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COMPARISONS OF LARVAE AND ADULT TRICHINELLA SPIRALIS;

METABOLIC EVENTS AND THEIR POSSIBLE 

PHYSIOLOGIC SIGNIFICANCE

CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW

T rich in o s is  i s  a d isea se  a ffe c t in g  numerous sp ec ie s  of carn ivo­

rous and omnivorous anim als and i s  caused by the  nematode p a ra s i te ,  

T r ic h in e lla  s p i r a l i s . In genera l t r ic h in o s is  in  man and experim ental 

animals may be separated  in to  th re e  phases which are a sso c ia ted  w ith the 

seq u en tia l lo ca tio n  of th e  p a ra s i te s  in  the host: (a) the  in te s t in a l

phase involving a d u lt worms, (b) general e x tr a in te s t in a l  phase involving 

larvae  m igrating  from the  gu t and invading various t i s s u e s ,  and (c) sk e l­

e ta l  muscle phase involv ing  encysted la rv a e . D escrip tiv e  accounts of 

c l in ic a l  s igns and symptoms a tten d in g  th e  various phases of in fe c tio n  

are numerous (see Gould, 1970, fo r  a rev iew ). Patho log ic  and symptomat- 

o log ic  changes of in fe c tio n  a re  p a r t  of the  host response and are  u su a lly  

described  in  terms of g ross o r  obvious a l te ra t io n s  in  h o s t morphology or 

physiology. However, i t  i s  axiom atic from s tu d ie s  in  pathology th a t  

gross a l te r a t io n s  u su a lly  r e f l e c t  underly ing biochem ical o r m etabolic 

d e fec ts  in in ju red  t is s u e  (Hopps, 1959). The basic  cause of various 

changes induced by T r ic h in e lla  in  i t s  host i s  d i f f i c u l t  to  a sse ss . I t

1
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may be due in p a r t  to  m echanical o r chemical s tim u li ,  or bo th , from the 

p a r a s i te .  Answers to  im portant q u estions re la te d  to  th e  pathogenesis of 

in fe c tio n  w ill  no doubt depend on a b e t te r  understanding of th e  metabo­

lism  of th e  various s tag es  of the  p a ra s i te .

Experim ental evidence (L arsh , 1967a, 1967b; Tanner, 1968; C astro  

and F a irb a irn , 1969a) in d ic a te s  e i th e r  d i r e c t ly  o r in d ir e c t ly  th a t  the  

e lim in a tio n  of a d u lt T r ic h in e lla  from the  in te s t in e  of in fe c te d  h o s ts  is  

due to  an immune response involv ing  t is s u e  re a c tio n s . Larsh (1967a) 

suggested th a t  an im munologically m ediated re a c tio n  causes damage to  th e  

in te s t in a l  mucosa. This damage th e o re t ic a l ly  s tim u la te s  a lo c a l inflam ­

matory response. Although inflam m ation may be re sp o n sib le  fo r  in te s t in a l  

m alfunctions a sso c ia ted  w ith  t r i c h in o s is  (C astro  e t  , 1967; C astro  

and C entner, 1972), i t  may a lso  c re a te  an u n su itab le  biochem ical env iron­

ment th a t  i s  re sp o n sib le  fo r  expulsion of in te s t in a l  worms (L arsh , 1967a). 

L a rsh 's  suggestion th a t  worm expulsion is  re la te d  to  a l te r a t io n s  in  th e  

microenvironment c e r ta in ly  appears r a t io n a l .  However, co n d itio n s  which 

c o n s t i tu te  a su ita b le  o r u n su itab le  environment have no t been e s ta b lis h e d . 

I t  can be assumed th a t  an u n su itab le  environment i s  one which a l t e r s  the  

p a r a s i t e 's  normal m etabolic  o r p h y sio log ic  fu n c tio n s . I f  so , then i t  

becomes obvious th a t  the  b iochem istry  and physiology of a d u lt T r ic h in e lla  

must be understood in  o rder to  answer th i s  im portant question  in  r e la t io n  

to  immunity.

To d a te , m etabolic  s tu d ie s  w ith T r ic h in e lla  have been lim ited  

and have d e a lt  p rim arily  w ith excysted la rv a e , i . e . ,  la rv ae  obtained  by 

d ig e s tio n  of h o st s k e le ta l  muscle and the  c y s t surrounding th e  la rv ae  

w ith an acid -pepsin  s o lu tio n . Data are  av a ilab le  on v a rio u s  a sp ec ts  of
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b iochem istry  and physiology of la rv a e , p a r t ic u la r ly  w ith regard  to  energy 

metabolism  and e x c re to ry -se c re to ry  fu n c tio n s . Agosin and Aravena (1959) 

produced conclusive evidence fo r  th e  presence of the  g ly c o ly tic  pathway 

and the presence of cytochrome C and cytochrome oxidase in  excysted l a r ­

vae. Goldberg (1957) found enzymes of the  tr ic a rb o x y lic  acid  (TCA) cycle 

in the  same s tag e . When la rv ae  were m aintained a e ro b ic a lly , they con­

sumed oxygen a t  the r a te  of 2 .24 pl/mg dry  weight per h r (S tannard e t  a l . , 

1938). Various hexoses and p en to ses , as w ell as phosphorylated su g ars , 

increased  oxygen consumption (Kozar e t  a l . ,  1965).

D espite  the  above fin d in g s  which in d ic a te  the  presence o f a r e ­

s p ira to ry  m etabolism , th e re  are  sev e ra l re p o r ts  which suggest th a t  la rv a e  

u t i l i z e  oxygen fo r  o th e r than re s p ira to ry  p ro ce sses . The suggestion  th a t  

a la rg e  p o rtio n  of oxygen consumed was involved in  the  ox idation  of endo­

genous l ip id s  (von Brand e t  ^ . , 1952) was no t supported by r e s u l t s  of 

s tu d ie s  c a r r ie d  out by C astro  and F a irb a irn  (1969a). The l a t t e r  au tho rs  

m ain tained  la rv ae  in an eq u a lly  v ia b le  s ta te  fo r  48 hr in the  absence of 

exogenous n u tr ie n ts  under a e ro b ia s is  and a n ae ro b ia s is . They were unable 

to  dem onstrate any decrease in  t o t a l  t i s s u e  l ip id s  or q u a l i ta t iv e  or 

q u a n ti ta t iv e  changes in  v a rious p o la r  l ip id  o r n e u tra l l ip id  f r a c t io n s  

in la rv ae  m aintained under e i th e r  co n d itio n .

Maintenance of la rv ae  under both a e ro b ia s is  and an ae ro b ias is  

was a sso c ia te d  w ith the  p roduction  and ex c re tio n  of sh o rt chain v o la t i l e  

f a t ty  a c id s , p rim arily  n -v a le r ic  a c id , bu t a lso  le s s e r  q u a n ti t ie s  of 

fo rm ic-, a c e t ic - ,  p ro p io n ic - , n -b u ty r ic -  and n-hexanoic ac id s  (von Brand 

e t  a l . , 1952; Agosin and Aravena, 1959; C astro  and F a irb a irn , 1969a). 

Presumably th ese  ac id s  a re  products of carbohydrate catabo lism . There
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i s  a very la rg e  and equ iv a len t decrease  in  endogenous glycogen and 

tre h a lo se  during aerob ic  and anaerobic incubation (von Brand e t  a l . ,

1952; C astro  and F a irb a irn , 1969b) in d ic a tin g  the  absence of th e  P as teu r 

e f f e c t  in  th i s  s tag e . T otal endogenous carbohydrates of la rv a e  c o n s ti­

tu te  1 9 . ^  (Kurylo-Borowska and Kozar, 1960) to  21.1% (C astro  and 

F a irb a irn , 1969a) of t o ta l  t i s s u e  s o l id s .  Glycogen and tre h a lo se  make 

up 15.9% and 4.4% of the  d ry  w eight, re sp e c tiv e ly  (C astro and F a irb a irn , 

1969a). I t  seems l ik e ly  th a t  T r ic h in e lla  la rv ae  m etabolize endogenous 

carbohydrates to  phosphoenolpyruvate (PEP) and hence by carboxy lation  

and reduction  to  su cc in ic  ac id  (Ward e t  a l . , 1969), which in tu rn  i s  a 

p rec u rse r  fo r  v o la t i le  ac id s  (F a irb a irn , 1954; Saz and Weil, 1960, 1962).

Based on a v a ilab le  evidence i t  appears th a t  T r ic h in e lla  la rv ae  

derive  energy p rim arily  from carbohydrate ferm entation ra th e r  than from 

a re s p ira to ry  type of m etabolism . The ferm entation involves th e  c l a s s i ­

ca l Embden-Meyerhof pathway and p o rtio n s  of the  Krebs cy c le .

In ad d itio n  to  v o la t i l e  a c id s , excysted la rvae  m aintained in  

v i t r o  ex cre te  o r sec re te  both macromolecular and low m olecular weight 

n itrogenous cœnpounds (W einstein , 1960). P eptide and p ro te in  e x c re tio n - 

s ec re tio n  (ES) products have been id e n t i f ie d  chem ically (Haskins and 

W einstein, 1957a). The presence of p ro te in  ES products i s  a lso  suggested 

by the  an tig en ic  na tu re  of la rv a l  m etabolic  an tigens (Campbell, 1955; 

M ills and Kent, 1965), a lthough some of th ese  e labo ra ted  an tigens are  

probably po lysaccharides (O liver-G onzalez, 1954). T r ic h in e lla  la rv ae  

incubated in  v i t r o  a lso  e x c re te  amino ac id s  (Haskins and W einstein,

1957b) and various amines (Haskins and W einstein, 1957c).

Except fo r  re p o r ts  d ea lin g  w ith h o st re a c tio n s  to  la rv a l  ES
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an tig en s , l i t t l e  inform ation  i s  av a ilab le  regard ing  h o st responses to  the 

ex cre tio n s  and s e c re tio n s  of T r ic h in e l la . R eactions to  a n tig e n ic  metab­

o l i t e s  are im portant in  exp la in in g  s p e c if ic  s e ro lo g ica l or p h y sio lo g ica l 

a l te r a t io n s  in  the  h o s t. In response to  ES an tigens the  h o s t may e l i c i t  

an tib o d ies  which can be d e tec ted  by various methods and which may or may 

not be involved in  a l l e r g ic ,  anaphy lactic  (S pren t, 1951; O liver-G onzalez, 

1954; Sharp and O lson, 1962; Briggs e t  ^ . , 1966) o r immune rea c tio n s  

(Soulsby, 1962; L arsh , 1963, 1967a, 1967b). Although th e re  i s  no strong 

evidence th a t  ES p roducts a re  d i r e c t ly  to x ic , the  a l le rg ic  o r anaphy­

la c t ic  re a c tio n s  which they  invoke could lead  to  p h y sio log ic  changes and 

subsequent p a th o lo g ic  a l te r a t io n s  in  the  h o s t.

No s ig n if ic a n t  inform ation  of physio log ic  o r biochem ical na tu re  

e x is ts  w ith regard  to  in te s t in a l  s tages of T r ic h in e lla . Although the 

b iochem istry and physiology of la rv ae  and ad u lt worms may be s im ila r , a 

general assumption th a t  such i s  the  case may lead  to  erroneous conclu­

s io n s . Several au th o rs  have emphasized th a t  th e  metabolism of la rvae  

and ad u lt s tag es  of th e  same sp ec ie s  can be q u ite  d i f f e r e n t  (Bueding and 

Most, 1953; Saz and Bueding, 1966; P richard  and S ch o fie ld , 1968; Saz, 

1971). As a c o ro lla ry , s p e c if ic  enzymes or enzyme systems may e x is t  in 

sev era l s tag es  but may be p h y s io lo g ic a lly  non-functiona l in  some 

(F a irb a irn , 1970). Thus, accu ra te  conclusions about biochem ical and 

p h y sio lo g ica l fu n c tio n s  of a c e r ta in  s tag e  of a p a ra s i te  and th e i r  r e ­

la tio n sh ip  to  th e  h o s t demand a thorough study of th a t  s p e c if ic  s tag e .

O liver-G onzalez and Bueding (1948) and Kozar e t  a l .  (1966b) 

s ta te d  th a t  l i t t l e  glycogen i s  p re sen t in  ad u lt T r ic h in e l la , although 

q u a n tita tiv e  a n a ly s is  of the  carbohydrate com position of a d u lt worms was
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not made. Goldberg (1957) demonstrated th e  presence of both cytochrome C 

and cytochrome ox idase, bu t the  sp e c if ic  a c t i v i ty  was lower than  th a t  

fo r  la rv a e . In general l i t t l e  i s  known about th e  dependency of a d u lt 

worms upon oxygen. A dult ex cre ta  have been stu d ied  only w ith regard  to  

th e i r  co n trib u tio n  to  immunity (Chipman, 1957).

The lack  of p h y s io lo g ica l and biochem ical s tu d ie s  p e r ta in in g  to  

a d u lt T r ic h in e lla  p robably  r e f le c t s  the  d i f f i c u l t i e s  encountered in  r e ­

covering s u f f ic ie n t  q u a n t i t ie s  of worms. With th e  a v a i la b i l i ty  of new 

and se n s itiv e  a n a ly t ic a l  methods, m etabolic  s tu d ie s  using only a few 

worms are f e a s ib le .  The p resen t in v e s t ig a tio n  was undertaken to  compare 

asp ec ts  of energy m etabolism  and ES products of ad u lt T r ic h in e lla  to  

th a t  of excysted la rv a e , and to  r e la te  fin d in g s  to  various ph y sio lo g ic  

phenomena asso c ia ted  w ith  p a ra s itism .



CHAPTER I I  

MATERIALS AND METHODS

Stock In fec tio n s  

The s t r a in  o f T r ic h in e lla  used was o r ig in a l ly  obtained from 

C arolina B io lo g ica l Supply Co.,1 and has been m aintained fo r  6 years in 

CF-1 m ice.2 In fe c tio n s  of male mice weighing 20 to  30 g were made by 

o ra l in tu b a tio n  o f v ia b le  la rv a e . Larvae were recovered from mice 40 to  

60 days follow ing in o c u la tio n  as p rev io u s ly  described  (C astro  and 

F a irb a irn , 1969a).

Recovery of T r ic h in e lla  Adults 

Living T r ic h in e lla  a d u lt worms were recovered from 200- to  300 g 

Holtzman hybrid r a t s ^  in fe c ted  1 to  4 days p rev io u sly  w ith 3 x 10^ to  

5 X lO'  ̂ la rv a e . The sm all in te s t in e  was removed by c u ttin g  i t s  ju n c tio n  

w ith the  stomach and caecum, and was perfu sed  w ith 25 ml of Krebs-Ringer 

b icarbonate  (KRB) b u f fe r ,  pH 7 .4  (Umbreit e t  ^ . , 1964). The in te s t in e  

was s trip p ed  from th e  m esentery and washed in  a p o rce la in  evaporating  

d ish  con tain ing  20 ml of KRB b u ffe r . The g u t was then ev erted  (Crane

^C arolina B io lo g ica l Supply C o., B urling ton , N. C.

^Carworth Farms, Rock C ity , New York.

^S tanley and Gurabreck, Oklahoma C ity , Oklahoma.
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and W ilson, 1958) and p laced  in  a 250 ml beaker contain ing  100 ml of buf­

f e r .  I n te s t in e s  from two anim als were p laced  in  each beaker m aintained 

a t  37 C in  a Dubnoff M etabolic Shaking Incubator fo r 1 h r .  A fte r 1 h r , 

th e  gut segment was removed, and i t s  mucosa was scraped and added to  the 

b eaker. This m a te ria l was poured through a Buchner funnel w ith a 9 .0  cm 

Whatman #1 f i l t e r  pad a t  th e  bottom. The funnel was 10.0 cm in  d iam eter. 

The f i l t e r  pad was sucked dry as l ig h t ly  as p o ss ib le . The pad was r e ­

moved, p laced  face-down in a 10.0  cm p e t r i  d ish  con tain ing  30 to  40 ml 

of b u ffe r  and incubated  a t  37 C in  a w a te r-ja ck e ted  incubato r (a  m odifi­

c a tio n  of a technique by Ross, 1948, fo r  c o lle c tin g  l iv e  T r ic h in e lla  

a d u l ts ) .

A fter 1 h r  in cu b a tio n , the  pads were c a re fu lly  removed from the 

p e t r i  d ish es  so th a t  d e b ris  and mucous were not shaken lo o se . The ad u lt 

worms which f e l l  in to  the  b u ffe r  were f i l t e r e d  through an 80-mesh s ta in ­

le s s  s te e l  w ire screen  in to  50 ml c o n ica l graduated c e n tr ifu g e  tu b e s . 

Worms were washed th re e  tim es by suspending and sedim enting to  remove 

f in e  d e b r is . Recovery r a te s  o f 15 to  20 p e r cen t were ob ta ined  by th is  

method.

Incubation  of Adult T r ic h in e lla

Batches o f worms were c o lle c te d  and incubated in  KRB b u ffe r  con­

ta in in g  100 pg of streptom ycin and 300 u n i ts  of p e n ic i l l in  p e r m l. Worms 

were incubated a t  37 C and gassed con tinuously  with a hum idified  gas mix­

tu re  of 9C% N2:5% 002*5^5 02 or 95Çé N2:5# C02* The N2:C02 m ixture  was 

passed through ho t copper f i l in g s  to  remove any contam inating t r a c e s  of 

oxygen (Ginger and F a irb a irn , 1966). Gas flow ra te s  v a ried  fro n  15 to  

25 ml per min. A t r a c e  of s i l ic o n e  defoamer (Dow Corning Antifoam AF
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em ulsion)^ was added to  each tube .

Carbohydrate A nalysis of Adult T r ic h in e lla

Adult worms c o lle c te d  2 4 -, 48- and 96-hours p o s t- in fe c t io n  were 

washed th re e  tim es w ith d i s t i l l e d  w ater. They were homogenized in  a hand 

driven  Potter-E lvehjem  homogenizer. F inal homogenate volume was 5 ml. 

Total carbohydrate , a lk a l i  s ta b le  carbohydrate, and glycogen were is o ­

la te d  according to  pub lished  methods (F a irb a irn , 1958; R oberts and 

F a irb a irn , 1965); the  amount of each was determ ined c o lo r im e tr ic a lly  

(Mokrasch, 1954). For dry  weight d e te rm in a tio n s, 1 .0  ml samples of worm 

homogenate were d rie d  to  co n stan t weight in  a vacuum d e s s ic a to r  under a 

re s id u a l p ressu re  of 18 mm Hg.

D eterm ination of V o la tile  Amines Excreted 
by Adult T r ic h in e lla

Incubation of a d u lt worms was c a r r ie d  out as p rev io u s ly  men­

tio n ed  under aerobic and anaerobic gas phases fo r  48 h r .  The exhaust gas 

was bubbled through 0.1 N HCl to  tra p  v o la t i le  amines blown o ff  by the  

gassing  procedure (F igure 1 ) . Following incubation  th e  medium was passed 

through a coarse g la ss  s in te re d  funnel to  remove worms. The f i l t r a t e  

was made a lk a lin e  w ith 0 .1  N NaOH. Amines were e x tra c te d  from 5 .0  ml 

a liq u o ts  of th e  a lk a lin e  so lu tio n  w ith e th e r  using a continuous l iq u id -  

liq u id  e x tra c to r .  One ml of 12 N HCl was added to  150 ml o f e th e r  in  

the re c e iv in g  f la s k , and the e x tra c tio n  was c a rr ie d  ou t fo r  18 h r .  At 

the  end of the  e x tra c tio n  period  th e  e th e r  was evaporated to  dryness in  

a ro ta ry  vacuum (18 mm re s id u a l p re ssu re ) appara tu s. Amine hydrochlorides

^ o w  Chemical C orp ., Midland, Michigan.
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G a s

.IN
HClBuffer

Humidif ier In cuba to r

KRBicarbonate
KRPhosphate

4 8  hr 
3 7  C

, T r a p .
(Aminas)

Figure 1. G eneral incubation  procedure used. Trap was used in  
experim ents involv ing  c o lle c tio n  of amines.
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were d isso lv e d  in  2 ml of w ater and id e n tif ie d  using th in - la y e r  chroma­

tograph ic  (TLC) techn iques. Chromatography was on 20 cm x 20 cm g la ss  

p la te s  coated to  a th ick n ess  of 0 .5  mm with m ic ro c ry s ta llin e  c e llu lo se  

(sigm acell type 19) obtained  from Sigma Chemical Co.^ P la te s  were de­

veloped in  the  upper phase of a m ixture of n -b u tan o l, a c e t ic  acid  and 

water (4 :1 :5 , v /v ) , and the  amines were v isu a liz e d  by spraying w ith 0.1% 

ninhydrin  in  n-butanol follow ed by heating  fo r  10 min a t  90 C. Unknown 

amines were id e n tif ie d  by comparing Rp values to  those  of au th en tic  r e f ­

erence compounds obtained  from Eastman Organic Chemicals and J .  T. Baker 

Chemical Co.^ C ontro ls included  e x tra c tio n  and TLC a n a ly s is  of medium 

gassed fo r  48 h r but con ta in ing  no worms. Q u an tita tiv e  a n a ly s is  of amine 

production was performed using the  co lo rim e tric  n inhydrin  re a c tio n  

(Matthews e t  £ l . , 1964). Dry w eights of worms were determ ined as p re ­

v io u sly  d escribed  (C astro  and F a irb a irn , 1969a).

D eterm ination of Ferm entation Acids Excreted 
by Adult T r ich in e lla

Worms were removed from the  incubation  medium by f i l t r a t i o n  

through a g la ss  s in te re d  Buchner fu n n e l. The medium was a c id if ie d  bo pH 

3 using 0 .1  N HCl. The f lu id  was then e x trac ted  w ith  e th e r  fo r  18 h r .

The e x tr a c t  was n e u tra liz e d  w ith 2 N NaOH, d ried  en vacuo. d isso lv ed  in 

2 .0  ml of w ater, a c id if ie d  (pH 3) w ith phosphoric ac id  and analyzed by 

g a s - liq u id  chromatography (GLC). A 6 - f t  column ( l / 8  in  in s id e  diam eter) 

in  a model 1700 Varian Aerograph with a flame d e te c to r  was packed w ith

^Sigma Chemical C o., S t . Louis, Mo.

^Eastman Organic Chem icals, R ochester, N. Y .; J .  T. Baker Chem­
ic a l  C o., P h il lip sb u rg , N. J .
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Chromosorb 102 (60-80 mesh)? and opera ted  a t  200 C w ith a c a r r ie r  gas 

(N2 ) flow r a te  o f 120 ml/min. V o la tile  ac id s  were id e n t i f ie d  by com­

paring  th e i r  re te n tio n  tim es to  those  of au th en tic  re fe re n ce  ac id s  

( j .  T. Baker Chemical C o .) .^  Q u an tita tio n  was by m u lt ip l ic a t io n  of r e ­

te n tio n  time X peak h e ig h t (C a rro ll ,  1961). Conversion of peak a reas  to  

mass was made using p rop ion ic  ac id  as an e x te rn a l s tan d ard .

Measurement of Oxygen Uptake 

Oxygen uptake of a f r e e - l iv in g  nematode (R h ab d ite lla  s p . ) and 

both T r ic h in e lla  a d u lts  (24 -, 48- and 96-hours p o s t- in fe c tio n )  and l a r ­

vae was measured using a G ilson d i f f e r e n t i a l  resp irom eter (Model G -14). 

The b asic  incubation  system co n sis ted  of K rebs-Ringer phosphate (KRP) 

b u ffe r  (pH 7 .4 ) ,  5 .5  mM g lu co se , 300 u n its  of p e n ic i l l in /m l,  and 100 p.g 

of strep tom ycin /m l, a l l  in  a f in a l  volume of 1 .8  m l. Systems were incu­

bated  a t  37 C fo r  30 min, and measurements were taken a t  5 min in te rv a ls .  

A fte r 30 min elapsed  tim e, the  v e sse ls  were prom ptly removed from the 

re sp iro m e te r , and 0 .2  ml of a 1 .0  M sodium cyanide so lu tio n  was added 

y ie ld in g  a f in a l  co n cen tra tio n  of 0 .1  M. A fter allow ing 10 min fo r  the 

systems to  e q u i l ib ra te ,  oxygen uptake was recorded fo r  another 30 min in 

th e  presence of the  cyanide in h ib i to r .  Oxygen uptake was measured as p,l 

0 2 /mg p ro te in /h r .  P ro te in  con ten t was measured according to  Lowry e t  a l . 

(1951).

M icroscopic D if fe re n tia t io n  Between 
Live and Dead Worms

Decrease in  v i a b i l i t y  of a d u lt worms was used as a c r i te r io n  to

^Applied Science L ab o ra to rie s , I n c . ,  S ta te  C o llege, Pa.
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determ ine th e  e f f e c t  of v a rious experim ental trea tm en ts  on th e  p a ra s i te  

in v i t r o . In t h i s  sense i t  was assumed th a t  v ia b i l i ty  was re f le c te d  by 

the presence or lack  of m o ti l i ty  o r movement, i . e . ,  m o tile  worms were 

considered a l iv e ,  non-m otile  worms were considered dead. To document 

observed d if fe re n c e s  between liv in g  and dead worms as seen m icroscopi­

c a l ly ,  timed photographs were taken of 96-hour T r ic h in e lla  a d u lts  (Exper­

iment I)  and a lso  o f a f r e e - l iv in g  nematode, R h ab d ite lla  sp . (Experiment 

I I ) .  Using an E. L e itz  O rtholux Research M icroscope, photographs were 

taken of both l iv e  nematodes and nematodes th a t  were k i l le d  by trea tm en t 

w ith 0.1 M sodium cyanide fo r  30 m in. A 15 sec tim e in te rv a l  was used 

to  take th e  p ic tu r e s .  Living and dead v.orms could be d i f f e r e n t ia te d  by 

observing the  presence  o r absence o f movement and c o il in g .

D if fe re n tia t io n  of Live and Dead Worms 
by P assive  T ran sfe r

To fu r th e r  show th a t  v i a b i l i t y  of worms was c o rre la te d  w ith the  

presence o r absence of movement and c o i l in g ,  pass iv e  t r a n s f e r s  of worms 

possessing  th ese  c h a r a c te r i s t ic s  were c a r r ie d  o u t. Both t r e a te d  and un­

tre a te d  R h ab d ite lla  were tra n s fe r re d  to  ^  blood agar s la n ts  to  determ ine 

whether lack  of movement a ffe c ted  th e  worm's a b i l i t y  to  p ro p ag a te . Adult 

T r ic h in e lla  were c o lle c te d  and sep ara ted  in to  two equal groups of approx­

im ately 10^ worms. The co n tro l group was incubated fo r  30 min a t  37 C 

in  KRP b u f fe r ,  a n t ib io t ic s  and 5 mM g lu co se . The tre a te d  group was in ­

cubated in  th e  same type system w ith  th e  ad d itio n  of 0 .1  M sodium cyanide. 

A fter 30 min incubation  both groups were washed 3 tim es w ith  KRP b u ffe r  

and examined m ic ro sco p ica lly  to  determ ine presence o r absence o f movement. 

Adult worms from each group were p a ss iv e ly  tra n s fe r re d  to  the  sm all



14

in te s t in e  of 3 male m ice. The t r a n s f e r  involved a n e s th e tiz in g  the  mice 

w ith e th e r , making an abdominal in c is io n  in  a p a r a - s a g i t ta l  p lane 1 cm 

from the m id lin e , and in je c t in g  approxim ately 3,000 a d u lt worms in to  the  

exposed sm all in te s t in e  w ith th e  a id  of a d isposab le  syringe equipped 

w ith a 22 gauge need le . Wounds were c losed  w ith s ta in le s s - s t e e l  clanqps. 

Mice were k i l le d  48 h r l a t e r ,  and a d u lt worms were c o lle c te d  as p rev io u sly  

d escribed  and counted.

E ffe c t of M etabolic In h ib ito rs  on S urvival 
of T r ic h in e lla  Adults and Larvae

Larvae and a d u lt worms were c o lle c te d  as described  and incubated

fo r  48 h r a t  37 C in  KRB b u ffe r  w ith d i f f e r e n t  m etabolic  in h ib i to r s .

These included 0.001 M iodoacetam ide, 0.001 M 2 ,4 -d in itro p h e n o l, 0 .1  M

sodium cyanide, and 0.1 M sodium a z id e . The to ta l  m o la rity  was h igher

than normal KRB b u ffe r . Thus a 0 .1  M NaCl co n tro l was used to  determ ine

th e  e f fe c ts  of o sm o la rity . Adult worms were examined m icroscop ica lly

and counted during  the  incubation  a t  24, 36, and 48 h r .  V ia b ili ty  of

la rv ae  follow ing trea tm en t was determ ined by in fe c tin g  r a t s  and m ice, and

recovering  and counting the  number of a d u lts  and la rv ae  developing i i  the

r a t  and mouse h o s t, re s p e c tiv e ly .

E ffe c t of pH on Survival o f T r ic h in e lla  Adults 

Adult worms were c o lle c te d  and separa ted  in to  s ix  equal lo t s  

and incubated fo r  48 h r a t  37 C in  KRB b u ffe r . The pH of the  b u ffe r  was 

v a ried  frcmi 5 .5  to  8 .0  a t  0 .5  in te rv a ls  by changing th e  sodium b ic a rb ­

onate co ncen tra tion  (Umbreit e t  j d . , 1964). Total m o la rity  of normal 

KRB b u ffe r  was m aintained by ap p ro p ria te ly  a l te r in g  the  NaCl concen tra­

t io n .  O ther components in th e  b u ffe r  were no t changed.
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The e f f e c t  of pH was s tu d ied  in  in te s t in a l  worms c o lle c te d  24-, 

48- and 96-hr p o s t- in fe c t io n . For each pH in te rv a l ,  100 worms were 

counted, and th e  percen tage  of l iv e  worms was c a lc u la te d .

Metabolism of P a lm itic  Acid by
T r ic h in e lla  Larvae and Adults

F a tty  acid  ox ida tion  was determ ined by measuring th e  ^^C02 p ro ­

duced when l iv in g  T r ic h in e lla  la rv ae  and a d u lts , and horaogenates of th ese

1 4  8worms were incubated  w ith (U- C) p a lm itic  ac id . Larvae and ad u lts  were

div ided  in to  two equal groups. One group of each was homogenized. Homo-

genates were prepared  by grinding  worms in  a Potter-E lvehjem  homogenizer

by hand. Worm p re p a ra tio n s  were incubated a t  37 C in  5 ml o f Krebs-

Ringer phosphate (KRP) b u ffe r  w ith 2 .13  pCi of (U-^^C) p a lm itic  acid

with a s p e c if ic  a c t iv i ty  of 542 pCi/m ole.

^ ^ 0 2  l ib e ra te d  was trapped in  KOH placed in  a w ell suspended 

from the  s to p p er of the  f la s k .  R ad io a c tiv ity  in  th e  KOH follow ing incu­

bation  was determ ined according to  th e  method of Ward and F a irb a irn  

(1970a).

Inco rp o ra tio n  of absorbed, la b e l le d  p a lm itic  acid  in to  various 

l ip id  f r a c t io n s  was determ ined a f te r  e x tra c tin g  the  to t a l  l ip id s  (Folch 

e t  a l . , 1957). T o tal l ip id s  were f ra c tio n a te d  on TLC p la te s  coated w ith  

s i l i c a  gel G according to  Freeman and West (1966). L ip id  bands were 

sprayed w ith 0.005# Rhodamine 6-G and v isu a liz e d  under u l t r a v io le t  l i g h t .  

The bands were scraped from the  p la te  in to  a g la s s -s in te re d  fu n n e l, 

e lu ted  w ith 20 ml of e th e r  in to  a s c in t i l l a t i o n  v ia l  and d ried  under a 

stream of n itro g en .

^New England N uclear, Boston, M assachusetts.
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Measurement of ra d io a c t iv i ty  was c a r r ie d  out in  Aquasol^ using 

a N uclear Chicago L iquid S c in t i l l a t io n  Spectrom eter, equipped w ith a 

barium-133 e x te rn a l s tan d ard . Quenching was determ ined by comparing an 

e x te rn a l standard  channels r a t io  of the  r a d io a c t iv i ty  in  the  experimen­

ta l  v ia l  with th a t  of standard  quenched samples (Nuclear Chicago 

C o rp .).^

P u r if ic a t io n  of (U-^^C) P a lm itic  Acid 

P r io r  to  use in  m etabolic  s tu d ie s , (U -^ ^ )  p a lm itic  ac id  was 

p u r if ie d  by TLC using  h e x an e te th e r:a ce tic  acid  (70:30:1) as a so lv en t.

The band corresponding to  th e  standard  p a lm itic  a c id  (y^p lied  Science 

L ab o ra to ries)^^  was lo ca ted  by radioautography using Royal Blue X-ray 

f i l m . P a l m i t i c  ac id  was is o la te d  as the  f re e  ac id  band on 20 x 20 cm 

g la ss  p la te s  coated w ith 0.25 mm of s i l i c a  gel G. The band was scraped 

from the  p la te  and e lu te d  w ith e th e r . The e th e r  was d ried  en vacuo, and 

the p a lm itic  acid  was c o lle c te d  in  1 ml of hexane. Only th e  ra d io a c tiv e  

compound corresponding to  a known standard  was re ta in e d . P u r if ie d  

(U-l^C) p a lm itic  a c id  was d ilu te d  w ith p rev io u s ly  p u r if ie d  unlabeled 

p a lm itic  ac id . The d ilu te d  m ixture was re -p u r i f ie d  immediately before 

use.

^Nuclear Chicago C orp ., Des P la in e s , I l l i n o i s .  

l^A ppiied Sciences L ab o ra to rie s , S ta te  C ollege, Pa. 

l^Eastman Kodak C o., R ochester, N. Y. 

l^Brinkman Instrum ents, Westbury, N. Y.



CHAPTER I I I  

RESULTS

Problems were encountered i n i t i a l l y  in  keeping ad u lt s tag es  of 

T r ic h in e lla  a l iv e  fo r  more than 12 h r  in KRB b u ffe r . The p o s s ib i l i ty  

th a t  hydrogen ion co n cen tra tio n  a ffe c te d  v ia b i l i ty  of a d u lt worms r e ­

covered 2 4 -, 48- and 96-h r p o s t- in fe c tio n  was examined. Worms were main­

ta in ed  fo r  48 h r in  a g rad ien t from pH 5 .5  to  pH 8 .0  (F igure 2 ) . Worms 

were adverse ly  a ffe c te d  by a pH below 6 .5 . However, su rv iv a l r a te  was 

maximal between 7 .0  and 8 .0 . C onsequently, i t  was concluded th a t  th e  

very s l ig h t  d e v ia tio n  (u su a lly  le s s  than 0 .2  u n its )  from the  i n i t i a l  pH 

of the  medium which m ight occur during  a 48 h r p e rio d  was no t re sp o n sib le  

fo r  the  decreased  su rv iv a l r a t e .  I t  was e v en tu a lly  determ ined th a t  the  

su rv iv a l r a te  of a l l  p o s t- la rv a l  s tag es  could be m aintained a t  e s s e n t ia l ly  

10(% fo r  a minimum of 48 h r by the  ad d itio n  of glucose (5 .5  mM) to  th e  

b u ffe r .

The e f f e c t  of gas phases on a d u lt worm su rv iv a l in  KRB b u ffe r  

was a lso  in v e s t ig a te d . Worms were m aintained under an atmosphere of 9(% 

N2*55Î  C02:5% O2  o r 95Jé N2:5# CO2 . Worms in  both gas phases were v ia b le  

a t  the  end of 48 h r . However, those in  th e  presence o f oxygen were 

c le a r ly  more a c t iv e . Those in  th e  absence of O2  were co iled  bu t showed 

l i t t l e  or no movement.

17



18

100-1

9 0 -

8 0 -

7 0 -

r  6 0 -
L.

CO
5 0 -

4 0 - WORM AGE
24 hr -#
4 8 hr 0"*"'0

T +S.E. 
96 hr a

i-S .E .

3 0 -

2 0 -

lO -

5.5 6 .0 6.5 7.0 7.5 8.0

pH

Figure 2 . E ffe c t of pH on su rv iv a l of a d u lt T r ic h in e l la .
Adults (24-, 48- and 96-hr) were incubated fo r  48 hr a t  37 C in  KRB buf­
f e r .  The pH of th e  b u ffe r  was varied  from 5 .5  to  8 .0  a t  0 .5  in te rv a ls  
by changing the sodium b icarbonate  c o n cen tra tio n . T otal m o la rity  of nor­
mal KRB b u ffer was m aintained by a l te r in g  th e  NaCl c o n cen tra tio n . P er­
cen t su rv iva l was c a lc u la te d  from a count o f 100 worms.
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For the  above study i t  was necessary  to  e s ta b lis h  c r i t e r i a  to  

d e sig n a te  vdiether worms were a l iv e  o r dead. Worms were considered a liv e  

i f  they  were mdving or c o il in g  upon m icroscopic exam ination. Worms were 

considered  dead i f  they  showed no s ig n s  of m otion. F igures 3 and 4 de­

p i c t  th ese  c h a r a c te r i s t ic s .  F igure  3 shows photomicrographs of a d u lt

T r ic h in e lla  c o lle c te d  96-hr p o s t- in fe c t io n .  F igure 4 shows mixed stages

13of a f r e e - l iv in g  nematode, R h ab d ite lla  sp . The photographs rep re se n t 

both u n trea ted  worms (photom icrographs la  and lb  in  both Figure 3 and 4) 

and worms tre a te d  w ith 0 .1  M sodium cyanide fo r  30 min (photom icrographs 

2a and 2b in  both F igure 3 and 4 ) ,  Photom icrographs lb  and 2b in  each 

f ig u re  were taken 15 sec a f t e r  l a  and 2a, re s p e c tiv e ly . In each Figure 

(3 and 4 ) ,  note the  c o ilin g  and movement of u n trea ted  worms in  c o n tra s t 

to  th e  lack  of such in  th e  c y a n id e -tre a te d  group.

As a check on th e  v a l id i ty  of t h i s  c r i t e r io n ,  tre a te d  and un­

tr e a te d  R h ab d ite lla  were tr a n s fe r r e d  to  59̂  blood agar s la n ts ,  and th e i r  

v ia b i l i t y  estim ated  by th e i r  a b i l i t y  to  propagate on th i s  media. Re­

s u l t s  of t h i s  experim ent a re  shown in  Table 1. Data in d ic a te  th a t  those 

worms tre a te d  with cyanide were im m otile and unable to  propagate, whireas 

u n tre a te d , m otile  worms d id  develop in to  teeming co lo n ie s.

A second check on the  v a l id i ty  o f th e  above c r i te r io n  fo r  d i f ­

f e r e n t ia t in g  between l iv in g  and dead worms was c a r r ie d  out by im planting 

equal numbers of cy an id e -trea te d  o r u n trea ted  a d u lt T r ic h in e lla  in to  the 

sm all in te s t in e  of two groups of th re e  m ice. Mice from both groups were 

k i l le d  48 hr l a t e r  fo r  recovery  o f im planted worms. Data in  Table 2

l^Obtained from Dr. Leroy J .  O lson, Department of M icrobiology, 
U n iv e rs ity  of Texas Medical Branch, G alveston, Texas.
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Figure 3. Photom icrographs showing d if fe re n c e s  between liv in g  
and dead worms (Experiment I ) .  The f i r s t  two photographs ( l a ,  lb ) were 
taken of 96-hr T r ic h in e lla  a d u lts  f re sh ly  is o la te d  and p laced  in  KRP buf­
f e r .  The second s e t  of photographs (2a , 2b) were taken of a d u lt worms 
which were p laced in  KRP b u ffe r  con tain ing  0.1 M sodium cyanide fo r  30 
min. A 15 sec time in te rv a l  e lapsed  between photographs a and b in  each 
group. Worms in  la  and lb  were considered l iv in g ;  those in  2a and 2b 
were considered dead.
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Figure 4 . Photomicrographs showing d if fe re n c e s  between liv in g  
and dead worms (Experiment I I ) .  The f i r s t  two photographs ( l a ,  lb ) were 
taken of a f r e e - l iv in g  nematode, R h ab d ite lla . p laced  in  KRP b u ffe r . The 
second s e t  of photographs (2a, 2b) were taken of R h ab d ite lla  th a t  had 
been p laced  in  KRP b u ffe r  con tain ing  0.1 M sodium cyanide fo r  30 min. A 
15 sec tim e in te rv a l  elapsed  between photographs a and b in  each group. 
Worms in  la  and lb  were considered l iv in g ;  those  in  2a and 2b were con­
sidered  dead.
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TABLE 1

PROPAGATION OF RHABDITELLA FOLLOWING INHIBHION 
OF MOTILITY WITH SODIUM CYANIDE

Incubation
medium

Percen t
m o tile

(" liv in g " )

Percen t
immotile
("dead")

A b ili ty  to  
propagate®

KRP b u ffer^ 100 0 +

0.1 M 
Sodium cyanide 
in  KRP b u ffe r 0 100 -

^R habd ite lla  were tra n s fe r re d  to  ^  blood agar s la n t s  upon which 
they  a re  known to  p ropagate .

4(RP b u ffe r  con tained  a n t ib io t ic s  and 5 mM g lu co se . Incubation 
was fo r  30 min a t  37 C.



TABLE 2

DIFFERENTIATION BETWEEN LIVE AND DEAD TRICHINELLA ADULTS BY 
IMPLANTATION INTO THE SMALL INTESTINES OF MICE

In cu b a tio n
medium

No. of A dult Worm Im p lan ta tio n A dult Worms Recovered^
mice p e r  

group No. im plan ted  
p e r  

mouse

T o ta l
No.

im planted

T o ta l No. 
reco v ered  

from 3 mice

P e rc e n t
reco v ered

KRP® b u f fe r 3 3 ,000 9 ,000 428 4 .8

0 .1  M 
Sodium cyanide 
in  KRP b u f fe r 3 3 ,000 9 ,000 0 0

®KRP co n ta in ed  a n t ib io t i c s  and 5 mM g lu c o se . In cu b a tio n  was f o r  30 min a t  37 C. 

^Mice were k i l l e d  48 h r  p o s t- im p la n ta t io n .
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show th a t  some o f th e  u n trea ted  m o tile  worms were ab le  to  r e e s ta b l is h  in  

a second h o s t upon p a ss iv e  t r a n s fe r ,  lA ereas the  non-m otile worms which 

had been tre a te d  w ith cyanide were unable to  r e e s ta b l is h .  Thus, the  

c r i te r io n  of basing  su rv iv a l on th e  absence o r presence of m o ti l i ty  was 

deemed v a lid .

T o tal carb o h y d rates , a lk a l i - s ta b le  carbohydrates and glycogen 

con ten t of in te s t in a l  worms were determ ined d i r e c t ly  by chemical methods 

(Table 3 ) . Although tre h a lo se  was not measured d i r e c t ly ,  i t  was presumed 

to  be p re sen t and was c a lc u la te d  as the  d if fe re n c e  between a lk a l i - s ta b le  

carbohydrate and glycogen (C astro  and F a irb a irn , 1969a). I t  was immed­

ia te ly  obvious upon a n a ly s is  th a t  th e  t i s s u e s  of the  p o s t- la rv a l  s tag es  

examined possess  only sm all q u a n tit ie s  of m etabo lizab le  carbohydrates . 

A lka li s ta b le  carbohydrates comprised 3.(% , 1.4% and 1.0% of the  dry  

weight of worms recovered  96-, 48- and 24-hr p o s t- in fa c t io n , re s p e c tiv e ­

ly .

In view of th e  f a c t  th a t  most p a r a s i t i c  stages of helm inths ex­

amined produce sane ferm en ta tion  p ro d u c ts , th e  incubation  medium in  sev­

e ra l  experim ents was examined fo r  th e  p resence  of ferm entation  ac id s  

G as-liq u id  chromatograms of v o la t i le  f a t ty  a c id s  excreted  by T r ic h in e lla  

la rv ae  and a d u lts  incubated  fo r  48 h r are  p resen ted  in  F igure 5. A ll 

s tag es  produced fo rm ic-, a c e t ic - ,  p ro p io n ic - , n -b u ty r ic - , n -v a le r ic -  and 

n-hexanoic a c id . However, the  per cen t com position v aried  con sid erab ly  

among the  d i f f e r e n t  s ta g e s . Larvae ex cre ted  about th re e  tim es as much 

ac id  as equal numbers of a d u lt worms (Table 4 ) .  Data i l l u s t r a t i n g  th e  

q u a n tita t iv e  d if fe re n c e s  in  acid  ou tpu t among th e  d if f e r e n t  s tag es  ex­

amined are  shown in  Table 5.
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TABLE 3

CARBOHYDRATES OF INTESTINAL STAGES OF TRICHINELLA

Carbohydrate
Carbohydrate as P ercen t Dry Weight

4-day Adults® 2-day A dults^ 1-day Adults^

Total® 3 .3  + 0.1 1 .9 1.3

A lkali s ta b le 3 .0  + 0 .2 1 .4 1.0

Glycogen 1 .3  + 0.1 1.1 0.7

Trehalose 1 .7  + 0.1 0 .3 0 .3

®Means + Standard E rror (SE) fo r  3 sang les of a d u lt T. s p i r a l i s »

^Values re p re se n t a s in g le  d e te rm in a tio n .

^Total carbohydrate, a lk a l i - s ta b le  carbohydrate and glycogen 
were determ ined by th e  enthrone re a c tio n  (Mokrasch, 1954). Trehalose 
was estim ated  as th e  d iffe ren c e  between a lk a l i - s ta b le  carbohydrate and 
glycogen.
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VOLATILE FATTY A C I D S

T. s p i r a l i . s  A d u l t s
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R ETENTION TIME ( t t i i n )

Figure 5. G as-liq u id  chromatograms of v o la t i le  f a t ty  ac id s  ex­
c re ted  by T r ic h in e lla  ad u lts  and la rv a e , and of au th en tic  re fe ren ce  
a c id s . The column was packed with 60- to  80-mesh Chromosorb 102 and op­
e ra ted  a t  210 C w ith  a c a r r ie r  gas (Ng,) flow  r a te  of 120 ml/min.
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TABLE 4

FERMENTATION ACID OUTPUT BY TRICHINELLA LARVAE AND ADULTS

Stage T otal ac id  output®

Larvae 28.8 pg

Adults

24-hr 9.1

48-hr 10.2 P9

96-hr 8 .6 F9

®A s in g le  determ ina tion  fo r  3 x 10^ la rv a l o r a d u lt worms in ­
cubated in  KRB b u ffe r  and gassed w ith 90j(> N2*5% CO2  fo r  48 h r a t  37 C. 
Values re p re se n t the  amount of fo rm ic-, a c e t ic - ,  p ro p io n ic - , n -b u ty r ic - , 
n -v a le r ic -  and n-hexanoic acid  excre ted  as determ ined by q u a n tita t iv e  
GLC.
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TABLE 5

QUANTITATIVE ANALYSIS OF FERMENTATION ACIDS PRODUCED 
BY TRICHINELLA ADULTS AND LARVAE

Stage®
Weight P e rcen t of Free Acids Placed on Column

Formic A cetic Propionic B utyric V aleric Hexanoic

Larvae

A dults

1 .5 19.7 22.2 7 .4 41.6 7.6

24-hr 2.7 38.8 12.1 9 .8 9 .8 26.8

48-hr 4 .2 32.0 10.5 13.0 9 .7 30.6

96-hr 15.8 11.8 36.9 8 .5 16.7 10.4

®A sin g le  d e te rm in a tio n  fo r  equal numbers (3 x 10^) la rv a l  and 
a d u lt worms m aintained fo r  48 h r  a t  37 C.
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The a l ip h a t ic  amines excreted  by 6 x 10^ to  9 x 10^ 96 -h r in ­

te s t in a l  worms were recovered fra n  th e  medium as hydroch loride s a l t s  and 

were chromatographed on th in - la y e r  p la te s  coated w ith m ic ro c ry s ta llin e  

c e l lu lo s e . P la te  development was complete w ith in  5 h r .  D ibasic amines 

were e f f e c t iv e ly  separa ted  from monobasic compounds, and th e  in d iv id u a l 

components in  th e  l a t t e r  group were c le a r ly  d isce rn ab le  (F igure  6 ) . Rp 

values fo r  the  amines in  F igure 6 were as fo llow s: ethy lened iam ine, .15 ;

1 ,5-pentanediam ine, .15 ; m ethyl, .25 ; e th y l ,  .32 ; p ro p y l, .4 2 ; n -b u ty l, 

.57; n -p e n ty l, .70 ; n -hexyl, .7 7 ; n -h e p ty l, .82 . Since diam ines m igrated 

as a group to  a p o s itio n  only s l ig h t ly  above the  o r ig in  on th in - la y e r  

chromatograms, the  presence of more than one d ib a s ic  amine in  worm ex­

c re tio n s  could no t be determ ined using  t h i s  approach. Worms produced 

256 + 41 and 599.7 + 115 îg amine nitrogen/m g dry wt per 48 h r under a 

9(% N2:5% 002*5% O2  and a 95% N2*5% CO2  gas phase, re s p e c tiv e ly .

Oxygen consumption was measured fo r  T r ic h in e lla  la rv a e  and in ­

te s t in a l  worms. R h ab d ite lla  was used fo r  com parative purposes. Measure­

ments were taken  a t  5 min in te rv a ls  fo r  30 min in  both th e  absence and 

presence of 0 .1  M sodium cyanide. Measurements were recorded as p.1 02 

uptake/mg worm p ro te in  per h r  a f t e r  a d ju s tin g  to  standard  tem perature 

and p re s su re . Data show th a t  R h ab d ite lla  consumed O2  a t  a r a te  about 3 

tim es th a t  of in te s t in a l  s tag es  of T r ic h in e lla  (Table 6 ) .  In none of 

th re e  r e p l ic a te s  was Og consumption m easurable fo r  T r ic h in e lla  la rv a e . 

Oxygen uptake in  a l l  cases was in h ib ite d  alm ost com pletely by th e  add i­

t io n  of cyanide to  th e  incubation  f la s k .

The purpose of th e  nex t experim ent was to  in v e s t ig a te  th e  e f­

f e c t  of v a rio u s  m etabolic  in h ib i to r s  on su rv iv a l of in te s t in a l  s tag es  of
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Figure 6. T h in -lay er chromatograph of standard  amines and 
amines excreted  by T r ic h in e lla  a d u lts  (96 h r ) .  The c en te r  sample i s  the 
standard  m ix tu re . The sample on th e  l e f t  rep re sen ts  amines from ad u lts  
m aintained a e ro b ic a lly , and th e  one on th e  r ig h t  re p re se n ts  amines p ro­
duced under anaerobic c o n d itio n s . TLC p la te s  were coated w ith m icro- 
c ry s ta l l in e  c e llu lo se  (0 .25  mm th ic k n e s s ) . The so lven t phase con sis ted  
of bu tano lI a c e tic  ac id ;w a te r (4 :1 * 5 ). P la te s  were v isu a liz e d  by spray­
ing w ith 0.1% ninhydrin in  n-bu tano l and heating  to  90 C fo r  10 min.
(1) ethylenediam ine and 1 ,5-pen taned iam ineî (2) m ethy l-; (3) e th y l- ;
(4) p ro p y l- ; (5) b u ty l- ;  (6) p e n ty l- ;  (7) h ex y l-; and (8) heptylam ine.
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TABLE 6

OXYGEN CONSUMPTION BY TRICHINELLA LARVAE AND ADULTS

Organism
Stage

Presence o r absence 
of

0 .1 M sodium cyanide

p i O2  uptake/mg p ro te in  
per hr®

T ric h in e lla

Larvae - 0^

+ 0

Adults

96-hr - 13.4 + 0.8^

+ 0 .4  + 0 .4

48-hr - 13.

+ 0

24-hr - 13.6^

+ 0

R habd ite lla  sp. - 44 .4  +1 . 3®

(mixed s tag es) + 0 .5  + 0 .4

^Oxygen uptake measurements were ad ju sted  to  standard  temper­
a tu re  and p re s su re . Worms were m aintained in  KRP b u ffe r con tain ing  
a n t ib io t ic s  and g lucose .

^R epresents mean value from 3 d e te rm in a tio n s.

^Means + SE fo r  3 r e p l ic a te s .

^Values re p re se n t a s in g le  de te rm in a tio n .

®Means + SE fo r  4 r e p l ic a te s .
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T r ic h in e l la . The nematodes were incubated  in  KRB b u ffe r , 0.001 M iodo- 

acetam ide, 0.001 M 2 ,4 -d in itro p h e n o l, 0 .1  M sodium cyanide, and 0 .1 M 

sodium azide and gassed con tinuously  w ith 9CÇ6 N2s5Çé 002:5# O2 . All so­

lu tio n s  contained a n t ib io t ic s  and 5 mM g lu co se . V ia b ili ty  of worms was 

determ ined m ic ro sco p ica lly  a t  24, 36 and 48 h r ,  and the r e s u l t s  were r e ­

corded (Table 7 ) .  I t  was obvious th a t  a l l  in h ib i to r s  except 2 ,4 - d in i t r o ­

phenol k i l le d  100# of the  worms w ith in  24 h r .

The r e s u l t s  of the  p rev ious experim ent (Table 7) showed th a t  

various m etabolic  in h ib ito r s  had d e trim en ta l e f f e c ts  on a d u lt T r ic h in e l la . 

The next two experim ents were designed to  examine the  e f f e c ts  of th e se  

same in h ib i to r s  on v ia b i l i ty  of la rv a e  as measured by a l te r a t io n s  in  

th e i r  in f e c t iv i ty  r a te  and rep roductive  c ap a c ity  (Tables 8 and 9 ) .  lodo- 

acetamide k i l le d  100# of the  la rv a e  w ith in  48 h r . The o th e r in h ib i to r s  

appeared to  have no adverse e f f e c t  upon th e  la rv ae  a f te r  48-hr in cu b atio n  

as determ ined by m icroscopic o b se rv a tio n . However, the  development of 

these  la rv ae  follow ing in fe c tio n  was s ig n if ic a n t ly  im paired. Both th e  

number of a d u lt worms and second g en era tio n  la rvae  recovered from mice 

follow ing in fe c tiv e  doses was lower when th e  mice were in fe c te d  w ith 

la rvae  p rev io u s ly  incubated in  the  presence of 2 ,4 -d in itro p h e n o l, cyanide 

and azide as compared to  u n trea ted  co n tro l la rv ae  (Tables 8 and 9 ) .

The f in a l  experiment was designed to  in v e s tig a te  th e  a b i l i t y  of 

T r ic h in e lla  la rv ae  and ad u lts  to  u t i l i z e  (U-^^C) p a lm itic  ac id  as a sub­

s t r a t e .  O xidation of l ip id s  can be expected to  be t ig h t ly  coupled to  

th e  TCA cycle  (Ward and F a irb a irn , 1970). Thus, ox idation  of p a lm ita te  

to  CO2  would in d ir e c t ly  support th e  conclusion  th a t  a fu n c tio n a l TCA 

cycle  and re s p ira to ry  type of energy m etabolism  e x is ts  in  T r ic h in e l la .
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TABLE 7

EFFECT OF METABOLIC INHIBITORS ON SURVIVAL 
OF TRICHINELLA ADULTS

In h ib ito r Percen t Worms Living A fte r:

Compound Molar concen tra tion^ 24 hr 36 hr 48 h r

KRB b u ffe r* 0 100 100 100

lodoacetam ide 10-3 0 0 0

2 ,4 -d in itro p h e n o l 10-3 42 35 17

Sodium cyanide 10-1 0 0 0

Sodium azide 10-1 0 0 0

®KRB contained  a n t ib io t ic s  and 5 mM glucose and was gassed con­
tin u o u s ly  w ith 9C% N2:5% 002:9# O2 .

^A ll in h ib i to r s  were s o lu b iliz e d  in  KRB b u ffe r .
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TABLE 8

EFFECT OF METABOLIC INHIBITORS ON INFECTIVHY AND 
REPRODUCTIVE CAPACITY OF TRICHINELLA LARVAE

Treatment®

T otal no. of 
la rv ae  

adm in istered  
to  3 r a t s  

(x 103)

T otal no. of 
ad u lts  

recovered 
(x 103)

P ercen t
recovery

KRB b u ffe r‘d 127.5 + 1.1 17.3  + 0.1 13.6

lodoacetam ide 107.5 0 0

2 ,4 -d in itro p h en o l 108.5 0.1 0.1

Sodium cyanide 73.5 0 .3 0 .4

Sodium azide 104.5 0 .5 0 .5

Sodium ch lo ride^ 120.0 22.0 18.3

®A11 samples were incubated  in  KRB b u ffe r  gassed con tinuously  
w ith  9(% N2:5# C 02»^ O2  fo r  48 h r a t  37 C. M etabolic in h ib i to r s  were 
s o lu b iliz e d  in KRB b u ffe r  a t  a co n cen tra tio n  of 0 .1  M.

^Adult worms were recovered  4 days p o s t- in fe c tio n .

‘'Means + SE fo r  2 samples of T r ic h in e lla  la rv ae .

^The 0.1 M sodium ch lo rid e  so lu tio n  re p re se n ts  an osm olarity  
c o n tro l and i s  not to  be considered  a m etabolic  in h ib i to r .
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TABLE 9

EFFECT OF METABOLIC INHIBITORS ON TRICHINELLA LARVAE 
AS MEASURED BY IHE RECOVERY OF 

SECOND GENERATION LARVAE

Treatment®
No. of la rv ae  
adm inistered 

per mouse

No. of muscle la rv ae  
recovered per mouse 

(x 103)b

KRB b u ffe r 500 52.0  + 6 .5

lodoacetam ide (0 .1  M) 500 0

2 ,4 -d in itro p h e n o l (0 .1  M) 500 0 .2  + 0 .0

Sodium cyanide (0 .1  M) 500 1.7 + 0.7

Sodium azide  (0 .1  M) 500 0.1 + 0 .0

^ In h ib ito rs  were so lu b iliz e d  in  KRB b u ffe r  w ith a n t ib io t ic s  and 
5 mM g lu co se . The b u ffe r  was gassed w ith 9(% N2:5# 002:5# O2  fo r  48 hr 
a t  37 C.

^Values re p re se n t means + SE fo r 10 m ice. Larvae were recover­
ed 45 days p o s t- in fe c t io n .
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Both in ta c t  worms and homogenates of T r ic h in e lla  la rv ae  and 

ad u lts  were incubated a t  37 C in  5 ml of KRP b u ffe r co n ta in in g  2 .13 iiCi 

of p a lm itic  acid  w ith a s p e c if ic  a c t iv i ty  of 542 iiCj/mole. I n ta c t  ad u lt 

T r ic h in e lla  and a d u lt worm horaogenate m etabolized absorbed (U -^ ^ )  p a l­

m itic  ac id  to  ^^C02* In c o n tra s t  only tra c e  amounts of ^ ^ 0 2  were p ro ­

duced when la rv ae  were incubated w ith la b e lle d  p a lm itic  ac id  (Table 10).

To determ ine i f  p a lm ita te  was a c tu a lly  being absorbed by the  

nematodes, t o t a l  l ip id s  were e x tra c te d  and f ra c tio n a te d  on TLC p la te s  

coated w ith S i l ic a  Gel G. F igure 7 shows th e  l ip id  sp o ts . L ip ids were 

v isu a liz e d  under u l t r a v io le t  l ig h t  follow ing spraying w ith  Rhodamine 6-G. 

Ind iv idual bands were scraped in to  a g la s s -s in te re d  fu n n e l, e lu ted  w ith 

e th e r  in to  a s c in t i l l a t i o n  v ia l  and counted. As seen in  Table 11, the  

m a jo rity  of th e  la b e l was found in  the  f re e  f a t ty  ac id  f r a c t io n  fo r both 

la rvae  and a d u lt worms. However, in  the  case of a d u lt worms th e re  was 

some d is t r ib u t io n  in  g ly c e r id e s  and in  the  c h o le s te ro l and s te r o l  e s te r  

f r a c t io n .  In th e  la rv a e , la b e l was found only in  th e  phospholip id  f r a c ­

tio n  in  ad d itio n  to  th e  f r e e  f a t t y  acid  band.
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TABLE 10

14,COg EVOLVED DURING INCUBATION OF TRICHINELLA ADULTS 
AND LARVAE WITH (U -^ ^ c ) PALMITIC ACIoa

Stage
1^C02 Evolved

dpmb dpm/gm wet wt. tissue*^

Adult (96-hr)

In ta c t 1654 + 16 23,907 + 1785

Homogenate 295 + 74 4,176 + 1203

Larvae

In ta c t 0 0

Homogenate 1 6 + 6 28 + 6

^Larvae and a d u lts ,  and homogenates of each, were incubated fo r  
3 h r a t  37 C in 5 ml of KRP b u ffe r co n ta in in g  2.13 ixCj/mg of (U-^^c) 
p a lm itic  acid  w ith a s p e c if ic  a c t iv i ty  of 514 fiCj/mole.

^Means + SE fo r  2 r e p l ic a te s .  

^Means + SE fo r  2 r e p l ic a te s .
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Figure 7 . T h in -lay er chromatograph of n e u tra l l ip id s  of T rich - 

in e l la  la rv ae  and a d u l ts .  The cen te r sample i s  th e  s tan d ard . The sanple 
on the  l e f t  re p re se n ts  n e u tra l  l ip id s  obtained from la rv a e , and th e  one 
on th e  r ig h t  re p re se n ts  n e u tra l l ip id s  of a d u lt worms. F rac tio n s  were 
analyzed on s i l i c a  g e l G p la te s  (0 .25  mm th ic k n e ss ) . Spots were v is u a l­
ized  by ch arrin g  a t  180 C a f te r  spraying w ith 50^ s u lfu r ic  acid  sa tu ra te d  
w ith potassium  d ichrom ate. (1) Phospholip ids; (2) M onoglycerides; (3) 
Free f a t ty  a c id s ; (4) C h o le s te ro l; (5) D ig ly cerid es ; (6) T r ig ly c e r id e s ; 
and (7) C h o leste ro l e s t e r s .
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INC30RP0RATI0N OF ABSORBED (U-^"^C) PALMITIC ACID INTO THE 
L IP ID S  OF TRICHINELLA ADULTS AND LARVAE

R a d io a c tiv i ty  (dpm)®
Stage recovered Phospho­

l i p id s
Mono­

g ly c e r id e s
F ree  f a t t y  

a c id s
Di­

g ly c e r id e s
T r i ­

g ly c e r id e s
C h o le s te ro l C h o le s te ro l

e s te r s

9 6 -h r
a d u lt
worms 2,456 0 3 .7  + 3 .2 9 2 .3  + 4 .4 0 .6  + 0 .4 1 .2  + 0 .3 1 .9  + 1 .4 0 .4  + 0 .3

Larvae 1,794 5 .7  + 5 .7 0 9 4 .3  + 5 .7 0 0 0 0

^A nalysis of two sam ples o f t o t a l  l i p i d s .  N eu tra l l i p id s  were f r a c t io n a te d  by TLC. Worms were 
incubated  as m entioned in  th e  fo o tn o te s  f o r  Table 10.



CHAPTER IV 

DISCUSSION

The lim ited  m etabolic s tu d ie s  done in  the  p a s t  w ith  T r ic h in e lla  

d e a l t  p rim arily  w ith excysted la rv a e . No s ig n if ic a n t  in form ation  e x is ts  

w ith  regard  to  th e  b iochem istry  and physiology of o th e r s tag es  of th is  

p a r a s i te .  In view of t h i s ,  comparisons were made throughout t h i s  study 

to  determ ine s im i la r i t ie s  and d i s s im i la r i t i e s  in  metabolism between in ­

t e s t i n a l  s tages and la rv ae  of T r ic h in e l la .

The in te s t in a l  s tag e  of T r ic h in e lla  i s  u su a lly  re fe r re d  to  as 

the  "ad u lt"  s tag e . However, th i s  nematode, l ik e  a l l  o th e rs , must under­

go developm ental changes o r m olts befo re  i t  m atures and i s  capab le  of 

reproducing . C onsiderable con troversy  e x is t s  concerning th e  development 

of T r ic h in e l la . Berntzen (1965) rep o rted  only one m o lt, Shanta and 

M eerovitch (1967a) observed two m olts and A ll Kahn (1966) observed four 

m olts during  th e  in te s t in a l  phase . While th e re  was disagreem ent about 

th e  number and tim ing of m o lts , a l l  au thors agreed th a t  m ature a d u lts  

develop w ith in  72 h r . In th e  p re se n t in v e s tig a tio n  in te s t in a l  worms r e ­

covered 24-, 48- and 96-hr p o s t- in fe c t io n  were s tu d ied . The younger in ­

t e s t i n a l  s tag es  (24- and 48-h r) were examined to  d e te c t  immediate changes 

th a t  took p lace  from the  tim e muscle la rv ae  were l ib e ra te d  from th e i r  

c y s ts  u n t i l  they  became f u l ly  m ature (9 6 -h r).

40
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During i n i t i a l  incubation  experim ents s tr ik in g  d iffe re n c e s  were 

observed w ith regard  to  the  m o ti l i ty  and p h y sica l appearance of ad u lt 

T r ic h in e lla  m aintained in  the  presence o r absence of glucose or m etabolic 

po isons. To ev alu a te  the  s u i t a b i l i t y  of incubation  co n d itio n s  on worm 

su rv iv a l and to  estim ate  th e  e f f e c t  of v a rio u s  trea tm en ts  on worms in  

v i t r o , i t  was necessary  to  e s ta b lis h  c r i t e r i a  fo r  c la s s ify in g  a d u lt pa ra ­

s i t e s  as e i th e r  l iv in g  or dead.

The d esig n a tio n  o f m o tile  worms as a liv e  and non-m otile worms 

as dead was j u s t i f i e d  on th e  follow ing b a s is .  M otile R hab d ite lla  were 

able to  propagate on blood ag ar, and m o tile  a d u lt T r ic h in e lla  were able 

to  r e e s ta b l is h  in  mouse r e c ip ie n ts  upon p ass iv e  t r a n s fe r  (F igures 3 and 

4; Tables 1 and 2 ) . Non-motile worms n e ith e r  propagated on blood agar 

nor re e s ta b lis h e d , re s p e c tiv e ly .

In th e  p ass iv e  t r a n s f e r  experim ents, four p e rcen t of the  un­

tre a te d  T r ic h in e lla  a d u lts  re e s ta b lish e d  in  the  new h o s t. When mice are 

given an in fe c tio n  by o ra l in tu b a tio n  of la rv a e , a d u lt worm recovery 

ra te  by the method of c o lle c tio n  used i s  15 to  2(%. However, a decrease 

in  recovery  of a d u lt worms p a ss iv e ly  tra n s fe r re d  i s  not unusual since 

Katz (1960) had d i f f i c u l ty  in  g e tt in g  more than 1% of 72-hr in te s t in a l  

worms to  re e s ta b l is h  fo llow ing o ra l t ra n s p la n ta tio n .

Problems were encountered i n i t i a l l y  in  keeping a d u lt s tag es  of 

T r ic h in e lla  a liv e  fo r  more than 12 h r in  KRB b u ffe r . L i t t l e  has been 

published w ith regard  to  n u t r i t io n a l  requirem ents of the  a d u lt s tag e . 

O liver-G onzalez and Bueding (1948) rep o rted  th a t  a d u lt worms d id  not 

u t i l i z e  glucose p re sen t in  a medium. In c o n tra s t ,  in te s t in a l  worms in  

the  p re sen t study remained v ia b le  fo r  48 h r o r longer in  a s in p le  b u ffe r
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system (KRB or KRP, pH 7 .4 ) con tain ing  a n t ib io t ic s  and 5 mM glucose .

The increased  su rv iv a l o f a d u lts  in  the  presence of g lucose in d ic a te s  

thay they  can m etabolize t h i s  carbohydrate.

The ^  v i t r o  g lucose requirem ent of la rvae  was markedly d i f f e r ­

e n t than th a t  observed fo r  a d u lt worms. Larvae incubated fo r 48 h r r e ­

quired  no exogenous energy source, u t i l i z in g  th e i r  endogenous carbohy­

d ra te  s to re s  of glycogen and tre h a lo se  (von Brand e t  a l . , .1952; C astro  

and F a irb a irn , 1969a) fo r  energy. A lk a li-s ta b le  carbohydrates make up 

20.7% of the dry weight of la rv a e , in d ic a tin g  a considerab le  re se rv e  

source of energy. C astro  and F a irb a irn  (1969a) rep o rted  th a t  la rv ae  

m aintained jji  v i t r o  consume 75% of th e i r  carbohydrate w ith in  48 h r . In 

c o n tra s t ,  th e  t is s u e s  o f p o s t- la rv a l  s tag es  possess only small q u an ti­

t i e s  of m etabolizable carbohydrates . A lk a li-s ta b le  carbohydrates rep ­

re sen ted  3.0%, 1.4% and 1.0% of th e  dry weight of worms recovered 96-, 

48- and 24-hours p o s t- in fe c t io n , re sp e c tiv e ly  (Table 3 ) . These fin d in g s  

dem onstrate th a t  T r ic h in e lla  u t i l i z e  endogenous carbohydrates ra p id ly , 

and o f f e r  a suggestion as to  why in te s t in a l  s tages re q u ire  an exogenous 

energy source.

The e f fe c t  of pH on worm su rv iv a l was examined. G enerally , 

nematodes to le r a te  wide pH ranges. This fin d in g  has been explained in  

terms of an impermeable c u t ic le  ra th e r  than m etabolic systems them selves 

being in s e n s it iv e  (B a r re t t ,  1969b). Adult worms were adversely  a ffe c ted  

by a pH below 6 .5 , and su rv iv a l was maximal between 7 .0  and 8 .0  (F igure 

2 ) . For subsequent s tu d ie s ,  the  KRB and KRP b u ffe r used to  incubate  th e  

worms was ad justed  to  pH 7 .4 . During incu b atio n , the  pH never changed 

more than 0 .2  u n its .
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The e f fe c t  o f a low pH on sp e c if ic  p h y s io lo g ic a l and biochem ical 

fu n c tio n s  of th i s  p a ra s i te  i s  unknown. Larsh (1967a) suggested th a t  ac­

cumulation of l a c t i c  acid  in  t is s u e  during  inflam m ation may be harmful 

to  the  p a r a s i te .  There i s  documented evidence th a t  t i s s u e  pH can drop 

to  6 .0  during  subacute and chronic inflam m ation (Menkin, ^956). Since 

hydrogen ion co n cen tra tio n  adversely  a ffe c te d  worm su rv iv a l in  th is  

study , i t  i s  proposed th a t  lo c a l a c id o s is  in  i n te s t in a l  t is s u e  could 

a l t e r  the  biochem ical environment of a d u lt T r ic h in e l la , r e s u lt in g  in  p re ­

mature te rm in a tio n  o f th e  in te s t in a l  phase o f in fe c tio n .

C onsidering th a t  a c id o s is  i s  d e le te r io u s  to  th e  in te s t in a l  stage 

of T r ic h in e l la , i t  i s  in te re s t in g  to  sp ecu la te  th a t  amine ex cre to ry  prod­

u c ts  of t h i s  p a ra s i te  might compensate fo r  o r o f f s e t  a low pH in  the  en­

vironm ent. The reason  fo r  h ig h er amine ou tp u t under anaerobic cond itions 

i s  obscure. The hypo thesis  th a t  amine p roduction  by a d u lts  may serve as 

a mechanism to  o f f s e t  an a c id ic  environment i s  supported  by work w ith 

b a c te r ia l  system s. Hanke and K oessler (1919) suggested  th a t  amine fo r ­

mation in  b a c te r ia  m ight be a p h y s io lo g ica l mechanism to  co u n terac t 

a c id ic  environm ents. Gale e t  (1946) dem onstrated c le a r ly  th a t  amine 

form ation by b a c te r ia  re s u lte d  from th e  a c tio n  o f s p e c if ic  inducib le  

amino ac id  decarboxylases. Maximal p roduction  o f th ese  enzymes occurred 

when growth was c a r r ie d  ou t in  an a c id ic  medium. Amino ac id  decarboxyl­

ases have been dem onstrated in  the  t is s u e s  of some nematodes, and amines 

have been id e n t i f ie d  as ex cre to ry  products of some nematode la rv a e . The 

o bservation  th a t  a d u lt T r ic h in e lla  ex c re te s  amines re p re se n ts  the  f i r s t  

re p o r t  of amine production  by an ad u lt nematode p a r a s i te  of anim als.

A ll nematodes, as w ell as cestodes and trem atodes examined thus
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f a r ,  a re  capable of tak in g  up oxygen ^  v i t r o . However, th e  s ig n if ic a n c e  

o f t h i s  uptake remains in  doubt in  th e  case  of those worms which norm ally 

dw ell in  e s s e n t ia l ly  anaerobic environm ents such as the I n te s t in a l  lumen. 

No helm inths s tu d ied  to  d a te , re g a rd le s s  o f th e i r  oxygen req u irem en ts, 

com pletely o x id ize  s u b s tra te s  to  carbon d iox ide  and w ater. Incom plete 

o x id a tio n  is  suggested by the  f a c t  th a t  a l l  ex cre te  o r s e c re te  organ ic  

end-p roducts . I t  would appear th a t  te rm in a l re s p ira t io n  i s  e i th e r  ab­

sen t o r r a te - l im i t in g  in  t h i s  e n t i r e  group of organisms (Saz, 1971).

The s ig n if ic a n c e  of a e ro b ia s is  v e rsu s  an aero b ias is  in  some 

sp ec ie s  rem ains unknown. Von Brand (1946) s ta te d  th a t  some worms liv in g  

in  th e  gu t may lead  aerob ic  l iv e s  w hile o th e rs  in  the  same environm ent 

lead  anaerob ic  l iv e s .  Perhaps a number o f apparen tly  puzzling  observa­

tio n s  can be in te rp re te d  in  term s of developm ent. For example, T r ic h i­

n e l la  la rv ae  a re  ferraen ters (von Brand e t  a l . , 1952; C astro  and F a irb a irn , 

1969a). N ev erth e less , they  e x h ib it  more Krebs cycle and cytochrome ox i­

dase a c t i v i ty  (Agosin, 1956; Goldberg, 1957) than do most he lm in th s . 

F a irb a irn  (1970) gave a p o ss ib le  ex p lan a tio n  fo r  th i s  phenomena. In the  

muscle of th e  h o s t, th ese  la rv ae  are  in  a r e s t in g  stage which may con­

tin u e  fo r  y e a rs . At any tim e th e  muscle i s  ingested  by a p re d a to r , th is  

s tage  may be in te r ru p te d . They then develop w ith in  72 h rs  in to  re p ro - 

d u c tiv e ly  m ature in te s t in a l  worms. Although l i t t l e  i s  known about ad u lt 

m etabolism , ^  v i t r o  c u ltu re  s tu d ie s  showed th a t  growth and development 

from la rv ae  to  a d u lts  requ ired  oxygen (B ern tzen , 1965). The p resence  of 

aerob ic  systems in  the  la rv ae  may th e re fo re  in d ic a te  p re p a ra tio n  fo r  th e  

nex t s tag e  o f development.

Larvae have been repo rted  to  consume oxygen a t  a r a te  o f 2 .24 p i
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oxygen/mg dry substance p er h r (Stannard e t  1938; von Brand e t  a l . ,  

1952). Kozar e t  (1965) on th e  o th e r hand rep o rted  a value n early  

four tim es as h igh . These in v e s t ig a to rs  used s t e r i l e  ty ro d e 's  so lu tio n  

and s a l in e  in  the  absence of a n t ib io t ic s  to  measure oxygen uptake. In 

the  p re se n t study oxygen consumption by la rv ae  was no t m easurable, where­

as a d u lt worms consumed oxygen re a d ily  (Table 6 ) .  In comparison to  mixed 

stages of R h ab d ite lla  which a re  f r e e - l iv in g  and are  known to  req u ire  

oxygen, a l l  i n te s t in a l  s tag es  of T r ic h in e lla  consumed oxygen a t  o n e -th ird  

the r a t e  of th e  f r e e - l iv in g  nematode. The use of a n t ib io t ic s  in  th ese  

fin d in g s  may account fo r  th e  d iffe re n c e s  between th i s  study and e a r l i e r  

s tu d ie s .  I t  i s  p o ss ib le  th a t  p rev ious s tu d ie s  by o th er au thors  could 

have measured oxygen consumption by b a c te r ia  ra th e r  than la rv a e . Another 

p o ss ib le  exp lana tion  fo r  th i s  c o n f lic tin g  re p o r t  i s  th a t  oxygen uptake 

by la rv a l  s tag e s  may be in h ib ite d  by the  a n t ib io t ic s .  A re p o r t  re fe r r in g  

to  t h i s  type of in h ib it io n  was made by B a r re t t  (1969b) w hile studying 

S tronqy lo ides r a t t i .

The f a c t  th a t  a d u lts  consume oxygen does no t n e c e s sa r ily  in d i­

ca te  th a t  th ey  ob ta in  a l l  th e i r  energy by means of r e s p ir a t io n .  F ? irb a irn  

(1970) s ta te d :  " I f  some sp ec ies  (nematode) should u ltim a te ly  prove to

have an oxygen requirem ent fo r  th e i r  energy m etabolism , i t  remains un­

d en iab le  th a t  most of th e i r  energy requirem ents can be s a t i s f i e d  by f e r ­

m en ta tio n s ."

F a irb a irn 's  view i s  supported by th e  f a c t  th a t  a d u lt T r ic h in e lla  

excre ted  ferm en ta tion  a c id s . V o la tile  f a t ty  ac id s  excreted  by equal num­

bers of T r ic h in e lla  la rv a e  and a d u lts  were id e n tif ie d  and q u a n tita te d  by 

GLC as shown in  F igure 5 . All s tag es  produced fo rm ic-, a c e t ic - .
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p ro p io n ic - , n -b u ty r ic - , n -v a le r ic -  and n-hexanoic ac id . However th e  p e r­

cen t com position v a ried  co n sid erab ly . Larvae excreted  th re e  tim es as 

much acid  as a d u lt worms (Table 4 ) .  The q u a n tity  of each ac id  produced 

by d i f f e r e n t  s tag es  d if fe re d  markedly (T able 5 ) . V aleric  ac id  i s  th e  

predom inating ac id  fo r  la rv a e , ^ i c h  agrees w ith the  fin d in g s  of C astro  

and F a irb a irn  (1969a). On th e  o th e r hand, 24- and 48-hr a d u lts  ex cre te  

p r im a rily  a c e tic  and hexanoic a c id , and 96-h r in te s t in a l  worms e x c re te  

p r im a rily  p rop ion ic  ac id  along with equal amounts of th e  o th e r a c id s . 

O bviously, ferm entation  ac id s  of la rv ae  a re  q u a l i ta t iv e ly  s im ila r  bu t 

q u a n t i ta t iv e ly  d i f f e r e n t  from those produced by a d u lt worms. The f in d ­

ing of ferm en ta tion  ac id s  in  a d u lts  does n o t support an e a r l i e r  re p o r t  

by O liver-G onzalez and Bueding (1948) th a t  a d u lts  do no t produce ac id s  

in  a s a l t  medium con tain ing  g lucose . Perhaps ferm enta tions in  a d u lt 

worms ex p la in  how they  surv ive Ln v i t r o  fo r  48 h r in  KRB b u ffe r  gassed 

con tinuously  w ith 959̂  N2:59( CO2  (a n a e ro b ic ) , bu t do not move as a c tiv e ly  

as those incubated in  oxygen. Adults may c a r ry  out fe rm en ta tions w hile 

they  a re  f re e  in  the  gut lumen, y e t have th e  p o te n tia l  to  produce energy 

a e ro b ic a lly  while in  co n tac t w ith th e  mucosa where the oxygen ten s io n  i s  

r e la t iv e ly  h igh.

The g re a te r  m o ti l i ty  of worms under aerob ic  co n d itio n s  suggested 

th a t  th e  amount of energy obtained a n ae ro b ic a lly  was too  low to  support 

muscle movement. This con ten tion  was proposed fo r  la rv ae  by von Brand 

e t  a l . (1952), bu t was no t supported by th e  fin d in g s  of C astro  and 

F a irb a irn  (1969a). To determ ine i f  t h i s  i s  th e  case fo r  a d u lt worms, 

a c id  production  should be examined to  determ ine i f  an ae ro b ia s is  in c rease s  

th e  ou tpu t of ferm enta tion  a c id s .
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In a prev ious experim ent, both T r ic h in e lla  a d u lts  and mixed 

stag es  o f R h ab d ite lla  took up oxygen re a d i ly .  This oxygen uptake was 

a lso  cyanide s e n s it iv e  (Table 6 ) .  Stannard e t  (1938) rep o rted  th a t  

la rv ae  oxygen uptake was s tro n g ly  in h ib ite d  by cyanide. However, s ince

oxygen uptake was in s ig n if ic a n t  fo r  th e  la rv a l s tage  in  th e  p re sen t

study , th e  e f f e c ts  of cyanide could n o t be measured.

The p re lim inary  experim ent w ith cyanide, an i r r e v e r s ib le  meta­

b o lic  in h ib i to r  of cytochrome ox idase , aroused in te r e s t  in  o th e r meta­

b o lic  in h ib i to r s  which might in h ib i t  g ly c o ly s is  (iodoacetam ide), the  

cytochrome system (a z id e ) , and o x id a tiv e  phosphorylation  (2 ,4 - d in i t ro -  

pheno l). T r ic h in e lla  in te s t in a l  s tag es  were incubated in  KRB b u ffe r  con­

ta in in g  0.001 M iodoacetam ide, 0.001 2 ,4 -d in itro p h e n o l, 0.1 M sodium cy­

anide o r 0 .1  M sodium azide and gassed continuously  w ith 9(% N2:5# C02*5(( 

02» With th e  exception of 2 ,4 -d in itro p h e n o l, a l l  in h ib i to r s  k i l le d  10(% 

of the  worms w ith in  24 h r (Table 7 ) .  Since 2 ,4 -d in itro p h en o l i s  known 

to  uncouple o x id a tiv e  phosphorylation  and e le c tro n  tra n s p o r t  and since  

the worm i s  ab le  to  surv ive in  th e  p resence of th i s  in h ib i to r ,  i t  i s  

ev iden t th a t  g ly c o ly s is  can supply enough energy fo r  a sh o rt period  of 

tim e.

Since m etabolic in h ib ito r s  had de trim en ta l e f fe c ts  on a d u lt 

T r ic h in e l la . the  nex t two experim ents were designed to  examine th e  e f ­

fe c ts  of th ese  same in h ib ito r s  on v ia b i l i t y  of la rv ae  as measured by a l ­

te ra t io n s  in  th e i r  in f e c t iv i ty  r a te  and rep roductive  cap ac ity  (Tables 8 

and 9 ) .  Iodoacetamide k i l le d  100^ of th e  la rv ae  w ith in  48 h r ,  which may 

in d ic a te  th a t  g ly c o ly s is  was in h ib i te d . Although o th e r in h ib i to r s  ap­

peared to  have l i t t l e  o r no e f f e c t  upon la rv ae  a f te r  48 h r incubation  as
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determ ined m ic ro sco p ica lly , development of la rv ae  follow ing in fe c t io n  was 

s ig n if ic a n t ly  im paired. Many p a ra s i te s  are  anaerobic in  th e  r e s t r i c t e d  

sense th a t  they  a re  able to  s a t i s f y  t h e i r  needs fo r  energy by means of 

ferm en ta tion . Whether they  a re  s t r i c t l y  anaerobic re q u ire s  dem onstra­

t io n  th a t  th ey  grow and develop in  an atmosphere known to  be oxygen-free; 

or a l te rn a t iv e ly  th a t  enzymes c a ta ly s in g  syntheses in  which m olecular 

oxygen i s  a r e a c ta n t  are  absen t o r n o n -functiona l (F a irb a irn , 1970). 

T r ic h in e lla  re q u ire s  oxygen fo r  development from the la rv a l  to  a d u lt 

s tages (B erntzen , 1965), and i t  i s  apparen t from the  p rev ious ex p e ri­

ments th a t  i r r e v e r s ib le  cytochrome in h ib i to r s  l ik e  cyanide and az id e , 

although they  do no t k i l l  la rv a e , do p reven t development to  m a tu r ity .

M ills  and Kent (1965) suggested  th a t  adverse e f f e c t s  on T rich­

in e l la  la rv ae  in  an iimiune h o s t r e la te  to  circum stances which im pair ox­

ygen t ra n s p o r t  o r u t i l i z a t i o n .  The f a c t  th a t  la rv ae  depend on ferm enta­

t iv e  metabolism fo r  energy does no t mean th a t  la rv ae  a re  s t r i c t l y  an­

aerobic organism s. I t  i s  c le a r ,  however, th a t  t is s u e  hypoxia p e r  se 

would have l i t t l e  adverse e f f e c t  on energy production by th e  la rv a e .

On the o th e r hand, a d u lts  are  known to  tak e  up oxygen r e a d i ly ,  and th is  

same oxygen uptake i s  cyanide s e n s i t iv e .  A pparently, p o s t - la r v a l  s tages 

sw itch from a fe rm en ta tive  to  a r e s p ira to ry  type of energy m etabolism .

The p a r t i a l  p re ssu re  of oxygen th a t  may develop during in fe c tio n  could 

be d e trim en ta l to  the  in te s t in a l  s ta g e . However, oxygen p a r t i a l  p re s ­

sures have n o t been measured during  inflammatory responses in  th e  g u t, 

and inform ation on oxygen uptake by a d u lt  worms a t  d i f f e r e n t  p re ssu re s  

i s  u n a v a ilab le . Thus, i t  i s  no t c le a r  how lower oxygen te n s io n s  th a t  

develop during in fe c tio n  might a f f e c t  th e  p a ra s i te .
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Since a d u lt re s p ira t io n  was com pletely  in h ib ite d  by 0.1 M cya­

n id e , e le c tro n  tra n s p o r t  v ia  th e  cytochrome system was considered  to  be 

of p h y s io lo g ic a l im portance to  t h i s  s ta g e . Goldberg (1957) rep o rted  

th a t  both la rv ae  and a d u lt T r ic h in e lla  con ta in  components of the  c l a s s i ­

ca l cytochrome system , namely cytochrome C and cytochrome ox idase . The 

presence of th e se  components in  both  s tag e s  i s  d i f f i c u l t  to  in te r p r e t  

u n le ss  they  are  r e la te d  to  some o v e ra ll  change o r p ro cess  which can be 

m easured. Development in  helm inth p a r a s i te s  im p lies  a c ap ac ity  fo r  o r­

d e rly  re le a s e  of in form ation  to  be used in  th e  nex t s ta g e . As each s tag e  

may re q u ire  an extrem ely d i f f e r e n t  environm ent, p re p a ra tio n  fo r  i t  may 

lead  to  puzzling  o b se rv a tio n s , such as th e  ex is ten ce  o f aerob ic  e le c tro n  

t ra n s p o r t  systems in  a s tage  whose energy m etabolism  i s  fe rm en ta tiv e .

The a t t r ib u t io n  of u sefu l fu n c tio n  on th e  b a s is  of th e  determ ina tion  of 

enzyme a c t i v i t i e s  alone i s  u n d e s irab le , and in  developing organism s, can 

be m islead in g . Thus, the  concept of e p ig en e tic  ad ap ta tio n s  i s  u se fu l 

fo r  in te rp re t in g  th ese  o b se rv a tio n s . E p ig en e tic  ad ap ta tio n  e n ta i l s  r e ­

p re ss io n  or d e rep ress io n  of genes so th a t  o rd e rly  growth and development 

occurs throughout a l i f e  cycle  (F a irb a irn , 1970). Changes in  th e  ex­

te rn a l  environment may, i f  the  organism i s  capable of responding , lead  

to  changes in  c o n tro l mechanisms, m etabo lic  pathways, enzyme a c t iv i ty  

and m o b iliz a tio n  of energy re se rv e s  (Rao, 1967).

As p rev io u s ly  s ta te d , th e  presence o f aerob ic  systems in  the  

la rv ae  may in d ic a te  p rep a ra tio n  fo r  th e  n ex t s tag e  of developm ent. This 

p o s s ib i l i ty  was examined by comparing fu n c tio n a l a c t i v i ty  of the  aerob ic  

systems in  la rv a e  and a d u lt T r ic h in e l la . The p o ss ib le  presence o f aero ­

b ic  metabolism  can be measured fu n c tio n a lly  by means of abso rp tion  and
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o x id a tio n  of (U -^ ^ ) p a lm ita te . I f  p a lm itic  acid  i s  absorbed as shown by 

in co rp o ra tio n  in to  l ip id s  and g iv es  r i s e  to  ^4c02, one must assume th a t  

a fu n c tio n a l TCA cycle i s  o p e ra tin g . When p a lm ita te  i s  absorbed bu t not 

ox id ized , one of the  TCA cycle  o r p -o x id a tio n  enzymes i s  absent (Ward 

and F a irb a irn , 1970a, 1970b). Both in ta c t  worms and homogenates of 

T r ic h in e lla  la rv ae  and a d u lts  were incubated  in  KRP b u ffe r  con tain ing  

2 .13  pCj of p a lm itic  acid  w ith a s p e c if ic  a c t iv i ty  of 542 p,Ci/mole. In­

t a c t  a d u lt T r ic h in e lla  and a d u lt worm homogenates m etabolized absorbed 

(U-^^C) p a lm itic  acid  to  ^ ^ O ^ . In  c o n tra s t  only tra c e  amounts of 

were produced by la rv ae  incubated w ith  la b e lle d  p a lm itic  acid  (Table 10 ). 

P a lm itic  a c id  had been p u r if ie d  from o th e r carbon sources by TLC as de­

sc rib ed  in  Chapter I I .

To determ ine i f  p a lm ita te  was a c tu a lly  being absorbed by the  

nematodes, to ta l  l ip id s  were e x tra c te d  and fra c tio n a te d  on TLC p la te s  

coated w ith S i l ic a  Gel G. F igure  7 shows the  l ip id  sp o ts . Each spot was 

removed from the  p la te ,  and l ip id s  were e lu te d  in to  a s c in t i l l a t i o n  v ia l  

w ith  e th e r .  Table 11 in d ic a te s  th a t  th e  m a jo rity  of la b e l was found in  

th e  f re e  f a t ty  acid  f r a c t io n  f o r  both  la rv a e  and ad u lt worms. In the  

case o f a d u lt  worms, th e re  was some la b e l found in  g ly c e r id e s , cho les­

t e r o l  and s te r o l  e s te r  f r a c t io n s .  In th e  la rv ae  some la b e l was found in  

the  phospholip id  f ra c t io n  in  ad d itio n  to  th e  f re e  f a t ty  ac id  band.

The above fin d in g s  in d ic a te  th a t  both la rv ae  and a d u lts  d i f f e r  

w ith  re sp e c t to  energy m etabolism . I t  seems reasonable  to  conclude th a t  

even though th e  la rv a l s tag e  has been rep o rted  to  be anaerobic in  term s 

of energy p roduction , th e  a d u lt  s tag e  i s  aero b ic .



CHAPTER V 

SUMMARY

Metabolism in  a d u lt T r ic h in e lla  s p i r a l i s  was in v e s tig a te d . Re­

s u lts  were compared to  p rev ious re p o r ts  d ea lin g  w ith th e  biochem ical and 

p h y sio lo g ica l p ro cesses  in  the  la rv a l  s ta g e . M etabolic even ts were d is ­

cussed in  regard  to  t h e i r  ro le  in  the  development of th e  p a ra s i te  w ith in  

i t s  h o s t.

Hydrogen ion c o n cen tra tio n , a f a c to r  which i s  a lte re d  in  t i s s u e  

during in fe c tio n , was s tu d ied  as to  i t s  in flu en ce  on su rv iv a l of a d u lt 

worms. I n te s t in a l  worms recovered 24-, 48- and 96-hr p o s t- in fe c tio n  lo s t  

50 to  9(% of th e i r  v i a b i l i t y  a t  pH 6 .0  a f t e r  48 h r , whereas worms main­

ta in ed  a t  pH 7 .0  to  8 .0  re ta in e d  th e i r  v i a b i l i t y .  I t  i s  proposed th a t  

lo ca l a c id o s is  in  g u t t i s s u e  may c o n tr ib u te  to  te rm ina tion  of the  in te s ­

t in a l  phase of in fe c tio n . The ex cre tio n  of a l ip h a t ic  amines by i n t e s t i ­

nal worms i s  th e  f i r s t  r e p o r t  of amine e x c re tio n  by an a d u lt animal p a ra ­

s i t e  and may serve as an adap tive mechanism aimed a t  o f f s e t t in g  a drop 

in t is s u e  pH.

Excysted T r ic h in e lla  la rv ae  can su rv ive  an ae ro b ia s is  fo r  sev era l 

days by ferm enting endogenous carbohydrates . Adult worms cannot l iv e  be­

yond 12 h r  w ithout exogenous n u tr ie n ts .  The sh o rte r  su rv iv a l period  fo r  

ad u lts  may be re la te d  to  the  observed lower le v e l of u t i l i z a b le  t is s u e
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carb o h y d ra tes .

Experiments w ith (U-^^C) p a lm ita te  in d ica ted  th a t  a d u lt worms, 

bu t no t la rv a e , could u t i l i z e  s to red  l ip id  to  some degree fo r  energy 

p ro d u c tio n . (U-^^C) p a lm ita te  was absorbed and oxidized to  ^ ^ 0 2  only 

by th e  a d u lts .  This presumably in d ic a te s  th a t  p -ox ida tion  of l ip id s  oc­

cu rs  in  a d u lt worms. In o th e r  nematodes, th i s  ox idation  system has been 

found to  be c lo se ly  a sso c ia ted  w ith a fu n c tio n a l TCA cy cle .

In te s t in a l  worms c o lle c te d  96-hr p o s t- in fe c tio n  consumed 13.4 pi 

oxygen/mg p ro te in  per h r .  O ther in te s t in a l  s tages (24- and 48-hr) took 

up oxygen a t  approxim ately th e  same r a t e .  Oxygen uptake of la rv ae  was 

no t m easurable under s im ila r  co n d itio n s , whereas mixed s tag es  of a f re e -  

l iv in g  nematode, R h ab d ite lla  sp . ,  consumed 44.4  pl/mg p ro te in /h r .  Oxygen 

uptake by both T r ic h in e lla  a d u lts  and R habd ite lla  was in h ib ite d  by cya­

n id e .

Incubation fo r 48 h r in  0 .1  M cyanide and azide k i l le d  ad u lt 

worms. Larvae were not k i l le d  by th ese  cytochrome in h ib i to r s ,  bu t th e i r  

in f e c t iv i ty  was decreased s ig n if ic a n t ly .  Iodoacetam ide, an in h ib i to r  of 

g ly c o ly s is ,  k i l le d  both la rv a e  and a d u lts  exposed to  a con cen tra tio n  of 

0.001 M.

The complement of v o la t i l e  ac id s excreted  by a d u lts  was q u a l i ta ­

t iv e ly  s im ila r  but q u a n ti ta t iv e ly  d i f f e r e n t  from la rv a e . In c o n tra s t  to  

la rv a e , th e  a d u lt s tage  of T r ic h in e lla  appears to  be dependent p rim arily  

upon a re s p ira to ry  type of metabolism fo r  energy p roduction .

R esu lts  of th is  in v e s tig a tio n  in d ic a te  th a t  la rv a l and a d u lt 

s tag e s  of T r ic h in e lla  are  b a s ic a l ly  d is s im ila r  in  regard  to  s p e c if ic  as­

p e c ts  of metabolism . I t  supports th e  proposal th a t  accu ra te  conclusions
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about biochem ical and p h y sio lo g ica l fu n c tio n s  o r p ro cesses in  a c e r ta in  

p a ra s i te  o r s tag e  of a p a ra s i te  demand th e  study of th a t  sp e c if ic  p a ra ­

s i t e  o r s ta g e .
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