rv a e . As determined by the  count r a te  of 

both C^^Og and C^^ asso c ia ted  w ith  the  la rv a e , le s s  than  1^ of th e  exo­

genous glucose was u t i l i z e d .  This re su lte d  in  low sp e c if ic  a c t iv i ty  of 

th e  f ra c tio n s  counted. However, some glucose catabolism  was evident 

from th e  a c t iv i ty  of th e  trapped COg. As th e  la r v a l  t is s u e s  con ta in  

only minor amounts of g lucose, th e  en try  of glucose in to  th e  c e l ls  of 

th e  la rv ae  was probably in  response to  a concen tra tion  g ra d ie n t. How- . 

ever, once th is  su b s tra te  en tered  th e  c e l l s ,  i t  was then  m etabolized 

v ia  th e  fu n c tio n a l pathw ay(s). The d iffe ren ces  in  sp e c if ic  a c t iv i t ie s  

of th e  C^^Og and bound-C^^, a f te r  incubation  in  v a rio u s ly  la b e lle d  C^^ 

g lucose , were th e re fo re  evidence of the  pathways of carbohydrate metab­

olism  p resen t in  th e  in ta c t  la rv ae .

T h e o re tica lly , i f  a  glucose molecule i s  absorbed and catabo lized

d ire c t ly ,  and the  d a ta  p lo tte d  on a curve, the  sp e c if ic  a c t iv i ty  of 
l4C Og should remain p a r a l le l  to  th e  ab sc issa  a f te r  reaching maximal

enzyme v e lo c i t ie s .  A graphic an a ly s is  of th e  C^^Og trapped during incu-
li).

b a tio n  of la rv ae  in  C glucose su b s tra te s  was p resen ted  in  F igure T. 

Noting i n i t i a l l y  the  p lo t  obtained w ith U-C^^ g lucose , i t  i s  of in te r e s t  

to  p o in t out th a t  one would not expect th e  observed in crease  in  sp e c if ic

6 l
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a c t iv i ty  of th e  expired COg (w ith  tim e) under near anaerobic cond itions. 

This was in te rp re te d  to  in d ic a te  th e  probable in co rpo ra tion  of the  l a ­

b e lle d  compound in to  glycogen as w e ll as the  d ire c t  catabolism  of g lu ­

cose. In  such a s i tu a t io n , i t  i s  obvious th a t  glycogen would become 

more h ig h ly  la b e lle d  w ith  th e  iso tope  as th e  time in te rv a ls  a re  lengthened. 

I f  th e  glycogen i s  a lso  being m obilized to  supply energy, and c e r ta in ly  

a decrease in  glycogen content of T. s p i r a l i s  la rv ae  under anaerobiosis 

seems w e ll documented (von Brand, e t  1951 ), then th e  in crease  in

sp e c if ic  a c t iv i ty  of expired would be in  o rder. A s im ila r  occur­

rence was rep o rted  fo r  A scaris (Entner and Gonzalez, 1958) where i t  

appeared th a t  th e  exogenous g lucose , upon en try , was channeled approxi­

m ately 50^  to  glycogen and $0)6 to  ca tab o lic  p rocesses. In  th e  catabolism  

of U-C g lucose , th e  major p o rtio n  of th e  C 0^ evolved apparen tly  

o rig in a ted  from carbon p o s itio n s  th re e  and fo u r, e s p e c ia lly  a f te r  s ix  

hours incu b a tio n . As th e  r a d io a c t iv ity  per sp e c ific  carbon atom in  th is  

uniform ly la b e lle d  su b s tra te  i s  only one-six th  th a t  of th e  o ther iso to p ic  

s u b s tra te s , i t  was apparent th a t  the  g ly co ly tic  pathway was th e  primary 

scheme fo r  degradation of g lucose.

Another in te re s tin g  observation  was th a t  the Cl/c6 r a t io  fo r  3 

and 6 hour periods i s  approxim ately 2. This s tro n g ly  suggests th a t  the 

shunt mechanism is  operative during th i s  in te rv a l ,  a t  l e a s t  to  th e  po in t 

of pentose form ation. That th e  balance of th i s  enzymatic pathway i s  

p resen t seems to  be in d ica ted  by th e  re le a se  of from glucose-2-G^^

which, although lower in  th e  re s u l t in g  sp e c if ic  a c t iv i ty ,  c lo se ly  p a ra l le ls  

th e  curve obtained w ith  glucose-l-C ^^ as su b s tra te . A fte r 6 hours, i t  

appears th a t  th e  sp e c if ic  a c t iv i ty  of C^^O^ from both  1-C^^ and 2-C^^
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glucose has s ta b iliz e d .. This suggests th a t  e i th e r :  ( l )  an enzyme in ­

h ib i t io n  has occurred or (2 ) near anaerobic conditions have been e s ta b ­

l ish e d . I t  i s  e s s e n t ia l  to  recognize th a t  th e  shunt mechanism as out­

lin e d  i s  p rim arily  ae ro b ic , b u t as long as re -o x id a tio n  of reduced 

nicbtinam ide-adenine d in u c leo tid e  phosphate (KADP) can be accomplished 

w ithout linkage to  m olecular oxygen, the pathway would remain fu n c tio n a l. 

I t  i s  p o ssib le  th a t  th e  generated  MDP-H^ i s  then  coupled to  th e  reduc­

tio n  of o ther organic compounds, most l ik e ly  re su ltin g  in  syn thesis  of 

f a t t y  acid  (such as n -v a le r ic  a c id ) . Other problems do e x is t ,  such as 

th e  d i f f ic u l ty  of com pletely removing oxygen from the la rv ae  as w ell as 

th e i r  unusually  high a f f in i t y  fo r  oxygen,. even a t  very low 0^ te n s io n s . 

Thus, i t  may be th a t  only a f te r  about 6 hours had near anaerobic condi­

tio n s  been e s ta b lish e d . The very sm all percentages of oxygen u su a lly  

found in  commercially av a ila b le  n itrogen  could a lso  su ff ic e  to  p a r t ic a l ly  

repay th e  oxygen deb t. I t  i s  a lso  p o ssib le  th a t  a  "physio log ical s h if t"  

has occurred w ith in  th e  la rv a e . Pentose i s  requ ired  fo r  the  syn thesis  

of nucleic a c id s . As th e  la rv ae  under observation are only about 10 

hours o ld , th i s  i s  p o ss ib ly  a time when nucleic  acid  syn thesis  may be 

very  high in  order to  prepare fo r  rap id  p ro te in  syn thesis and growth.

The presence of such a shunt may be s ig n if ic a n t in  order to  in su re  th a t  

th ese  b io lo g ic a lly  im portant m ate ria ls  are av a ilab le  when needed. This 

may a lso  help  to  exp la in  why th e  la rv ae  can in fe c t  such a wide range of 

h o s ts .

T ItThe graphic an a ly s is  of t o t a l  amounts of C -bound in  th e  worms 

was shown in  Figure 8 . Here, i t  i s  again noted th a t  th e  in c rease  in  th e  

worm-Eissociated-0^^ from incubation  in  glucose-U-C^^ i s  l in e a r  w ith  tim e.
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Ib is  adds emphasis to  the  observation regarding incorporation  in to  a

metabolic pool, probably glycogen, which would serve to  in crease  th e
l4sp e c if ic  a c t iv i ty  of C 0^ expired as th e  time of incubation  was increased .

Rather in te re s tin g ly , glucose-l-C ^^ incorporation  i s  th e  lowest as would

be expected from d a ta . However, the  graph does begin to  show an

increase  in  t o t a l  a c t iv i ty  th a t  appears to  p o ssib ly  p a r a l le l  the  p lo t

fo r  g lucose-6-C^^ a f te r  th e  s ix th  hour. Rather no tab ly , inco rpo ra tion  
l4of glucose-2-C r is e s  remarkably u n t i l  th e  s ix th  hour a t  which tim e i t  

appears to  p la tea u . This i s  somewhat puzzling . From th e  p a r a l le l  l in e s  

observed in  U-C^^ and 6-C^^, i t  would appear th a t  mainly anaerobic g ly ­

co ly sis  i s  occurring and th e  re su ltin g  tr io s e s  are  now in  equ ilib rium . 

Probably the  2-C^^ bound m a te ria l i s  pentose and, i f  the  balance of 

la r v a l  development i s  in h ib ite d  a t  th is  stage  (such as by inadequate 

conditions fo r  promoting incorporation  of pentose in to  nucle ic  a c id ) , 

then another m etabolic pool would e x is t .  Assimiing th e  balance of th e  

pentose shunt to  be p re sen t, th i s  pentose pool could be slow ly metabo­

liz e d  and re leased  as CO2 because these  steps are not dependent upon 

O2 presence.

In th e  o v e ra ll p u rsu it of th is  study, every a t te n ç t  was made to  

perform experiments as c lo se ly  as possib le  to  p h ysio log ica l co n d itio n s. 

Since th is  p a ra s ite  was no t su ccessfu lly  c u ltiv a te d  v i t r o  u n t i l  r e ­

c en tly  and th e re  was no in d ic a tio n  of growth here in  incubated la rv a e , 

i t  must be conceded th a t  th ese  conditions were hard ly  p h y s io lo g ica l.

That much is  t ru e ,  b u t the  use of balanced s a l t  so lu tio n s  and r e la t iv e ly  

low concentrations of glucose does rep resen t more n early  a p h y sio lo g ica l 

s i tu a t io n  than high glucose concentrations and R inger' s so lu tio n . Giese
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( i 960 ) p o in ts  out th e  importance of th e  various ions to  th e  in te g r i ty  of 

th e  c e l l  membrane and so lu te  absorp tion . Ihus, although more d i f f i c u l t  

to  p repare and s t e r i l i z e ,  Hank's b a sa l s a l t  so lu tio n  was chosen as th e  

f lu id  phase. Also, th e  d ig es tio n  procedures employed are  p o ss ib ly  not 

too  u n lik e  th e  condition  which occurs in  animals acquiring  an in fe c tio n  

in  n a tu re .

The period  of near anaerob iosis  employed may be considered to  

be non-physio log ical, as i t  i s  now g en e ra lly  accepted th a t  lo c a tio n  of 

the  ad u lts  in  th e  gut mucosa p resen ts  an environment w ith  only reduced 

oxygen te n s io n . I t  appears l ik e ly  th a t  th e  presence of a  very  ac tiv e  

hemoglobin tra n sp o rt system as w e ll as the very  high su rface  to  volume 

r a t io  in  th e  tr ic h in a e  allows them to  conduct an e s s e n tia l ly  aerobic 

r e s p ir a t io n .  This complicated th e  s tudy , fo r  i t  was o r ig in a lly  planned 

to  incubate  th e  la rv ae  fo r  varying time in te rv a ls  under s t r i c t  anaerobic 

conditions in  order to  e f fe c tiv e ly  block th e  aerobic pathways. However, 

the  commercial n itro g en  gas used during th e  incubation phase does con­

ta in  a lim ited  amount (probably 0 .2^) of oxygen. This f a c t ,  coupled 

w ith  th e  inform ation th a t  T r ic h in e lla  la rv ae  have a re sp ira tio n  r a te  

independent of oxygen tensions down to  6 mm Hg (McCoy e t  I 938 ) , in ­

d ic a te s  th a t  some aerobic pathways were probably a t  le a s t  p a r t ia l ly  

operative  under th e  experim ental co n d itio n s. In ad v erten tly , th is  may 

have produced more n ea rly  th e  p h y sio lo g ica l conditions encountered by 

the  la rv ae  in  n a tu ra l in fe c tio n s . Another p o in t of consideration  is  

th a t  th e  la rv a e  do accrue an oxygen debt and as a r e s u l t  would show a 

b u rs t of m etabolic a c t iv i ty  during th e  washing procedures a f te r  the  

c lose  of th e  incubation  phase. This could a l t e r  th e  amount of 0^^ bound
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in  th e  la rv ae  bu t would be absent in  th e  d a ta . I t  i s  f e l t  th a t

th is  e f fe c t  i s  minimal due to  th e  ex ce llen t c o rre la tio n  between bound 

and expired COg w ith  re sp ec t to  th e  p o s itio n  of th e  la b e l in  the  

s u b s tr a te .

The l in e a r  tim e increase  in  the sp e c if ic  a c t iv i ty  content of 

both CO2 and bound might be due to  a concen tra tion  e f fe c t  because of 

the  evaporation of w ater during the  incubation period . However, the  

decrease in  th e  incubation  volume over th e  I 8 hour period  stud ied  i s  

s l ig h t—only about 4^. Future stud ies  to  evaluate  th is  e f fe c t  should 

be made more p re c ise  by ’’he inc lu sio n  in  each f la s k  of a la b e lle d  non­

m etab o lite , p re fe ra b ly  a t r i t i a t e d  compound. I t  would then be p o ss ib le , 

by observing an in crease  or decrease in  sp e c if ic  a c t iv i ty  per u n it 

volume, to  c o rrec t f o r  th e  e f fe c ts  of concen tra tion . With a - u t i l i s ­

able su b s tra te  and an H^-nonmetabolite, the  s in g le  counting of a  given 

sample could y ie ld  inform ation both  as to  disappearance of la b e lle d  

su b s tra te  and changes in  t o t a l  volume (by the  in crease  in  sp ec if ic  

a c tiv ity /m l. of nonm etabolites). Even i f  la b e lle d  by-products were 

re le a se d , one could ob ta in  d a ta  as to  ju s t  how much la b e llin g  i s  due to  

products by th e  se le c tio n  of a sp e c if ic  assay method fo r  th e  la b e lle d  

s u b s tr a te .

The f ra c tio n a tio n  of la rv ae  in to  crude e x tra c ts  of p ro te in , 

l i p id ,  glycogen, n ucle ic  ac id  and acid  so lubles i s  an absolu te re q u ire ­

ment to  dem onstrate unequivocally  the  p o s tu la ted  pathways. Future s tu d ie s  

must be made w ith  high  sp e c if ic  a c t iv i ty  glucose su b s tra te s  as th e  r e ­

la t iv e  amount of a sso c ia ted  w ith  the  la rv ae  i s  very  low. Also very  

la rg e  q u a n titie s  of th e  la rv ae  w i l l  be requ ired  in  order to  make
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a v a ila b le  s u f f ic ie n t  m a te ria l in  each f ra c t io n  to  assay and count as 

was i n i t i a l l y  attem pted. However, th e  rap id  developments in  the  f ie ld  

of l iq u id  s c in t i l l a t io n  counting may g re a tly  reduce th is  problem due to  

th e  high counting e ff ic ie n c y  and th e  p o te n t ia l  of recovering th e  sample 

a f te r  th e  rad io ac tiv e  determ ination fo r  q u a n tita tiv e  assay .



CHAPTER V 

SUMMARY AHD COHCLUBIQNS

A method was devised to  perm it th e  recovery of la rg e  numbers of 

a c tiv e ly  moving T ric h in e lla  s p ir a l i s  la rv ae  in  a short period  of time 

follow ing th e  s a c r if ic e  of the  host anim al. This method did not involve 

the use of drugs or chemotherapeutic agents during the washing or subse­

quent incubation phases. M icroscopically , th e  larvae  were f re e  of f o r ­

eign m ate ria l and were shown to  be b a c te r ia l ly  s te r i l e  when inocu lated  

in to  th io g ly c o lla te  medium. Such la rv a e , when tra n sfe rre d  in to  Hank's 

b a sa l s a l t  so lu tio n  w ith 0 .1  M C^^-glucose, were shown to  produce Cp-̂ Og. 

The sp e c ific  a c t iv i ty  of th e  was observed to  increase w ith  tim e,

suggesting p o ssib ly  th a t  some glucose i s  channelled to  th e  syn thesis  of 

glycogen. The increase  in  the sp e c if ic  a c t iv i ty  of the C^^Og was fu r th e r  

shown to  be l in e a r  w ith time from 3 hours to  l 8 hours. S tudies on the 

amount of C^^-associated w ith la rv ae  a lso  showed a l in e a r  increase  w ith 

tim e.

Metabolism of glucose-l-C^^ and g lucose-6-C^^ as su b stra te s  

demonstrated a p re fe re n tia l  re le a se  o f C^^Og from glucose-l-C ^^. This 

was in te rp re te d  as evidence fo r  a  fu n c tio n a l pentose phosphate pathway 

in  in ta c t  la rv ae . The amount of C^^-associated w ith the la rv ae  was 

found to  be in v erse ly  re la te d  to  th e  sp e c if ic  a c t iv i ty  of the when

glucose-l-C ^^ and g lucose-6-C^^ were used as su b s tra te s .
68
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On the  b a s is  of th e  counts ob tained , th e  la rvae  u t i l iz e d  apprcoci- 

m ately 1^ of th e  glucose in  the  incubation  m ixture during an l 8 hour 

p e rio d . Thus, using a modern m etabolic to o l ,  th i s  study demonstrated 

th a t  exogenous glucose was not an im portant su b s tra te  fo r  T ric h in e lla  

s p i r a l i s  under th e  experim ental co n d itio n s. Future s tu d ies  using a 

h igher sp e c ific  a c t iv i ty  su b s tra te  w i l l  be req u ired  to  unequivoca l ly  

dem onstrate th e  p o s tu la ted  sequences. A dd itional e f fo r ts  to  f ra c tio n a te  

the  la rvae  in to  crude components of glycogen, p ro te in , nucleic  acid  and 

l i p id  w i l l  a lso  req u ire  high sp e c if ic  a c t iv i ty  C^^-glucose. Therefore, 

th is  study c o n s titu te s  only a survey of th e  g en era l c h a ra c te r is tic s  of 

carbohydrate catabolism  by in ta c t  T r ic h in e lla  la rv ae  as shown by iso to p ic  

techniques. D eta ils  of the  p rec ise  mechanisms involved await fu r th e r  

in v e s tig a tio n s .
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