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PRELIMINARY OBSERVATIONS ON THE METABOLISM OF Clu-GLUCOSE BY
INTACT LARVAE OF TRICHINELLA SPIRALIS

UNDER NEAR ANAEROBIC CONDITIONS
CHAPTER I
INTRODUCTION, HISTORICAL REVIEW, AND STATEMENT OF THE PROBLEM

Introduction

Physiological studies of animsal parasites have unquestionably
developed considerably apart from invertebrate physiology in general.'
Basically, however, the intentions of sugh investigations are identical
regardless of whether one is dealing with free-living térrestrial or
aquatic animals or with the pérasitic variety. One strives to determine
by what mechanism such an organism survives in the habitat peculiar to
it. Here one finds that the hebitats of endoparasites diverge in many
ways from fhose of their free-living relatives. Parasitic forms are
exposed to an almost endless array of excretions and secretions of their
hosts their sites may or may not be very poor in oxygen; and the PH may
be uncommonly constant or merkedly verisble. To further tax the imagina-
tion of the investigator, one finds that parasites may live part of their
life cycle in the "outside world" with fluctuating environmental condi-
tions and the balance of their life cycle under the constant "host super-

vision" and controlled environmental provisions. Undoubtedly, these

1



2
conditions "leave their mark" on a parasitic'animal, but the most amazing
fact of all is not that parasites have adapted themselves to such given
circumétances but that they have altered themselves so irreversibly as
to have a "physiological need" for such an existence. Indeed, scme
forms cannot exist in the absence of what at first glance would seem to
be almost insurmountable barriers. This is the realm of host-parasite
relationship and is inseparable from perasite physiology.

In this investigation, the approach might appropriately be
termed a biochemical one, but the intent is most certainly not to neglect
the overall importance of the inferplay of enviromment provided by each
participant—-tﬁe parasite and the host. Adequate consideration of these
aspects dictates that one be continually mindful both of.the life his-
tory of the form studied and of the envirommental conditions supplied by
the host animal.

Although the carbohydrate metabolism of perasites is one of the
best known phases of parasite physiology, our knowledge is still far from
complete, both as to the mechanism of carbohydrate utilization and the
types of carbohydra#e metebolism occurring in most groups. It is no co-
incidence that carbohydrate metabolism should currently be enjoying in-
creased scrutiny in parasitic forms, since all forms living in anaerocbic
hebitats (such as the intestine) utilizé carbohydréte primarily because
it is the best source of anaerobic energy. Anoxidative processes are
primarily oxidation-reduction reactions and it has been pointed out that
the intermediately oxidized carbon atoms of carbdhydrate (H-C-0H) are.
ideally suited for such purposes. It is further noteworthy that most of

the parasites studied to date do not completely oxidize sugar to carbon
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dioxide and water. Although this is a necessary resulﬁ of the lack of
sufficient supply of oxygen when such forms are living in. an area of
reduced oxygen tension, the same observation is usually noted when such
forms metebolize aerobically (Cheng, 1964). In other words, most endo-
parasites are characterized by the prevalence of anaerobic or aerobic
fermentation. It is readily apparent that both anaerobic and aerobic
fermentation is "wasteful" but this is not a disadvantage to pérasitic
forms since they occupy surroundings that offer them a surplus of readily
availeble nufrients. Parasites may utilize the carbohydrate present in
their enviromment for synthesis of cellular materials; for production of
energy; or indirectly, for transformation into reserve energy stores.
Glucose would seem to be most frequently encountered by intestinal para- -
sites, and while its utilization has been shown for some endoparasites,
Stammerd, et al. (1938) were unsble to demonstrate a glucose consumption

by intact Trichinella spiralis larvae.

thymatic preparations from larvel homogenates or acetone powders
have revealed the presence of hexokinase, phosphohexose isomerase, aldo-
lase, glyceral phosphate dehydrogenase, enolase and lactic dehydrogenase
(Goldberg, 195Ta, 195Tb, 1958; Agosin and Aravena, 1959). This evidence
is quite indicative of the presence of a classical glycolytic scheme.
Goldberg (1958) postulates the occurrence of such a pathway similar to
that found in mammalien muscle. His evidence is based on the occurrence
of and the similar-optima of the enzymes purified and characterized.
These more elaborate studies are in good egreement with the earlier work
of von Brand et al. (1951) which indiéated fhat approximately the same

amount of endogenous glycogen was consumed during aerobic metebolism as

~
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in anaerobically metabolizing larvae. However, in the same report
(von Brand et al. 1951), it was noted that whereas no endogenous lipids
disappeared in anaerobiosis, the lipid content decreased sbout 21% per
day under aerobic conditions. That the larvae have a functional hemo-
globin, & complete cjtochrome system, succinic dehydrogenase and most of
(if not a c;ﬁplete) tricarboxylic cycle, is well documented (Agosin,
1956; Goldberg and Nolf, 1956; Goldberg, 195Tb). The same workers re-
ported the occurrence of these pigments in adult trichinae homogenates,
but stated that the enzymes were apparently less active than in the
larvae. These details, when coupled with the documentation that glycogen
is apparently fermented to CO, and energy rich volatile fatty acids,
illustrates an apparent idiosyncracy of these worms.

The reported presence of hexokinase and glucose-6-phosphate
dehydrogenase enzymes.(Agosin and Aravena, 1959 ) suggests that pathways
for carbohydrate degradation other than the classical glycolytic scheme
mey be present in T. spiralis. No attempts to obtain further evidence

that this may be true have been forthcoming.

Historical Review

Trichinells spiralis larvae were first described from the muscle

of man in 1835 by Sir Richard Owens at a meeting of the Zoological Society
in London. Credit for discovery of the worm, however, must be given to

a student of Owens' named James Paget (Gould, 1945). The description of
the worm from the flesh of hogs was published by Ieidy (1846), but the
great Germen scientists Leuckart (1860) and Virchow (1865) independently

unraveled the main features of the complicated life history of Trichinella
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spiralis. Numerous other investigators have contributed to our know-
ledge of the parasite. Notable in this group was Zenker (1860), who
demonstrated that the worm could cause a fatal illness in man in the
course of a few weeks. The presence of both intestinal and extraintes-
tinal phases has made the study of this rather unique parasiye a monu-
mental task, and possibly for this reason, the species has continued to
hold the fascination ofvinvestigators in ever-increesing numbers to the
current time. Larsh (1962) expressed it in the following manner:

"The infection produced by T. spirelis is very complex and, con-

sidered in the broad sense, is little understood even today.

To advance our knowledge, more information is needed considering

the physiology of both the parasite and the host. In recent

years, biochemical studies of larvae under various conditions

have been fruitful in providing information concerning chemi-

cal composition, certain metabolic pathways, excretory pro-

ducts, and so forth. However, the time has not arrived when

such data can be used directly to explain the many complex

interrelationships of the parasite and host...we mey in time

unravel the mysteries of thelr precise mechanism, especially

if the chemical studies continue to provide basic data con-

cerning the life needs and host-toxic metabolites of the
parasite.”

Thus, despite the tremendous efforts of scientists and the use of elabo-
rate scientific equipment, many important aspects of the paresite and the

disease it causes remain to be explained.

Life History of Trichinells spiralis

The following remarks concerning the life history of the trich-
ina worm must be prefaced by the realization that, although the cycle
discussed herein pertains primsrily to experimental infections of labora-

tory mice and rats, Trichinells spiralis is perhaps the single species

of parasitic nematodes least restricted in its range of hosts (Gould,

1945). It has been possible, on occasion, by experimentally altering
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some of the host's envirommental conditions, to infect an’almost endless
'array of animals with this remasrkaebly non-specific parasite. The prin-
cipal factor in the successful infection of animels which are not found
t0 be naturally infected seems to be body temperature. The worm develops
most efficiently in hosts having a body temperature of 35 to 37°C. In
general, homeothermic carnivores and omnivores are found to be naturally
parasitizéd, ét least on occasion, provided the host temperature range
stated above is met. However, the principal natural hosts of Trichinella
spiralis appear to be man, the pig and the rat (Gould, 1945).

Based upon the number of publications, the most popular hosts
for experimental studies have been mice, rats, hamsters, rabbits, and
guinea pigs, respectively (Larsh, 1962). Since mice have been used more
commonly as experimental hosts, the pertinent details of the life history
of the parasite in this animal are reviewed in order to bettér understand
the overall host-parasite relationéhips and, hopefully, to gain some in-
sight as to "important factors" provided by the host.

| The life cycle is begun by ingestion of viable trichina larvae
encysted in raw or undercooked meat, or more commonly in experimental
infections, By thé oral inoculation of larvae freed from infected muscle
tissue by the action of artificial gastric juice. In either case, larvae
freed in the stomach of the host pass into the small intestine where they
anchor themselves to the intestinal mucosa. Gould (1945) sugéests that
it is possible that they obtain both nutriment (tissue juice) and oxygen
for growth fram the mucosa. The first parasitic‘phase is usually termed
the pre-adult and it will undergo development to an adult in the 8th to

72nd postinfective hour according to verious investigators (Gould, 1945;
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Wu and Kingscote, 195T7; Berntzen, 1965). The development of & pre-adult
into a sexually mature adult worm in the small intestine has been inter-
preted to require from one (Hyman, 1951; Berntzen, 1965) to four molts
(Weller,,l9h33 Gould, 1945; Kim, 1961, 1962), but it is generally agreea
that the transformation is usually completed by the T2nd postinfective
hour (Gould, 1945; Larsh, 1962; Berntzen, 1965). If the recent work of
Berntzen (1965) is confirmed, the eﬁcysted trichinae (4th stage larva)
require oniy a single molt to become mature intestinal worms and in a
population of worms this molt occurs between the 8th to T72nd hour after
ingestion of viable larvee. If what Berntzen reports is true, this
would represent the fourth molt and would indicate that Trichinella has
a typical nematode life cycle rather than an atypical cycle as suggested
by the work of Weller (1943) and Kim (1961, 1962). Irrespective of the
number of molts (interpreted or postulated), both the pre-adults and
adults are deeply embedded in the intestinal mucosa and on occasion are
reported to have penetrated into the crypts of ILieberkuhn (Larsh, 1962).
The preferred site of the adult trichinae seems to be the posterior half
of the smell intestine (Roth, 1938; Larsh, 1962), which is a region
abounding in both partially ahd' totally digested nutriments (Read, 1950).
Some investigators have reported tha’t in young mice the anterior half
of the small intestine is more heavily parasitized; but the same effect
can be produced in older mice if any agent (such as morphine sulfate) is
~ administered which drastically re‘duces the intestinal emptying time
(Larsh and Hendricks, 1949). The effect of intestinal emptying time has
likewise been noted with other intestinal parasites (Read B 1959).

After the edult stage of the worm is reached, copuletion tekes
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plece either in the lumen or within the mucosa of the intestine (Berntzen,
1965). This occurs approximately 48 hours after the ingestion of in-
fected muscle, but only after the final molt of the participating worms
has been accomplished (Gould, 1945; Berntzen, 1965). The adult male
usually measures from 1.4 to 1.6 mm in lengéh by 0.033 to 0.04O in dia-
meter while the adult female is considerably larger, measuring frdm 2.2
to 3.6 mm in length and from 0.060 to 0.0Té m in diameter. After copu-
lation, male worms are slowly lost from the intestine. The time required
from fertilization of females until progeny are. deposited is about 96
hours at minimum (Berntzen, 1965), and the total number of larvae pro-
duced per female varies merkedly with the species of host. About 1000
to lSOO‘young trichinae are released by each female worm during her res-
idence in the intestine of a guinesa pig whereas in infected mice from
230 to 507 larvae are produced (Roth, 1939). The length of the female
wornm's residence in a particular host specigs varies from a usual maxi-
mum of 16 deys in the mouse to 37 days in the guinea pig (Roth, 1938,
1939 ); thus, if reduced to a basis of larvae released per female worm
per'day, the rates are comparable and furthermore are in good general
agreement with other earlier investigé&ors who reported that after the
onset of larviposition, approximately one larva was born f;om each female
worm every half hour (Gould, 1945). The gravid female releases the
second stege larvae directly in the mucosa (the first molt having occurred
in utero) (Berntzen, 1965). Gould (1945), in citing the interpretations
of other investigators, states that the discharge may be directly into
the lymphatics or lacteals of the intestinal villi and most pre&ious in-

vestigators accepted a hematogenous dissemination of the larvae to the
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muscles. However, Berntzen (1965) refutes that any significant number -
of larvae are found either in bloéd or the lymphatic system. Many con-
temporary investigators have inadvertently strengthened Berntzen's argu-
ment (even before it was advanced) by the admission that it is usually
extremely difficult to demonstrate larvae in the blood, even at expected
peek intervals. _

The route of juvenile migration from the intestine to the final
location in striated muscle appears to occur primarily via abdominal and
thoracic cavities and connective tissue. Examinations of fluid from the'
abdominal and thoracic cavities of host animals yield large numbers of
second stage larvae (méaéuring about 100 microns in length by 5 p in
width) starting at the fifth postinfectivé dey, and in experimental in- .
- fections of rats direct microscopic examinations of fresh mesentery show
larvae migrating through connective tissues (Berntzen, 1965). Micro-
scopic blood examinations during the same beriod a.ré tsually fruitless,
regardless of the host species involved (Gould, 1945; Kegan, 1960). As
early as 1860, Zenker noted that the trichinae were especially numerous
in the muscles at the sites of tendinous insertions. Examinations of
rodent striated muscle reveal increasing numbers of second 'stage Jjuveniles
from about the Tth postinfective day onward until sbout ‘Ehe 17th day,
after which the number increases slightly if at all (Phiilipson and
Kershaw, 1960, 1961; Berntzen, 1965). The size of newly deposited tri-
chinase apparently remains unchanged during their transit from the intes-
tine to the striated muscles (Gould, 1945; Berntzen, 1965). After arrival
in and invasion of the muscles, the larvae grow at the rate of 0.02 mm

per day (Roth, 1939) until a meximum size of sbout 1 mm in length and
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35 microns in width is attained within the cyst. Berntzen (1965) ob~
served the third and fourth molts during this period of rapid larval
growth - the third molt occurred spproximately four days after muscular
invasion and the fourth molt occurred ﬁbout the eighth day. The last
ecdysis produces the fourth stage larvae, and these are infective to
the next host. According to this scheme, the fourth molt occurs aboﬁt
thé 16th postiﬁfective day. This time corrélates well with the occur-

rence of infective larvae in muscles of most experimental hosts.

Nematode Nutrition and Physiology

Although some recent general reviews are availsble (Bueding
- and Most, 1956; Bueding, 1960, 1962a, 1962b; Fairbairn, 1960; von Brand,
1960; Lee, 1965), most of the work on nematode physiology has been per-
formed on Ascaris, ﬁsually from hogs, and an excellent review of these
studies is availeble (Fairbairn, 1957). The reason for extensive study
of this parasite is rather obvious; it is a large form and easily obtain-
able. Since there have been no metabolic studies on tﬁe adult Trichinella
spiralis and there appear to be certain similarities between Trichinella
and Ascaris, the information available primerily ffom metabolic studies
of Ascaris will be utilized in attempting to explain certain physiologi-
‘ cal characteristics of the intestinal trichinae.

In the initial consideration of parasitic nemstode nutrition,
it should be pointed out that it is believed that nematodes afe exceed~
ingly peculiar in at least one respect since, in genersl, they undergo
no somatic cell multiplicatidn after hatching in spite of a very con-

siderable increase in size (Hyman, 1951). The major growth requirements
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therefore are for cytoplasmic rather than nuclear synthesis and the
nucleic acids occur in rather small quantities relative to the total
tissue weight (Smyth, 1962). Thus it is expected, and usually observed,
that the most rapid growth phase does not occur until the parasite reaches
the intestine with its abundant supply of food materials. However, the
picture is not as ciear as it might seem for with the adaptation to a
parasitic existence, there ié generally associated an increased repro-
ductive capacity. This implies either a synthesizing capacity on the
pert of the parasite or a provision of precursors for nucleic acid syn-
thesis by the enviromment. In the case of Trichinella, it is felt that
the developed ovum in utero contalns sufficient endogenous reserves to
enable a fully formed active larva to develop without the absorption of
further nutriment. However, any time a measurable increase in the over-
all size of the larva occurs, nutrients are required to sﬁpply energy
and precursors for the s&nﬁhesis of additional cytoplasmic materisal.
Then, at the time of sexual maturation, additional demands are made
~ either of the parasite or its enviromment. In the adult trichinae, this
requirement may be met by: (1) the ready availability of all host
dietary components; (2) de novo synthesis of genetically importent com-
pounds by the parasite; (3) ingestion and absorption of the required
substances from intestinal cells; or (4) any combination of the sbove.

Digestion of fdodstuffs by nematodes may be extracorporeal,
intracorporeél, or a combination of the two, but it is always, so far as
is known, extracellular (Rogers, 1962). Extracorporeal digestion is
»thought to occur in nematodes whose food must enter the body by way of

a hollow stylet, the dimensions of which are such that even bacteria
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would transverse it with difficulty. Such forms are usually phyto-para-
sitic, but demonstration of cytolysis of host tissue by zooparasites is
certéinly not uncommon. Intracorporeal digestion is thought.to be more
comuon in nematodes although in some cases some preliminary solubiliza-
tion of food may occur externally (Hobson, 1948). Smyth (1962) regerded
the general morphology of the pharynx found in intestinal trichinae to
be "markedly adapted for sucking". In 1939, von Someren demonstrated
that adult trichinae of both sexes possessed a functional buccal stylet
which could be protruded and retracted, probaebly for lacerating host
tissue and releasing tissue fluids for nutrition. The same investigator
suggested that the stichosome (the cells imbedded in the esophagus) had
a secretory rather than absorptive capacity, and also noted the presence
of two unicellular digestive glands at the junction of the esophagus and
the intestine. He believed the adult trichinae penetrated the mucosa
with the stylet to reléase the cell contents and fed upon tissue fluids
..af the mucosa. The larvae also possess a stylet for boring and it is
tempting to speculate that they may gain some nutriment by cytolytic
‘action as they penetrate through connective tissue. Rogers (19%41), in
a study of Ascaris amd Strongylus, and Carpenter (1952), in an examina-
tion of the digestive enzymes of Ascaris, were sble to demonstrate the
presence of amylase, lipase, protease and four different peptidases in
the esophagus and to a lesser extent in the mid- and hind gut. Their
findings add strength to the generalization that nematodes probaebly con-
tain an array of digestive enzymes (Cheng, 1964). Some of these diges-
tive enzymes undoubtedly are released to the exterior by the esophagesl

glanas, but at least certain smounts would be added to the ingested -
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nutriment on its passage to the intestine where the foregut secretions
augment the enzymatic arrsy. In addition to cytolytic effects noted on
cells,.reports of circumoral precipitates. gbout both larvee and adults
by immune serum strongly suggests that some enzymes are released by these
forms. From the above considerations it is evident that extracorporeal
diéestion is obligatory in some forms; in others it is useful but non-
essential; and in other parasites it may play no part in the normal di-
gestive processes, which are then entirely intracorporeal. |

Absorption of digested foodstuffs by nematodes is even more
poorly understood. It seems certain, however, that in adult nematodes
absorption ugually occurs by way of the intestine and not through the
cuticle (Rogers and Lazsarus, 19#9). This interpretation becomes more
hazardous in consideration of larval nutrition due to the less imper-
vious nature of the newly formed cuticle (Bird and Rogers, 1956; Bird,
1958). The acid and alkaline phosphatases found in the intestine are
thought to play an essential role in the absorﬁtion of simple sugars
against a concentration gradient (Rogers, 1962). That these enzymes
are obligetory in Trichinells larvae seems dubious as the tissues con-~
tain relatively small amounts of glucose (0.04% of total tissue solids)
but contain instead considerable quantities of the dissacharide trehalose
(1.76% of total tissue solids) (Fairbairn, 1958). Thus, the concentra-
tion gradient would favor glucose sbsorption and the enzymes would
possibly be superfluous. However, no concrete evidence is available
that either larval or adult trichinae utilize glucose. Stannard, McCoy,
and Latchford (1938) reported glucose gave no stimulation of oxygen up-

take in the aerobically metabolizing larvese.
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Distribution of absorbed substances is mediated by the hemo-
lymph which bathes all thé 'bissués. This is also the transport system
for the movement of solutes from one tissue to another as well as for
removal of metabolic wastes. This fluid has a rather high osmotic poten-
tial but is always consistently lower than the osmotic potential of the
host gut fluids (Hobson et al, 1952). The high osmotic pressure is due
to a high ash content in which the cations of X, Na, Ca and Mg predom-
inate. Cl is the principal anion but is present'in insufficient quantity
to balance the cations; the deficiency is made up by volatile and non-
volatile organic acids (Bueding and Most, 1956) and bicarbonate (Fairbairn,
1957). Proteins, carbohydrates, and fats are all present. The proteins
consist mainly of albumins and globulins which differ little in amino
acild content from their host. Non-protein nitrogen consists chiefly of '
free amino aclids, peptides, urea, and ammonia. Carbohydrates present
consist chiefly of glycogen and trehalose with only traces of glucose
and other free carbohydrates (Fairbairn, 1958). Fats are the least
gbundant and are represented mostly by phospholipids and triglycerides
(Fairbairn, 1960). The preceding information is derived solely from
the studies of Ascaris hemolymph as detailed analysis on Trichinella are
not yet pqssible. It 1s likely that other parasitic nematodes may not
vary greatly in the general bomposition of the perienteric‘fluid.

Hemoglobin is usuelly found in the hemolymph and this is some-
times cited as evidénce of an aerobic metabolism (von Brand, 1952; Cheng,
1964). This is a misconception for hemocoel hemoglobin of Ascaris binds
oxygen so tightly that it is almost impossible to dissoc‘iate it even by

chemical means (von Brand, 1960) and so it is doubtful whether this
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compound is of any value in oxygen transport. Regarding the influence
of varying oxygen tensions on the rate of oxygen consumption, von Brand
(1960) divides the invertebrates into two large groups: (1) those which
can maintain an unaltered rate of oxygen consumption even at low tensions
because of easy entry of oxygen into their bodies (i.e., high surface/
volume ratio) and/or an efficient distribution mechanism (i.e., & func-
tional pigments) and (2) those which have a respiration dependent upon
oxygen tension. This concept makes meaningless the old debate reéarding
the aerobic or anaerobic nature of intestinal ﬁé?ms purely on the basis
of habitat. Thus, it is theoretically possible to find two different
species of worms lying side by side in the intestine with one leading'
a predominanfly anaerobic existence while the other exhibits a primarily
aercbic metebolism. The choice would depend on (1)‘an endowment 6f and
(2) the functional quality of respiratory pigments. While Ascaris adults
apparently would fall in category 2 mentioned abqve, Trichinella larvae
contain functional respifatory plgments and a favorable surface/volume
ratio which meskes respiration independent of oxygen tensions as low as
6 mn Hg (Stannerd et al, 1938). It is tempting to speculate that the
seme would be true for -adults and pre-adults of this form in the intes-
tine but the reports that marked changes in cytochrome content occur
during the larval development of Ascaris does not permit this assumption
(Costello and Oya, 1963). Fairbairn (1960) states that no obligate
anaerobesvhave been found in the nematodes slthough some adult forms
(especially Ascaris) appear to be microaerophilic. Although some eggs
withstand lengthy periods of anoxia, there has been general sgreement

that the metabolism of nematode eggs is primsrily, and even obligately,
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aerobic (Fairbairn, 1960).

Oxygen at partial pressures up to at least 160 mm Hg is not
toxic to most adult nematodes; in fact at these pressures it frequently
aids their survival in vitro (Rogers, 1962). All nematodes can respire
in oxygen, but the question is raised as to ﬁhether or not this respi;-a-
 tion gives rise to energy which is useful in th;a economy of the pérasites
in vivo. Possibly, larvae of T. spiralis require the energy derived
from oxidative metaebolism for motility (von Brand, 1952) and perhaps it
is used only for this function. There is some evidence that oxidative
processes which use lipids as substrates are to some degree independent
of the anaerobic processes and do not lead to the conservation of carbo-
hydrate. It seems possible, therefore, that the oxidation of fats may
be necessary for the migration of the larvae in vivo, but when the lar-
vae lie quiescent in the muscular tissue of the host the anaerobic cata-
bolism of carbohydrates probably provides sufficient energy for survival
(Rogers, 1962). The importence of the same schemes to the intestinal
trichinae is difficult to evaluate because of inadetj,uate knowledge as to
just how much me:ility is necessary for survival. Fairbairn (1960)

‘ speculates that, in all nematodes, the amounts of energy required for
motion and locomotion in vivo are small.

While this is not an attempt to negate the efforts of others,
it has been pointed out (Fairbairn, 1960; von Brand, 1960; Rogers, 1962)
that manometric determinations of oxygen uptake (%2) and respiratory
quotients (RQ) of parasites in vitro may be quite misleading. For example,
bthe ionic composition of the suspending medium may profoundly affect the

_ respiration rate (Bueding, 1949) and removal of CO, may produce similar
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alterations. To illustrate the latter statement, routine Warburg deter-
minations on the oxygen uptake of Nippostrongylus muris indicated that
the early, free-living larvae were unaffected by the presence of 5% €Oy
but this concentration of 002 doubled the oxygen uptake of the infective
larvae (Schwabe , 1957). Measurements obtained in abnormel saline or
buffer solutions mey also be misleading due to & stimulation of activity
(Rogers, 1962). In addition to measuring oxygen consumption, many workers
have determined carbon dioxide production during respiration and from
the results, have calculated the R.Q. As pointed out by Fairbairn (1960),
carbon dioxide measurements are in themselves legitimete, but fhe inter-
pretation of R.Q. values even in animels whose metabolism is compara-
tively well-kno#n is hazardous because the interpretation presupposes
that all CO2 arises from the complete oxidation of the substrate and
that no CO, fixation by the tissues has occurred. Thus such data should
be examined with extreme caution and the assumptions involveéd should be

recognized.

Biochemistry of Nematodes

'Protein and Amino Acid Metebolism
The exact essential amino acids required by the parasitic nems~
todes are unknown due primarily tp our insbility to culture such forms
until recently. It would appear that protein synthesis must be quite
efficient, considering the increased reproductive capacities of adult
fema]_.es as well as the rapid growth phases following molting of ia.rvae.
There are indications that various transaminases are present in nematodes,

thus allowing for efficient interconversions of amino acids (Rogers, 1962).
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Reﬁuctive amination of pyruvate and a-ketoglutarate has been demonstrated
in Ascaris tissues (Pollak and Fairbairn, 1955). The occurrence of both
——prdces;ses in nematodes would suggest that they are not totally dependent
upon host dietary amino acids as was suggested as & possible expla.na‘bioq
for strict host specificities of the cestodes (Read, 1965)."
Haskins and Weinstein (1957, a,b ,c) studied the end products of

nitrogen metebolism in Trichinella spiralis lervae and reported that

they excrete 2.8 mg. nitrogen per gram of wet body weight, of which 33%
is ammonisa, 20% is peptide nitrogen,. 29% is amino acid nitrogen, and T%
is volatile amino nitrogen. Eleven amino acids were identified in the
excreta and the majority of these are termed "essential" in mammelian
metabolism. Most of the amines found are thought to represent décarboxy—
lation products of corresponding amino a‘cids and some of those identified
are known to have profound pharmacological actions on tissues of higher
animals (Fairbairn, 1960; Rogers, 1962). These nitrogenous substances
are thought to be normally released although the in vitro amounts may

be somewhat elevated (Fairbairn, 1960). The effects of these nitrogenous
excrements on host physiology are ratﬂer obvious but jﬁst what they in-
dicate in terms of parasite nutritional requirements remains to be evalu-

ated.

Lipid Metabolism
Althouéh lipases and esterases occur in the gut of certain in-
testinal nematodes, it is not known whether fatty acids can be gbsorbed
through the intestinal wall (Cheng, 1964). Likewise, the synthesis of

lipid in these forms has not been explored (Fairbairn, 1955, 1956).
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Regarding 1lipid catebolism, there is some evidence that higher
fatty acids give rise to trehalose and glycogen in embryonating Ascaris
eggs (Passey and Fairbairn, 1957). Presumsbly this occurs by catabolism
to & 3=-carbon compéﬁnd followed by condensation of the 3-carbon intermedi-
ates, possibly via glucose to glycogen. This conversion of fat to carbo-
hydrate has not been conclusively demonstrated in animals but is known
to occur in germinating seeds (Fairbairn, 1960).

During aerobic metabolism of larval trichinae, there is & signi-
ficant decrease in tissue lipids of the parasite. Anaserobically, how-
ever, lipid appears to be metabolically inert (von Brand et al, 1951;
voh Brand, 1952). This decrease in lipid content during _periéds of
aerobiosis appears to be associated with the energy requirements for
motility. The assessinent éf this observation has been previously dis-

cussed.

Carbohydrate Metabolism in Nematodes Other

than Trichinells spiralis

Glycogen is the main type of reserve nutrient found in the
bodies of parasitic nematodes and it is not known to differ from mamma-
lian glycogen except for a slightly smaller molecular weight (von Brand,
1952). When parasitic nematodes are starved, glycogen is depleted
rapidly and results in the production of metabolic end-products outlined
in a succeeding paragraph. Nothing is k'nown about the synthésis of gly-
cogen in parasitic nematodes so it is assumed to follow pathways similar
to those found in mammals (Rogers, 1962). The presence of monosaccharides,

especially glucose, leads to a net synthesis of glycogen in Ascaris and
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Entner and Gonzalez (1958) cited isotopic evidence to indicate that
approximately 50% of the glucose utilized from the medium wes channeled
initiaj.ly to glycogen synthesis.

The mechanism for synthesis of trehalose is uncertein although
the relative abundance of this disaccharide is ‘rather high in the para-~
sitic nematodes studied to date. Trehalose cannot be directly converted
by polymerization to glycogen. If it contributes to glycogen synthesis,
an initial hydrolysis would be necessary for the rearrangement of the
1—-1 to a 1—k4 type of carbon linkasge found in glycogen.

It has been suggested that nematodes depend upon carbohydrate
metabolism as their source of energy primarily because proteins and
lipids do not lend themselves to the internal oxido-reduction reactions
characteristic of anaerobic processes. However, even in the more
aerobically dwelling parasite nematodes, carbohydrate metebolism is the '
main method of producing energy. In such cases, carbohydrates are not
oxidized complétely to carbon dioxide and water which indicates that the
process is of the fermentative type. Fermentation products typlcally
include carbon dioxide, organic acids (Bueding and Yale, 1951; Bueding,
1953; Fairbairn, 1954; Fairbairn, 1960; Rogers, 1962), and various
alcohdls (Bueding, 1951; Fairbairn, 1960; Rogers, 1962). Carbc;n dioxide
arises from pyruvate or other intermediastes in the formation of acid and
non-acid fermentation products (Fairbairn, 1960; Rogers, 1962). The
organic acids typically range from C2 to C6 in length (both branched and
non-branched ) and » although they originate during anaercbic glyco]&sis,
these products continue to be produced in approximstely the same amounts

during aerobic metabolism (Fairbairn, 1960; Rogers, 1962). Lactic acid
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is a major excretion product only in & very few forms whereas fatty
acid(s), especially valeric acid, is commonly produced as & result of
nematode metabolism (von Brand, 1952; Rogers, 1962). Thus, it would
appear that aerobic respiration is merely superimposed upon a constant
basic fermentation. The identification of various alcochols during
metabolism has not been extensively studied but acetylmethylearbinol
has been found as & normal excretory product in the nematodes, Ascaris

and Litomosoides (Fairbairn, 1960; Rogers, 1962). It is suggested that

release of such non-acid substances mey occur fairly generally.

Aside from the carbohydrates primarily concerned in energy me-
tabolism, others of a more or less complex nature are also present.
These include the ribose and deoxyribose of nucleic acids as well as
fhe amino sugars and uronic acids of glycoproteins and mucoproteins.

A number of reports have appeared describing the histochemical distri-
bution of nucleic acids and glycoproteins in nematodes (Fairbairn, 1960)
but these will not be discussed at this point.

In concluding this brief survey of carbohydrate metebolism, it
mey be legitimate to ask why nematodes indulge in such metabolic acro-
batics as the formation of energy-rich fatty aéids , especially of 5 to
6 carbon length, when simple reduction of pyruvate to lactate suffices
in most systems as the waste product. A doubtful possibility might be
that energy is obtained in the conversion. More acceptable reasoning,
however, might be based upon the chemical properties of the acids them-
selves. Glese (1962) points out that cell membranes are considerably
more permeable' to undissociated than di;ssociated forms. Since the dis-

sociation constant of lactic acid is about ten-fold that of valeric
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acid, this might be a plausible reason for the formation of fatty acids.

Another closely related point is that the fatty acids, being only slightly
dissociated, are excreted mainly in acid form whereas lactate excretion

would possibly be a more severe drain on tissue cation reserves.

Carbohydrate Metabolism in Trichinella spiralis

Currently, there is general agreement that many of the earlier
attempts to reveal metabolic traits in parasitic nematodes are .open to
some criticism because they were not conducted under bacteria-free con-
ditions. More recent attempts to eliminate or control bacterial con-
tamination in such metabolic studies have employed chemotherapeutic
sgents, either during preparatory or incubation phases. The effects of
such agents on the metesbolism of paresitic forms subjected to investi-
gation remsins largely unevaluated and thus has not completgq.y solved
the problem.

The respiratory metabolism of T. spiralis larvae has been pre-
viously studied by several .investigators. Stannard et al. (1938) em-
ployed mainly manometric techniques in their experiments and pointed
6ut the need for additional confirmation of their work with chemical
studies. Such studies were pursued and eleborated by von Brand et al.
(1951). The latter group conducted studies in the absence of drugs but
used & 3 hour digestion method to free the larvee from muscle tissue.
Isolation and characterization of various enzymes associgted with carbo-
hydrate metabolism have been performed by other workers. The results
of these studies are smmnafized in Figures 1 and 2. The indiiridual(s)

isolating and characterizing the specific enzymes are indicated in each
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"figure. While these studies on worm homogenates do yield valueble in-
formation as to potential capabilities of the larvae, it is impossible
to determine the value of the particular enzyme or enzymatic pathway to
the intact worm in such anslysis.

The hazards of carbon balances and respiratory quotients have
been previously discussed. Since zooparasitic nematodes are not rou-
tinely cultured in vitro throughout their entire life cycle, meny of
the experimenteal ‘procedures developed for the study of bacteﬁa.l metab-
olism are not feasible. However, the use of radioisotopes to evaluate
the preponderaﬁce of metebolic pathways should theoretically be appli-
cable in parasite physiblogy studies. For example, Stoner and Hankes

(1955, 1958) have employed Cl)'P

-gmino acids to demonstrate the uptake of
certain amino acids by parasites in vivo as well as the subsequent
metabolism in vitro. ‘

As yet, no attempts to study the carbohydrate metabolism of
I. spiralis larvae with radioisotopes have been made. Consideration of
the biochemical information regarding 2.'spiralis larvae suggests an
ability to utilize exogenous glucose. This fact was contraindicated
only by the report of Stannerd et al. (1938). If an uptake of exogenous

Clh

-glucose did occur, it would then be possible to use variously
labelled Clu-glucose to gain insight as to operative pathways found in
the larvae. The rationale of the method is shown in Figures 1 and 2.
It is apparent that if only anaerobic glycolysis occurs, the ratio of

Cll"O2 released from glucose-l-cl)'" and glucose-6-Cl)+

should be 1 since
both labels would be found only in the methyl carbon of the glyceralde-

hyde-3-phosphate. On the other hand, if Cll"Oa is preferentially
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released from glucose-l-cl,"', when compared to glucose-6-Clh-, th:f.s is
presumptive evidence that the shunt mechémism outlined in Figure 2 is
also operative. Such a situation would give a Cl/ C6 ratio greater than

1.

General Considerations

The importance of establishing a "total picture", in so far
as possible, prior to initiating an experiment regesrding parasite bio-
chemistry is best described by Rogers (1962):

"An example from outside parasitology msy best explain what I
mean here. The problem, let us say, is to discover the essen-
tial biochemical differences between muscle and liver. We
might start, without any knowledge of the biology of these
tissues, by studying their basic metabolism - aerocbic and
anaerobic respiration, the general processes of nitrogen cata-
bolism and the mechanisms of synthesizing new tissues. The
results would show that different parts of the basic ground
plan of metabolism would have different emphasis in the dif-
ferent tissues as well as other minor variations. Even the
synthetic mechanisms would probably be basically the same
though the substances synthesized would differ. Greadually,
however, informaetion would accumulate which the inspired
biochemist could interpret to show that the essentieal bio-
chemical differences were those which concerned the con-
tractile function of muscle and the storsge function of the
liver. Would this information have come more quickly if we
had started with our biological knowledge ebout the functions
of liver and muscle? I think so. This may seem a gross
exaggeration of the situation of research on parasitism.

But one must asgree, for instance, that more information on
the bilology of infectiousness and the host as an environment
for the parssite is needed as a basis for biochemical studies
on parasitism.”

Statement of the Problem

The present investigation was designed to obtain data to demon-
strate or deny the ability of the intact organism to utilize exogenoms

glucose under anaerobiosis. Until this study no radioisotopic techniques
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have been used to examine this facet of Trichinelle spiralis larvae,

although all investigators are aware of the merits of such a technique.
For adequate evaluation, the initial research objectives wereﬁ |

(l) to determine the necessary methods for the recovery of high
numbers of viable muscle larvae in a short period of time
following host death.

(2) to devise suitable techniques for the recovery of bacteria-
free larvae without the use of antibiotics of chemotherapeutic
egents.

(3) to establish relisble methods to quentitate larval popula-
tions. .

(%) +to select suitable radioisotopic methods for determination
of biochemical pathways found in intact viable larvae.

Thus, after sulteble preparatofy techniques had been devised,
labelled glucose—clh would be used as & substrate in studies of larval
carbohydrate metabolism. The analysis of the amount of labelling occur-
ok

ring in the 01“02 evolved from glucose-1- as compared to glucose-6-

1k

C™" would give presumptive evidence as to the relative importance and

pathway(s) of carbohydrate catabolism utilized by intact larvae. Further

information about worm-bound Clh

s in each instance, would add evidence
to indicate the existent pathways.

It was further proposed to determine the amount of labelling
which occurred in the various important biological compounds following
nearly anserobic incubation of the larvae in laebelled glucose. The

possible fates of such carbon atoms derived from glucose are outlined in

Figure 3. From this figure it is seen that nucleic acid, glycogen and
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various carbohydrate frections would probebly be labelled if both the
classical glycolytic pathway and pentose monophosphate pathway are pre-
sent. Iebelling of fatty acid and protein would not be expected to any
major extent. Presumsbly, some fatty acid labelling could occur as a
resuit of pyruvate degradation followed by conversion to acetyl Co A
and its subsequent reactions. Protein could be lebelled only if there
were transamination of pyruvate to alanine. Howevexj ,' if anserobic
shunts (portions of the Kreb's cycle) were present to provide a suifable
substrate for a given transeminase, other amino acids could also become

labelled.



CHAPTER II
EXPERIMENTATL, METHODS

Parasite Preparatory Techniques

The techniques utilized in cleaning and preparing the infected
mice before the digestion procedure described later, were not eYaluated.
Since few bactefia suf&ive passage through gastric julce, the outlined
procedure may be of little importance or perheps not ev;n necessary in
preventing such contaminations. However, these techniques are relatively
repid, easily performed, and were therefore incorporated into the experi-
mental procedure without further evaluation.

The method outlined for the recovery of larvae from the infected
animals described below was found to be quite satisfactory in most aspects.
The use of blénderized tissue instead of larger fragments seemed to be
indicated by the work of Kozer and Kozar, 1963. Obviously, the larger
the fragments, the longer the period required for complete digestion of
the tissue. Kozar and Kozar found a definite loss of larval infectivity
to be associated with the lengthy digestions perscribed by other investi-
gators and therefore, in this study, it was decided rather arbitrarily
to minimize the digéstion pefiod. Unfortunately, blenderizing does in-
crease the number of damsged larvae and thereby reduce the total larval

yield per animal. To remove these inactive larvae, the added step of

requiring the larvae to crawl through the four layers of bandage gauze
‘ 32



33

into a Petri dish 1id was included. This did increase the time required
for preparations but had the added benefit that only active larvae,
virtuaily free of debris, were available in subéequent manipulations.

The subsequent passage of larvae through & relatively large
volume of sterile saline successfully removed most, if not all, contan;-
inating bacteria. While the final result in this case cannot be taken
as evidence of. any single procedure, the final preparations revealed
only 9 contaminated tubes out of a total of T2 i)repared in this manner.
"It is possible that the 9 tube_s were contaminated in the later manipula~
tions as surface growth, most likely as an aerobic contaminant, was

evidenced in the thioglycollate medium.

Recovery of Viable Larvae

Trichinella spiralis larvee used in all experiments were ob-

tained from female mice infected with 200 larvae approximately 3 to U
months prior to necropsy. The strain of T. spiralis used in this study
has been maintained ih rats and mice in this laboratory for several years.
The host animals were initially from the Jax strain and have been inbred
in our animal house for many years. The female mice were infected at
one month of sage.

Three to four months post-infection, mice were sacrificed and
the larvae freed from host tissue using artificial gastric juice. The
procedure was as follows: +the mouse was killed by a single blow to the
head, the feet were amputated just above the ankle, the tail was clipped
off at the base and a small cut was made through the hide just behind

the ears. It was then possible to skin the mouse by pulling the pelt
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posteriorly while holding on to the head with the other hénd. The head
was then removed and the animel eviscerated. Care was taken not to spill
any of the gut contents on the carcass. All excess adipose tissue was
then removed, the carcass was washed in running tap water and dipped in
TO% ethanol. The carcass was then placed in a Waring blender with about
EQQ ml. of artificial gastric juice (7 ml. HCl and 10 grams powdered
pepsin per liter of distilled water), and blenderized for 30-45 seconds.
The resulting puree was poured into a 4000 ml. beaker, the blender con-
tainer was washed several times with artificial gastric juice and this
wash material was added to the digestion besker until the approximate
concentration in the beaker was one liter of gastric juice to ten grams
iof blenderized tissue. Digestion of the Earcass material was hastened
by placing the beaker on & magnetic-stir heating plate at 37°C with con-
stant stirring for forty-five minutes, at which time digestion was usually
complete. The freed larvae were recovered by pouring the contents of
the beaker thru two layers of gauze into a large funnel. After about
twenty to thirty minutes, most of the larvae were concentrated in the
bottom fifty milliliters of the fluid in the funnel; This approximate
volume of fluid was withdrawn into a 500 ml. beaker, 400 ml. of Hank's
basal salt solution was added, and four layers of bandage gauze were
secured over the top of the besker with a rubber band.‘ A Petri dish
cover was placed over the beaker and the entire apparatus quickly in-
verted. About 10 ml. of Hank's solution were then adéed to the Petri
dish. Actively moving larvee were found in large numbers in the Petri
dish about 15 minutes later and ﬁhese were easily removed with an oral

pipette while observing the manipulation under a dissecting microscope.
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Larvae obtained in the manner described above were then pipetted .

into & vertical series of two separatory funnels which previously had
been autoélaved and filled with sterile Hank's salt solution (Figure h).
The volume of this apparatus was gbout 2500 ml. By gravity, the washed
- larvae became concentrated in the 500 mi. Erlemmeyer flask and, as deter-.
mined by inoculation of a bacteriological medium, were bacterially
sterile. All glassware and/or materials used after this point were
sterilized by autoclaving or filtration through a Seitz filter.

By increasing the total amount of artificial gasbtric juice as
| well aé amounf of carcass material in each digestion beaker, and by us-
ing more sedimentation funnels, it was possible to recover large numbers
of actively moving larvae. The entire procedure, from sacrifice of the
host until "clean" larvae were available for incubation in experimental

studies, generally required about four hours.

Bstimation of La.rva_l Quantity

In order to estimate the number of larvae present, the 500 ml.
Brlenmeyer flask containing the washed larvae and a magnetic stirring
bar were removed from the washing appartus (Figure 4). " About 200 ml. of
the salt solution was carefully but quickly decanted and the flask stop-
pered with a cotton plug. The flask was then placed on a magnetic stir-
ring-heating plate at 37°C. Using & pro-pipette and a sterile 1 ml.
pipette , samples were removed and placed in Syracuse wetch glasses. The
number of larvae in each container was counted under a dissecting micro-
scope and the concentration of larvae per ml. of salt solution was ad-

Justed either by adding or removing éome of the suspending fluid.
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Figure 4.--Larval washing apparatus
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Preparation of Redioactive Substrates

Fifty pC emounts of each glucose-U--C:l-lL (CFAX 217 lot 2), glu-
cose-1-c** (CFAX 204 1ot 1), glucose-2-c1* (CFAX.154 1ot 27), and glu-
cose-6-CLt (CFAX 205 Lot 1) were purchased from Nuclear-Chicago Corpora-
tion. Carrier glucose (D-glucose, Curtin Compeny) of 1.0 M concentra-
tion was prepared by weighing 90 grams of the sugar into a’500 ml. volu-
metric flask. The flask was brought to total volume and thoroughly
mixed. A 25.0 ml. sample of the carrier glucose was then pipetted to
each of four 50 ml. vblumetric flasks. The radioactive isotope sample
was opened and rinsed with distilled water into the 50 ml. flask. After
six such rinsings, fhe flask was brought to volume with distilled water
and labelled to ‘indicate the respective position of the C:Ll+ label. These

- radioactive substrates were utilized in all the incubations performed in

this study and had approximately 1 pC/ml. totel activity.

Metabolism of Variously Labelled Glﬁcose-Cll* Substrates

Washed larvae were incubated anaerobically in physiological
saline for varying time intervals (3, 6, and 18 hours) in a medium con-
taining either g:l.ucose-U-CllL B glucose-l-Cll" s glucose-a-cl)* or glucose=
6-Clll'. The expired CO, was trapped in 5.0 ml. of 20% NaOH to determine
the relative amount of Clll'Oe respired from the variously lebelled sub-
strates. Duplicate samples were incubsted concurrently for each time
interval with the specifically lebelled substrate. Two loopfuls of the
incubation medium were inoculated into glycollate medium at the close of
the incubation period to determine if bacterial contamination had occurred.
If there was contamination, the sample was discarded. If no bacterial

colonies were evident after 48 hours, the sample was considered to be
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free of bacterial contamination.

The incubations were performed in a specially designed apperae-~
tus (Figure 5) which could be autoclaved prior to use and then placed
in a water bath masintained at 37°C during the experiment. The procedure
in this study was as follows': 10 ml. of the washed larval suspension
(recovered and assayed as previously steted) were pipetted into each of
the 15 ml. conical base centrifuge tubes, allowed to settle, and 6 ml.
of the supernate removed with a sterile pipette. One ml. of 0.5 M speci-
fically lebelled glucose (containing 1 pC/ml.) was then added to each
tube, bubbling of N2 gas ipto each container was begur;l (tl;c_—: flow to each
'c;xtainer could be regulated by an individual thrée-ﬁay'valve), and the
incubation apparastus was placed in the water bath of a Warburg apparatus.
Nitrogen gas was continuously bubbled through the incubation medium until
the expiration of the pre-set time interval. At this time, duplicate
incubation tubes were removed, the COa-trapping solutions were tightly
stoppered and stored. The larvae were centrifuged from the incubation
medium, washed three times with 1.5 ml. of sterile saline, suspended in
0.5 ml. of Hank's salt solution, frozen in an alcohol-dry ice bath and
stored in the deep-freeze. The wash water was added to the incubation

medium, quick frozen and stored in the deep-freeze.

CllL Counting Procedures

The trapped 002 was precipitated with an excess of saturated
BaClo, solution and the precipitated Ba.(!O3 washed four times with COa-free
distilled water. Re-suspension of the precipitated material after each

centrifugation was facilitated by the use of a Lab-Line Super Mixer.
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Figure 5.-=Individual incubation tube with 002 trap
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After the final wash, the precipitate was suspended in sbsolute ethanol
end 1.0 ml. of the samples pipetted to previously weighed, concentric
stainless steel plenchets (Atomic Accessories, Inc.). The sample on
the planchet was evaporated to dryness and weighed. The radioactivity
of the expired 002 was determined in a Nuclear-Chicego continuous gas
flow counting system. Corrections were mede for se].f;absorption of the
sample as well as for the background activity and the specific activity
per 100 mg of BaC03 was calculated. |

The larvae were removed ‘from the deep-freeze and washed_ into
standard scintillation vials (Nuclear-Chicago Corporation) of known
weight. After addition of the larval material to the vials, they were
placed uncapped in & large dessicator attached to a vacuum pump and
dried for 48 hours. Vials were again weighed and 1.0 ml. of hydroxide
of Hyamine (10X) (Packard Instrument Co., Inc.) added to each vial. The
larvae were then digested by incubation in the capped vials for five
hours at lLE-SOOC. Fifteen ml. of standard scintillation solution (Lt
grams 2,5 diphenyloxazole and 50 ml. 1,4-bis-2 [5-phenyloxazolyl] -
benzene, Nuclear-Chicago, Inc. per 1000 ml. of spectro-quality toluene,
Metheson Coleman and Bell) were added. To effect solution of the Hysmine-
worm complex in the toluene, 1.0 ml. of sbsolute ethanol was placed in
each vial before the addition of scintillation solution. The mixture
was then counted in a Nuclear-Chicego room temperature liquid scintilla-
fion syétem (Model 723). Correction for quenching was calcﬁlated by the
channels~-ratio method (Nuclear-Chicago Tech. Bull. No. 13). If colored
solutions resulted, 0.1 ml. of C *-benzoic acid in toluene (activity

22,581 dpm/ml.) was added and the correction obtained by plotting a
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separate color-quench curve. After correction of the count for quench-
ing and background activity, the total activity per 10 mg of larvae was

recorded.

Fate of Glucose in Intact Larvae

Determination of the fate of exogenous glucose metabolized by
the intact larvae was attempted in the fdllowing marmer: A 200 ml. sus-
pension of washed larvae (cont'aining an aversge of T90 larvae per ml.)
in Hank's basal salt solution was pipetted into a sterile 250 ml. flask.
The larvee were allowed to settle for 10 minutes, and 155 ml. of super-
nate was removed with a pipette. The supernatant fluid was examined to
verify that no larvae were removed from the suspension. O0il pumped ni-
trogen gas. was then bubbled through the larval suspension for 5 minutes,
and then 5 ml. of 0.5 M glucose-U-Clh (Nuclear-Chicago CFAX 206 lot 1)
containing 4.25 uC/ml. was added to the incubation flask. Nitrogen was
bubbled continuocusly through the mixture during incubation at 37° for
2l hours with continuous shaking. The expelled gaseous mixture was
bubbled through two carbon dioxide trapé, each consisting of a fritted
glass filter in 75 ml. of 10% NaOH solution. The NaOH used for the
trapping solution was initially prepared as a 50% solution, centriﬁlged
at a high speed to sediment any bicarbonate present, and diluted to 10%
with Coa-free water. At expiration of the pre-determined incubation
phase, the trapped-002 was stored in tightlyb stoppered flasks and worms
were centrifuged from the suspending supernate. Prior to centrifugation
of the incubation mixture, two loops of the mixture were inoculated into

tubes of thioglycollate medium and incubated for 48 hours at 37°C to
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check for bacterial contaminstion. The worms were then washed four
times with physiological saline. Both worms and supernatation, in
separate containers, were quick-frozen in an ethanol-dry ice bath and
stored in the deep~freeze.

After de‘bérmining that no bacterial conta:_ninatiOn had occurred,
the Coz-trapping solution was treated as previously described. In the
radioactive determinations, samples of known activity were included so
that corrections could be mede for self-sgbsorption of the sample, back-
ground activity and machine efficiency. The determined counts per min-
ute in the expired 002 could then be adjusted to absolute counts. This
data could then be compared directly with that obtained with the liquid
scintillation system used in the balance of the radiocactive determina-
tions. :

The worms were suspended in 0.05 M phosphate buffer (pH T7.2)
and hbmogenized in a Virtis '45' microhcmogenizer. The homogenate was
centrifuged at 300X g in an International Model V centrifuge to remove
large f;'agments. The supernatant fluid was treated with three volumes
of cold 10% trichloroacetic acid (TCA). The precipitate that resulted
contained protein, 1lipid, nucleic acid, and some glycogen. The super-
natant fluid contained glycogen and "acid soluble”™ substances. Both
the supernatant fluid and the precipitate were fractionated further as
shown in Figure 6. Precipitate II was washed a total of five times
with cold 10% TCA (3X) and 5% TCA (2X) to remove the glycogen. The com-
bined washes were pooled to form supernatation II, from which glycogen
was precipitated by the addition of two volumes of 95% ethanol in an ice

bath. Lipid materials were then removed from precipitate II by first
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HOMOGENATE

centrifuge at 300X g

PRECIPITATE I SUPERNATATION I
(large fragments)

cold 10% TCA

f — n
PRECIPITATE II SUPERNATATTION II

cold 95% ethanol -

PRECIPITATE A SUPERNATATION A
(glycogen) (acid solubles)

reflux with ethanol: ether
and chloroform: methanol

| p— 1]
PRECIPITATE III SUPERNATATION B
(1ipids)

hot 10% NaCl

. | - Al
SUPERNATATION III PRECIFITATE B
‘ (protein)

cold 95% ethanol

PRECIPITATE C
(nucleic acid)

Figure 6.--Procedure flow sheet for larvel fractionation
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refluxing with 50 ml. of ethanol: ether (3:1) for two hours and then
with 50 ml. of chloroform:methanol (1:1) for one hour. The supernatent
fluids were combined and concentrated. Thus supernatation B represented
the extractable lipid fraction of the homogenate. The remaining pre-
cipitate (precipitate III) was next extracted with hot 10% NaCl, two
extractions each of one hour duration were performed in & boiling ‘ﬁater
bath. The remaining précipitate (precipita‘be ]-I—II) was taken to repre-
sent protein while the nucleic acid in supernatation III was precipitated
with two vblumes of cold 95% ethanol, washed and redissolved.

Aliquots of precipitates I, A, B and C as well as supernatations
A and B were placed in standard scintillation vials. Fifteen mls. of
standard scintillation solution were added to each vial and the samples
were then counted in a Nuclear-Chicago Corporation T23 room tempersature

liquid scintillation system.



CHAPTER III

RESULTS

Bstimating Parasite Populations

The date presented in Teble 1 indicate fhe number of lervae per
1 ml. of Hank's basal salt solution obtained by the larval estimation
method set forth in Chepter II.. Twenty samples of 1 ml. volume were
removed from each of three flasks (A? B, and C) and placed in Syracuse
watch glasses. Each flask contained & different number of larvae. The
samples in the watch glasses were placed in the refrigerator overnight
to immobilize the larvae and thereby expedite counting. The larvae were
counted under a B & L Zoomoscope at maximum megnification.

As -this procedure sppeared to be reasonably reproducible, it
was selected as the method of choice for the subsequent mesnipulations
requiring standard numbers of larvae for comparisons. In order to adjust
the total number of larvae per tube prior to incubation, a single 1.0
ml. sample was withdrawn and counted. Then, during the dispensing pro-
cedures after the initial adjustment, & total of twenty 1.0 ml. samples
were withdrewn at random. These samples were refrigerated overnight
and counted the succeeding dey in order to obtain the average number of

larvae in each incubation tube.

45
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TABLE 1

ESTIMATTON OF LARVAL POPULATIONS

Semple No. Flask A Flask B Flask C
. 309 496 607
2. 291 153 586

273 450 633

L. 263 - 519 576
5 282 50k 592
6. | 301 4h9 597
T. 255 502 575
8 289 489 613
9 282 7k 550
10. 216 L93 626
i1. 301 LeT 605
12. 316 500 579
13. 28 487 ' 574
k. 254 469 612
15. 286 503 690
16. 292 478 606
17. 267 467 616
18. 308 k95 639
19. 287 kot 574
20. 311 483 622
Total/20 ml. 574 9675 12072

Average Number/ml. 286.2 483.75 603.6
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Effects of the Experimental Environment on Larval Weights

An experiment was conducted to ascertain the effect of the
nitrogen atmosphere on the weight of the larvae when incubated in 0.1 M
glucose and Hank's basal salt solution (5 ml. total volume). Accord-
ingly, duplicate samples from the same larvel batch were placed in ‘the
incubation tubes for 3, 6, 12, 24 and 48 hour periods. At the expira-
tion of the predetermined intervel, the duplicate samples were removed
from the bubbler and‘washed three times with 2.0 ml. of Hank's salt
solution. '];he excess saline was removed from the sample with a pipette
after the final wash. '.Lhe samples were quick frozen in an aleohol-dry
ice bath and then washed into weighing vials with distilled water. The
vials containing samples were dried in vacuo and then weighed on a
Mettler Model HV-6 belance to determine the dry weight of the sample.
The results of this study are shown in Table 2 and suggest that a slight
but measurable decresse in the weight of the larvae occurs during the
48 hour incubation period. It should be pointed out that not all of
the salt solution can be removed by pipetting after cenfrifugation so
the dissolved salts in this solution do contribute to the determined
.dry weights. The average number of larvae per sample was estimated to
be 4838.

Specific Activity of Cl)"'Og Released During Incubation

in Variously Labelled Glucose Substrates

Duplicate semples of lervae were prepared and incubated in glu=-

L b

cose-U—Cll", glucose-l-ClL", glucose-2-C~", and glucose-6-C The total

volume of the incubation mixture was 5 ml. Glucose concentration in
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TABLE 2

DRY WEIGHT OF TRICHINELLA LARVAE AFTER INCUBATION IN
0.1 M GLUCOSE-HANK'S SALT SOLUTION
FOR PERIODS UP TO 48 HOURS

Length of Sample Net Weight Aversge Dry
Incubation Number (ng.) 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 L.5
4.65
2 4.8

*Estimated 4800 larvae.
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- all flasks was 0.1 M. The saline solution employed was Hank's basal
salt solut;on.A_The incubation mixture was prepared by adding 1.0 ml. of
labelled glucose to 4.0 ml. of salt solution containing.the freed larvae.
Prior to the addition of substrate, the larval suspension was exposed
to bubbling Né gas for 5 minutes. Glucose was then added end bubbling
of N, gas continued for 3, 6, and 18 hours. The CO, was trapped in in-
dividual tubes containing 5 ml. of 20% NaOH. The NaOH trapping solu-
tion was initially preparéd in a 50% concentration and centrifuged to
remove any dissolved bicarbonate. The solution was then diluted to 20%
concentration with COz-free distilled water. The aversge number of
larvae per tube was estimated to be 2862.

At the close of each respective incubation period, the COz-trap-
ping tube was tightly stoppered and stored in the refrigerator. Two
loops of the supernate were withdrawn and inoculated on thioglycollate
medium. All cultures were still negative after 48 hours.

The trapped 002 was then precipitated'with g standard sblution
of BaCla, washed five times with 002-free water and suspended in ebso-
lute ethanél. Aliquots were subsequently plated on pre~weighed planchets
and evaporated to dryness. The samples were again weighed and placed in
& Nuclear-Chicego open-window continuous gas=-flow counter. The deter-
mined counts were corrected for self absorption and background activity.
Tables 3, 4, and 5 present the results of these studies, and Figure T
shows these results plotted as curves. No attempt was made to correct
the BaCO3 activity to indicate the absolute activity. However, the
counting device employed has a usual efficiency of about 30%. The

. counts as presented are comparable because of the standard conditions
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TABLE 3

SPECIFIC ACTIVITY OF EXPIRED CO, AFTER THREE HOURS
_ INCUBATION IN 0.1 M GLUCOSE- HANK'S
BASAL, SALT SOLUTION

R R R SRR

Incubation Time Substrate Cpm/ 100 mg. BaCO3 Average
3 hours G-U—Cl)"' 143
G-U-C 153
g-1~c1* k2
146
g-1-ct* 150
g-o-c14 65
63.5
g-2-c 62
G-6-cL¥ 65
77.
g-6-ct* 87




SPECIFIC ACTIVITY OF EXFIRED CO, AFTER SIX HOURS
INCUBATION IN O.1 M GLUCOSE-HANK'S
BASAT, SALT SOLUTION

51

TABLE 4

Incubation Time Substrate Cpm/100 mg. BaCOq Average
6 hours G--U-CllL 226
236
G-U-c1* 245
G-1-c1# 279
289
G-1-cH 298
g-2-c 157 )
163
g-2-cH 170
a-6-c1H 125
130
a-6-c** 136
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TABLE 5

SPECIFIC ACTIVITY OF EXPIRED COp, AFTER EIGHTEEN HOURS
INCUBATION IN 0.1 M GLUCOSE-HANK'S
BASAL: SALT SOLUTION

Incubation Time Substrate Cpm/100 mg. BaCO;  Aversge
18 hours G-u-c* 485
535
-v-c* 571
g-1-c** 286 c
29
G-1-c1* 305
g-2-ctH 195 ‘
197
gu2-ctH 200
G-6-c1* 185
17T
G-6-c1* 170




Counts per minute per 100 mg. Ba.co3

£
3

2

8

5

Figure T.--The specific activity of trapped C02

U-Clt glucose
l-Clh glucose
2-cX glucose

6-012" glucose

Time (hoﬁs)

33
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utilized in the incubstion procedure. Further comment regarding the
different specific activities of the trapped 002 will be deferred to the

chapter entitled DISCUSSION.

Clh-Bound in Larval Tissue

Larvae were incubated in the presence 0.1 M glucose which was
" labelled either uniformly or in the 1, 2 and 6 positions. The incuba-
tions were conducted under commercially available nitrogen gas which was
continuously bubbled through the liquid phase. After exposure to the
substrate for either 3, 6 or 18 hours, duplicate tubes were removed,
and two loopfuls of supernate inoculated into thioglycollate broth. The
lérvae were then ceﬁtrifuged from the supernatation and washed five
times with 1.5 ml. of saline solution. Excess saline was removed with
a pipette. The larvae were suspended in 0.5 ml. of Hank's salt solution,
quick frozeﬁ in an alcohol-dry ice bath, and stored in the deep-freeze.
After determining that bacterial contemination had not occurred,
the larvee were thawed and transferred into previously weighed standard
scintillation vials. The vials were then placed in a dessicator, a
vacuum pump attached and viael contents dried in vacuo for 48 hours. The
scintillation vials were again weighed on a Mettler HV-5 balance snd
1.0 ml. of Hyamine Hydroxide (10X) added to each container. The capped
containérs were next placed in an oven heated to 50-5500 for five hours
to digest the larvae. One ml. of absolute ethanol was added to each
vial to effect the solution of the Hyamine-worm complex. Fifteen ml. of
- standard scintillation fluid was added to each vial and the samples were

counted in the Nuclear-Chicago Model 723 room temperature liquid
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scintillation system. The corrected total counts per 10 mg of vial
contents are listed in Tables 6, 7 and 8.

In order to correct for the quenching effect of the Hyamine and
ethanol in the vials, a standard quench curve was established by the
channels~-ratio method and all counts were corrected to indicate total
disintegrations occurring in the dissolved materials. The background
correction was that obtained from a blank containing appropriate amounts
of Hyamine, ethanol and scintillation solution. On occasion, some
colored solutions were.dbserved, in which case a separate quench curve
was calculated by the addition of Clu-benzoic acid of known radioactivity
to these samples. Such samples were egein counted in the scintillator
in order to obtain the corrected total activity of the container.

L

It was apparent that the larval bound CL' activity veried with
the position of the lebel in the glucose substrate as seen in Figure 8.

Plausible explanations of this data will be covered in DISCUSSION.

Larval Fractionation

In order to furthef pinpoint the reasons for the observed dif-
ferences in lebelling patterns, attempts have been made to fractionate
the larvae into protein, lipid, glycogen, nucleic acid and acid soluble
_fractions according to the scheme shown in Figure 6 (Pasge 43). Due to
the very small quantity of material presented by several thousand larvae
as well as to their low specific activity, no success was realized in
these attempts. The last attempt to fractionate the larvae involved
the use of a Virtis '45' microhomogenizer which appears éuitable fbr

fractionation of the larvae. However, higher total nmumbers of larvae
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TABLE 6
c* BOUND IN TRICHINELLA LARVAE AFTER THREE HOURS

INCUBATION IN 0.1 M GLUCOSE-HANK'S
BASAL: SALT SOLUTION

Incubation Time Substrate Cpm/10 mg. Worm Average
cpm/10 mg.
3 hours G-U-c1* ool
‘ A 24l
G-U-ct o6k
G-1-ct* 93
103
g-1-c* 113
G-a-clu 18k
190
g-2-c* 196
a-6-c 85
120
G-6-cllL 160




Cl)'L BOUND IN TRICHINEI.LA LARVAE AFTER SIX HOURS
INCUBATION IN 0.1 M GLUCOSE-HANK'S
BASAL, SALT SOLUTION

L)
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TABLE T

Incubation Time Substrate Cpm/10 mg. Worm Average
cpm/ 10 mg.
6 hours a-u-ct* 275
292
c-u-ct* 308
G-1-ct* 114
133
g-1-cH 151
g-2-c* 250 ,
300
G-2-cL¥ 350
g-6-c 278
291
a-6-c** 30l
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TABLE 8

Clu BOUND IN TRICHINELLA LARVAE AFTER EIGHTEEN HOURS
INCUBATION IN O.1 M GLUCOSE-HANK'S

BASAL: SALT SOLUTION

Incubation Time Substrate Cpm/10 mg. Worm Av7ig.ge
: epm/10 mg.
18 hours g-u-ct* 616
' 579
G-u-cH 541
G-1-c14 300
329
G-1-c1H 357
g-o-c1* 360 |
35k
g-2-ch 348
g-6-c1* 46T

473
G-6--cllL 485




60

te per 2800 larvae

per minu

W

3

Counts

O =l

> — -

U-Clh glucose

1-c1+ glucose
2-C* glucose
6-c14 glucose

CA) of

O\

65



60
and higher specific activity substrates will be required before radio-

“activity determinationé are sufficiently above background levels.



CHAPTER IV
DISCUSSION

~This sfudy indicated that glucose was not actively transported
into fhe cells of intact larvee. As determined by the count rate of
both cll‘o2 and % associated with the larvee, less than 1% of the exo-
genous glucose was utilized. This resulted in low specific activity of
the fractions counted. However, some glucose catabolism was evident

from the asctivity of the trapped CO As the larval tissues contain

X
only minor amounts of glucose, the entry of glucose into the cells of
the larvee was probebly in response to a concentration gradient. How-
éver, once this substrate entered the cells, it was then metabolized
via the functional pethway(s). The différences in specific activities
of the 01”02 and 5ound-0;h, after incubation in variously labelled Cl)+
glucose, were therefore evidence of the pathways of carbohydrate meteb-
olism present in the intact larvae.

Theoretically, if a glucose molecule is absorbed and catabolized
directly, and the data plotted on a curve, the specific activity of
Clho2 should remain parallel to the abscissa after reaching maximal
enzyme velocities. A graphic analysis of the 01”02 trapped during incu-
bation of lervee in Clh glucose-substrates was presented in Figure T.
Noting initially the plot obtained with U-Clh glucose, it is of interest

to point out that one would not expect the observed increase in specific

61
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activity of the expired CO, (with time) under near anaerobic conditions.
This was interpreted to indicate the probeble incorporation of the la=-
belled compound into glycogen as well as the direct catabolism of glu-
cose. In such a situation, it is obvious that glycogen would become
more highly labelled with the isotope as the time intervals are lengthened.
If the glycogen is also being mobilized to supply energy, and certainly
a decrease in glycogen content of T. spiralis larvae under anaerobiosis
seems well documented (von Brand, ib_ ;a;._l_., 1951), then the increase in
specific activity of expired 011*02 would be in order. A similar occur-
rence was reported for Ascaris (Entner and Gonzalez, 1958) where it
appeared that the exogenbus glucbse , upon entry, was channeled approxie-
mately 50% to glycogen and 50% to catabolic processes. In the catabolism

of U-Clll' glucose, the major portién of the Cluo evolved apparently

2
originated from carbon positions three and four, especially after six

hours incubation. As the radioactivity per specific carbon atom in this
ﬁniformly labelled substrate is only one-sixth that of the other isotopic
substrates, it was apparent that the glycolytic pathway was the primery
scheme for degradation Qf glucose.

Another interesting observation was that the Cl/ C6 ratio for 3
and 6 hour periods is approximately 2. This strongly sﬁggests that the -
shunt mechanism is operative during this intervel, at least to the point
of pentose forzpation. That the balance of this enzymatic pathway is

N

present seems to be indicated by the release of Cl 0, from g:l.ucose--e-cll+

2
which, although lower in ‘the resulting specific activity, closely parallels

the curve obtained with glucose-l-clu as substrate. After 6 hours, it

40 from both 1-* ana 2-c¥

appears that the specific activity of C 5
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glucose has stabilized. This suggests that either: (1) an enzyme in-
hibition has c.:ccu:rred or (2) near anaercbic conditions havé ‘been estab-
lished. It is essential to recognize that the shunt mechanism as out-
lined is primarily ae:fobic , but as long as re-oxidetion of reduced
nicbfainamide-adenine dinucleotide phosphate (NADP) can be accomplished
without linksge to molecular oxygen, the pathway would remaln functional.
It is possible that the generated NADP-H2 is then coupled to the reduc-
tion of other organic compounds, most likely resulting in synthesis of
fatty acid (such as n-valeric acid). Other problems do exist, Such as
the difficulty of completely removing oxygen from the larvae as well as
their unusually high affinity for oxygen,.even at very low 02 tensions.
Thus, it may be that only after about 6 hours had near anserobic condi-
tions been established. The very small percenteges of oxygen usually
found in commercially evailable nitrogen could also suffice to partically
repay the oxygen debt. It is also possible that a "physiological shift"
has occurred within the larvae. Pentose is required for the synthesis
of nucleic acids. As the larvae under observation are only about 10
hours old, this is possibly a time when nucleic acid synthesis may be
very high in order to prepare for_rapid protein synthesis and growth.
The presence of such a shunt may be significant in order to insure that
these biologically important materials are available when needed. This |
may also help to explain why the larvae can infect such a wide range of
hosts.

The graphic analysis of total amounts of Cl¥-bound in the worms
was shown in Figure 8. Here, it is again noted that the increase in the

worm-associated-clu from incubation in glucose-U—Cll" is linear with time.
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This adds emphasis to the observation regarding incorporation into a
metabolic pool, probably glycogen, which would serve to increase the

1k

specific activity of ¢ O, expired as the time of incubation was increased.

2
Rather interestingly, glucose-l-Clh incorporation is the lowest as would

be expected from Clh

0o data. However, the graph does begin to show an
increase in total activity that appears to possibly i)a.ra.llel the plot
for glucose--'6-Cl)'L after the sixth hour. Rather notably, incorporation
of glucose-a-ClllL rises remarkably until the' .six'bh hour at which time it
appears to plateau. This is somewhé,t puzzling. From the parallel lines
observed in U-Clh and 6-Cl)+, it would eppear that mainly anaerobic gly-
colysis is occurring and the resulting trioses are now in equilibrium.
Probebly the 2-011" bound material is pentose é.nd, if the ’ba.la.nce of
larval development is inhibited at this stage (such as by inadequgte
conditions.for promoting incorporation of pentose into nucleic acid),
then another metabolic pool would exist. Assuming the balance of the
pentose shunt to be present, this pentose pool could be slowly metabo-
lized and released as 002 because these steps are not dependent upon
02 presence.

In the overall pursuit of this study, every attempt was made to
perform experiments as closely as possible to physiological conditions.
Since this parasite was not successﬁ].ly cultivated in vitro until re-
cently and there was no indication of growth here in incubated larvae,
it must be conceded that these conditions were hardly physiological.
That much is true, but the use of balanced salt solutions and relatively
low concentrations of glucose does represent more nearly a physiological

situation than high glucose concentrations and Ringer's solution. Giese
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(1960) points out the importance of the various ions to the integrity of
the cell membrane and solute ebsorption. Thus, although more difficult
to prepare and sterilize, Hank's basel salt solution was chosen as the
fluid phase. Also, the digestion procedures employed are possibly not
too unlike the condition which occurs in animals acquiring an infection
in nature. | |

The period of near anaerobiosis employed ma& be considered to
be non-physiological, as it is now generelly accepted that location of
the adults in the gut mucosa presents an environment with only reduced
oxygen tension. It appears likely that the presence of a very active
hemoglobin transport system as well as the very high surface to volume
ratio in the trichinae allows them to conduct an essentially aerobic
respiration. This complicated the study, for it was originally planned
to incubate the larvae for varying time intervals under strict anaerobic
conditions in order to effectively block the serobic pathways. However,
the commercial nitrogen gas used during the incubation phase does con-
tain & limited amount (probably 0.2%) of oxygen. This fact, coupled
with the information that Trichinella larvae have a fespiration rate
independent of oxygen tensions down to 6 mm Hg (McCoy et al, 1938), in-
dicates that some aerobic pathways were probably at least partially
operative under the experimental conditions. Inadvertently, this may
have produced more nearly the physiological conditions encountered by
the larvae in natural infections. Another point of consideration is
that the larvae do accrue an oxygen debt and as a result would show a
burst of metabolic activity during the washing procedures after the

close of the incubation phase. This could alter the amount of Clh bound
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in tﬁe larvae but would be absent in the Cll"02 data. It is felt that
this effect is minimal due to the excellent correlation between bound
CJ'LL and expired 002 with respect to the position of the label in the
substrate.

The linear time increaée in the specific activity content of
both COo and. bound Cl)+ might be due to a concentration effect because of
thé evaporation of water during the incubation period. However, the
decrease in the incubation volume over thé 18 hour period studied is
slight-~only about )-L%. Future studies to evaluate this effect should
be made more precise by “he inclusion in each flask of a labelled non-
metaboii’ce s preférably 8 tritiated compound. It would then be possible,
by obsewing an increase or decrease in specific activity per unit
volume, to correct for the effects of concentration. With a clu-utiliz-
able substrate and an H3-nommetabolite , the single counting of a given
sample could yleld information both as to disappearance of labelled
subs"t;ra‘be and changes in total volume (by the increase in specific
activity/ml. of nonmetabolites). Even if labelled by-products were
released, one could obtain data as to just how much labelling is due to
products by the selection of & specific assay method for the labelled
substrate.

The fractionation of larvae into crude extracts of protein,
lipid, glycogen, nucleic acid and acid solubles is an absolute require-
ment to demonstrate unequivocally the postulated pathways. Fubure studies
must be made with high specific activity glucose substrates as the re-

1k

lative amount of C™ assoclated with the larvae is very low. Also very

large quantities of the larvae will be required in order to mske
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available sufficient material in each fraction to assay and count as
was initially attempted. However, the rapid developments in the field
of liquid scintillation counting may greatly reduce this problem due to
the high counting efficiency and the potential of recovering the sample

after the radioactive determination for quantitative assay.



CHAPTER V

SUMMARY AND CONCLUSIONS

A method was devised to permit the recovery of large numbers of

actively moving Trichinella spiralis larvae in & short period of time

following the sacrifice of the host animal. This method did not involve
the use of drugs or chemotherapeutic agents during the washing or subse~
quent incubation phases. Microécopically, the larvae were free of for-
eign material and were shown to be bacterially sterile when inoculated
into thioglycollate medium. Such larvae, when transferred into Hank's
basal salt solution with 0.1 M Clk-glucose, were shown to produce clhoe.
The specific activity of the Cll*O2 was observed to increase with time,
suggesting possibly that some glucose is channelled to the synthesis of
glycogen. The increase in the specific activity of the Cll*O2 was further
shown to be linear with time from 3 hours to 18 hours. Studies on the
amount of Clu-associated with larvee also showed a linear increase with
time.

Metabolism of glucoseel-Clh and glucose-6-Clh és substrates
demonstrated a preferential release of Cll*O2 from glucose-l-clu. This
wes interpretéé éé evidence for a functional pentose phosphate pathway
in intact larvae. The amount of Clh-associated with the larvae was

L

found to be inversely related to the specific activity of the Cl 02 when

glucose-l-clu and glucose-6-clh were used as substrates.

68
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On the basis of the counts obtained, the larvae utilized approxi-
mately 1% of the glucose in the incubation mixture during an 18 hour
period. Thus, using a modern metabolic tool, this study demonstrated
that exogenous glucose was not an important substrate for Prichinella
spiralis under the experimen‘bal conditions. Future studies using a
higher specific activity substrate wi]_'l_ be required to unequivocally
demonstrate the postulated sequences. Additional efforts to fractionate
the larvae into crude components of glycogen, protein, nucleic acid and
lipid will also require high specific activity Cll*-glucose. Therefore,
this study constitutes only a survey of the general characteristies of
carbohydrate catebolism by intact Eriéhinella larvee as shown by isotopic
techniques. Detalls of the precise mechanisms involved await further

investigations.



REFERENCES CITED

Agosin, M. (1956). Studies on the cytochrome system of Trichinella
spiralis. Boletin Chileno de Parasitologia 11: 46-51.

Agosin, M. and Aravena, L. C. (1959). Anaerobic glycolysis in homo-
genates of Trichinella spiralis larvee. Exp. Parasitol. §:
10-30.

Berntzen, A. K. (1965). Comparative growth and development of Trichi-
nella spiralis in vitro and in vivo, with a redescription of
the life cycle. BExp. Parasitol. ;._3: Th-106.

Bird, A. F. (1958). Further observations on the structure of the nema-
tode cuticle. Parasitology 48: 32-37.

Bird, A. F. and Rogers, W. P. (1956). Chemical composition of the
cuticle of third stage nematodes. Exp. Parasitol. 5: 4h9-557.

Bueding, B. (1951). Metabolism of acetylmethylearbinol in filariae.
J. Biol. Chem. 191: 401-418.

, (1953). Formation of tiglic and n-valeric acids by bacteria-
free Ascaris lumbriocoides. J. Biol. Chem. 202: 505-512.

B (1960). Perasite physiology. Proceedings of the Helmintho-
logical Society of Washington 27: 232-233.

, (1962a). Comperative aspects of carbohydrate metsbolism.
Federation Proceedings 21: 1039-1046.

> (1962b). Comparative biochemistry of parasitic helminths.
Comparative Biochemistry and Physiology. L: 343-351.

Bueding, B. and Most, H. (1956). Helminths: metabolism, nutrition and
chemotherapy. Ann. Rev. Microbiol. T: 295-326.

Bueding, E. and Yale, H. W. (1951). Production of a-methylbutyric acid
Ey bzcteria-free Ascaris lumbricoides. J. Biol. Chem. 193:
11-423.

Carpenter, M. F. P. (1952). The digestive enzymes of Ascaris lumbri-
coides var. suls: their properties and distribution in the
alimentary canal. Dissertation Abstracts 12: 399-400.

TO




T1

Cheng, T. C. (1964). The Biology of Animal Parasites. W. B. Saunders
Co., Philadelphisa. pp. 307-309.

Costello, L. C. and Oye, H. (1963). Cytochrome c oxidase activity in
developing Ascaris eggs. J. Parasitol. 49: (Suppl.): 50-51.

Entner, N. (1957 ). The occurrence of the pentose phosphate pathway in
Asceris lumbricoides. Arch. Biochem. Biophys. Tl: 52-61.

Entner, N. and Gonzalez, C. (1959). Fate of glucose in Ascaris
lumbricoides. Exp. Parasitol. 8: 4T1-479.

Fairbairn, D. (1954). The metabolism of Heterakis gallinae. II.
Carbon diexide fixation. Exp. Parasitol. 3: 52-63.

, (1955). Bubryonic and post-embryonic changes in the lipids
of Ascaris lumbricoides eggs. Canad. J. Biochem. Physiol.

33: 122-129.

, (1956). The muscle and integument lipids. in female Ascaris
lumbricoides. Canad. J. Biochem. Physiol. 3k4: 39-L45.

(1957). The biochemistry of Ascaris. Exp. Parasitol. _6_
I;91-554

» (1958). Trehalose and glucose in helminths and other
invertebrates. Caned. J. Zool. 36: T87-T95.

; (1960). The physiology end biochemistry of nematodes. In
Nematology". Bis. J. N. Sasser and W. R. Jenkins. Chapel Hill,
Univ. of No. Car. Press, pp. 267-296.

Giese, A. C. (1962). Cell Physiology. W. B. Saunders Co., Philadelphia,
Ppo 193"2820

Goldberg, E. (1957a). Glycolysis in Trichinella spiralis larvae.
J. Parasitol. 43: (Suppl.): hb-L5.

s (195Tb). Studies on the intermediary metebolism of Trich-
inella spiralis. Exp. Parasitol. 6: 367-382.

, (1958). The glycolytic pathway in Trichinells spiralis
larvee. J. Parasitol. 4k: 363-370.

Goldberg, E. and Nolf, L. O. (1956). Observations on the cytochrome
system in Trichinella spiralis. J. Parasitol. 42: (Suppl.): 16.

Gould, S. E. (1945). Trichinosis. Charles C. Thomas, Springfield, Ill.

Haskins, W. T. and Weinstein, P. P. (1957a). The amine constituents
from the excretory products of Ascaris lumbricoides and
Irichinells spiralis larvae. J. Parasitol. 43: 28-32.




T2
, and , (1957b). Amino acids excreted by Trichinells
spiralis larvae. J. Parasitol. 43: 25-27.

, and , (195Tc). Nitrogenous excretory products of
Trichinella spiralis larvae. J. Parasitol. 43: 19-2L.

Hobson, A. D. (1948). The physiology and cultivation in artificial
media of nematodes parasitic in the alimentary tract of animals.
Parasitology 38: 183-227.

Hobson, A. D.; Stephenson, W. and Beadle, L. D. (1952). The physiology
of Ascaris lumbricoides. 1. Relation of total osmotic pres-
sure, conductivity and chloride content of the body fluid to
the external enviromments. 2. Inorganic composition of the
body fluid in reletion to that of the environment. J. Exp.

Biol. 29: 1-29.

Hymen, L. H. (1951). The Invertebrates, Vol. III: Acanthocephals,
Aschelminthes and Entoprocta. McGraw-Hill Book Co., Inuc.
N. Y. pp. 197-k455.

Kegan, I. G. (1960). Trichinosis: A review of biologic, serologic
and immunologic aspects. J. Inf. Dis. 107: 65-85.

Kim, C. W. (1961). The cultivation of Trichinella spiralis in vitro.
Am- Jn TrOP- Med.- an.d. mgo -1_.9.: 7’4‘2“7&7-

» (1962). Further study on the in vitro cultivation of
Trichinells spiralis. Am. J. Trop. Med. and Hyg. 1l: 491-496.

Kozar, J. and Kozar, M. (1963). Experimental trichinosis in mice.
Wied. Parazytol. 9: 403-418.

Larsh, J. E. (1962). Experimental Trichiniasis. In "Advances in
Parasitology". Hl., B. Dawes. Academic Press, N. Y., N. Y.

Larsh, J. E. and Hendricks, J. R. (1949). The probsble explanation for
the difference in the localization of adult Trichinella spiralis
in young and old mice. J. Parasitol. 35: 101-106.

Iee, D. L. (1965). The physiology of nematodes. W. H. Freeman and Co.,
San Francisco, 1965. pp. 15k4. '

Leidy, J. (1846). Remarks on trichina. Proc. Aced. of Anat. Seci.,
Philadelphia, 3: 107-108. Cited by Gould, S. E. (1945)
Trichinosis. Charles C. Thomas, Springfield, Illinois.

Ieuckart, R. (1860). Untersuchungen uber Prichine spiralis. C. F.
Winter, Leipzig U. Heidelberg, 57 pp. Cited by Gould, S. E.
(1945). Trichinosis. Charles C. Thomas » Springfield, Illinois.




T3

Mancillae, R. and Agosin, M. (1959). The phosphoglucose isomerase from
Trichinella spiralis larvee. Exp. Parasitol. 10: 43-50.

Passey, R. F. and Fairbairn, D. (1955). The respiration of Ascaris
lumbricoides eggs. Canad. J. Blochem. Physiol. 33: 1033-10E6.

Phillipson, R. F. and Kershaw, W. E. (1960). The production, deposition
and growth of the larvee of T. spiralis and their significance
in the chemotherapy of the infection. Am. Trop. Med. Parasitol.

54: 250-255.

, and > (1961). The production, deposition and growth
of the larvae of T. spiralis and their significance in the chemo-
therapy of the infection. Am. Trop. Med. Parasitol. 55: 231-23k.

Pollak, J. K. and Fairbairn, D. (1955). The Metabolism of Ascearis
lumbricoides ovaries. 2. Amino acid metsbolism. Canad. J.
Biochem. Physiol. 33: 307-316.

Read, C. P. (1950). The small intestine as an enviromment. Rice Inst.
Pamph. 37, 20T pp. -

5 (1959). The role of carbohydrates in the bilology of cestodes.
VIII. Some conclusions and hypotheses. Exp. Parasitol. 8:
365-382.

s (1965). Seminar given at Oklahoms State University, Stillwater,
Oklehome..

Rogers, W. P. (1941). Digestion in parasitic nematodes III. The
digestion of proteins. J. Helminth. 19: 47-58.

, (1962). The Nature of Parasitism. The relationship of some
metazoan parasites to their hosts. Academic Press, Inc., N. Y.

287 pp.

Rogers, W. P. and Lazarus, M. (1949). Glycolysis and related phosphorus
metabolism in parasitic worms. FParasitology 39: 302-31k4.

Roth, H. (1938). On the localization of adult trichinse in the intestine.
J. Parasitol. 24: 225-229.

, (1939). Experimentsl studies on the course of trichina infec-
tion in guinea pigs. I. The minimum dose of trichina larvae
required to produce infection of the muscles, with an account
of the potential productiveness of female trichinse. Am. J.

Hyg. 28: 85-103.

Schwebe, C. W. (1957). Observations on the respiration of free-living
and parasitic Nippostrongylus muris larvee. Am. J. Hyg. 65:
325-337.



T

Smyth, J. D. (1962). Introduction to animal perasitology. Charles C.
* Thomas, Springfield, Ill. 470 pp.

Stamnard, J. N., McCoy, O. R., and Latchford, W. B. (1938). Studies
on the metabolism of Trichinella spiralis larvae. Am. J. Hyg.
27: 666-682.

Stoner, R. D. and Hankes, L. V. (1955). Incorporation of C-'-labeled
amino acids by Trichinella spiralis larvae. Exp. Parasitol.
b: L35-Lhk,

, and , (1958). In vitro metabolism of DL-Tyrosine-2-C-1k
and DL-Tryptophan-2-C-1L by Trichinells spiralis larvae. IExp.
Parasitol. T: 145-151.

Virchow, R. (1865). Recherches sur le developpement du Trichina
spiralis. Compt. rend. Seanc. de 1'Acad. des Sci. _Q_E s 660-662.
Cited by Gould, S. E. (1945). ™Trichinosis. Charles C. Thomas,
Springfield, Illinois.

von Brand, T. (1952). Chemical physiology of endoparasitic animals.
Academic Press, Inc. N. Y., 333 pp. '

, (1960). Recent advances in carbohydrate biochemistry of
helminths. Helminthological Abstracts 29: 97-111.

von Brand, T., Weinstein, P. P. and Mehlman, B. (1951). Chemical obser-
vations on the metabolism of the larvae of Trichinella spiralis.
J. of Parasitol. 37 (Suppl.): 19-21.

von Brand, T. Weinstein, P. P., Mehlman, B., and Weinbach, E. C. (1952).
Observations on the metabolism of bacteria-free larvae of
Trichinella spiralis. Exp. Parasitol. 1: 245-255.

von Someren, V. D. (1939). On the presence of a buccal stylet in adult
Trichinells and the mode of feeding of the adults. J.
Helminthol. 17: 65-68. -

Wang, C. H. and Willis, D. L. (1965). Radiotracer Methodology in Bio-
logical Science. Prentice-Hall, Inc. BEnglewood Cliffs, N. J.

" 366 pp.

Weller, T. H. (1943). The development of the lervae of Trichinella
spiralis in roller tube tissue culture. Am. J. Path. 19:
503-516.

Wu, L. Y. and Kingscote, A. A. (1957). Studies on Trichinella spiralis
II. Times of final molt, spermatozoa formation, ovulation,
and insemination. Canad. J. Zool. 32: 207-211.




(&

Zarzycki, J. (1962). Histochemical investigations on distribution

Zenker,

nucleic 'acids and inorganic salts in muscle tissue at the
infection with Trichinella spiralis. Fd. A. Kozar. Polish
Scientific Publishers, Warsaw.

F. A. (1860). Ueber die Trichinen-Krankheit des Menschen.
Virchows Arch. f. path. Anat. 18: 561-572. Cited by Gould,
E. (1945). Trichinosis. Charles C. Thomas, Springfield,
Illinois.

of



