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ABSTRACT 

The effects of single and combined dietary protein and zinc restrictions on the outt-ome 

of primary and challenge infections with the intestinal nematode Heligmosol1/Oides po/ygyms in 

mice were examined using a 3 X 2 factorial design that combined three levels of dietary protein 

(24% - control; 7% - marginal; 3% - low) with 2 levels of dletary zinc (60 l11g/kg - control; 3 

mg/kg - marginal). Protein and zinc restrictions, at these levels, produced inde pendent cffects on 

final worm burdens. While mice fed both marginal anà low protein diets, and marginal zinc diets 

had significantly higher wonn burdens in a primary infection, th~ response to a challenge 

infection was only impaired in animais fed the low protein diet. Eosinophilia was significantly 

reduced by zinc restriction in the primary infection and by the lowest level of protein restriction 

in the challenge infection. The magnitude of the serum IgG 1 concentration was significamly 

lowered by protein restriction in both the primary and challenge infections. The impaired 

response to a challenge immunizing protocol in the animaIs fed the 3% protein diet, along with 

the reduced eosinophilia and IgG 1 response, indicates a negative effect of protein deficiency on 

the ho st immune response to an intestinal nematode infection . 
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){ÉSUMÉ 

Les effets indépendents el combinés des déficiences en protéines et en zinc sur la survie 

du nématode intestinale Heligmosomoides polygyrus dans la souris furent étudiés en utilisant des 

rations contenant 24, 7 ou 3% de protéines combinés avec 60 ou 3 mg/kg de zinc. Les 

restrictions en protéines et en zinc à ces niveaux produisirent des effets indépt"ndents sur la survie 

du parasite. Le degré d'infestation par les vers était plus élevé dans les souris recevant 7% et 3% 

de protéines et dans les souris recevant 3 mg/kg de zinc lors d'une première infection. Parcontre, 

lors d'une ré infection, seulement les souris recevant 3% de protéines avaient un degré 

d'infestation plus élevé. Le nombre des éosinophiles dans le sang était réduit chez les souris 

recevant 3 mg/kg de zinc lors d'une première infection et chez les souris recevant 3% de 

protéines lors d'une réinfection. La concentration des IgGl dans le serum était réduite chez les 

souris recevant 3% de protéines lors d'une première infection et lors d'une réinfection. 

L'incapacité des souris recevant 3% de protéines de réduire le degré d'infestation lors d'une 

réeinfection, ainsi que leur niveaux moins élevé des éosinophils et des IgG 1 dans le sang, 

indiquent qu'une déficiance en protéines affaiblit la réponse immunitaire de l 'hôte face a un 

nérnatode intestinale. 

ii 
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CHAPTER 1. LITERA TURE REVIEW 

1. INTRODUCTION 

Of the various diseases affecting humans, intestinal parasitic infections are among the 

most common and persistent globally (Pawlowski, 1984). CUITent estimates suggest that soil­

transmitted helminths infect more than 1 billion people and that more than two million clinical 

cases occur each year (Pawlowski, 1984; WHO, 1987). The prevalence is highest in developing 

countries, especially where poverty coupled with a lack of sanitation and a low level of education 

and health care prevails (Pawlowski, 1984). Furtherrnor~, parasitic infections are chronic and tend 

to co-occur with malnutrition in the same individuals (Crompton, 1986). 

It is well established that malnutrition and parasitic diseases are closely interrelated. In 

their extensive review of the literature, Scrimshaw et al. (1968) classified the interaction between 

infection and nutrition as being synergistic, antagonistic or neutral. Among the intestinal parasites, 

a synergistic response was most often observed. That is, malnutrition and infection tended to he 

mutually aggravating. Based on more than 64 studies grouped according to types of nutritional 

deficiency in laboratory animaIs, it was found that starvation, or deficiency of protein and 

specifie amino acids, vitamin A, thiamin, riboflavin, folie acid, iron, calcium or phosphorus ail 

caused the host to he more susceptible to helminth infections. Exceptions were ~een with vltamin 

E deficiency which was antagonistic with rrichinella spiralis infection, and vitamin with D 

deficiency which produced variable and inconclusive resuIts (Scrimshaw et al., 1968). 

This concept of interaction set forth by Scrimshaw et al. (1968) more than twenty years 
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ago has formed a <:onceptual framework for the study of the interrelationship between nutrition 

and parasltic diseases. However, more recently, some researchers have suggested that the nature 

of the interaction may nOI be a~. simple as Ilhat described by Scrimshaw Emd co-workers (1968). 

Solomons and Keush (1981) JII'oposed thal, rather, a c:omplex and changing relationship may 

prevail Olt differem times in the: course of an infection or in sub~lequent em:'ountt~rs with the same 

agent. Indeed, pa('(llsitic disf.:as<!s appear tu be linked in a complex three sidecl interrelationship 

with bOlh host nutritional :;tatus and ho st immunity (Beisel, 1982). NutritioUlal deficiencies ean 

impair host immune function, while both the nutritional statlls and the immune re:sponse of the 

host cao exert, by uncertain mechallÎlsms, an enhaneing or suppœssing effe'~t on the course of a 

parasitic diseasf::; on the other hand, parasitic infections can alter both the nutritional and the 

immunologie Ii~atus of the ho st (re"iewecl by Beisel, 1982). 

Althougll the detrimental effeets of intestinal helminth infections on ho st nutritional status 

in human populations have been extensively reviewed (Stephenson, 1987), the effect of 

nutritional status on intestinal helminth survival and transmission is less doeumented and remains 

poorly understood (Bundy and Golden, 1987). Sinee the revie\ll,' of Scrimshaw et al. (1968), better 

controlled experimental animal studies examining the effects of specifie nutrient deficiencies on 

intestinal helminths have accumulated, with the majority focusing on protein or zinc because of 

their strong association with host immune function. These studies will form the focus of this 

literature review . 

2 
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II. EFFECT OF PROTEIN AND ZINC DEFICIENCIES ON OUTCOME OF INTESTINAL 
HELMINTH INFECTIONS 

A. EFI'ECT OF PROTEIN DEFICIENCY 

1. Human studies 

Although numerous studies have suggested that several species of intestinal helminths can 

have a negative effeet on the protein status of the host (reviewed by Solomons and Keush, 198 1 ~ 

Stephenson, 1987), the converse, the effeets of protein malnutrition on the perpetuation of 

intestinal helminths in humans have been less studied. Sorne studies eonducted in the 197()'s (i.e. 

Jose and Welch, 1970; Purtilo et al., 1976) have found an association between malnutrition and 

parasitic load, but the experimental designs were not adequate to test the hypothesis that the 

protein deficient host is more susceptible to acquire heavier infections. Moreover statistical 

analysis was rarely done. 

For example, in a large sc ale survey of PCM in Australian aboriginal children, Jose et al. 

(1970) observed a rapid increase in parasite load occurring between the ages of 12 and 18 months 

in aIl children and, although the results were not analyzed statistieally, the authors reportcd that 

growth retarded children appeared to be infeeted with heavier loads and with a greater number 

of species eompared to normal ehildren. Sinee malnutrition and disturbance of bowel funetion 

were present before parasites became established, the authors suggesLed that the normal ehild had 

the capacity to remove the majority of infecting organisms whereas a malnourished ehild had 

decreased immunity to these organisms. 

Different results were observed by Purtilo et al. (1976) who classifie<! the nutritional status 

3 
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of 63 Brazilian children (aged from 15 to 50 months) according to the Gomez seale of PCM, and 

found that nonnal children and those with mild PCM had a greater load of intestinal parasites 

compared to the more severely malnourished ehildren; the more malnourished ehildren however 

were severa} months younger ilian the oilier groups and results were not analyzed statistically. 

Purtilo et al. (1976) also found that aU classes of immunoglobulin were high in both 

malnourished and weIl nourished children as compared to those published for healthy children. 

Elevations in IgG, IgA and particularly IgE were positively correlated with the intensity of 

parasitism, but bore no relationship with the nutritional status of the children. In contrast, 

eosinophil counts in peripheral blood, which were also positively correlated with parasitism, 

decreased with increasing severity of PCM. 

Dawson et al. (1987) found that the prevalence of Ascaris /umbricoides and Trichuris 

Irichllria was significantly higher in mildly wasted children than in moderately/severely wasted 

and nonnal children. A major drawback of this study is that the intensity of infection was not 

measured. Nevertheless the authors concluded that mild malnutrition increases, whereas severe 

malnutrition decreases, susceptibility to helminths as suggested by Bundy and Golden (1987). 

2. Experimental animal models 

8. Heligmosomoides polygyrus 

Heligml).'wmoides polygyt us IS an intestinal nematode parasite of small rodents which has 

been proposed as a model for human hookworm (BartIett and Ball, 1972). Primary infections 

with H. fJo/ygYl1ls are usually chronic, lasting from 4 weeks to 10 months depending on mouse 

strain (Ehrenford, 1954; Robinson et al., 198'); Wahid et al., 1989), while ho st resistance can be 

4 
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elicited after challenge or repeated infections (Behnke and Robinson, 1985: Behnke and Wakelin. 

1977; Prowse et al .• 1979) and is manifested by the elimination of young and aduIt wonns from 

the intestine of the infected host and by a reduction of wonn size and fecundity (Behnke. 1987: 

Monroy and Enriquez, 1992). 

In an early study, Bawden (1969) examined the effeets of a low quality diet on H. 

polygyrus plimary infection in mice. The control diet consisted of a pellcted chow and the low 

quality diet consisted of white bread. Although the low quality diet was poor in many nutrients 

other than protein, sorne interesting effects of diet on worm parameters were obl\erved. Mice 

receiving the white bread had significantly more larvae encysted in the intestinal wall and 

significantly more adult wonns in the intestinal lumen early in the infection whereas, in contrast. 

there was no difference in the number of adult wonns between the groups later in the infection. 

Therefore, even though parasite est.ablishment was favoured in the malnourished animaIs. 

subsequent parasite survival was decreased. The distribution of the parasite along the gut was also 

affected by diet such that early in the infection, parasites were restricted to the proximal end of 

the small intestine in the well fed mice whereas the distribution was more extensive in the 

restricted mice. This difference in the parasite distribution was no longer observed later in the 

infection; the parasites in both groups were restncted to the anterior part of the duodenum. The 

authors suggested that the anterior migration of the nematodes may he essential for their smvival 

and that those who did not reach the anterior location were expelled from the host. They argued 

that the parasites in the malnourished hosts were more susceptible because:- of their longer 

migration route, which would explain their decreased survival. Subsequent work by Sukhdeo and 

CroU (1981) showed that the site of larval penetration may be linked to bile concentration. 

5 
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Using better controlled dietary protocols, Brailsford and Mapes (1987) and Slater and 

Keymer (1988) reported no effect of protein deficiency on H. polygyrus primary infection. In 

both experiments, mice fed isoenergetic diets containing 2% protein compared with either 16 or 

20% protein maintained comparably large worm burdens 21 days (Slater and Keyrner, 1988) and 

30 days (Brailsford and Mapes, 1987) post-infection. Unfortunately, the effect of protein 

deflciency on the developmental profile of H. polygyrus primary infection was not assessed. 

Slater and Keymer (1986a) used repeated infections with H. polygyrus, a protocol known 

to stimulate host acquired immunity (Prowse et al., 1979), to study the effects of protein 

deficiency on the host response to infection. Mice were fed diets containing either 2% or 8% 

prote in and were repeatedly infected with either 5, 10,20 or 40 larvae every 2 wee1cs for a period 

of 12 weeks. Mice fed the low prote in diet accumulated adult worms in direct proportion to 

exposure throughout the experiment. In contrast, mi ce fed the higher protein diet had a dose 

dependent reduction in the survival of adult worms between 6 and 12 weeks post-infection. The 

authon; offered two suggestions: either the high protein group developed a dose dependent 

acquired immunity against the parasite which was impaired in the protein deficient animaIs or, 

alternatively. protein deficient rnice were more susceptible to parasite induced 

immunosuppression. since adult worms are able to release immunomodulatory factors which act 

to immuno~uppress the host (Behnke. 1987). Per capita fecundity of female worms was al50 

higher in mice fed the di et containing 2% protein. The authors attributed the increased fcmale 

fecundity to a more favourable intestinal environment in the deficient hosts or perhaps to a lack 

of acquired immunity which can uet to depress wonn feeundity. 

Keymer and Tarlton (1991) also observed an effeet of dietary protein restriction on the 

6 
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accumulation of womlli following a period of repeated infectiOns wlth H. pol)'g'\'I'I/.\. However . 

their model was more complex as it included the effeet of diet (3% protem vs l6% protein). the 

effect of strain (resistant NIH mice vs susceptible CBA mice) and the effect of exposure (5 larvae 

vs 40 larvae per 2 weeks). Ail three factors had significant effects on fmal wonll burdens 10 

weeks after repeated infections. and significant interactions also occurred between ail of these 

factors. Unfortunately, statistical contrasts were not done on aH of the effects. From the graphie 

representation of the data it can be observed that NIH mice fed 16% protein had substantially less 

worms than NIH mice fed 3% protein. which wou Id support the results of Slater and Keymel 

(1986a) discussed above. The response in the CBA miee, however, appeared to be in the opposite 

direction. Although these comparisons were not donc statlsticaliy, CBA nuce fed 3% protelll 

appeared to have fewer worms than CBA mice fed 16% protein. The authors concluded that high 

exposure and high dietary protein were associated with the development of a strong protectivc 

immunity against H. polygyrus, but did not interpret the contrasting data observed in the CBA 

mice. Such interactions between genetic susceptibility and nutritional status wou Id yield important 

information and should be further investigated. 

Slater and Keymer (1988) also studied th~ influence of dietary prote in on the efficacy 

with which mice could be immunized against re-infection with H. polygyrus. Two experiment~ 

examined the ability of gamma-irradiated larvae to immunize male CD 1 outbred mice. fed either 

2%, 4% or 8% protein diets, against a challenge infection. Mice fed 8% protein were 30% 

protected following immunization, whereas mice fed 2% or 4% protein were not protected. Also, 

female dry weight and fecundity were significantly reduced by immunizatlOn in mice fed either 

4% or 8% protein whereas no change in the se parameters was observed in mice fed 2% protein . 

7 
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In a third expenment, inbred high responder NIH fcmate mi ce were used Immunization with 

gamma-irradiated larvae resulted in protection in aIl of the dietary groups; however, protection 

was greater in mice fed 4%, 8% or 16% protem (80 to 90% protected) than in mice fed 2% 

protein (40% protected). Interestingly, it was noticed from these results that the threshold below 

which prote in deprivation suppressed immunity was higher in outbred male mice which were not 

protected at 4% protein intake compared to inbred NIH female mice which were approximately 

80% protected when fed 4% protein. Although this difference was attributed to the strain of mice, 

the sex of the mice could also have played an important role, since male mice are more 

susceptible than female mice (Dobson, 1978). Therefore the sex and genetics of the host may 

introduce another level of complexity in the nutrition-parasite interaction. The authors concluded 

from these experiments that dietary protein can infll1ence the extent to which mi ce can be 

immunized against infection with H. polygyrus, which was evident with respect 10 an increase 

in the number, dry weight and fecundity of worms that survived an infection in protein deficient 

mice. 

Slater and Keymer (19861.» have also studied the influence of dietary protein on the 

experimental epidemiology of H. polygyrus. In contrast to repeated infection experiments, in 

which the hosts are artificially infected at regular intervals with a known number of parasites, 

experimental epidemiology studies the population dynamics of a parasite that is transmitted 

naturally within a population of hosts under experimental conditions. Slater and Keymer (l986b) 

observed that in colonies of mice receiving a control diet of 8% prote in , the prevalence and 

intensity of infection initiaUy increased with time and then declined, probably as a result of 

acquired immunity. The prevalence and intensity of infection increased less rapidly within a 

8 
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closed population of mice fed a 2% protein diet, but conlmued to nse over the enure 

experimental period. This contmued nse was interpretcd as eVldence of a negauve dfeel of 

protein malnutrition on host immullocompetence. Sluter (19~~) modiflcd the preVlOlIl> 

experimental protocol on the eplrlemiology of H. polygvrus, by œmoving cohort~ of mice from 

the experimental colonies at 5 week intervals wlule simultaneously mtroducing yOlillg naïve nuee. 

In each cohort. a larger number of parasites was found to infect mice from a colony l'cd il 2l }f; 

protein diet as compared to mice feà a 16% protein diet. In contrast to the study of Situer 

(1986b), the rate at which naive mice acquired infection was higher in the low protcin colony 

The daily egg output from femaJe womlS was also greater for parasites infecung protein deficlent 

mice. These experiments showed that dletary protein deficlency ean influence the rate of paraSlle 

transmission within a population by increasing the survival of adult parasites and by increasing 

female fecundity within malnourished hosts . 

Although the authors of the previously described studies have suggested that lIlcreascd 

H. polygyrus burdens and fecundity in protein deficient mi ce are most likely a resuIt of reduced 

ho st immunocompetence, only one study directly measured host immune functlOll. S:atcr and 

Keymer (1988) reported that immunization to H. polygyrus primed aIl mlce, whethcr weil fcd or 

protein restricted, for an intense produ~tlon of antibody agalll~t larval paraSIte amigen after :1. 

challenge infection. Although a slightly higher titre of IgG was detected 111 the pla~ll1a of micc 

fed on a 16% protein diet compared to a 2% protein dlet, the author~ concluded that thi~ wa), 

unlikely sufficient to account for the reduced resbtance ln the protelI1 deflcient mice. The 

development of eosinophilia in immunized mice was significantly dclayed and reduced in protein 

deficient mice following challenge infection, and it was sugge~ted that a reduction in the number 

9 
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of eosinophils attacking larval worms contributed to the low level of resistance observed in the se 

animais. 

b. Nippostro,rliJylus brasiliensis 

Rats infected with the intestinal nematode Nippostrongylus brasiliensis a1so serve as a 

model for human hookworm infection. However, unlike H. polygyrus, N. brasiliensis causes an 

acute infection which is nonnally p.xpelled from the rat's intestine by a complex immune 

response between 10 to 16 days following a prirnary infection (Kelly and Dineen, J 972). 

Studies focusing on N. brasiliellsis infections in rats have shown that parasite expulsion 

was delayed in rats fed a 10% protein diet compared to a 30% protein diet (Bolin et al., 1977). 

Acquired resistance to reinfèction with N. brasiliel/sis was also significantly reduced in rats fed 

10% protein (Duncombe et al.. 1979). Repletion of the deficient animaIs by reverting to a 

complete diet restored their capacity to mount an effective immune response to a secondary 

infection (Duncombe et aL, 1979). 

Bolin et al. (1977) obselved nonnal antibody mediated damage to parasite, assessed by 

histological techniques, in both protein deficient and control rats and, therefore, suggested that 

the defect in worm expulsion in the protein deficient rats occurred either in the cell-mediated 

immune response or in one of the other non-specifie mediators of wonn expulsion. Subsequent 

studies have shown that impaired N. brasiliellsis expulsion in protein deficient rats WHS unlikely 

to be due to a defcct in the cell-mediated or systemic humoral immune systems, as syngeneic 

transfer of sensitized lymphocytes (Cummins et al.. 1978) or transfer of immune serum 

(Duncombe et aL. 1981) did not restore the ability to expel the parasite. However, Duncombe et 

10 
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al. (1981) observed a defect in the bone marrow components of protein deficient rats. They 

demonstrated that transfer of either immune or non-immune bone marrow ceUs restored wonn 

expulsion. Cummins et al. (1987a, 1987b) exarnined the: possibility that the mucosal mast cells 

(MMe) had been restored by a bone marrow precursor. They found that although MMC 

hyperplasia was reduced in infected protein deficient rats (Cummins et al., 1987a), the activation 

of these cells, assessed by the systernic release of mucosal ma st cell protease Il, was similar in 

protein deficient and control animaIs (Cummins et al., 1987b). These authors concluded that the 

delay in wonn expulsion could not be attributed to defective mast cell function, and suggested 

that protein deficiency may have interfered with the generation of secondary inflammatory 

mediators or, altematively, with the tissue response to mediators released by MMC (Cummins 

et a1., 198?b) . 

c. Trichuris muris 

Michael and Bundy (1991) studied the effects of mild dietary protein deficiency on 

helminth population dynamics, in the Tl'ichuris mUl'is-mouse model of human trichuriasis. This 

model is of an acute nematode infection (Behnke, J 987) in which both primary and repeated 

infections stimulate strong immune responses leading to expulsion of the parasite by 20 days after 

infection (Wakelin and Lee, 1987). 

Michael and Bundy (1991) reponed that the initial establishment of T. mUl'is was not 

different between mice receiving a 4% protein or a 16% protein diet, but !hat subsequent parasite 

survival was prolonged in the protein restricted mice. Although mean faecal egg output per 

mouse measured at regular intervals was found to be higher in the protein restricted group, the 

Il 
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rnean egg output per fernale worm rneasured at the end of the experiment did not differ between 

the dierary groups, indicating that egg output was directly related to wonn burden. This is in 

contrast to the reports of Slater élnd Keymer (1986a, 1988) who observed increased H. polygyrus 

fecundity in pmtein deficicnt mice. It is not clear wheth~r these different results are related to 

the magnitude of protein defieiency or to factors associated with the different parasites. 

Michael and Bundy (1992) subsequently studied the role of the immune responsf' in the 

relationship between protein malnutntion and T. muris infection in mice. The specifie anti~ody 

response to T. muris antigen (lgG 1, IgA and total IgG+IgA-t-IgM) was more vigourous, both 

quantitatively (serum titres) and qualitatively (antigen recognition by IgGI), in mice fed a 4% 

protein diet, even though worm expulsion was delayed in these mice as compared to mice fed 

a 16% protein diet. It was suggested that the Jack of effectiveness of the intact antibody response 

in the malnourished mice may be due to nutritionally mediated changes in cell-mediated 

immunity. 

B. EFFECT OF ZINC DEFICIENCY 

1. Human studies 

There is a limited number of studies on the interaction between zinc deficiency and 

intestinal helminth infections in humans. Bundy and Golden (1987) reponed a small but 

significant inverse correlation between serum zinc levels in Jamaican children and the intensity 

of Trichiuris trichura infection. lt was suggested that zinc deficiency in children led to an 

impaired immune response to infection and, consequently, to higher parasite burdens. These 
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results are difficult to interpret, however, beeause 1) serum zine is an unreliable indicator of zim' 

statu s, as it largely reflects current dietary intake and it is affected by several factors sueh as 

stress, infection and other nutritional deficiencies (King, 1990). and 2) a significant correlation 

between nutritional status and parasite status does not necessarily demonstrate a direct effeet of 

nutrition on the hast respome. The fact that the two variables are correlated eO!Jld also indieate 

a negative effeet of parasite burden on nutritional status; it is well established that high intestinal 

parasite loads can have a negative effect on nutrient absorption and on host nutrition al status 

(Stephenson, 1987). 

Grazioso et al. (1993) recenlly participated in a large scale randomized, double blind 

controlled trial of zinc supplementation in Guatemalan schoolchildren in an attempt ta determine 

whether initial intestinal parasite load was related to zinc status and whether zinc supplementation 

after drug induced expulsion of the parasites would alter parasitic reinfection. These authors 

found no significant difference in the initial prevalenee and intensity of intestinal helminth 

infections CA. lumbricoides and T. trichura) between the zinc supplemented and placebo groups 

prior ta supplementation and, furthermore, parasite status in children having low 5>erum and hair 

zinc concentrations did not differ from normal children. After anthelmintie treatment and a penod 

of 120-150 days of zinc supplementation, no difference in parasite status wa~ observed between 

the placebo and supplemented groups. It was concluded that neither zinc statu~ nor oral zine 

supplementation had an effect on parasite statu!! of children. Although this study was well 

designed to test a possible effeet of zinc status on parasite load, it was limIted by the very low 

incidence of zinc deficiency in tre studied population. For example, only 7% of the children had 

a plasma zinc concentration characteristic of zinc deficiency . 
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2. Experimental anima~ models 

a. Heligmosomoides polygyrus 

Several experÎrnents conducted in our laboratory have examined the effects of zinc 

restriction on the response of mice to H. polygyrus infection. 

Minkus et al. (1992) rcported no effects of marginal zinc deficiency on wonn burden or 

female parasite fecundity in either a prirnary or a challenge infection. It was concluded that a 

margmal dietary zinc restriction with a diet containing 5 mg zinc/kg diet (causing a 40% 

reduction in plasma zinc but no reduction in tissue zinc) was not sufficient to modify parasite 

parameters. Also, it was observed that the T-cell mediated antibody response to sheep red blood 

cells (SRBC) was not impaired by the chosen level of zinc deficieney. 

ln contrast, Shi et al. (1994a) observed a significant effeet of a more severe dietary zinc 

restriction (0.75 mg zinclkg diet) on wonn burden in a primary infection. Zinc deficient mice had 

si,gnificantly higher worm burdens than control mice 2 and 5 weeks post-infection. The higher 

worm burdens in zinc deficient miee 2 weeks post-infection, however, may have been due to 

lower food intake resulting from zinc deficiency, since the worm burdens did not differ from 

pair-fed controls. At 5 weeks post-infection, worm burdens were significantly higher in zinc 

deficient mi ce compared to pair-feds and ad libitum-fed control miee, indieating that zinc 

deficiency prolonged parasite survival in a primary infection. Female parasite fecuodity was oot 

affected by zinc deficiency. Functional T -cell impainnent was also observed in the zinc deficient 

miee. Zinc deficieot mice had an irnpaired delayed type hypersensitivity (DTH) response to 

parasite antigen, lower levels of serum IgG l and IgE, and lower eosinophilia than control mice. 

Also, ~pleen cells from the zinc deficient mice produced low quantities of the cytokines IL-S, lLA 
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and IFN-gamma. The authors suggested an effect of zinc deficiency on either the function or the 

numbers of CD4+ T-helper (Th) cells. The marked effects of zinc deficlency on both wonll 

burden and parameters of immune funcuon led to the conclusion that ho st immunity plays an 

important role during a primary infection and that primaI)' immune response to H. pol.vgyrus is 

significantly impaired by zinc deficiency. 

b. Other intestinal nematodes 

EI-Hag and coUeagues (1989a) studied the effect of zinc deficiency on N. brasiliellsÎs 

infection in rats. These authors found no significant difference in the number or size of wonns, 

measured 3, 7 and 12 days post-infection, and no difference in female wonn fecundity measured 

in utero 7 days post-infection, among rats fcd either 3 mg zinc/kg or ad libitum or pair fed 40 

mg zinc/kg diets. The zinc deficient rats, however, excreted significantly more parasite eggs over 

the whole infection time period than did the controls. Given that the groups harboured similar 

numbers of worms, the authors attributed the higher egg excretion in zinc deficient rats to 

irnpaired immunological interference with the process of worm egg production. In a subsequent 

study, EI-Hag at al. (l989b) again found no effeet of zinc deficiency on N. brasiliellsis infection 

7 days post-infection. Funhennore, the in vitro response of spleen eells to N. brasWensi,\' antigen 

was normal in zine defieient rats. Therefore, zinc deficiency appears to have no effect on the 

expulsion of N. brasiliensis from rats, and the T-cell mediated antibody response to parasite 

antigen appears to he intact. 

The effeet of zinc deficiency was aiso studied in relation to Trichil/ella spiralis (Fenwick 

et al. 1990a) and Strongyloides ratti (Fenwick et al., 1990b) infections in rats. In both studies, 
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rats fed diets containing 3 mg zinc/kg had delayed expulsion of the parasites when compared to 

rats fed diets containing 40 mg zinc/kg, and in both cases, impaired expulsion was restored by 

zinc repletion. In the case of S. ratti, parasite estabhshment was increased by zinc deficiency and 

subsequent expulsion was delayed. Spontaneous cure, how,~ver, was achieved in aU the animals 

by 38 days post-infection. In contrast, initial establishment of T. spiralis was not affected by zinc 

dcficiency, but subsequent expulsion was impa!red. Funhermore, the distribution of T. spiralis 

was affected by diet such that the parasites were established more proximally in the zinc deficient 

rats. No difference in S. ratti distribution was observed between the dietary groups. Fenwick et 

al. (1990a, 1990b) suggested that changes in T -ceU function induced by zinc deficiency were 

likely to inteIfere with the immune response to infection. Although these authors did not directly 

demonstrate impaired T-cell function, they observed thymie: atrophy (both absolute and relative 

weight reduction) in zinc deficient rats . 

In summary, the effects of protein and zinc deficiencies on intestinal helminths have not 

been thoroughly investigated in human populations and conflicting results have been observed. 

While Jose et al. (1970) found that growth retarded children were more susceptible to intestinal 

helminth infections, Punilo et al. (1975) reponed that it was the normal children and those with 

mild peM who had the greatest intensity of infection. In contrast, Dawson et a1., (1987) found 

that the prevalence was highest in the mildly wasted children as compared to the normal and 

moderately/severely wasted children. Studies on zinc deficiency, in one instance have found 

serum zinc to be negatively associated with an intestinal helminth load (Bundy and Golden, 

1987), whereas in another case, have found serum and hair zinc to have no relation with helminth 

status and zinc supplementation had no effect on the rate of reinfection (Grazioso et al., 1993) . 
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Sorne of the difficulties in condueting well designed experiments in human populations are due 

to the high number of uncontrollable variables. For example. concurrent infections und 

polyparasitism are common. Moreover, initial infecting doses are not measurable and intensity 

of infection is difficult to measure accurately. Nutritional deficiencies in humans are also 

complex in respect to their severity, duration, and multiplicity and are generally influenced by 

concurrent infection (Beisel. 1982). 

Protein and zinc deficiencies have been more extensively studied in experimental animal 

models and, in general, protein deficiency has been shown to impair host resistance to fi. 

polygyrus, N. brasiliellsis and T. mllris. In the case of H. polygyrlls, female fecundity was also 

increased by protein deficiency (Slater and Keymer, 1986a). The effects of zinc are more 

controversial. Zinc deficiency was found to have no effeet on N. brasiliellsis expulsion. although 

parasite egg output was highest in zinc deficient animais (EI-Hag et al., 1989a). The same level 

of zinc restriction resulted in impaired S. ratti and T. spiralis expulsion mechanisms (Fenwick 

et al., 1990a and 1990b). In the H. polygyrus-mouse model, mild zinc deficieney (S mg zinc/kg 

diet) had no effect on worm burden and fecundity in both primary and challenge infections 

(Minkus et al., 1992), whereas a more severe deficiency (0.75 mg zinc/kg di et) resulted in 

impaired host immune response and higher worm burden in a primary infection (Shi et al.. 

1994a). Studies being currently conducted in our laboratory have aiso shown negative effects of 

a severe zinc deficiency on the response to challenge infection (Shi et al., 1 994b). 

Although most studies on protein and zinc deficiency have suggested impaired host 

immune response to intestinal helminths in deficient animaIs, the precise mechanisms have not 

been elucidated . 
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III. PROPOSED MECHANISMS 

Bundy and Golden (1987) hypothesized that human host nutritional status influences the 

whole ecological relationship between the host and parasite. These authors suggested at least 

three main mechanisms by which host nutritional status might influence helminth parasites; the se 

are nutritionally mediated changes in (a) host immunity, (b) the parasite environment and (c) 

parasite nutrition. 

A. HOST IMMUNITY 

Inflammatory responses and immunity to intestinal helminth parasites are T-cell dependent 

processes, involving an intense eosinophilia, mast cell degranulation and antibody response 

(Befus, 1986; Chandra, 1984; Wakelin, 1986). Numerous studies have shown that PCM and 

deficiencies of many individual nutrients such as protein, iron, zinc, copper and vitamin A can 

exel1 depressive effects on host immune function (reviewed by Chandra, 1984 and 1988; 

Gershwin et aL, 1985). Since host immunity is one of the key factors influencing outcome of 

parasitic infections (Wakelin, 1986), nutritionally mediated changes in host immune function may 

be expected to enhance parasite survival and fecundity (Bundy and Golden, 1987; Chandra, 

1984). 

B. NUTRITIONALL y MEDIA TED CHANGES IN THE PARASITE ENVIRONMENT 

Intestinal helminths are thought to ha\'e very specifie physiological and ehemical 

requirements in their host gut environment (Mettrick and Podesta. 1974). For example. the 
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digestive enzymes pepsin, trypsin and pancreatin, and bicarbonate are important environmental 

factors for such processes as hatching, exsheatment and excystaüon of some helminth species 

(Chappell, 1982; Noble et al., 1989). Bundy and Golden (1987) suggested that nutritionally 

mediated changes in the gut may make this environment unsuitable for pamsite establishment and 

maturation. 

C. MALNUTRITION OF THE PARASITE 

A third mechanism by which ho st nutritional status may affect intestinal pi.\rdsites is by 

interfering with the nutritional needs of the parasite (Bundy and Golden, 1987). Although the 

nutrient requirements of parasites have not been established, they are thought to be very specifie 

since it has been diffic'Ilt to define appropriate media to main tain gut helminths in vitro (Douvres 

and Urban, 1983; Franke and Weinstein. 1983 and 1984; Mauro and Weinstein, 1979). The 

respoilses by helminths to changes in the host diet may be direct if the species is feeding off the 

contents of the intestinal lumen (Crompton, 1987). However, intestinal helminths may be able 

to obtain from their host, requirements that are not in the ho st diet (Barrett, 1981) and 

malnutrition of the host may not necessarily lead to malnutrition of the parasite (Bundy and 

Golden, 1987). 

Bundy and Golden (1987) further hypothesized that these three possible interactions may 

vary with the nature and severity of nutrient deficiency. These authors spcculated that reduced 

host immunocompetence may he the main determinant of helminth infection in mildlmoderately 

malnourished individuals, which would lead to heavier infections, but that as the ho~t becomes 

more severely malnourished, gut physiology and parasite malnutrition may become more 
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important, leading to resolution of infection. 

IV. EFFECTS OF PROTEIN AND ZINC DEFICIENCIES ON IMMUNE FUNCTION 

The negative effeets of malnutrition on host immune function are thought to he a main 

mechanism by which host malnutrition may potentiate parasitic infections (Bundy and Golden, 

1987; Chandra. 1984). In facto resuIts from experimental studies on the effect of either protein 

or zinc interaction with intestinal helminth infections have largely suggested an effect of 

lIutritional deficiency on host immune response to infection, although the precise mechanism have 

not been elucidated. The effects of experimental protein and zinc deficiencies on immune 

function have extensively studied and reviewed (Le. Beisel, 1983; Gershwin et al., 1985; 

Sherman, 1992) and only a brief review of the main observations which may be relevant to 

intestinal helminths are reported in this section. 

A. PROTE IN 

The effect of PEM on immune function has been widely studied in humans. Because 

dietary protein was once thought 10 be the major nutritional shortage in the third world, and 

because many individuals with PEM experienced immune dysfunction, it was proposed in the 

1960's that protein defieiency resulted in impaired immune function (Gershwin et a1., 1985). 

However, it is now generally considered that PEM results from Cl combination of insufficient 

protein, calories, and a wide range of specifie nutrients (Gershwin et al., 1985; Latham, 1990). 

Thus, results from studies conducted in PEM patients may be attributable to a mixture of 
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nutritional deficiencies. Experimental animal models, however, have been developed to examine 

protein deficiency in isolation. 

1. Effeet on Iymphoid tissue 

Thymie tissue appears to he particularly sensitive to protein deficiency, when initiated in 

very young animais (Bell et al., 1976; MinaI et al., 1988; Woodwafd et aL, 1992). Spleen and 

mesenteric lymph nodes are also affected, but to a lesser extent than the thymus (Bell et al., 

1976). UJtrastructural morphology analysis has shown that, in one expenmental system, both 

cortical and medullary thymie epithelia Jose 90% and 65% of their initial tissue volume. 

respectively, in severely protein deficient animaIs (Mittal et al., 1988). It was suggested (hat such 

involution could reduce the capacity of the thymus to promote thymocyte development, both 

through the synthesis of paracrine honnones and through contact-mediated stimuli, since thymie 

epithelial involution and pathology correlated with low levels of serum thymulin bioactivity 

(MittaI et al., 1988). In support of this, injecting a thymus hormone extract to protein deficient 

mice improved cell-mediated immune function (petro et aL, 1982; Watson et al.. 1983) and 

splenic T cell responsiveness to polydonal mitogens (Watson et al., 1983). 

2. Effeet on lymphocyte number and function 

Profound decreases in lymphocyte nurnbers in the various lymphoid organs are often 

reported in prote in malnourished animais. Total nucleated cell counts are reduced III thymus, 

spleen and mesenteric lymph nodes (Bell et aL, 1976; Bises et al., 1987; Petro, 1985). More 

recently, experiments using surface marker analysis of cellular suspensions have also found 
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decreased lymphocyte numbers in ",arious lymphoid organs (Bises et aL, 1987; Woodward and 

Miller, 1991). Woodward and Miller (1991) estimated the size of the total recirculating 

lymphocyte pool in protein deficient weanling mice that had a depressed thymus~dependent 

acquired immune response to SRBC. These authors found a drastic reduction in the recirculating 

lymphocyte pool size, and the numbers of lymphocytes from the spleen and mesenteric lymph 

nodes. It was found that the reduction in B cell numbers was proportionately greater than the 

reduction in T cell numbers and the authors suggested that depression in the T eeU dependent 

antibody response ma)' not be dependent on a decreased number of regulatory T cells relative to 

B ceUs as had been previously proposed (Chandra, 1988). Other investigators have found a 

decreased pereentage of T cells and IgA producing B cells within the spleen and mesenteric 

lymph nodes of protein deficient rats, but total B cells were not measured (Slobodianik et al., 

1984). 

It has been proposed that T cell dependent immunodepression in PEM results from the 

reduced ratio of T-helper/inducer to T~suppressor/cytotoxic cell subsets which occurs in the blood 

of malnollrished children (Chandra, 1988; Chandra and Newbern, 1977). Studies in protein 

deficient animais, however, have not supported this view (Woodward, 1992). Bises et al. (1987) 

round no difference in the ratio of T-helperrr~suppressor cells in the spleen, and Lopez and Roux 

(1989) found no change in this ratio in Peyer's patches of protein deficient rats. Woodward and 

Miller (1991) reponed no difference in the CD4+ to CD8+ T cell ratio within the recirculating 

pool, the spleen or the mesenteric lymph nodes, despite a drastic reduction in total lymphocyte 

nllmbers in protein deficient mice. and these authors concluded that depression of thymus 

dependent immunity in PEM ean develop independently of an imbalanee of T ~helperrr -suppressor 
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ratio but that the possibility still exists that an imbalance with\n CD4+ (Th 1 and Th2) or CD8+ 

subsets could influence T cell dependent immunity (Woodward and Miller. 1991). 

3. Effect on antibody production 

Many studies have examined the effects of prote in deficiency on antibody production in 

experimental animais. Kenny et al. (1968) found that protein deficient rats had decreased 

antibody titers in response to SRBC immunization together wlth decreaserl numbers of antibody­

forming ceUs. Mathur at al. (1972) found that mice fed a low protem diet produccd li 

significantly lower antibody response to an intraperitoneal dose of SRBC. Protein deficiency 

resuIted in a 70-80% reduction in the number of plaque-forming cdls. Injection of thymocytes 

from syngeneic animaIs al the time of SRBC immunization was able to rcstore antibody 

production, indicating that a defect in T-helper celI function may have impaired antibody 

production in the deficient animaIs tMathur et al., 1972). Other investigators have examined the 

primary and secondary response of protein deficient mice to immunization with alloantigens 

(Ma lave and Layrisse, 1976), and found that eells producing IgM alloantibodies were increased 

by protein deficiency, while the IgG response was markedly depressed. Malave and Pocino 

(1980) further demonstrated evidenee to suggest that the elevated IgM response was due to 

defective suppressor cell activity. 

4. Effect on phagocytes 

Several studies have found decreased numbers or aetivity of phagoeytic cells. Reduction 

in phagocytic activity eorrelated with increased susceptibility to BCG (Bacille, Calmette. Guérin) 
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infection in protein deficient animaIs (Bhuyan and Ramalingaswcami, 1973 and 1974), and a 

reduction in the number of peritoneal macrophages correlated with impaired clearance of 

Esherichia coli from peripheral blood and spleen (Price and Bell, 1975). Other studies have 

found that macrophages from protein deficient animaIs have an impaired ability to eliminate PVP 

(Coovadia and Soothill, 1976). More recently, Nimmanwudipong et al. (1992) have shown that 

protein deficient mice had markedly reduced proportion of splenic maC'fophages that expressed 

lA antigen, which may indirectly indicate impaired antigen processing and presentation. 

B. ZINC 

The association between zinc and immune function was first documented with the 

discovery of human zinc deficiency by Prasad et al. (1963) who observed that zinc deficient 

adolescent males experienced increased susceptibility to infection. Further evidence for zinc' s role 

in immunity came from studies on the inbom error of metabolism, acrodermatitis enteropathica, 

a disease which is caused by defective absorption of zinc and in which the major causes of death 

are often Iinked to immunodeficiency (Moynahan and Barnes, 1973; reviewed by Sherman, 

1992). 

1. EtTect on Iymphoid tissue 

Experimental studies have shown a significant depression in several aspects of T -cell­

mediated immune response with dietary zinc deficiency. Fraker et al. (1977) first reported that 

dietary zinc deficiency induced thymic attophy with preferential involution of the cortex. Luecke 

et al. (1978) further demonstrated that it was zinc deficiency and not the reduced food intake 
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associated with feeding a zinc deficient diet that was responsible for atrophy of thymus and 

spleen. Also, thymulin, a thymie hormone produced by the thymic epithelium is reduced in z.inc 

defieient animais and human5 (Dardenne et al., 1984; Iwata et al., 1979). 

2. EtTect on lymphocyte number and function 

Atrophy of lymphoid organs is accompanied by a 10S5 in eellularity. Studies have shown 

that a 30 day period of zinc deficiency reduced the total number of splenic lymphocytes and 

macrophages 40 to 50% in young adult mice (Fraker et al., 1986; Wirth et al., 1984). King and 

Fraker (1991) examined whether such a substantial change in the total numbers of splenocytes 

was aecompanied by alterations in the proportion of T ceUs to B eeUs and/or subsets of these 

eeUs. They reported that marginally zine-deficient miee had a normal ratio of T cells to B eeUs 

with no notable change in the subsets of lymphocytes making up these two classes. Severely zinc 

deficient mice demonstrated a 20% inerease in the overall ratio of T helper to T 

suppressor/cytotoxic ceUs as weIl as a modest decline in the percentage of B ce lis (5-8%). Thus 

il seems that whereas zinc deficiency caused signifieant reductions in the total numbers of splenic 

lymphocytes, it eaused no significant change in the composition of the splenic lymphocytes 

exeept in the most severe deficient cases. 

T eell proliferation is aiso affected by zinc deficiency. In vitro zinc deficiency ean he 

produeed by adding EDTA to spleen cell cultures. T-cell proliferation after stimulation with either 

phytohemagglutinin (PHA) 01 Concanavalin A (ConA) was decreased in this zinc-deficient 

system, whereas no change in B cell proliferation in response to lipopolysaccharide (LPS) was 

found (Zanzonico et al., 1981). T cells from zinc deficient animais also show reduced 
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proliferation in response to mitogens and specifie antigens (Fraker et al., 1982; Hilderbrandt et 

al., 1982; James et al., 1989). 

3. Effect on antibody production 

The capacity of mice to mount antibody and cell-mediated immune responses is 

significantly reduced ln zinc deficiency. Antibody production to sheep red blood cells (SRBC), 

a T cell dependent antigen. is reduced in zinc deficient young adult mice, and parenteral T cell 

infusions can correct the defects in antibody production (Fraker et al., 1978). Therefore, the 

defect in antibody production appears to he due to defective T celI helper function. Dietary zinc 

deficiency in neonatal mice also impairs antibody production to SRBC (Beach et al., 1980a and 

1980b; Zwickl and Fraker, 1980), and repletion with zinc results in a nonnalization of IgM 

plaque response and an elevation of the IgO response (Zwickl and Fraker, 1980). Beach et al. 

(1980a and 1980b) found a markedly altered serum immu'loglobulin profile in postnatally zinc 

deprived mice, with no detectable serum IgM, IgG2a, or IgA, and notably elevated levels of 

IgGI. 

4. Errect on phagocytes 

ln addition to the effects of zinc deficiency on T lymphocyte number and function, studies 

have suggested that the intracellular concentration of zinc helps to determine the magnitude of 

oxygen consumption, phagocytic activity, and bactericidal capacities of neutrophils (Beisel, 1986; 

Chvapil. 1976; Chvapil et al. 1977; Hambidge et al., 1986). Wirth et al. (1984) reported 

decreased numbers of splenic macrophages in zine deficient miee, and reduced ability to 
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phagocytize and kill the intracellular parasite Trypanosoma cruzi . 

In summary, protein and zinc deficiencies in laboratory animaIs have been shown to 

impair several aspects of the immune system. Ail of the host immune parameters that have been 

shown to he adversely affected by protein or zinc deficiency are also known to play a role in 

defense against parasitic infections. Although many studies have examined independently the 

effects of nutriùonal deficiencies on immune function and on parasitic infection, very few studies 

have examined me interaction between bath aspects in the same system. 

v. STATEMENT OF PURPOSE 

Protein deficiency and, in sorne instances, zinc deficiency have been shown ta increase 

host susceptibility ta intestinal nematode !nfections in several experimental animal models. The 

effects of combined dietary protein and zinc deficiencies on the outcome of intestinal nematode 

infection, however, have not been previously studied. Because nutrient deficiencies rarely occur 

as isolated events in humans, and bec au se PEM and chronic zinc deficiency often co-oc:cur in the 

same individuals, along with parasitic disease, it is important ta investigate whether combincd 

deficiencies of these nutrients would alter the response that has been previously observed during 

single nutrient deficiencies. 

Studies on single protein and zinc deficiencies have largely suggested impaired hast 

immune function as the mechanism by which malnutrition resulted in higher parasite burdens. 

As compared ta single deficiencies, combined protein and zinc deficiencies may have a greater 
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effect on host immune function and result in a greater level of infection (synergistic effect). 

Altematively, combmed deficiencies may have greater effects on other determinants of infection 

such as gut physiology or parasite nutrition, whieh could rcsult in a lower level of infection 

(antagonistic effeet). Finally, eombined deficiencies may have no net effeet above the effects of 

single dcficiency and may result \n the same level of infeJ;tion. 

The purpose of this study was to detennine whether combined dietary protein and zinc 

deficieneies would have independent or interacting effects on the outcome of primary and 

challenge infections with Heligmosomoides polygyrus in mice. The specifie objectives were to 

detemline the effeets of protein and zinc restrictions, alone and in combination, using diets 

containing adequate, marginal and low levels of protein (24%, 7% and 3% pro rein) with either 

adequate or marginal levels of zinc (60 mg zinc/kg 3 mg zinc/kg), on parameters of parasite 

establishment, survival and reproduction, and on sorne aspects of the host immune response to 

infection. Both primary and challenge infection protocols were used because they are known to 

produce a different host response to infection. Upon frrst exposure to the parasite (primary 

infection), the host is immunosuppressed by the adult worm and protective immunity is very 

weak. In contrast, the challenge infection protocol stimulates a more rapid, intense and protective 

immune response; this protocol mimics, in a short time frame, a response that would occur after 

a period of repeated exposure to the parasite. 
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CHAPTER 2. MATERIALS AND METRons 

J. EXPERIMENTAL ANIMAL MODEL: 

THE HEUGMOSOMOIDES POLYGYRUS-MOUSE MODEL 

Heligmosomoides polygyrus (= Nematospiroides dubius) is a trichostrongyloid nematode 

parasite of small rodents. This intestinal nematode infection was introduced as an experimental 

model in laboratory mice by Spurlock (1943) and has since been widely used as a model for 

studies on ho st immunology, immunogenetics, toxicology, pharmacology and epidenuology of 

gasttointestinal parasitism (Behnke, 1987; Keymer, 1985; Monroy and Enriquez. 1992; ). This 

nematode-mouse system has been proposed as a model of human hookwonn disease and 

nematode infections of veterinary importance by Bartlett and BaIl (1972), due to its chronicity 

during a primary infection, its simple direct life cycle, an incomplete and variable host resistance 

and the stimulation of ho st resistance by repeated infections (Bartlett and Bali, 1972). 

A. LIFE CYCLE 

Parasite eggs are voided in the faeces of an infected host, and after approximately 36 

hours and under appropriate conditions of temperature, humidity and lighting, start hatching to 

release the first stage larvae (LI) (Figure 2.1). This larval stage is bacterial feeding and undergoes 

t\Va molts to forro ensheathed non-feeding infective third stage larvae (L3) within 4 days (Bryant, 

1973). The L3 are ingested by a host and, within 24 hours. exsheath in the lumen of the stomach 

and migrate to the small intestine where the y penetrate the mucosa and submucosa of the 
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Fig. 2.1 The life cycle of Heligmosomoides polygyrus 
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duodenum to reach the serosal musculature where they encyst and begin molting (Bryant. 1973; 

Sukhedeo and Mettrick, 1984). The larvae then undergo 2 molts to a fourth stage larvae (L4) und 

to the pre-adult stage, between 1 to 7 days post-infection (Bryant, 1973). After 7-8 days, the pre­

adults emerge into the intestinal lumen where they begin an anterior migration towards the first 

few centimetres of the intestine. Once established, the adults mate and the females start producing 

eggs. Eggs can he seen as early as 10 days post-infection and by day 14, significant numbers of 

eggs can be seen in the faeces of infected hosts (Bryant, 1973). The adults may reside in the 

intestine for up to 10 months in a primary infection, depending on mou~e strain, before 

senescence occurs and they are expelled from the host (Bryant, 1974; Ehrenford. 1954; Robinson 

et al., 1989). 

B. CHARACTERISTICS OF INFECTION 

1. Primary infection 

Most sb'ains of mice fail to produce a protective immune response on first exposure to 

H. polygyrus and primary infections are usuaUy chronic, lasting from 4 weeks to 1 () months 

depending on mouse strain (Ehrenford, 1954; Robinson et al., 1989; Wahid et al., 1989). There 

is no significant loss of worms dming the tissue phase of a primary infection, despite the 

inflammatory reaction induced by the developing larvae (Liu, 1965; Sukhdeo et al., 1984). Initial 

contact with woml antigen stimulates both cellular and humoral re~ponses. There is dense 

accumulation of neutrophils, eosinophils and macrophages around the encysted larvae (Cypess 

et al., 1974 and 1988; Liu, 1965), and mastocytosis, which i~ common in other intestinal 

helminthiasis is suppressed in H. polygyrlis primary infections (Behnke et al., 1993; Dehlawi and 
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Wakelin, 1988). There is incleased cellular proliferation within the secondary lymphoid organs 

(Liu, 1965; Price and Turner, 1983) and increased levels of IgGl, IgE, lymphocytes, neutrophils 

and particularly eosinophils in the peripheral blood (Behnke et aL, 1977; Pritchard et al., 1984a,b; 

Prowse et aL, 1978; Urban et aL, 1991b). Although the role of these responses in a primary 

infection is still controversial, it appears that while they rnay not he effective at the time of a [lfst 

infection, they provide the basis for irnmunity upon re-exposure (Ali and Behnke 1985; Dobson, 

1982; Pritchard et al., 1983). 

The mability of mi ce ta mount rapid protective responses to primary infections with H. 

polygyrus contrasts with the rapid loss of other helminths in rodents, and has been attributed to 

the immunodepressive activity of the adult worm (reviewed by Behnke, 1987). There is sorne 

evidence that immunmodulatory factors (IMF) are secreted locally by the parasite (Losson et al., 

1985; Monroy et aL, 1989), and imrnunodepression may in part result from increased suppressor 

T cell activity and defective antigen presenting cells (Pritchard et al., 1984a) as weIl as 

suppressed rnastocytosis (Dehlawi and Wakelin, 1988). AIso, it has been suggested that the 

parasite may be able to resist hast effector mechanisms due to its extraordinarily high levels of 

oxygen radical scavenging enzymes protecting against host granulocyte generated free-radicals 

(Smith and Bryant, 1986). 

2. Challenge infection 

Resistance to H. po/ygyrus can he engendered in a numher of ways. If primary infections 

are tennmated by anthelmintic drugs, protective responses can he demonstrated after reinfection 

(Behnke and Robll1son, 1985: Behnke and Wakelin, 1977) and, similarly, whetl mice are exposed 

to repeated d03es of infective larvae. resistance to reinfection may develop (Prowse et aL, 1979) . 
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There is considerable variation in the degree of resistance evoked in different strains of mice by 

identical irnmunizing procedures (Prowse et. al, 1979). 

It is believed that acquired immunity to H. polygyrus is elicited by and preferentially 

directed against the L4 during ilS tissue phase (Hagan et aL, 1981; Pritchard et al.. 1983). As in 

a primary infection, inflammatory and humoral responses are elicited by the larvae in a challenge 

infection, but they are more intense than in primary infections (revlewed by Monroy and 

Enriquez, 1992). The expression of immunity to reinfection is mamfested by a reduction 11\ the 

number of larvae that penetrate the intestinal mucosa, delayed maturation and migratlOn of larvae 

into the gut lumen, arrested larval development and death of larvae in situ, eliminauon of young 

adult worms as they emcrge in the lumen and of adult worms over several weeks of infection 

and, finally, reduction of worm size and fecundity (reviewed by Behnke, 1987, and Monroy and 

Enriquez, 1992) . 

C. IMMUNE REGULATION 

As with other helminth infections, H. polygyrus stimulates an immune response that 

includes substantial increases in serum IgG 1 (Crandall et al., 1974) and IgE (Urban et aL, 1991 b), 

and blood eosinophilia (Cypess et al., 1974; Prowse et al., 1978). Intestinal mastocytosis which 

is suppressed in a primary infection develops upon challenge (Dehlawi and Wakelin, 1988). 

These response~ are characteristic of helminth infections, and they appear to be regu)ated by T­

cells since they do not OCCUf in athymie or T -cell depleted animaIs (Katona et al., 1988; Mitchell, 

1980). Recently, Urban et al. (1991a) showed that CD4+ T cells (T helper ceUs) but not CD8+ 

Tcells (cytotoxic T-cells) regulate protective immunity to H. polygyrus . 

33 



• 

• 

• 

CD4+ T lymphocytes can be divided into two functional groups based on the profile of 

cytokines produced: Tht (T helper 1) gives rise to cell-mediated immunity and is largely 

dominated by IFN-gamma and IL-2, whereas Th2 is responsible for antibody-mediated immunity 

and is associated with elevated levels of IL-4 and IL-S, and also IL-6, IL-9 and IL-IO (Mosmann 

and Coffman, \989). There is considerable evidence that infection of mice with H. polygyrus 

stimulates a T -ce Il response that hm; Th2 characleristics (Svetie et al., 1991 and 1993) and the 

associated eosinophilia, mastocytosis, IgG and IgE responses support this hypothesis. IL-4 

induces IgE and IgG 1 production by B cells, IL-5 regulates blood and tissue eosinophilia, and 

cytokine induction of mucosal mastocytosis involves IL-3. IL-4, IL-9 and IL-IO (reviewed by 

Finkelman et al., 1991; Sher and Coffman, 1992; Urban et al., 1992). 

D. IMMUNE EFFECTORS 

1. Eosinophils 

An increase in the numbers of peripheral and tissue eosinophils is a major hailmark of 

helminth infections especially during the invasive stage of the parasite (Befus and Bienenstock, 

1982). Since large parasites such as helminths cannot be phagocytosed, extracelluar kil1ing by 

eosinophils appears to have evolved to help cope with this situation (Roin, 1994). These 

inflammatory cells infiltrate into mucosal tissue of infected animais and are capable of generating 

a variety of potent mediators (Moqbel, 1986). Upon activation they produce a particularly strong 

respiratory burst with concomitant generation of active oxygen metabolites (Roitt, 1994). 

The precise mechanisms of killing larvae by eosinophils are still uncertain. In H. 

polygyrus infection. eosinophils increase during a primary infection but are not involved in killing 
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the larvae until 6-7 days after challenge (Hurley and Vadas, 1983). Eosinophils from immune 

mice exhibit larvieidal activity in the presence of non-heat inactivated serum, but ndther these 

ceUs nor the serum alone kills H. polygyrus larvae (Pentilla et aL, 1983). Monroy and Enriquez 

(1992) suggested that the lack of larvicidal activity of eosinophils during a primary mfection may 

he relaterl to the lack of protective IgG 1 which mediates eosinophil killing in mice (Pritchard et 

al., 1983). Pentilla et al. (1983) showed that the adhercnce of eosinophils to the L4 stage of H. 

polygyrus in vitro cao he mediated both by parasite-bound antibody and by parasite-bound 

complement C3, but that very little adherence to the L3 or adult wonn occurs. 

Although eosinophils are thought to play a protective role against H. fJolygyrus. recent 

studies have reported that neutralization of IL-5 by in vivo administration of anti-IL-5 

monoclonal antibody (mAb) totally blocked the development of blood eosinophilia but had no 

effeet on adult wonn accumulation or fecundity in a challenge infection (Urban et al.. 1991b) . 

It was suggested that IL-5 and eosinophils may have no obligatory role in the protective immune 

response to H. polygyrus, although a redundant roie is possible. 

2. IgGl 

Serum IgG 1 levels rise within 2 weeks of a primary infection with H. polygyrus and 

stabilize at approximately double the controllevel (Crandall et aL, 1974; Molinari et al., ] 978). 

Although primary infection sera contain parasite-specifie IgG l, passive transfer studies showed 

that immunity cannot he tmnsferred to naive mice using this serum (Williams and Behnke, 1983). 

In contrast, challenged mice have a more substantial increase of IgG 1 in serum with levels 

exceeding 20-30 mg/ml (Chapman et aL, 1979; Crandall et al.. 1974; Prowse et aL, 1978). Serum 
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from challenged mice is capable of transferring immunity (Behnke and Parish, 1981) and of 

acting synergistically with immune mesenterie Iymph node cells (Behnke and Parish, 1981). 

Pritchard et al. (1983) further showed that the anti-parasite aetivity of this sera could he largely 

accounted for by purified IgG 1 fractIons. Purified IgG 1 was shown to react with antigenic 

componentlO common to both adult worms and adult excretory-secretory antigens. In vivo, IgGl 

was the only purifled immunoglobulin isotype to cause significant reduetion in worm numbers 

in the gut when admmistered alone, and to have any cooperative effect when administered with 

immune mesenteric Iymph node ceUs (Pritchard et al., 1983). IgGI also caused severe stunting 

of worms, and promoted ilie adherenee of peritoneal exudate ceUs (eosinophils, neutrophils anr! 

macrophages) to the worm surface in vitre (Pritchard et al .• 1983). 

The role of IgGl in a primary infection is still uncertain. Wahid and Behnke (1993) 

hypothesized that if IgG 1 is involved in limiting primary infections, an inverse relationship 

should exist between the intensity and rapidity of specifie IgG 1 responses and parasite survival. 

These authors found a significant inverse correlation across mouse strains (from high to low 

responders) between the intensity of ilieir specifie IgG 1 response to parac;ite antigen and worm 

survival, supporting a protective role for IgG 1. However, there was no correlation within mouse 

strains hetween serum IgG 1 concentration and loss of womlS by particular individuals. 

3. IgE 

It is weil known that helminth infections typically induce large increases in serum IgE 

level (Befus and Bienenstock, 1982). However, it was not until recently that a polyclonal IgE 

response was reported in H. polygyrus infections (Urban et al., 1991b). It has been shown that 

36 



• 

• 

• 

in vivo administration of anti IL-4 or anti IL-4 receptor antibody blocked the polyclonal IgE 

response to H. polygyrus and abrogated protectivC' immunity 10 infection (Urban et a1.. 1991b). 

The complexing of IgE receptors on mucosal mast cells with IgE antibody specifie for pal aslte 

derived antigens is postulated to be important in protective immunity to intestinal helminth 

parasites because of the subsequent release of mediators of inflammation by mast cells that cou Id 

adversely affect parasite survival (Castro, 1989). The complexing of pamsite specifie IgE on must 

ce Ils also triggers the release of chemotactic factors for granulocytes. leading to an influx of 

plasma IgG, complement, polymorphs and eosinophils (Roitt, 1994). In such a context. the 

ability of eosinophils to damage IgG-coated helminths and the elevated IgE respollse would 

constitute an effective defense against helminth parasites (Roitt. 1994) . 

II. EXPERIMENTAL DESIGN 

The study was divided into two experiments, consisting of two different infection 

protocols using the H. polygyrus mouse model of intestinal nematodes infection. A preliminary 

study was first conducted with a primary infection protocol during which the host Immune 

response against the parasite does not usually provide protection. Experiment 1 included both a 

primd.ly infection protoco! and a challenge infection protocol which stimulatts protective ho st 

immunity to the parasite. The experimental design was a 3 x 2 factorial design that combined 

three levels of dietary protein (24%, 7% and 3%) with two levels of dietary zinc (60 mg zine/kg 

and 3 mg zinc/kg) (Table 2.1). The control group was fed a diet containing 24% prolein and 60 
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mg zinc/kg. Two levels of protein deficiencies were included and consisted of a 7% protein diet 

to produce a marginal deficiency and a 3% protein diet te produce a moderate deficiency. One 

level of zinc deficiency was mcluded and consisted of a dlet containing 3 mg zinc/kg to produce 

a marginal deficiency. The sample size for each experiment is shown in Table 2.1. 

III. EXPERIMENTAL PROTOCOL 

A. PRELIMINARY STUDY (PRIMARY INFECTION) 

The protocol for the preliminary study is shown in Figure 2.2. Female BALB/c mice were 

received at 21 days of age and were acclimatized for three days on the control diet. On day zero, 

which was defined as the first day of the ex periment, all mice were weighed and randomly 

divided among the six dietary treatments. Body weights and food intakes were measured every 

other day and food measurements were adjusted for spillage. 

On day 15 of the dietary treatment, 5 mice pel' group were subjected to a delayed type 

hypersensitivity test (DTH) as described in Section VI. The DTH test was included as a general 

measure of acquired immune competence and nutritional status prior to infection. 

Baseline blood samples were obtained from the tail vein for the measurements of 

eosinophils on day 21. On day 22, all mice were infected with 100 infective third stage larvae 

(L3) of H. polygyrus; this constituted day 0 post-infection. Blood samples were obtained from 

the tail vein on days 7, t 4, and 21 post infect\on for the enumeration of eosinophils. Twenty-four 

houi' stool collections were obtained on days 14, 21 and 28 post infection for the determination 

of daily pamsite egg output. 
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Blood was collected just prior to necropsy on days 9 and 29 post-infection by retro-orbital 

plexus puncture for detennination of plasma aibumin and zinc concentrations, and atkaline 

phosphatase activity. Mice were then necropsied as described in Section VI. 

B. EXPERIMENT 1 (PRIMARY AND CHALLENGE INFECTIONS) 

The protocol for experiment 1 was identical to that of the preliminary study for the first 

21 days, with the exception of the DTH test and blood eosinophil counts which were not done 

prior to infection (Figure 2.3) On day 22 of the dletary treatment, the challenge infection protocol 

was starteà. Eleven mice per dietary group were given a first infection wIth 100 L) H. [Jo/ygyrus 

(day zero post-primary infection). Of these animais, 3 per group served as controls to verify the 

establishment of the parasite and were killed on day 9 post-primary infection (establishment 

controIs). The other eight animals per diet group were treated with 175 mg pyrantel pamoate 

(Combantrin) (Pfizer, Montreal, Quebec) per kg of body weight on day 9 and again on day 14 

post-primary infection, to remove established H. po/ygyrus. On day 21 post-pnmary infection 

(day 0 post-challenge), three of the se animaIs per diet group were killed and served as drug 

controis to verify the efficacy of the drug, and the remaining five animais per group were 

challenged with 100 ~ H. polygyrus (challenge infection group). At the same time, five naive 

mice per dietary group were infected for the first time with 100 L3 H. po/ygyrus (primary 

infectioil group).This group was included for comparison with the challenge infection protocol, 

which elicits a stronger ho st immune response. Beginning on day 0 post-challenge infection, 

animai.> from the two infection protocols were treated alike and aB experimental measurements 

were obtained at the same time for the two groups . 
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Blood was obtained from the tail vein on day 0 post-challenge infection for baseline 

immunoglobulin measurement, and on days 7, 14 and 21 post-challenge infection for the 

deterrnination of blood eosinophils and serum immunoglobulins. Twenty-four hour stool 

collections were made on days 16, 22 and 28 post-challenge infection for the determination of 

parasite daily egg output. AIl mi ce were necropsied on day 29 post-challenge as described in 

Section VI. 

IV. ANIMALS AND HOUSING 

Weanling, inbrcd BALB/c female mice were obtained from Charles River (St. Constant, 

Quebec) at 21 days of age. Mice were individually housed in Nalgene cages (27 x 21 x 14 cm) 

having stainless steel covers. Stainless steel grids were present on the floor of the cages to 

prevent coprophagy (Fisher Scientific, Montreal, Quebec). The experimental diets were dispensed 

ad libitum in plastic Mouse Powder Feeders (Lab Products Inc., Montreal, Quebec) specifically 

designed ta minimize food spillage. Deionized water was avaHable ad libitum from Nalgene 

boules with neoprene stoppers (Fisher Scientific, Montreal, Quebec). Cages, stainless steel covers 

and grids, boules and feeders were ail acid washed in 10% Hel prior to use and plastic filter tops 

were placed over the cages to prevent environmental zinc contamination. Room temperature was 

maintained belween 22 to 2SoC and lighting was on a 14 h light and 10 hr dark cycle. 

40 



• 

• 

• 

V. DIETS 

A. CONTROL DIET 

AIl animals were fed a semi-purified. biotin-fortified egg white based diet. The control 

diet was fonnulated as described by Minkus (1990) (Table 2.2). Spray-dried egg-white solids 

(ICN Biochemicals, St. Laurent, Quebec) were chosen as the sole source of protelll because lhey 

are a complete protein with very low zinc residues. A level of 24% prolein and 3OCill. each. of 

glucose and comstarch were chosen based on levels reported in the hterature that resulted in 

adequate growth and reproduction in mice (Beach et al., 1981; Filteau and Woodward, 1982; 

Flanagan et al., 1983; Luecke and Fraker, 1979; NRC, 1978). The NRC (1978) gives no 

recommendation for the Ievel of fat in the diet of the mouse. In the recent literature, when the 

level of dietary protein was 24%, the diet most often contained 8% corn oil as a source of 

essential fatty acids and a minor source of energy. 

A biotin-fortified vitamin mix was fonnulated as described by Minkus (1990) to meet 

NRC (1978) recommendations for all vitamins (Tables 2.3 and 2.4). Since zinc deficiency and 

protein deficiency are known to cause anorexia, the mix was fomlUlated to provide approximately 

2 to 6.5 times the NRC (1978) requirements for the mou se to ensure that requirements were met 

should reduced food intake occur. Excess biotin was added at 18 times requirement to control 

for the biotin-chelating component, avidin, in the egg-white solids that were used as the protein 

source (WiBiams and Mills, 1970). 

The control minerai mix was fonnulated to provide twice the NRC requirements for ail 

mineraIs including zinc in anticipation of decreased food intake known to accompany zinc and 
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protein deficiencies (Minkus, 1990) (Table 2.5). Zinc was added as zinc carbonate (Fisher 

Scientific, Montreal, Quebec) to provide 60 mg/kg diet. 

B. DEFICIENT DIETS 

1. Zinc deficient diets 

The zinc-restricted mineraI mix was identical to the control mineral mix except for the 

zinc content. Zinc was added as zinc carbonate (Fisher Scientific, Montreal, PQ) to provide 3 

mg/kg to the zinc-restricted diets (Table 2.6). The level of 3 mg/kg was chosen based on previous 

expcriments conducted in our laboratory showing that a diet containing 5 mg zinc/kg diet resulted 

in mild zinc deficiency in outbred CDI female mice and had no effect on H. polygyrus infection 

(Minkus et al., 1992), whereas a diet containing 0.75 mg zinc/kg resulted in severe zinc 

deficiency and led to higher parasite burdens in zinc deficient BALB/c female mice (Shi et al., 

1994a). Since the goal of this study was to examine the effects of marginal zinc deficiency, an 

intennediate value of 3 mg/kg zinc was chosen. 

2. Protein deficient diets 

Two levels of protein deficiency were chosen for these experiments. A level of 7% protein 

was chosen to produce a mild deficiency based on NRC (1978) nutrient requirements of the 

mouse, which from several early studies indicated that leveis of 11.3% egg protein produced 

maximal growth in CFI mice (Korsrud, 1966), whereas 13.6% casein was the minimal level 

required for acceptable growth, reproduction, and lactation in Swiss STM mice (Goettsch, 1960). 

AIso, albino mice fed diets containing 9.8% casein grew at a slightly subnormal rate compared 
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to mice fed diets containing higher casein levels (Bing et al., 1932). Therefore, a level of 7% was 

expected to be below the minimal requirement for maximal growth as well as to produce sorne 

degree of nutritional stress. A level of 3% protein was chosen to produce n more severe 

deficiency based on a preliminary experiment in our laboratory that showed a 2% egg white 

protein diet to produce significant weight loss and mortalities in weanhng BALB/c female mice. 

Also. several published experiments reporting the effects of protein deficiency on H. polygyrus 

infection in mice have shown that levels of 2% and 3% protein produce signiflcant effects on 

worm burdens and egg production during challenge or repeated infections (Keymer and Tarlton. 

1991; Slater and Keymer. 1986; Slater and Keymer, 1988). The protein deficient diets were made 

isocaloric to the control di et on a weight basis by replacing the amount of protein in the 

deficient diets with an equal amount of starch; aIl other dietary constituents of the diets were 

identical. 

VI. EXPERIMENTAL TECHNIQUES 

A. BLOOD COLLECTION 

1. Tait vein 

Blood was collected from the tail vein of mice at specified time intervals during the 

preliminary sa,dy and experiment 1 as described in the experimental protocoll\ (Figures 2.2 and 

2.3). Mice were restrained lightly by holding the tail which was warmed with a heat lamp for 

approximately one minute. The lateral tail vein was swiftly incised wlth a scalpel blade, in a site 

wjthin the distal one third of the tail. Blood drops were collected in a non-heparinized 
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microhematocrit capillary tube. Blood was subsequently transferred into serum separator tubes 

(Microtainer Brand Serum Separator Tubes. Becton Dickinson) which were centrifuged 

(Microspin 12S. Sorvall Instruments, Biomedical Produets, Mississauga, ON) at 6000 x g for 10 

minutes to obtain serum. Serum tubes were stored at -20°C for later detennination of 

immunoglobulins. Whole fresh blood (25 pl) was also immediately transfeITed to UNOPETfE 

capillary pipettes (Fisher Scientific, Montreal, PQ) for eosinophil counts. 

2. Orbital plexus 

Blood was obtained by retro-orbital plexus puncture, just prior to necropsy in both 

experiments. Mice were first anaesthetized with Metofane and blood was obtained by introducing 

the end of a heparanized microhematocrit tube with axial rotation at the medial canthus of the 

orbit. Whole blood was immediately placed in acid-washed (10% HCL) 1.5 ml polyethylene 

eppendorf tubes which were then centrifuged at 6000 x g for 15 minutes to obtain plasma. 

Plasma was transferred to acid-washed polyethylene eppendorf tubes, using acid-washed pasteur 

pipettes, and was immediately frozen on dry ice and stored at -80°C. 

3. Cardiac puncture 

Blood was also collected by cardiac puncture on half of the animais in experiment 1. Mice 

were first anaesthetized with Metofane and blood was obtained by introducing the end of a 

heparinized I-ml syringe with a 23-G needle at the base of the sternum at an angle of 30 degrees 

into the heart. Whole blood was aspirated and immediately placed in acid-washed (10% HCL) 

1.5 ml polyethylene eppendorf tubes which were then centrifuged at 6000 x g for 15 minutes to 
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obtain plasma. Plasma was transferred ta acid-washed polyethylene eppendorf tubes, using acid­

washed pasteur pipettes. and was immediately frozen on dry ice and stored at -80°C. 

B. DELAYED TYPE HYPERSENSITIVITY RESPONSE (DTH) 

The allergen used was 2,4-dinitrof1uorobenzene (DNFB) (Sigma Diagnostics, St-Louis, 

MO). On experimental day 15 of the preliminary study (i.e. day IS of the dietary treatment, prior 

to infection), the abdomen of 5 mice per dietary group was shaved usmg a small animal clipper. 

Using a micropipettor with disposable tips. the mice were sensitized by the epicutaneous 

application of 20 ul of 0.5% DNFB in 4: 1 acetone/olive oil solution onto the shaved abdomens 

on days 15 and 16. Mice were restrained 3 to 5 seconds to allow sorne of the solvent to 

evaporate on the skin and to minimize contamination of the cages. These steps are the afferent 

(sensitization) phase. while the following steps are the efferent (elicitation) phase. Five days later, 

the baseline ear thickness of the animal's right ear was measured using a thickness gauge. 

Immediately following ear measurement, mice were treated on each si de of the right ear by the 

epicutaneous application of 10 ul of 0.2% DNFB in 4: 1 acetone/olive ail solution (20 ,.JI total). 

The ear thickness was measured again 24 hours Iater. The change in ear thickness was calculated 

by subtracting the baseline ear thickness from the ear thickness 24 hr after elicitation. Three naive 

mi ce served as negative contraIs for non-specifie ear swelling induced by the in'itating effeels 

of DNFB. 

c. LARVAL CULTURE 

The Heligmosomoides polygyrus strain has been maintained in COI outbred rnice at the 
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Instirute of Parasitology of McGiIl University for several years. Infected stock mice were p!aced 

m cages with stainles~ steel grids and faecal pellets were collected over a 24 ho ur period in 

deionized water. The faecal sample was then rinsed through two sieves (150 Jlm and 45 pm) with 

distilled water to obtain the parasite eggs in the sediment remaining on the 45 ).lm sieve. The 

sediment was flushed into plastic centrifuge tubes and was allowed to seule at the bottom of the 

tubes WiÙl the ex<..e~s water being dlscarded. Several petri dishes were set up with a 5.5 cm filter 

paper onto which faecal sediments were spread. The petri dishes were covered and kept in dark 

boxes containing water dishes to prevent drying, and were stored in a cool dark place (a 

cupboard) for 7 days, during which time the eggs hatched and developed into infective third stage 

larvae. 

To obtain the larvae, distilled water was added to each petri plate at the level of the filter 

paper. The water was gently run along the edge of the filter paper to gather the larvae which 

were transferred into plastic centrifuge tubes with approximately 2 ml of deionized water and 

kept in a refrigerator at 4°C untit needed for infection. 

D. INFECTION 

The appiOpriate volume of larval suspension to achieve 100 infective L) was obtained by 

counting the number of live larvae in several 10 ul aliquots. The volume of the larval suspension 

was then adjusted to contain iOO larvae~ the number of larvae was counted in several sham doses 

to ensure that an average of 100 was achieved. The larval suspension was administered orally to 

each mouse, using a 200 ul automatic pipetman with soft plastic tips. 
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E. ANTHELMINTIC TREATMENT 

The anthelmintic treatment is a modification of that developed by Tanguay and Scott 

(1987). This protoeol is used ta stimulate hast immunity to infection (Behnke and Wakelin. 

1977). On days 9 and 14 post primary infection of experiment 1, mice were given 175 mg 

pyrental pamoate (0.1 ml of 30% Combantrin/25 g mouse)/lcg body weight orally using a 200 ul 

automatie pipetman with soft plastic tips. The efficacy of the drug treatment was confinned by 

opening and examining the intestine of 3 mice per dietary group, designated as drug contraIs, 7 

days after the last drug administration and jllst prior ta the challenge infection. It was assumed 

that the drug was effective if the drug controls were free of wonns. 

F. TWENTY.FOUR HOUR EGG COUNTS 

Water was placed at the bottom of each cage ta colleet faecal pellets over a 24 hour 

period. Faeces of mice passed through the stainless steel grid floor into the water. After e}(actly 

24 hours, the water was collected from eaeh cage, individually, into a plastic beaker. The faecal 

samples were rinsed through 2 sieves (150 pm and 45 pm) with distilled water to colleet the 

eggs. The sediment remainiug on the 45 Jlm sieve (containing the eggs) was flushed into a 25 

ml graduated cylinder ta obtain a total volume of 14 ml. This solution was then transferred to 

a 30 ml plastic tube and resuspended with 14 ml of a saturated aqueous NaCI to obtain a total 

volume of 28 ml. The tubes were capped and gently inverted a uniform number of times, and ail 

aliquot taken with a pasteur pipette and transferred to the two half of a McMaster Egg Counting 

chamber (Hawkesley and Sons, Ltd., Sussex, UK). The number of eggs withm each half of the 

chamber was COUDted using a compound microscope, and the avemge egg number per chamber 
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detennined. Calculations were done to detennine the total number of eggs per mouse per day. 

Egg counts for each mouse were expressed as total eggs/day on days 14,21 and 28 post infection 

and also as eggs/female worm on day 28 post-infection. 

G. NECROPSY OF MICE 

Mice were killed by cervical dislocation under Metofane anaesthesia, immediately after 

completion of last bJood collection (see protocol, Figures 2.2 and 2.3). The liver, spleen and 

thymus were cleaned of adhering tissue, weighed and then placed in polyethylene eppendorf 

tubes. The entire left posterior leg was removed and placed in a polyethylene eppendorf tube for 

later extraction of tibia bone. Ail tubes containing the tissues were immediately put on dry ice 

and stored at -80°C. The small intestine of each mouse was removed and placed in a plastic 

twirlbag and stored at -20°C for later determination of worm burden. 

VII. ANALYTICAL PROCEDURES 

A. DIETS 

A sample from each diet was analyzed for zinc concentration by f1ame atomic absorption 

spectrophotometry (Perkin-Elmer model 3100, Perkin-Elmer, Canada Ltd., Montreal, Quebec) 

after wet ashing in nitric acid according to the method of Clegg et al. (1981). Zinc analysis was 

perfomled following the specifications of the Perkin-Elmer model 3100 operation manu al. 
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B. PARASITOLOGICAL PARAMETERS 

1. Worm burden 

The entire small mtestine from each mouse was thawed and sHt open onto a glass plate. 

The mucosal surface was scanned with a dissecting microscope, and the gender and numbel' of 

adult H. polygyrus were detennined. The number of L4 in the wall of the intestine \Vas counted 

when this stage of parasite was present. 

C. NUTRITIONAL PARAMETERS 

1. Protein status 

a. Plasma albumin 

Albumin concentration was determined by dye-binding of bromcresol green to the protein 

at pH 4.2 (Albumin procedure No. 631, Sigma Diagnostics, St-Louis, MO). Analyses were 

conducted on the Abbott VP Super System Discrete Analyzer (Abbott Diagnostic, Mississauga, 

ON). The method is based on the procedure of Doumas (1971). 

b. Blood urea nitrogen 

B UN concentration was determined by coupled enzyme reactions involving urease and 

glutamate dehydrogenase (BUN rate Procedure No. 67-uv, Sigma Diagnostics, St-Louis, MO). 

Analyses were performed on the Abbott VP Super System Discrete Analyzer. This method is 

based on the procedure of Talks and Schubert (1965) . 
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2. Zinc status 

a. Plasma alkaline phosphatase 

Alkaline pho!'phatase activity was determined by the hydrolysis ofp-nitrophenyl phosphate 

(Alkaline phosphatase (ALP) Procedure No. 245, Sigma Diagnostics, St-Louis, MO.). Analyses 

were performed, immediately after thawing of plasma, on the Abbott VP Super System Discrete 

Analyzer. The method is based on the procedure of Bowers and McComb (1966). 

b. Plasma zinc 

Plasma zinc concentration was determined by flame atomic absorption spectrophotometry. 

Plasma samples were diluted 1:5 with deionized water. Standards and blank solutions were 

prepared with 5% glycerol in deionized water to approximate the viscosity of plasma. 

c. Tissue zinc 

Tibia and livers from ail mice were analyzed for zinc concentration by flame atomic 

absorption spectrophotometry. Tissues were freeze-dried for at least 24 h prior to wet ashing with 

nitric acid. Liver samples were fat extracted with petroleum ether on a Soxtec System HTI. A 

blank containing nitric acid only as weIl as National Bureau of Standards Reference Material 

~novine Liver 1577a) were digested and analyzed simultaneously with the samples. 

D. IMMUNOLOGICAL PARAMETERS 

1. Eosinophils 

Eosinophils were counted with the UNOPETIE Test 5877 (Fisher Scientific, Montreal, 
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Quebec). Whole blood was obtained from each mouse by the tail vein on the days indlcated in 

the experimental protocol (Figures 2.2 and 2.3). Fresh whole blood was added to the diluent 

which preselVes ail leucocytes but stains only eosinophils. The diluted specimen was added to 

a Neubauer hemacytometer, and the eosinophils which appear bright orange-red were cOllnted 

under IOOX magnification, using a compound microscope. The average from two chambers was 

calculated for each blood sample. 

2. IgGl 

The level of total IgOI in serum was determined by enzyme-linked immunosorbent assay 

(ELISA). Immunon II plates (Dynatech Laboratories, Ine., Chantilly, VA) were coated with seriai 

dilutions of purified mouse IgOI Kappa (MOPC-Jlc) purified immunoglobulin (Sigma Immuno 

Chemicals, St. Louis, Mo), together with diluted serum samples, and incubated ovemight al 4°C. 

Peroxidase conjugated rabbit anti-mouse IgO 1 mAb (Serotec, England) was diluted as a detectmg 

antibody (1:1000). The reaction was visualized with the BIO-RAD Peroxidase substrate kit ABTS 

(BIO-RAD, Hercules, CA) at 415 nm on a ELISA reader. 

VIn. ST ATISTICAL ANAL yr;IS 

A. PRELIMINARY STUDY 

In the preliminary study, the infection proto col consisted of a primary infection that 

included infected animais, only, and the dietary treatment was a 3 X 2 factorial design that 

combined 3 levels of dietary protein (24%, 7% and 3%) and 2 levels of dietary zinc (60 mg/kg 
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and 3 mg!kg). The data for the nutritional para.meters were analyzed with a two-way analysis of 

variance that mcluded the effects of protein, zinc, and their mteraction. When the main effects 

of protein, zinc or protein and zinc interaction were significant, post-hoc multiple pairwise 

comparisons were done with Tukey's test to detect significant differences among pairs of means. 

The data for the nutrition al parameters were analyzed with the Multivariate General Linear 

Hypothesis (MGLH) procedure of the SYSTAT (Systat Inc., 1990) statistical program. 

The parasitological and Immunological data were analyzed with a one-way analysis of 

variance that included the effeet of dietary protein, only. The data w("rè not analyzed for the zinc­

restricted animaIs because of problems encountered with the infection protocol in these groups, 

as described in the result section. Because parasite data are often aggregated and not nonnally 

distributed, aIl parasite parameters (worm burden, eggs/day and eggs/female) and also blood 

eosinophils were first tested for nonnality. The residual (difference between observed and 

predicted) was lested for normality, rather than the specific variable it5elf, in order to minimize 

treatment effects on th~ distribution. The PROC UNIV ARIA TE procedure of the SAS program 

(SAS Institute Inc., 1985) produced a test statistic for the null hypothesis that the input data 

values were from a norillal distribution. In this case, the Shapiro-Wilk statistic, W, was computed, 

with small values of W leading to a rejection of the nuH hypothesis (p<O.05). The test indicated 

that all the data met the assumptions of normality and, therefore, data transformation was not 

required. The parasitological and immunological data were analyzed with a one-way analysis of 

variance to test the main effect of dietary prote in. When the effect of protein was significant, 

post-hoc muIti!,le pairwise comparisons were do ne with Tukey's test to detect significant 

differences among the three protem levels. The parasitological and immunological data were 
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analyzed with the PROC GLM procedure of SAS . 

B. EXPERIMENT 1 

Experiment 1 included two infection protocols with infected animais only. The diet 

treatment design was identical to that of the preliminary study. Since two different infection 

protocois were administered in ex periment 1, the data for the nutritional parameters were tirst 

analyzed with a three-way analysis of variance including infection (primary or challenge), protein, 

zinc and their interactions in the model. When infection exerted no signifieant effeet, this factor 

was dropped from the model and the data were pooled and re-analyzed with a two-way analysis 

of variance that included only the effects of protein, zinc and their interaction; the means of the 

pooled data are reported in the results section. When infection was significant, the data were not 

pooled and were re-analyzed separately for the primary and challenge infection protocols, in a 

two-way analysis of variance that included the effects of protein, zinc and their interaction. When 

\.he main effects of protein, zinc or protein and zinc interaction were significant, post-hoc multiple 

pairwise comparisons were done to detect statistical differences within treatment means using 

Tukey's test. Statistical analysis for the nutritional parameters were done with the MGLH 

procedure of SYST AT. 

The immunological data were also analyzed using the above procedures, but data were 

always analyzed separately for the primary and challenge infection protocols. Immunological data 

were analyzed with the SAS statistical program using the llROC GLM procedure. 

Parasitological data were first tested for normality, as described for the preliminary study. 

When the data were not nonnally distributed, the data were transformed with a square root 
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(SQRT) transfonnation which resulted in ail the data meeting the assumptions of nonnality. Dau 

which required SQRT transformation are indicated in th~ appropriate tables in the Results section. 

The parasitological data were analyzed separately for primary and challenge infection protocols 

in a two-way analysis of variance, and the model described above was used with the SAS PROC 

GLM procedure. 

Repeated measure analyses were also performed on eggs/day, eosinophils and IgG 1 

measurements using the PROC GLM procedure of SAS in order to determine whether dietary 

treatment affected the pattern of these parameters over time. 

In a1l statistical analyses, the level of significance was set al alpha = 0.05 . 
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• Table 2.1 Experimental design and sample size for both preliminary sludy (primary infection 
protocol) and experiment 1 (primary and challenge infection protocols) 

Protein Level (%) 

Zinc 24 7 3 
Pararneter Level 

(mg/kg) 

Preliminary stndy 

Total N 60 10 10 10 
3 10 10 10 

Necropsy day 9 60 5 5 5 
post-infection 3 5 5 5 

Necropsy day 29 60 5 5 5 
post-infection 3 5 5 5 

Experiment 1 

Total N 60 16 16 16 
3 16 16 16 

• Establishment controls 60 3 3 3 
3 3 3 3 

Drug controls 60 3 3 3 
3 3 3 3 

Primary infected 60 5 5 5 
animais 3 5 5 5 

Challenge infected 60 5 5 5 
animais 3 5 5 5 
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• Figure 1.2. Protocol for the preliminary study 

f<:XPERIMENT AL PRIMARV INFECTION PROCEDURE 
DAY DAY 

- RECEIVED MICE 
0 - EXPERIMENTAL DIETS 

15 - SENSITIZATIüN WITH DNFB 
FOR DTH TEST 

16 
- SENSITIZA TION WITH DNFB 

FOR DTH TEST 

20 
- ELICITATION WITH DNFB FOR 

DTH TEST 

21 
- MEASURED EAR THICKNESS FOR 

DTH PESPONSE TO DNFB 
. BASELINE BLOOD SAMPLES FOR 

EOSINOPHILS 

22 0 - INFECI10N WJTH 100 LARV AB 

29 7 . EOSINOPHIL COUNTS 

• 31 9 - KlLLED 1/2 OF MICE IN EACH 
DIETARY'fREATMENT 

. WüRM BURDEN (ESTABLISHMENT) 
- BLOOD SAMPLES: 

PLASMA ALBUMIN, ALKALINE 
PHOSPHAT ASE & ZINC 

- TISSUE SAMPLES: 
LIVER & TIBIA 
FOR ZINC ANAL YSIS 

36 14 - EOSINOPHIL COUNTS 
· 24 HR EGG COUNTS 

43 21 - EOSINOPHIL COl11-ITS 
- 24 HR EGG COUNTS 

50 28 · EOSINOPHIL COUNTS 
- 24 HR EGG COUNTS 

51 29 - KILLED 1/2 OF MICE lN EACH 
DIET ARY TREA TMENT 

· WORM BURDEN (SURVIV AL} 
- BLOOD & TISSUE SAMPLES 

AS FOR DA Y 9 POST lNF . 
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Figure 2.3. Protocol for experiment 1. 

EX PERIMENT AL PRIMARY CHALLENGE 
DAY INFECTION 

DAY 

0 

22 0 

31 9 

36 14 

44 22 

51 

58 

60 

65 

66 

72 

73 

INFECTION PROCEDURE 
DAY 

o 

7 

• RECEIVED MICE 

• EXPERIMENTAL DIETS 

• INFECTED 11 MICE PER DIET 
OROUP WITH 100 LARVAE 

• KILLED 3 MICE PER DlET OROUP 
(ESTABLISHMENT CONTROLS) 

• ORUO TREA TMENT OF R MICE PER 
DIET GROUP (CHALLENGE GROUP 
& ORUO CONTROLS) 

• ORUO TREATMENT OF CHALLENGE 
GROUP AND ORUG CONTROLS 

- KILLED DRUO CONTROLS 
• BASELINE IgO 1 
• RE·INFECTEO CHALLENGE GROUP 

WITH 100 LARVAE 
• INFECTED 5 NAIVE MICE PER 

OlET GROUP (PRIMARY OROUP) 

• EOSINOPHILS & IgG 1 

14 - EOSINOPHILS & IgG 1 

16 - 24 HR EGG COUNTS 

21 - EOSlNOPHILS & IgO 1 

22 - 24 HR EGO COUNTS 

28 - EOSINOPHILS & IgG 1 
- 24 HR EGo.] COUNTS 

29 - KlLLED ALL MICE 
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- WORM BURDEN (SURVIVAL) 
- BLOOD SAMPLES: PLASMA 

ALBUMIN, BUN, ALKALINE 
PHOSPHAT ASE & ZINC 
SERUM IgGl 

- TISSUE SAMPLES: 
LIVER & TIBIA 
FOR ZINC ANALYSIS 
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TABLE 2.2 Composition of basal diet 

Ingredient Amount 

(g/kg) 

Egg white solids (spray-dried)l 240 

G1ucose2 296 

Cornstarch3 296 

Corn oil4 80 

Celluloses 30 

Vitamin mix6 12 

Mineral mix 7 46 

1 Ovalbumin, ICN Biochemicals Canada Ltd., Montreal, QC. 
2 Dextrose (anhydrous), ICN Biochemicals, Canada Ltd., 

Montreal, QC. 
3 ICN Biochemicals, Canada Ltd., Montreal, QC. 
4 IeN Biochemicals, Canada Ltd., Montreal, QC. 
5 Alphacel, ICN Biochemicals, Canada Ltd., Montreal, QC . 
6 sec Tables 2.3 - 2.4 
7 see Tables 2.5 - 2.9 
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TABLE 2.3 Composition of vitamin mixture 

mg/kg Mouse NRC 
diet Req't 

Ingredient mg/k.g diet 1 Supplier 

Niacin 50 la ICN 

d-Calcium pantothenate 32 10 Anachemia 

Riboflavin 24 7 ICN 

Pyridoxine hydrochloride 4 1 ICN 

Thiamine hydrochloride 16 5 ICN 

Folie acid 2 0.5 ICN 

d-Biotin 3.6 0.2 ICN 

Cyanoeobalamin (mw 1355.2) 0.05 0.01 ICN 

Alpha-tocopheryl acetate2 60 lU 20 IV ICN 

Menaquinone 9.0 3.0 ICN 

Cholecalcifero13 1000 lU 150 lU ICN 

Vitamin A acetaté 2000 lU 500 lU ICN 

Choline chloride 4000 600 ICN 

l Nutritional Requirements of Laboratory animaIs, Third Revised Edition, NRC. National 
Academy of Sciences, Washington, D.C., 1978. 
2 Supplied as 1.0 lU/mg dl-alpha-tocopheryl acetate. 
3 Supplied as 400 000 IVlg of vitamin D3' 

4 Supplied as 500 000 IVlg vitamin A acetate . 
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• TABLE 2.4 Formulation of Vitamin Mixture 

Ingredient Grams g/kg diet 

fA} Fat Soluble 

Vitamin A aeetate 0.8 

Cholecalciferol 0.5 

Alpha-toeopheryl aeetate 12.0 

Mendquinone 1.8 

Cellulose 784.9 

Total 800 4 

{Hl Water Soluble 

Niacin 10.0 

d-Calcium pantothenate 6.4 

Riboflavin 4.8 

Pyridoxine hydrochloride 0.8 

• Thiamin Hydroehloride 3.2 

Folie aeid 0.4 

d-Biotin 0.7 

Cyanocobalamin 10.0 mg 

Butylated Hydroxytoluene 20.0 

Cellulose l 753.7 4 

TOTAL 800.0 

(c) Choline chloride 4 

1 Alphacel, ICN Biochemicals Canada Ltd., Montreal, QC 
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• T .\.BLE 2.5 Composition of mineraI mix1,2 for zinc-adequate diets 

Ingredient glkg salt glkg diet Supplier 
@4.6% 

CaHP04 590.43 27.16 Sigma 

KHC03 222.83 10.25 Anachemia 

NaCl 55.21 2.54 Anachemia 

MgS04 107.61 4.95 Anachemia 

CrK(S04)2· 12H20 0.8348 0.0384 Anachemia 

CuC03·Cu(OH).H2O 0.3413 0.0157 Anachemia 

KI03 0.0217 0.001 Anachemia 

FeS04·7H20 5.41 0.2489 Anachemia 

MnC03 4.09 0.1883 Anachemia 

ZnC03 2.50 0.115 Fisher 

Na2Se03 0.0087 0.0004 ICN 

NaMo04·H2O 0.0043 0.0002 Anachemia 

• KF.2H2O 0.2152 0.0099 Anachemia 

SUBTOTAL 989.51 ~,j.52 

(Cime acid) 10.49 0.48 ICN 

TOTAL 1000.00 46.00=4.6% 

1 See Table 2.8 for elemental composition of salt mixture. 
2 Sec Table 2.7 for elemental composition of rnacroelernents . 
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• TABLE 2.6 Composition of minerai mixI ,2 for zinc-restricted diets 

Ingredient g/kg salt g/kg diet Supplier 
@4.6% 

CaHP04 590.43 27.16 Sigma 

KHC03 222.83 10.25 Anachemia 

NaCI 55.21 2.54 Anachemia 

MgS04 107.61 4.95 Anachemia 

CrK(S04)2· 12H20 0.8348 0.0384 Anachemia 

CuC03·Cu(OH).H2O 0.3413 0.0157 Anachemia 

KI03 0.0217 0.001 Anachernia 

FeS04·7H20 5.41 0.2489 Anachemia 

MnC03 4.09 0.1883 Anachemia 

ZnC03 0.125 0.006 Fisher 

Na2Se03 0.0087 0.0004 IeN 

NaMo04·H2O 0.0043 0.0002 Anachemia 

• KF.2H2O 0.2152 0.0099 Anachemia 

SUBTOTAL 987.131 45.4088 
(Citric aeid) 12.869 0.5912 IeN 

TOTAL 1000.00 46.00 = 4.6% 

1 See Table 2.9 for elemental composition of salt mixture. 
2 See Table 2.7 for elemental composition of macroelements . 
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TABLE 2.7 Elemental composition of macroelements for diets 

Ingredient mg/IOOg 
(mw) diet Ca Mg Na K P Cl S 

mg/lOOg diet 

CaHP04 2716 800 618 
(136.06) 

KHC03 1025 400 
(100.11) 

NaCl 254 100 154 
(58.45) 

MgS04 495 100 132 
(120.38) 

sub-total 4490 

microelements 100 

a. TOTAL 4590 800 100 100 400 618 154 132 

b. NRC 19781 400 50 200 400 
a:b 2.0 2.0 2.0 1.5 

1 Nutrient Requirements of Laboratory AnimaIs, Third revised Edition, National Academy of 
Sciences, Washington, D.C., 1978 . 
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TABLE 2.8 EJemental composition of salt mixture for zinc-adequate diets 

Ingredient mg/kg 
(mw) diet Cr Cu Fe 1 Mn Mo Se Zn F 

mg/kg diet 

CrK(S04)2· 12H20 38.41 4 
(499.40) 

CuC03·Cu(OH).H2O 15.73 9 
(222.13) 

KI03 1.01 .6 
(214.00) 

FeS04·7H20 248.94 50 
(278.01) 

MnC03 188.29 90 
(114.94) 

ZnC03 115.06 60 
(125.38) 

Na2Se03 0.438 .2 
(172.96) 

NaMo04·2H2O 0.228 .1 
(218.97) 

KF.2H2O 9.91 2 
(94.12) 

Citric acid 381.98 

a. TOTAL 1000 4 9 50 .6 90 .1 .2 60 2 

b. NRC 19781 2 4.5 25 .3 45 30 

a:b 2 2 2 2 2 2 

1 Nutrient Requirements of Laboratory AnimaIs, Third revised Edition, National Academy of 
Sciences, Washington, D.C., 1978 . 
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• TABLE 2.9 Elemental composition of salt mixture for zinc-restricted diets 

Ingredient mg!kg 
(mw) diet Cr Cu Fe 1 Mn Mo Se Zn F 

--
mg/kg diet 

CrK(S04h·12H20 38.41 4 
(499.40) 

CuC03·Cu(OH).H2O 15.73 9 
(222.13) 

KI03 1.01 .6 
(214.00) 

FeS04·7H20 248.94 50 
(278.01) 

MnC03 188.29 90 
(114.94) 

ZnC03 6.0 3 
(125.38) 

Na2Se03 0.438 .2 

• (172.96) 

NaMo04·2H2O 0.228 .1 
(218.97) 

KF.2H2O 9.91 2 
(94.12) 

Citric acid 491.04 
--

a. TOTAL 1000 4 9 50 .6 90 .1 .2 3 2 

b. NRC 19781 2 4.5 25 .3 45 30 

a:b 2 2 2 2 2 0.1 

1 Nutrient Requirements of Laboratory AnimaIs, Third revised Edition, National Academy of 
Sciences, Washington, D.C., 1978 . 
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CHAPTER 3. RESULTS 

1. PRELIMINARY STUDY 

In this preliminary study, only the effects of protein restriction are reported for the 

parasite parameters, whereas both the effects of zinc restriction and the effects of protein 

restrictiun are reported for the nutritional parameters. This was necessary since problems were 

encountered with L3 viability during the infection procedure in the zinc deficient animaIs. During 

the procedure, the infection dose was frrst administered randomly arnong the mice receiving diets 

containing 3 mg zinclkg because these animaIs were housed in a separate cage rack from mice 

receiving diets containing 60 mg zinc/kg. Prior to beginning infection of the second rack of cages 

(the 60 mg zinc/kg diet group), the inoculum was reconfirrned. The number of live larvue per 

aliquot was unacceptably low (30 compared to an intended 100). For this reason a new batch of 

larvae was used to infect the 60 mg zinclkg die~ groups. Parasite establishment in the 60 mg 

zinc/kg diet fed animais \\-as normal and much higher than that in the 3 mg zinclkg diet fed 

animais. Since the L3 used for the two groups (3 mglkr. vs. 60 mg/kg zinc) were from different 

batches and because the establishment differed greatly in the two groups, the effect of zinc 

restriction on parasite parameters was not examined . 

A. PARASITE PARAMETERS 

l. Worm burdens 

Tl'te data are summarlzed in Table 3.1.1. Parasite establishment measured on day 9 post-
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infection was not affected by the level of dietary protein. There was no signiflcant difference in 

the total number of worms, the number of male and female worms or the male/l"'!male ratio 

among the three dietary groups. The number of immature L4 that remamed in the intestinal wall 

on day 9 post-infection, however, was signifieantly lower in the 3% protein group compared 10 

the 7% and 24% protein groups (AOV: p=O.OOOI). By day 29 post-infection, a gr~ater number 

of worms survived in the 3% protein group than in the 7% and 24% protein groups (AOV: 

p=O.004). At this time, there was a signifieantly greater number of male worms in the 3% protein 

group than in the 24% protein group (AOY: p=0.007); the number of wonns in the 7% prolein 

group was intermediate and not signifieantly different from either the 3% or 24% protein groups. 

There was also a greater number of female worms in the 3% protein group than In the 7% and 

24% protein groups (AOY: p=O.005), which were not significantly different from one another. 

The male/female ratio was not statistically different among the three dietary groups . 

2. Worm egg production 

Data on worm egg production were expressed as eggs/day for days 14, 21 and 28 post­

infection (Table 3.1.2), and as eggs/female worm for day 28 when data on numbers of females 

were available. A signifieant effeet of dietary protein on egg production was detected at day 21 

post-infection only, where egg output was significantly greater in the 3% and 7% protein groups 

than in the 24% protein group (AOY: p=O.008). The average eggs/female worm produced on day 

28 post-infection were 770.6 ± 183.6, 387.1 ± 96.6 and 331.2 ± 92.1 for the 24%, 7% and 3% 

diet groups respectively (Figure 3.1.1), but these differences were not statistically significant. 
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3. Eosinophils 

The numbers of eosinophils in whole blood measured on days 0, 7, 14 and 21 post­

infection are shown in Table 3.1.3. There was no effeet of the level dietary protein on eosinophil 

numbers at any measured points. 

B. NUTRITIONAL PARAMETERS 

1. DTH test 

The resuIts from the DTH respollse prior to infection are shown in Figure 3.1.2. There 

was no significant effect of the level of dietary procein or dietary zinc on the response of mice 

to DNFB after 21 days on the experimental diets. 

2. Food intake 

The food intake of the animaIs necropsied on day 9 post-infection is shown in Table 3.1.4. 

The cumulative food intake was significantly greater in mice fed 7% protein diets th an in those 

fed the 24% and 3% protein diets (AOV: p=O.04); there was no significant difference betweer! 

the 3% and the 24% protein groups. The relative food intake calculated as the total food 

(:onsumed divided by the final body weight was significantly greater in animaIs fed 3% protein 

diets than in the other groups (AOV: p<O.OOOl). 

In contrast, on day 29 post-infection (Table 3.1.5) cumulative food intake was 

significantly lower in the 3% protein groups than in the 7% and 24% protein groups (AOV: 

p<O.OOOI). which were not significantly different from one another. The relative food intake, as 

on day 9, was significantly greater in the 3% prote in groups compared to the other groups (AOV: 

68 



• 

• 

• 

p<O.OOOl) . 

The cumulative and relative food intake were not affected by the level of dietary zinc on 

day 9 and 29 post-infection, and there was no interaction between th~ levels of dietary protein 

and zinc. 

3. Body and organ weights 

The data are shown in Table 3.1.4 for the groups killed on day 9 post-infection and in 

Table 3.1.5 for the groups killed on day 29 post-infection. The initial body weight was not 

significantly different among the dietary groups for the animaIs necropsied on either day 9 post­

infection or on day 29 post-infection. 

For the animals killed on day 9 post-infection (Table 3.1.4), final body weight was 

significantly lowel in the 3% protein groups than in the other groups (AOV: p<O.OOOl). In 

contrast, the body weight gain was significantly greater in the 7% protein groups compared with 

the 24% and 3% protein groups, while the body weight gain was significantly lower in the 3% 

protein groups than in the 7% and 24% protein groups (AOY: p<O.OOOI). The absolute lIver 

weight but not the relative liver weight (calculated as the % of the final body weight) was 

significantly different among the dietary groups. Mice fed the 3% protein diets had smaller livers 

than mice fed the 7% and 24% protein diets, which were not different from one another ("OY: 

p<O.OOOl). There was no effeet of dietary zinc or interaction between dictary protein and zinc 

levels on final body weight or liver weights. Both protein and zinc had significant effects on 

absolute (AOV: protein p<O.OOOl; zinc p=O.02) and relative spleen weight!o. (AGV: protcin 

p=O.0004; zinc p=O.004) which were lower in the 3% protein groups compared to the 7% and 
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24% protein groups, and in the 3 mg/kg zinc groups compare<! to "he 60 mglkg zinc groups. The 

thymus weight was significantly lower in the 3% protein groups than in the 7% protein groups 

but there wa~ no difference between the 3% and 24% protein groups (/.0V: p==O.04); the relative 

thymus weight did not differ among the diet groups. Again, there was no significant effeet of 

dietary zine and no signifieant interaction between levels of dietary protein and zinc on thymus 

weights. 

On day 29 post-infection (Table 3.1.5), final body weight and body weight gain were 

significantly lower in mi ce fed the 3% protein diets than in the other groups (AOV: p<O.OOOl). 

Both the absolute and relative liver weights were affected by the level of dietary protein (AOV: 

p<O.OOOl). Mice fed 3% protein had significantly lower absolute liver weight but signifieantly 

higher relative liver weight than the other groups. The absolute spleen weight was significantly 

lower in the 3% protein groups compared to the other groups (AOV: p<O.OOOl), but the relative 

spleen weight was not affeeted by diet. Finally, the absolute thymus weight was not affected by 

diet but the relative thymus weight was significantly greater in the 3% protein groups compared 

to the 7% protein groups (AOV: p=0.007); there was no difference between the 7% and the 24% 

protein groups or between the 3% and the 24% protein groups. There was no significant effect 

of dietary zinc level and no interaction between dietary protein and zinc levels on any of the 

body and organ weights, on day 29 post-infection. 

4. Plasma analysis and tibia zinc concentration 

The data for day 9 post-infection are shown in Table 3.1.6. Plasma albumin concentration 

was affected by both the level of dietary protein (AOV: p=0.0002) and the level of dietary zinc 
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(AOV: p:O.Ol). AlbumlO was significantly lower in the 3% protein groups compared to the 

higher protein levels and in the 60 mg/kg zinc groups compared to the 3 mg/kg zinc groups. 

Plasma alkaline phosphatase and plasma zinc concentrations were not affected by either the level 

of dietary protein or zinc. Tibia zinc concentration was affected by both protein (AOV: p<O.OOO 1) 

and zinc (AOV: p=Ü.03), and there was a significant interaction effect between protein and zinc 

(AOV: p=Ü.03). The interaction was such that animais fed 3 mg/kg zinc had lower tihia zinc th an 

animaIs fed 60 mg/kg zinc when the protein level was 24% but not 7% or 3%. This 15 due to the 

fact that the zinc content in the tibia of mice fed 60 mg/kg zinc also decreased significantly with 

decreasing dietary protein level. 

On day 29 post-infection (Table 3.1.7) the plasma albumin concentration was significantly 

higher in the 7% protein groups than in the other groups. and there was no difference between 

the 3% and 24% protein groups (AOV: p=O.002). Plasma alkaline phosphatase activity was 

significantly higher in mice fed 3% protein compared to the other groups (AOV: p<O.OOO 1). 

There was no significant effect of level of dietary zinc or interaction between dietary prote in and 

zinc levels on either plasma albumin concentration or plasma alkaline phosphatase activity. 

Plasma zinc concentration was significantly affected by protem (AGV: p=O.0008) and there was 

also an interaction between protein and zinc (AOV: p=O.03). It can he seen fwrn Table 3.1.7 that 

plasma zinc was signif candy Iower in animais fed 60 mg/kg zinc with 3% protein th an in 

animais fed 60 mglkg zinc with 24% protein or 3 mg/kg zinc with 7% protein. Plasma zinc 

concentration of animaIs fed 3 mg/kg zinc with 3% protein was Iower th an that of animaIs fed 

60 mg/kg zmc and 24% protein, but there was no difference in plasma zinc Ievel among the other 

groups. Tibia zinc concentration was affected by both protein (AGV: p<O.OOO 1) and zinc 
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(p<O.OOOl) and there were also protein and zinc interactions (AOV: p=0.03). Tibia zinc was 

lower in animais fed 3 mg/kg zinc than in animais fed 60 mg!k:g zinc when comparisons were 

made at the 24% and 7% protein levels but not at the 3% protein Ievel, where there was no 

difference between the 3 mg/kg and 60 mg/kg zinc fed animals. Again, this is because tibia zinc 

also decre.ased with protein Ievels. In contrast to day 9 post-infection, however. the decrease was 

observed for the 3% protein fed animaIs, only. The 7% protein fed animals were no longer 

different from the 24% protein fed animaIs at either zinc leveis. 

A. PARASITE PARAMETERS 

1. Worm burdens 

II. EXPERIMENT 1 

Data for the establishment con troIs are shown in Table 3.2.1. The total number of worms 

and the number of male WOlIDS on day 9 post-infection were significantly affected by the level 

of dietaI)' protein (AOV: p=O.02 and 0.03 respectiveIy). The total number of worms and the 

number of male wonns were significantly greater in the 3% protein groups than in the 7% protein 

groups, but neither of these groups differed frorn the controis (24% protein). There was no 

significant effect of dietary zinc level on parasite establishment or on the number of male worms. 

Neither the number of female worms, the male/fernale ratio, nor the number of L4 that remained 

in the intestinal wall were affected by the Ievei of dietary protein or zinc. 

The drug controis in each dietary treatment, which received the same drog treatment as 

the challenge infection group and were killed on the day of the challenge infection, were all free 

72 



• of worms. Therefore, the drug tréatment was not affected by dietary treatment and was judged 

to he equally effective in all dietary groups. 

The data for parasite survival on day 29 post-infection are summarized in Table 3.2.2. In 

the plimary infc\...lon group, mice fed 3% and 7% protein had significantly more worms th an the 

mice fed 24% protein (AGV: p=O.0006), and mice fed 3 mglkg zinc had significantly more 

worms than the mice fed 60 mgJkg zinc (AOV: p=O.03). The number of male worms was also 

significantly greater in the 3% and 7% protein groups man in the 24% protein groups (AOV: 

p=O.0006), and in the 3 mglkg zinc groups compared to the 60 mg/kg zinc groups (AOV: 

p=O.03). The number of female worms was significantly higher in the 3% protein groups than 

in the 24% protein groups (AOV: p=O.008); the 7% protein groups were intennediate and not 

significantly differcnt from either the 3% or 24% protein groups. There were also significantly 

• more female wonns in the 3 mg/kg zinc groups than in the 60 mg/kg zinc groups (AOV: 

p=O.02). Finally, there was no effeet of the level of dietary protein or zinc on the male/female 

ratio. Mice which had either zero male or zero female wonns were not included in the calculating 

ratio. 

In the challenge infection group, mke fed 3% protein had significantly higher wonn 

burdens than mice fed 7% and 24% protein, which were not significantly different from one 

another (AOY: p<O.OOOl). The number of male worms and female worms were also significantly 

higher in the 3% protein groups compared to the 7% and 24% protein groups which, again. were 

not significantly different from one anmher (AOV: p<O.OOO 1 for both male and female worms). 

The male/female ratio was not affecte<! by diet and mlce with either zero male or zero female .. 
were not included in the ratio. In contrast to the primary infection group, the level of zinc in the 
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diet had no effect on final worm burdens. 

There was no significant interaction between the levels of dietary protein and zinc on any 

of the wonn burden parameters for either the primary or the challenge infection groups. 

2. Worm egg production 

The data for egg production were expressed as total eggs/day for days 16,22 and 28 post­

infection (Table 3.2.3) and as eggs/female wonn on day 28 post-infection (Table 3.2.4). 

For the primary infection group (Table 3.2.3), egg production per day was comparable 

among the 6 dietary groups on day 16 post-infection, but by day 22 post-primary infection, there 

was a significant effect of protein (AOV: p=O.OOOI) and a significant zinc and protein interaction 

(AOV: p=O.O(6) on total egg productIon per mouse. The interaction is shown in Table 3.2.4, and 

in general it can be seen that egg output was greater in mice fed 3 mglkg zinc than in mice fed 

60 mg/kg zinc when the protein lev el of the di et was 3%, but there was no difference due to zinc 

when the protein levels were 7% or 24%. On day 28 post-primary infection, mice fed 3% protein 

had significantly greater egg output than mice fed 7% and 24% protein, which were not 

significantly different from one another (AOV: p=O.004). There was also a significant effect of 

dietary zinc, slIch that mice fed diets contaimng 3 mg zinclkg had higher egg output than mice 

fed diets containing 60 i;"'! zinçfkg (AOV: p=O.02). 

Repeated rn~asures analyses were performed on egg production from day 14 to 28. There 

was a significant effeet of time on total egg output (Wilks Lambda p=Ü.04), and also an 

interaction of time with protein level (Wilks Lambda p=O.OOl). Egg output decreased with time 

in animaIs fed 24% and 7% protein, was stable in animaIs fed 3% protein and 60 mg!kg zinc, 
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and increased with time in animais fed 3% protein with 3 mg/kg zinc. The test of hypothesis for 

among diets effects resulted in a significant effect of protein (repeated measures p=O.O 1) on 

overall egg production. 

The number of eggs produced per female worm on day 28 pust-primary infection (Table 

3.2.4) was affected by protein (AOV: p=O.OOl) and there was also an interaction between protein 

and zinc (AOV: p::::O.0008). Mice fed 24% protein and 60 lT'gJkg zinc had fewer eggs produced 

per female worm than all the other groups except the 7% protein and 3 mglkg zinc group. There 

was no significant difference in eggs per female worms among the other groups (mice with zero 

female worms were not included). 

Total egg production per day in the challenge infection group (Table 3.2.3) was affected 

by the level of protein on aIl three days (AOV: p<O.OOOl for day 16, 22 and 28). Mice fed 3% 

protein had significantly greater egg output than mice fed other protein levels. In contra~t to the 

primary infected group, there was no significant effect of dietary zmc and no interaction between 

dietary protein and zinc levels on total eggs produced per day. 

Repeated measures analysis yielded no statistically significant effects of time and no 

interaction between time and diet. Therefore, the pattern of egg output through time did not 

change in each dietary group. The test of hypothesis for among diets effects, however, indicated 

a significant effect of protein level (repeated measures p=O.OOOl). Mice _ed 3% protein produced 

more eggs throughout time than ml cc fed other protein levels. 

The number of eggs produced per female worm on day 28 post-challenge infection (Table 

3.2.4) was affected by the protein level in the diet (AOY: p=O.007). Mice fed 7% protein had 

fewer eggs produced per female worm than mice fed either 24% prote;n or 3% protein, whereas 
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there was no difference between the 24% and 3% protein fed animals. There was no significant 

effeet of dietary zinc and no interaction between dietary protein and zinc levels on eggs/female 

worm in the challenge infection. 

B. Immunological parameters 

1. Eosinophils 

The number of eosinophils found in blood samples from the mice is shown in Table 3.2.5 

for both the primary and challenge infection groups. 

In the course of the primaI) infection, eosinophils were affected by dietary zinc on two 

occasions. Mice fed diets containing 3 mg zinc/kg had lower eosinophilia than mice fed diets 

containing 60 mg zinc/kg on day 7 (AOV: p=O.005) and on day 21 (AOV: p=O.002) post-primary 

infection. There was no effeet due to zine on day 14 post-primary infection. Eo"inophil numbers 

were also affected by the level of dietary protein on day 14 (AOV: p=O.002) and day 21 post­

primary infection (AOV: p=O.02). On day 14, mice fed 7% protein had higher eosinophil counts 

than mice fed 24% and 3% protein, but on day 21, mi ce fed 3% protein had lower eosinophilia 

than mice fed 24% and 7% protein. Repeated measures analysis indicated a significant effect of 

time on eosinophilia (Willes Lambda p=O.OOOI), a significant interactIon of protein lev el with 

lime (Wilks Lambda p=O.Ol) and a significant interaction of time with protein and zinc (Wilks 

Lambda p=O.O 1). The test of hypothesis for the among diets effects indicated a significant effect 

of zinc (repeated measures p==O.009), and it can he seen from Table 3.2.5 that mice fed diets 

containing 3 mg zinc/kg had overall lower eosinophil numbers than mice fed diets containing 60 

mg zinc/kg . 
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In the course of the challenge infection, eosinophilia was affected by dietary zinc on one 

occasion only. On day 7 post-challenge infection. mice fed dicts containing 3 mg z.inclkg had 

lower eosinophilia than mice fed 60 mg/kg zinc (AOY: p=Ü.006). The number of eosinophils was 

affected by dietary protein level on aIl three measurement days. On day 7 post-challenge, mice 

fed 3% protein had lower eosinophilia thJn mice fed 7% and 24% protein. which did not differ 

from one another (AOV: p=O.002). On day 14 post-challenge infection, mice fed 3% protein hud 

lower eosinophilia than mice fed 24% protein, and mice fed 7% protein were intermediate and 

not significantly different from the 24% or 3% protein groups (AOY: p=O.008). Finally, on day 

21 post-challenge infection, mice fed 3% protein had lower eosinophitia than mice fed 7% and 

24% protein, which were not significantly different from one another (AOY: p=O.003). Repeated 

measures analysis indicated a significant effect of lime on eosinophil pattern (Wilks Lambda 

p=O.OOOI) but there was no interaction of time with diet. The test of hypothesis for the among 

diets effect indicated a significant effect of protein level on eosinophilia through time. From 

Table 3.2.5 it can be seen that mice fed 24% and 7% protein had higher eosinophilia than mice 

fed 3% protein throughout the experimental period. 

2. Serum IgG 1 profile 

The serum IgO 1 profile is shown in Table 3.2.6. In the primary infection protocol, 

baseline levels of IgO 1 (prior to infection) were not statistically different among the dietary 

groups. By day 7 post-primary infection, there was a significant interaction between dietary 

protem and zinc levels such that the animaIs fed 3% protein with 3 mg/kg zinc had a 

significantly higher serum IgGl leveJ than aH the ather groups (AOV: p=O.02). Therefore, the se 
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animais had an eartier rise in IgO 1 concentraùon following a primary infection. For the remainder 

of the primary infection, serum IgG 1 concentration was affected by dietary protein level, only. 

On day 14 and 21, mice fed 3% protein had significantly lower serum IgG 1 than mice fcd 7% 

Md 24% protein, which were not different from one another (day 14, AOV: p=O.OI and day 21, 

AOV: p=-O.03). On day 29, mice fed 3% protein had significantly lower serum IgGl than mice 

fed 24% protein, but mice fed 7% protein were intermediate and not significantly dlfferent from 

mice fed either 24% or 3% protein (AOV: p=O.Ol). 

Repeated measures analysis indieated a significant effeet of time on serum IgO 1 profile 

(Wilks Lambda p<O.OOO 1) and a significant interaction between time and dietary protein level 

(Wilks Lambda p=O.05) in a primary infection. It can he seen from Table 3.2.6 that serum IgOl 

levels rose hetween day 0 and day 21 in ail the groups but that, by day 29, serum IgG 1 Ievels 

continued to Tise in animaIs fed 24% protein whereas it either plateaued or decreased slightly in 

animaIs fed 7% and 3% protein. Thus, animaIs ftd 24% protein had a continued rise in serum 

IgO 1 oveT the entire experimental period, whereas serum IgG 1 peaked on day 21 in animais fed 

7% and 3% protein and subsequently deelined in the 7% protein fed animais and plateaued in 

the 3% protein fed animaIs. Also. the test of hypothesis for the among diets effects indicated an 

overall effect of û)Aary protein level (repeated measure p=O.01). 

In the challenge infection protocol, baseline IgG 1 levels were higher than for the primary 

infection protûcol since the challenge infected animaIs had been previously exposed to the 

parhsite when they received the anthelmintic-abbreviated primary infection. ln this situation, 

baseline serum IgG 1 concentration (prior ta the challenge infection) was affected by both dietary 

protein and zinc levels: mice fed diets containing 3 mg zinc/kg had significantly lower serum 
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IgGl concentration than mice fed diets containing 60 mg zinc/kg (AOY: p<o.ooon, and mice 

fed 3% protein had significantly lower serum IgG 1 levels than rrtÎce fed 24% protein. Mice fcd 

7% protein were intennediate and not significantly different from mice fcd either 24% or 3% 

protein (AOV: p=Û.O 1). On day 7, serum IgG 1 was affcctcd by protein level. only, such that mice 

fed 7% and 3% protein had significantly lower serum IgG 1 levels than nuce fed 24% protcin 

(AOY: p=O.Ol). Serum IgGl concentrations were not different among the dietary groups on day 

14 post-challenge infection, but OII day 21, IgG 1 level was significantly lower in mice fed 3°/(, 

protein th an in mice fed 24% protein, whereas mice fed 7% protein were intenllcdlute and Ilot 

significantly different from mi ce fed either 24% or 3% prott!În (AOV: p=O.02). On day 29. [gG 1 

concentration was significantly lowcr in mice fed 3% protein than in mice fed either 7% or 24% 

protein, which were not different from one another (AOV: p<O.OOOI). 

Repeated measures analysis of IgG 1 profile in the challenge infection protocol indicated 

a signifieant effeet of time (Wiiks Lambda p<O.OOOI) and also a significant interaction between 

time and dietary protein level (Wilks Lambda p=O.03). It can be seen in Table 3.2.6 that serum 

IgG 1 levels rose more rapidly ln animaIs fed 24% protein, peaked on day 21 and decreased by 

day 29, whereas IgG 1 levels rose less rapidly in animaIs fed 7% protein but also peaked on day 

21 and decreased by day 29. In contrast, IgG 1 level peaked on day 14 in animaIs fed 3% protein, 

plateaued until day 21 and decreased by day 29. The test of hypothesis for the amollg diet~ 

effects revealed a significant effect of protein level on the overall IgG 1 concentration (repeated 

measures p=O.04). There was no effect of zinc restriction on the serum IgG 1 level in either the 

primary or the challenge infection protocol. 
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c. Nutritional parameters 

The nutritional parameters of mice necropsied on day 29 post-infection are summarized 

in Tables 3.2.7 and 3.2.8. The data was first tested with infection in the statistical model to 

detennine whether infection type (primary vs challenge) had an effect on nutritional parameters. 

When infection type (primary vs challenge) was not significant. the data for the primary and 

challenge infection groups were pooled and reanalysed for the main effects of zinc and protein 

The results for the pooled data are shown in Table 3.2.7. When infection type (primary vs 

challenge) was significant the data were not pooled but were re-analyzed separately for the main 

effects of zinc and protein. In this case the data for the primary and challenge infection groups 

are shown separately in Table 3.2.8. 

1. Food intake 

The cumulative food intake throughout the experiment was not affected by infection and 

the data are shown in Table 3.2.7. There was a significant effect of dietary protein level on total 

food intake (AOV: p<O.OOOl). Mice fed 7% protein ate more food th an mice fed 24% and 3% 

protein, which did not differ from one another. The relative food intake, calculated as the total 

food eaten divided by the body weight gain, was also significantly affected by dietary protein 

level (AOV: p<O.OOOl), such that the relative food intake was significantly increascd in mice fcd 

3% protein. There was no significant effect of dietary zinc and no significant interaction between 

dietary prote in and zinc levels on food intake . 
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2. Body and organ weights 

Body weight and organ weights were not affected by infection type (Table 3.2.7) with the 

exception of liver weight which is described in Table 3.2.8. The initial body weight of mice was 

not statistically different among the dietary groups. The final body weight and the body weight 

gain in both the primury and challenge infection groups, however, were affected by the level of 

protein in the diet (AGY: p<O.OOOl). Mice fed 3% protein had lower final body weight and lower 

body weight gain than mice fed 7% and 24% protein, which were not significantly different from 

one another. 

The spleen weight was affected by dil~tary protein level (Table 3.2.7) (AOY: p<O.OOOl). 

Mice fed 7% protein had greater spleen weights than mice fed 24% and 3% protein, and mice 

fed 3% protein had lower spleen weights than mice fed either 24% or 7% protein. The relative 

spleen weights, calculated as the percent of body weight. did not follow the sarne pattern. Mice 

fed 7% protein had higher relative spleen weights than mice fed 24% and 3% protein, which 

were not significantly different from one another. The thymus weight was significantly smaller 

in mice fed 3% prote in compared to the hightr protein levels (AOV: p=O.OOOl), but the relative 

thymus weight was not affected by dietary treatment. There was no effect of dietary zinc or 

significant interaction between dietary protein and zinc levels on body or organ weights. 

The liver weight and relative liver weight were affected by the infection type (AOY: 

p=O.025 and 0.006 respectively) (fable 3.2.8), such that both were signifieantly greater in the 

challenge infected animal!; th an in the primary infected animaIs. In the primary infection group, 

liver weight was affeeted by the levei of protein (AOV: p<O.OOOl), but not by the level of dietary 

zinc. The 3% protein groups had srnaller livers than the 7% and 24% protein groups, which did 
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not differ from one another. In contrast. relative liver weight was affected by dietary zinc (AGY: 

p=O.008), but not by dietary protein level. Mice fed diets contailling 3 mg zinc/kg had higher 

relative liver weight than mice fed diets containing 60 mg zinc/kg. In the challenge infection 

group, there was a significant protein effect (AOY: p<O.OOOl) and also :t significant Interaction 

between protein and zinc levels on liver weight. Mice fed diets contaimng 3 mg zinc/kg and 3% 

protein had significantly smaller livers than all the other groups, whereas mice fed diets 

containing 60 mg zinc/kg and 3% protein had smaller livers than mice fed 60 mg/kg zinc and 

7% protein only. The relative liver weight was affected by zinc (AOY: p=0.03) and by protein 

(AOV: p=O.OOl), and there was also an interaction between dietary protein and zinc levels (AOY: 

p=O.008). In this case, mice fed diets containing 60 mg zinc/kg and 3% protein had higher 

relative liver weights th an all the other groups . 

3. Plasma analysis 

Plasma albumin and alkaline phosphatase activity were affected by infection type (AOY: 

p=O.002 and p=O.01 respectively) and, therefore, the data are shawn separately in Table 3.2.8. 

The pooled data for BUN is shawn in Table 3.2.7 as this parameter was not affected by infection 

type. 

Plasma alburnin and alkaline phosphatase activity exhibited a different pattern in the 

primary versus challenge infected animaIs. ln the primary infected group, albumin was affected 

by dietary zinc (AGV: p<O.OOOl) but not by dietary protcin. AnimaIs fed diets containing 3 mg 

zinc/k:g had higher plasma albumin than animais fed diets containing 60 mg zinc/kg. Alkaline 

phosphatase activity was affected by dietary zinc (AGV: p=O.OOl) and by dietary protein 
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(p<O.OOOI), and there was also a significant interaction between dietary protein and zinc levels 

(AOV: p=O.03). The interaction was such that alkaline phosphatase activity was greater in mice 

t'ed 3% protein than mice fed higher levels of protein, and the increase was significantly greater 

in mice fed 3% protein with 3 mg zinc/kg diet t!-tan in mice fed 3% protein with 60 mg zinc/kg 

diet. In the challenge infected group, plasma albumin was affected by the level of dietary protein 

(AOV: p=(),05) and the level of dietary zinc (AOV: p=O.02). Mice fed 7% protein had higher 

albumin concentration than mice fed 24% protein but did not differ from mi ce fed 3% protein. 

Mice fed 3% and 24% protein were not significantly different from one another. Also, mice fed 

diets containing 3 mg zinc/kg had lower albumin concentration3 than mice fed diets containing 

60 mg zinc/kg. Alkaline phosphatase activity was affected by the level of dietary protein (AOV: 

p<O.OOO 1) but not by the level of zinc. Alkaline phosphatase activity was significantly higher in 

mice fed 3% protein than mice fed higher levels of dietary protein . 

BUN was not affected by infection type (primary vs. challenge). In both infection groups, 

BUN was signifîcantly affected by protein level (AOV: p<O.OOOl), such that this index decreased 

significantly with decreasing protein levels. There was no effect of dietary zinc on BUN 

concentration. 

4. Tissue trace minerais analysis 

Tibia and liver zinc concentrations were significantly affected by infection type (AOY: 

p=O.OI and p=O.OOI respectively), and therefore, the results are shown separately for each 

infection group in Table 3.2.8. Liver copper and the ratio of liver zinc to liver copper were Ilot 

affected by infection type and the pooled results are shown in Table 3.2.;. 

The concentration of zinc in the tibia was higher in the challenge infected group than in 
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the primary infected group (AOY: p=O.OOl). In both the primary and challenge infection group~ . 

tibia zinc concentration was affected by protein (AOY: p<O.OOOl) and Z\l1C (AOY: p<O.OOOl). 

Tibia zinc concentration was significantly lower 111 mi ce fed 3% protem comparcd to 11Igher 

protein levels; there was no difference between the 7% and 24% protem grollp~. Tihm zmc wa~ 

further decreased by zinc restriction ~uch that mice fed dlets containing 3 mg zillc/k.g hall \ower 

tibia zinc than mice fed diets containing 60 mg zinc/kg for each level of dietary protcin intakc. 

Liver zinc concentration was also different between the primary and challenge mfected 

animaIs. Liver zinc was higher in the primary mfected group th an 1I1 the challenge infected group 

(AOY: p=O.Ol). In the primary infection group, liver zinc concentration was affected by dietary 

zinc (AOV: p=O.OOI) and by dietary protein (AOY: p=O.009). Mice fed diets contall1ing 3 mg 

zinc/kg had lower liver zinc than mice fed diets containing 60 mg zinc/kg, and mice fed 3% 

protein had Iower liver zinc than mice fed 24% protein; the 7% protein group was intermediatc 

and not significantly different from either the 24% or 3% prote in groups. In the challenge 

infection group, liver zinc concentration was affected by dietary protein (AOY: p<O.OOO 1) and 

by an interaction between Zi:1C and protein (AOY: p=O.O(9). The interaction was slIch that the 

concentration of zinc was lower in the 3 mg/kg and 3% protein group compared to ail other 

groups, whereas th,~re was no effect of a 3% protein diet when the dietary level of zinc was 60 

mg/kg. 

Liver copper concentration was not affected by the different infection protocols (Table 

3.2.7), but it was affe~ted by the level of protein in the diet (AOY: p=O.(4). The liver copper 

concentration was significantly higher in mi ce fed 3% protein than in the animals fed 7% and 

24% prote in, which were not significantly different from one another. The ratio of zinc to coppeT 
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in the liver wa~ aho not affected by the different infection protocols but was aff~cted by the 

protein level in the diet (AOY: p<O.OOOI). Mice fed a 3% protem diet had a lowe:;" ratio than 

mice fed a 7% or a 24% protein di~t, which did not differ from one another . 
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TABLE 3.1.1 The effect of dietary protem restriction on H.polygyrus establishment on day 9 and 
survival on day 29 post-primary infection (preliminary)U. 

Protein LeveR (%) -----------------------------------------
Parameter 

(Absolute Number) 

Total worms3 

L44 

Male wormss 

Female wormll6 

MalelFemale ratio' 

Total worms8 

Male wormslJ 

Female worms1O 

MalelFernale ratio Il 

24 

60.8 ± 4.3 

7.6 ± O.Sa 

21.8 ± 2.1 

31.0 ± 3.6 

0.74±0.1 

5.4 ± l.4b 

1.8 ± 0.6b 

3.6 ± 0.9b 

0.55 ± 0.2 

7 

DAY 9 

61.6 ± 5.7 

7.4 ± L2a 

27.6 ± 1.7 

29.4 ± 3.2 

0.99 ± 0.1 

DAY 29 

25.4 ± 13.9b 

10.8 ± 5.9ab 

14.6 ± 8.1 b 

0.90 ± 0.2 

3 

60.8 ± 7.2 

1.4 ± O.Sb 

27.6 ± 3.3 

31.8 ± 4.9 

0.93 ± n.i 

54.0 ± 2.Sa 

22.4 ± 2.6a 

31.6 ± 1.6<1 

0.72 ± 0.1 

1 Values are means ± SEM: the number of animais in each group was 5. 
2 Values within each parameter with different lctter superscripts are statistically different (p~().05) 
b:!~ed on Tukey's multiple palrwise comparisons. 
3-11 Significance of main effects from AOV: 
3,5-7.11 protein (NS) 
4 protein (p=O.OOOl) 
8 protein (p=Ü.004) 
9 protein (p=O.007) 
10 protein (p=Ü.005) 
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TABLE 3.1.2 The effeet of dietary protein restriction on H. polygyrus egg output in mice during 
a primary infection (preliminary)I.2 

Protein Level (%) 

Day 24 7 3 
Post-Infection 

143 8898 ± 1105 12851 ± 2539 8090 ± 732 

214 5939 ± 1082b 12698 ± 1882a 11802 ± 853a 

285 3059 ± 1345 6886 ± 3977 12784 ± 1974 

1 Values are means ± SEM; the number of animais in each group was 5. 
2 Values within each infection day with different letter superscripts are statistically different 
~p~.05) based on Tukey's multiple pairwise comparisons . 
. -5 Significance of main effects from AOY: 
3.5 protein (NS) 
4 protein (p=0.008) 
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Figure 3.1.1 The affect of dietary protein restriction on H. Polygyrus female worm 
a99 production on day 29 post-primary infection . 
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TABLE 3.1.3 The effect of dietary protein restriction on the number of eosinophils/rnm3 in 
whole bJood of mice infected with H. polygyrus (preliminary)! 

Protcin Level (%) 

Day 24 7 3 
Post-Infection 

02 220.0 ± 47.3 148.0 ± 17.7 144.0 ± 0.0 

72 352.0 ± 46.1 419.2 ± 50.4 668.8 ± 201.7 

142 172.8 ± 38.7 467.2 ± 207.7 832.0 ± 547.4 

212 100.0 ± 64.8 88.0 ± 26.5 80.0 ± 0.8 

-= 
! Values are means ± SEM; the nurnber of animais in each group was 5. 
2 Significance of main effects from AOV: protein (NS) 
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Figure 3.1.2 The effect of dietary protein and zinc restrictions on the DTH response 
to DNFB on experimental day 21. 
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TABLE 3.1.4 The effect of dietary protcm and ZInC restrIctions on nutntlonal parameters of mlce 
on day 9 po~t-infection (prcl;minary, expenmental day 32)1.2 

Parameter 

Total food 
intake (g)3 

Food intakc/ 
body wt 
gain4 

Initial body 
wt (g)5 

Final body 
wt (g)6 

nody wt gain 
(g)7 

Absolute 
Liver wt (g)8 

Relative 
Liver wt 
(% bwt)9 

Absolute 
Spleen wt 

(g)IO 

Zinc Level 
(mg/kg) 

60 
3 

pooled 

60 
3 

pooled 

60 
3 

pooled 

60 
t 
~. 

pooled 

60 
3 

pooled 

60 
3 

pooled 

60 
3 

pooled 

60 
3 

pooled 

Protein Level (%) 

24 

85.1±2.7 
90.6 ± 2.9 
87.5 ± 2.1 h 

15.1 ± 1.3 
14.7 ± 1.2 
14.9 ± 0.8b 

10.3 ± 0.6 
10.3 ± 0.6 
10.3 ± 0.4 

16.0 ± 0.6 
16.6 ± 0.7 
16.3 ± O.4a 

5.8 ± 0.4 
6.2 ± 0.3 
6.0 ± O.Jh 

0.68 ± 0.02 
0.70 ± 0.02 
0.69 ± 0.01 a 

4.2S ± 0.12 
4.23 ± 0.11 
4.24 ± 0.07 

7 

95.5 ± 2.8 
100.0 ± 2.0 
97.7 ± 1.8a 

13.8 ± 0.6 
14.9 ± 0.2 
14.4 ± O.4b 

9.8 ± 0.5 
11.3 ± 0.3 
10.5 ± 0.4 

16.7 ± 0.6 
18.0 ± 0.2 
17.4 ± O.4a 

6.9 ± 0.3 
6.7 ± 0.1 
6.8 ± 0.2a 

0.70 ± 0.03 
0.77 ± 0.02 
0.73 ± O.02a 

4.17 ± 0.06 
4.25 ± 0.11 
4.22 ± 0.06 

0.12 ± 0.004 0.12 ± 0.01 
0.09 ± 0.005 0.10 ± 0.01 
O. Il ± O.ll±O.Ola 
O.OOSa 
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88.7 ± 3.9 
87.8 ± 3.1 
88.2 ± 2.4h 

67.0 ± 17.1 
51.7 ± 6.1 
59.4 ± 8.9a 

11.0 ± 0.4 
10.4 ± 0.1 
10.7 ± 0.2 

12.7 ± 0.6 
12.3 ± 0.3 
12.5 ± 0.3b 

1.6 ± 0.3 
1.8 ± 0.3 
1.7 ± 0.2e 

0.50 ± 0.04 
0.56 ± 0.02 
0.55 ± 0.02b 

4.21 ± 0.13 
4.57 ± 0.14 
4.38 ± 0.11 

0.06 ± 0.01 
0.05 ± 0.01 
0.06 ± 0.01 b 

pooled 

89.7±2.1 
92.9 ± 2.1 

31.9 ± 8.5 
28.0 ± 5.3 

10.4 ± 0.3 
10.7 ± 0.2 

15.1 ± 0.6 
15.5 ± 0.7 

4.8 ± 0.6 
4.8 ± 0.6 

0.64 ± 0.02 
0.67 ± 0.03 

4.21 ± 0.58 
4.36 ± 0.08 

0.10 ± O.Ol a 

0.08 ± O.OI b 
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TABLE 3.1.4 continued 

Parameter 

Re;ative 
Spleen wt 
(% bwt)l1 

Absolute 
Thymus wt 

(g)U 

Relative 
Thymus wt 
(% bwt)13 

Zinc Level 
(mg/kg) 

60 
3 

pooled 

60 
3 

pooled 

60 
3 

pooled 

Protcin Level (%) 

24 

0.73 ± 0.03 
0.56 ± 0.02 
0.65 ± 0.03,1 

0.05 ± 0.01 
0.03 ± 0.01 
0.04 ± O.Ol ah 

0.29 ± 0.05 
0.17 ± 0.04 
0.23 ± 0'<14 

7 

0.69 ± 0.06 
0.58 ± 0.06 
0.63 ± (l.()4:1 

0.04 ± 0.004 
0.05 ± O.OOS 
0.05 ± 0.004a 

0.23 ± 0.02 
0.29 ± 0.03 
0.26 ± 0.02 

-' 

049 ± 0.03 
041 ± n.05 
(l.45 ± o.mh 

0.03 ± (LOOS 
0.()4 ± 0.002 
0.03 ± o.omb 

0.20 ± n.m 
0.30 ± 0.02 
0.25 ± 0.02 

poolcd 

o 63 ± 0,(14" 
0.51 ± O.03h 

0,()4 ± 0004 
0.(14 ± 0,()04 

0.24 :t () 02 
0.26 ± () 02 

1 Values are means ± SEM; the number of animal!o. In each group was 5, cxcept 4 \11 the 24% 
~rotein with 3 mg!kg zinc group. 

Values within each parameter wlth dlfferent letter supcrscnpts are stausttcally dlffercnt (p~(U)5) 
based on Tukey's multIple pairwise comparisons; maIn effect~ of proteIn and zinc an:; ~hown wlth 
the pooled means and zinc*protein interactions are shown with the individual l11ean!o. 
3-13 Significance of main effects from AOV: 

3,9.13 protein (NS); zinc (NS); zinc*protein (NS) 
4,5,7-8 protein (p<O.OOOI); zinc (NS); zinc*protein (NS) 
6 protein (p=O.004); zinc (NS); zIllc*protein (NS) 
10 proteiIl (p<0.0001 );ZIllC (p=O.02); zinc" protein (NS) 
11 protein (p=0.0004); zinc (p=0.004); zll1c*protem (NS) 
12 protein (p=0.04); zinc (NS); zinc*protein (NS) 
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• TABLE 3.1.5 The effect of dietary protein and zinc restrictions on nutritional parameters of mice 
on day 29 post-infection (prelirninary. experirnental day 51)1.2 

Protein Level (%) 

Zinc Level 24 7 3 
Parameter (mg/kg) pooled 

Total food 60 160.5 ± 2.7 167.6 ± 3.9 138.1 ± 7.0 155.4 ± 4.2 
intake (g)3 3 158.6 ± 2.8 171.1 ± 4.0 136.4 ± 6.7 155.4 ± 4.6 

pooled 159.5 ± 1.9a 169.4 ± 2.7a 137.3 ± 4.6b 

Food intakel 60 18.3 ± 1.1 19.6±l.1 66.8 ± 18.5 32.6 ± 7.7 
body wt 3 17.7 ± 0.7 17.7 ± 0.8 57.8 ± 10.5 31.1 ± 6.0 
gain4 pooled 18.0 ± 0.6b 18.7 ± O.7b 61.8 ± 9.5a 

Initial body 60 10.6 ± 0.5 10.8 ± 0.4 9.9 ± 0.3 10.4 ± 0.3 
wt (g)s 3 10.2 ± 0.6 9.4 ± 0.4 10.1 ± 0.6 9.9 ± 0.3 

pooled 10.4 ± 0.4 10.1 ± 0.3 10.0 ± 0.3 

Final body 60 19.4 ± 0.4 19.4 ± 0.3 12.3 ± 0.7 17.0 ± 0.9 
wt (g)6 3 19.3 ± 0.8 19.2 ± 0.5 12.9 ± 0.6 17.1 ± 0.9 

• pooled 19.4 ± O.4a 19.3 ± O.3a 12.6 ± O.4b 

Body wt gain 60 8.9 ± 0.4 8.6 ± 0.4 2.3 ± 1.0 6.6 ± 0.9 
(g)7 3 9.0 ± 0.4 9.7 ± 0.6 2.8 ± 0.6 7.2 ± 0.9 

pooled 8.9 ± 0.3a 9.2 ± O.4a 2.5 ± 0.5b 

Absolute 60 0.78 ± 0.02 0.83 ± 0.01 0.56 ± 0.03 0.72 ± 0.03 
Liver wt (g)8 3 0.80 ± 0.04 0.81 ± 0.04 0.59 ± 0.04 0.73 ± 0.03 

pooled 0.79 ± 0.02a 0.82 ± 0.02a 0.57 ± 0.02b 

Relative 60 4.03 ± 0.04 4.27 ± 0.06 4.55 ± 0.08 4.29 ± 0.06 
Liver wt 3 4.17 ± 0.10 4.20 ± 0.12 4.56 ± 0.10 4.31 ± 0.07 
(% bwt)9 pooled 4.10 ± 0.06b 4.24 ± 0.06b 4.56 ± 0.06a 

Absolute 60 0.09 ± 0.006 0.10 ± 0.004 0.06 ± 0.01 0.08 ± 0.01 
Spleen wt 3 0.09 ± 0.006 0.09 ± 0.004 0.05 ± 0.01 0.07 ± 0.01 

(g)lO pooled 0.09 ± 0.004a 0.10 ± 0.003a 0.05 ± O.OIb 
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TABLE 3.1.5 continued 

Parameter 

Relative 
Spleen wt 
(% bwt)l1 

Absoluie 
Thymus wt 

(g)U 

Relative 
Thymus wt 
(% bwt)13 

Zinc Level 
(mg/kg) 

60 
3 

pooled 

60 
3 

pooled 

60 
3 

pooled 

Protein Level (%) 

24 7 

0.47 ± 0.03 0.51 ± 0.02 
0.45 ± 0.03 0.48 ± 0.02 
0.46 ± 0.02 0.50 ± 0.01 

0.04 ± 0.004 0.04 ± 0.004 
0.05 ± 0.010 0.04 ± 0.010 
0.05 ± 0.004 0.04 ± 0.004 

0.23 ± 0.02 0.19 ± 0.02 
0.26 ± 0.04 0.19 ± 0.04 
0.24 ± 0.02ab 0.19 ± 0.02b 

3 

0.50 ± 0.11 
0.37 ± 0.05 
0.43 ± 0.06 

0.04 ± 0.004 
0.04 ± 0.003 
0.04 ± 0.002 

0.29 ± 0.02 
0.32 ± 0.04 
0.30 ± 0.02a 

pooled 

0.49 ± OolB 
0.43 ± 0.02 

0.04 ± 0.002 
0.04 ± 0.004 

0.24 ± 0.01 
0.25 ± 0.03 

1 Values are means ± SEM; the number of animais in each group was 5. 
2 Values within each parameter with different letter superscripts are si:atistically different (p$;O.05) 
based on Tukey's multiple pairwise comparisons; main effects of protein and zinc are shown with 
the pooled means and zinc*protein interactlOns are shown with the individual means. 
3-13 Significance of main effects from AOY: 
3.4 protein (p<O.OOOl); zinc (NS); zinc*protein (NS) 
5,11-12 protein (NS); zinc (NS); zinc*protein (NS) 
13 protein (p=0.007); zinc (NS); zinc*protein (NS) 
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TABLE 3.1.6 The effect of dietary protein and zinc restrictions on the nutritional status of mice 
on day 9 post-infection (preliminary, experimental day 32)1.2 

Protein Level (%) 

Zinc Level 24 7 3 
Parameter (mg/kg) pooled 

Albumin 60 2.96 ± 0.05 3.04 ± 0.07 2.67 ± 0.10 2.89 ± 0.06b 

(g/dI)3 3 3.24 ± 0.18 3.37 ± 0.12 2.77 ± 0.09 3.12 ± 0.10a 

pooled 3.09 ± 0.093 3.20 ± 0.09a 2.72 ± 0.06b 

Alkaline 60 134.8 ± 4.8 133.9 ± 15.1 142.3 ± 7.7 137.0 ± 5.5 
phosphatase 3 146.5 ± 6.1 127.1 ± 7.1 130.9 ± 8.7 134.0 ± 4.6 

(lU)4 pooled 140.0 ± 4.1 130.5 ± 7.9 136.6 ± 5.8 

Plasma zinc 60 0.76 ± 0.06 0.82 ± 0.08 0.62 ± 0.09 0.73 ± 0.05 
(pg/ml)5 3 0.71 ± 0.11 0.68 ± 0.03 0.64 ± 0.04 0.67 ± 0.03 

pooled 0.74 ± 0.05 0.75 ± 0.05 0.63 ± 0.05 

Tibia zinc 60 222 ± 43 191 ± 13b 146 ± 5ed 186 ± 9 
(pg/g)6 3 164 ± 8°C 167 ± 5bc 127 ± 4d 152 ± 6 

pooled 196 ± 11 178 ± 8 137 ± 4 

1 Values are means ± SEM; the number of animaIs in each group was 5. 
2 Values within each parameter with different letter superscripts are statistically different (pg).05) 
based on Tukey's multiple pairwise comparisons; main effects of prote in and zinc are shown with 
!he pooled means and zinc*protein interactions are shown with the individual means. 
3-6 Significance of main effects from AOY: 
3 frotein (p=O.0002); zinc (p=O.OI); zinc*protein (NS) 
4-, protein (NS); zinc (NS); zinc*protetn (NS) 
6 protein (p<O.OOOI); zinc (p<O.OOOl); zinc*protein (p=Ü.03) 
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TABLE 3.1.7 The effect of dietary protein and zinc restrictions on the nutritional status of mice 
on day 29 post-infection (prelirninary. experimental day 51)1.2 

Protein Level (%) 

Zinc Level 24 7 3 
Parameter (mg/kg) pool cd 

Albumin 60 2.64 ± 0.10 3.07 f 0.07 2.71fO.17 2.81 ± O.OR 
(g1dl)3 3 2.96 ± 0.08 3.10fO.Il 2.60 ± 0.12 2.89 ± 0.08 

pooled 2.80 ± O.Ogb 3.09 ± 0.06u 2.65 ± 0.10b 

Alkaline 60 108.6 ± 4.7 108.4 ± 5.8 164.6 ± 9.4 127.2 ± 8.0 
phosphatase 3 115.0 ± 2.6 IOS.9 ± 10 169.0 ± 7.4 130.0 ± 7.9 

(IU)4 pooled 111.8 ± 2.gb 107.2 ± 3.1b 166.8 ± S.7a 

Plasma zinc 60 1.32 ± 0.20a 0.76 ±0.04abc 0.47 ± 0.07c 0.81 ± 0.12 
(pg/m1)5 3 o . 9 2 ± 1.10 ±0.21ab 0.64 ± 0.03bc 0.88 ± (W9 

pooled O.Ogabc 0.93 ± 0.11 0.55 ± 0.05 
1.10 ± 0.13 

Tibia zinc 60 212 ± l3a 146 ± 6bc 197 ± Il 
(pg/g)6 3 234 ± Sa ISO ± 6b 121 ± 9c 146 ± 6 

pooled 165 ± 9b 181 ± 12 134±6 
200 ± 12 

1 Values are means ± SEM; the number of animais in each group was S. 
2 Values within each parameter with different letter superscripts are statistically different (p:S:O.05) 
based on Tukey's multiple pairwise comparisons; main effects of protein and zinc are shown with 
the pooled means and zinc*protein interactions are shawn with the indlvidual means. 
3-6 Significance of main effects from AGY: 
3 protein (p=O.002); zinc (NS); zinc*protein (NS) 
4 protein (p<O.OOOI); zinc (NS); zinc*protein (NS) 
5 protein (p=O.0008); zinc (NS); zinc*protein (p=O.03) 
6 protein (p<O.OOOI); zinc (p<O.OOOI); zinc*protein (p=0.03) 
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TABLE 3.2.1 The effect of dietary protein and zinc restrictions on H. polygyrus establishment 
day 9 post-primary infection 
31).1.2 

in establishment control mice (experiment 1. experimental day 

Parameter 
(Absolute Number) 

Total worms3 

L 4 
4 

Male wormss 

Female worms6 

MalelFemale ratio 7 

Protein Level (%) 

Zinc 24 7 3 
(mg/kg) 

60 62.3 ± 13.0 59.0 ± 2.9 68.0 ± 4.7 
3 54.0 ± 2.6 53.0 ± 7.5 83.3 ± 2.7 

pooled 58.2 ± 6.2ab 56.0 ± 3.8b 75.7 ± 4.2a 

60 1.3 ± 0.7 
3 2.0 ± 1.0 

pooled 1.7 ± 0.6 

60 31.0 ± 8.6 
3 27.7 ± 0.9 

pooled 29.3 ± 3.9ab 

60 30.0 ± 5.7 
3 24.3 ± 0.9 

pooled 27.2 ± 2.9 

60 1.0 ± 0.1 
3 1.1 ± 0.1 

pooled 1.1 ± 0.1 

2.3 ± 0.9 
2.0 ± 0.6 
2.2 ± 0.5 

28.0 ± 4.0 
23.3 ± 3.3 
25.7 ± 2.5b 

28.7 ± 1.4 
27.7 ± 7.0 
28.2 ± 3.2 

1.0 ± 0.2 
1.0 ± 0.2 
1.0 ± 0.1 

1.3 ± 0.3 
1.0 ± 0.6 
1.2 ± 0.3 

36.3 ± 2.3 
42.7 ± 4.7 
39.5 ± 2.7a 

30.3 ± 2.3 
39.7 ± 4.0 
35.0 ± 2.9 

1.2 ± 0.1 
1.1 ± 0.6 
1.2 ± 0.1 

pooled 

63.1 ± 4.3 
63.4 ± 5.5 

1.7 ± 0.4 
1.7 ± 0.4 

31.8 ± 3.1 
31.2 ± 3.4 

29.7 ± 1.8 
30.6 ± 3.3 

1.1 ± 0.1 
1.1 ± 0.1 

1 Values are means ± SEM; the number of animaIs in eac:h group was 3. 
2 Values within each parameter with different letter super~.cripts are statistically different (pg).05) 
based on Tukey's multiple pairwise comparisons; main effects of protein and zinc are shown with 
the pooled means and zinc*protein interactions are shown with the individual means. 
3 Protein (p=O.02); ZtnC (NS); zinc*protein (NS) 
5 Protein (p=O.03); zinc (NS); zinc*protein (NS) 
4.6-7 protein (NS); zinc (NS); zinc*protein (NS) 
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• TABLE 3.2.2 The effect of dietary protein and zinc restrictions on H.po/ygYrlIs survival on day 
29 post-primary and challenge infections in mice (experiment 1)1.2 

Protein Lev~1 (%) 

Parameter Zinc 24 7 3 
(Absolute number) (mg/kg) pooled 

PRIMARY INFECTION 

Total worms3 60 5.6 ± 3.1 39.4 ± 16.2 65.0 ± 4.9 36.7 ± X.4h 

3 34.8 ± 14.9 62.4± 11.7 71.0 ± 5.2 56.1 ±7.31\ 
pooled 20.2 ± 8.7b 50.9 ± 1O.2a 68.0 ± 3.5a 

Male worms4 60 2.2 ± 1.6 16.4 ± 6.2 28.4 ± 3.0 15.7 ± 3.oh 

3 13.0 ± 5.8 31.0 ± 6.4 29.8 ± 4.3 24.6 ± 3.71\ 
pooled 7.6 ± 3.4b 23.7 ± 4.9a 29.1 ± 2.5a 

Female wormsS* 60 3.4 ± 1.7 23.0 ± 10.6 36.6 ± 2.6 21.0 ± 5.0h 

3 21.8 ± 9.3 31.4 ± 5.9 41.2 ± 3.3 31.5±4.1" 
pooled 12.6 ± 5.4b 27.2 ± 5.9ab 38.9 ± 2.1 a 

• MalelFemale 60 0.8 ± 0.4 (2) 1.6 ± 0.6 0.8 ± 0.1 1.1 ± 0.3 
ratio6* 3 0.6 ± 0.1 1.0 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 

pooled 0.6 ± 0.1 1.3 ± 0.3 0.8 ± 0.1 

CHALLENGE INFECTION 

Total worms 7* 60 2.4 ± 0.7 3.0 ± 1.2 65.8 ± 6.6 23.7 ± 8.2 
3 4.4 ± 0.7 3.0 ± 1.3 60.0 ± 7.4 22.5 ± 7.5 

pooled 3.4 ± 0.6b 3.0 ± O.Sb 62.9 ± 4.8a 

Male worms8* 60 1.2 ± 0.4 1.2 ± 0.4 29.6 ± 4.5 10.7 ± 3.8 
3 O.S ± 0.4 0.6 ± 0.6 28.0 ± 2.8 9.8 ± 3.5 

pooled 1.0 ± 0.3b 0.9 ± O.3b 28.8 ± 2.5a 

Female worms9* 60 1.2 ± 0.5 1.8 ± 1.1 36.2 ± 2.2 13.1 ± 4.4 
3 3.6 ± 0.7 2.4 ± 0.7 32.0 ± 5.5 12.7 ± 4.0 

pooled 2.4 ± 0.6b 2.1 ± 0.6b 34.1 ± 2.9a 

MalelFemale 60 0.7 ± 0.2 (3) 0.8 ± 0.5 (4) 0.8 ± 0.1 0.8 ± 0.1 
ratio1O* 3 0.4 ± 0.1 (3) 0.6 ± 0.0 (1) 1.0 ± 0.2 0.7 ± 0.1 

• pooled 0.5 ± 0.1 0.7 ± 0.4 0.9 ± 0.1 
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TABLE 3.2.2 continued 

1 Values are means ± SEM; the number of animaIs in each group was 5, llnless indicated 
otherwise in parenthesis. 
2 Values within eaeh parame ter with different letter superscripts are statistically different (p~.05) 
based on Tukey's multiple pairwise comparisons; main effects of prote in and zinc are shown with 
the pooled means and zinc*protein interactions are shown with he individual means . 
... The data were not normally distributed and were transformed to square root. 
3-11 Significance of main effects from AOV: 
3-4 protein (p=ÜJlO06); zinc (p=O.03); zinc*protein (NS) 
5 wotein (p=(>.O08); zinc (p=O.02); zinc*protein (NS) 
6, 0 protein (NS); zinc (NS); zinc*protein (NS) 
7-9 Protein (p<O.OOOl); zinc (NS): zinc*protein (NS) 
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• TABLE 3.2.3 The effect of dietary protein and zinc restrictions on H. polygyrus daily egg output 
during primary and challenge infections in mic..c (experiment 1)1.2 

-

Protein Level (%) 

Day Post- Zinc 24 7 3 
Infection (mg/kg) pooled 

PRIMARY INFECTION 

163 60 9643 ± 3447 16531 ± 3892 11273 ± 1611 12482 ± 1854 
3 12886 ± 4620 13658 ± 2543 11962 ± 514 12R35 ± 1645 

Pooled 11264 ± 2770 15G95 ± 2243 11617 ± 806 

60 1932 ± 1277a 15406 ± 3937bc 9526 ± 1379ab 8954 ± 1996 
224 3 5914 ± 1867ab 10450 ± 1718ab 21168 ± 2644c 12510 ± 2049 

pooled 3923 ± 1256 12928 ± 2187 15347 ± 2396 

285* 60 370 ± 214 9475 ± 3986 11071 ± 1135 6972 ± 1796b 

3 8854 ± 4989 8820 ± 3070 19488 ± 2083 12387 ± 2341 11 

• pooled 4612 ± 2746b 9148 ± 2374b 15280 ± 1794u 

CHALLENGE INFECTION 

166 60 554 ± 205 739 ± 469 9190 ± 1091 3494 ± 1139 
3 1579 ± 587 538 ± 250 7602 ± 506 (4) 2928 ± 865 

pooled 1067 ± 339b 638 ± 253b 8484 ± 672a 

227* 60 286 ± 147 437 ± 175 8534 ± 479 3086 ± 1043 
3 823 ± 333 386 ± 305 8350 ± 1649 3186 ± 1110 

pooled 554 ± 194b 412 ± 166b 8442 ± 809a 

288* 60 168 ± 127 O±O 9962 ± 2006 3377 ± 1391 
3 1025 ± 437 84 ± 65 8127 ±482 (4) 2718 ± 1572 

pooled 596 ± 258b 42 ± 34b 9146 ± 2260a 
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TABLE 3.2.3 continued 

1 Values are means ± SEM; the number of animais in each group was 5, unless indicated 
otherwise in parenthesis. 
2 Values within each post-infection day and infection type with different letter superscripts are 
statistically different (p~O.05) based on Tukey's multiple pairwise comparisons; main effects of 
protein and zinc are shown with the pooled means and zinc*protein interactions are shown with 
the individual means. 
• The data were not normally distributed and were transformed to square root. 
3-!! Significance of main effects from AGV: 
1 protein (NS); zinc (NS); zinc*protein (NS) 
4 protein (p=O.OOOl); zinc (NS); zinc*protein (p=O.006) 
5 rrotein (p=O.0004); zinc (p=Ü.02); zinc*protein (NS) 
6- protein (p<O.OOOl); zinc (NS); zinc*protein (NS) 
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TABLE 3.2.4 The effect of dietary protein and zinc restrictions on the number of eggs produced 
by H. polygyrus female worms on day 28 post-primary and challenge infections in micc 
(experiment 1)1.2 

Protein Level (%) 

Zinc 24 7 3 
Infection (mg/kg) pooled 

Primarr* 60 59 ± 34a (4) 742 ± 212c 417 ± 80h 430 ± 107 
3 322 ± 78b 259 ± 5Sah 482 ± 62h 354 ± 43 

pooled 205 ± 64 501 ± 131 449 ± 49 

Challenge4* 60 140 ± 98 (3) o ± 0 (3) 294 ± 77 172 ± 56 
3 321 ± 144 37 ± 33 239 ± 127 (4) 196 ± 68 

pooled 253 ± 9Sa 23 ± 21 b 269 ± 67a 

1 Values are means ± SEM; the number of animaIs in each group was 5 unless indicated 
otherwise in parenthesis. 
2 Values within infection type with different letter superscripts are significantly different (p~(lOS) 
based on Tukey's multiple pairwise comparisons; main effects of protein and zinc are shown with 
the pooled means and zinc-l<protein interactions are shown with the individual means. 
* The data were not nonnally distributed and were transformed to square fOOt. 

3-4 Significance of mail' effects from AOY: 
3 protein (p=O.OOl); zinc (NS); zinc*protein (p={l.O008) 
5 protein (p=O.007); zinc (NS); zinc*protein (NS) 
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• TABLE 3.2.5 The effect of dietary protein and zinc restrictions on the number of 
eosinophils/mm3 in whole blood of mice during primary and challenge infections with H. 
polygyrus (ex periment 1)1.2 

Protein Level (%) 

Day 
Post- Zinc 24 7 3 

Infection (mg/kg) pooled 

PRIMARY INFECTION 

,4· 60 214.4 ± 36.0 428.0 ± 123.5(4) 392.0 ± 189.6(4) 334.8 ±69.8a 

3 150.4 ± 14.8 192.0 ± 18.2 112.0 ± 25.3(4) 154.3 ±13.5b 

pooled 182.4 ± 21.2 296.9 ± 66.0 252.0 ± 103.1 

145 60 345.6 ± 64.9 672.0 ± 82.1 275.2 ± 62.9 430.9 ± 59.6 
3 403.2 ± 66.0 416.0 ± 54.5 278.4 ± 69.5 365.9 ± 37.9 

pooled 374.4 ± 44.7b 544.0 ± 63.1 a 276.8 ± 44.2b 

• 216• 60 297.6 ± 108.3 195.2 ± 44.8(4) 60.0 ± 26.4(4) 193.1 ±47.4a 

3 86.4 ± 18.0 140.0 ± 12.0(4) 22.4 ± 8.2 78.8 ± 14.9b 

pooled 192.0 ± 62.6a 170.7 ± 26.0a 39.1 ± 13.4b 

CHALLENGE INFECTION 

,7 60 720.0 ± 133.6 726.4 ± 66.1 342.4 ± 58.5 596.3 ±68.9a 

3 646.4 ± l38.8 380.8 ± 115.6 180.0 ± 38.3(4) 418.3 ±80.0b 

pooled 683.2 ± 91.6a 553.6 ± 85.2a 270.2 ± 44.8b 

147 60 563.2 ± 159.2 502.4 ± 153.5 220.8 ± 24.5 428.8 ± 79.4 
3 908.8 ± 279.5 665.6 ± 95.1 211.2 ± 89.9 595.2±122.6 

pooled 736.0 ± 162.2a 584.0 ± 89.4ab 216.0 ± 43.9b 

218 60 236.8 :1: 55.1 275.2 ± 42.2 72.0 ± 13.9(4) 203.4 ± 33.1 
3 147.2 ± 33.3 243.2 ± 80.9 64.0 ± 20.9 151.5 ± 33.9 

pooled 192.0 ± 33.8a 259.2 ± 43.3a 67.5 ± 12.4b 
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TABLE 3.2.5 continued 

l Values are means ± SEM~ the number of animaIs in each dietary and infection groups wa:. 5 
unless indicated otherwise in parenthesis. 
2 Values within one infection type and one post-infection day with different letter superscripts 
are significantly different based on Tukey's multiple pairwise comparisons; main effets of plOtein 
and zinc are shown with the pooled means and zinc*protein interactions are shown with the 
individual means. 
>1< The data were not normally distributed and were transfonned 10 square root. 
3-8 Significance of main effects from AOV: 
3 protein (NS); zinc (p=O.005); zinc*protein (NS) 
4 protein (p=O.002); zinc (NS): zinc*protein (NS) 
5 protein (p=O.02); zinc (p=Û.006); zinc*protein (NS) 
6 protein (p=O.002); zinc (p=O.03; zinc*protein (NS) 
7 protein (p=O.003); zinc (NS); zinc*protein (NS) 
8 protein (p=O.003); zinc (NS); zinc*protein (NS) 
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TABLE 3.2.6. The effect of dietary protein and zinc restrictIOns on total serum IgG 1 concentration during primat)' and challenge 
infections with H. polygyrus (experiment 1)1.2. 

Day 
Post­

Infection 

02 

73 

144 

21S 

296 

Zinc 
(mg/kg) 

60 
3 

pooled 

60 
3 

pooled 

60 
3 

pooled 

60 
3 

pooled 

60 
3 

pooled 

Protein Level (%) 

24 7 3 

IgGl (pg/ml) PRIMARY INFECTION 

2868 ± 453 2850 ± 247 2356 ± 230 
2649 ± 260 2268 ± 251 1944 ± 166 
2759 ± 249 2559 ± 192 2173 ± 157 

6450 ± 765bb 5149 ± 369b 4590 ± 175b 

5226 ± 23gb 5347 ± 255b 7142 ± 873a 

5991 ± 515 5248 ± 214 6048 ± 698 

13254 ± 1800 12250 ± 1175 8486 ± 845 
11078 ± 1856 11640 ± 1171 7445 ± 558 
12166 ± 1272a 11945 ± 789a 8024 ± 532b 

15239 ± 829 15714 ± 1044 11448 ± 616 
13142 ± 669 14230 ± 942 12369 ± 1556 
14307 ± 633a 14971 ± 709a 11974 ± 884b 

16218 ± 1422 12232 ± 285 11423 ± 1022 
16555 ± 1911 12681 ± 528 10556 ± 1406 
16387 ± 1125a 12457 ± 1365ab 10941 ± 864b 

105 

pooled 

2691 ± 185 
2311 ± 149 

5220 ± 377 
5915 ± 388 

11330 ± 899 
10241 ± 892 

14449 ± 705 
13247 ± 628 

13424 ± 1233 
13264 ± 1002 
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TABLE 3.2.6 continued 

Protein Leve) (%) 

Day 
Post- Zinc 24 7 3 

Infectian (mg/kg) pooled 

IgG 1 (pg/ml) CHALLENGE INFECTION 

07 60 8234 ± 1014 5788 ± 625 5292 ± 487 6438 ± 525a 

3 4343 ± 1058 3535 ± 721 2383 ± 281 3420 ± 458b 

pooled 6289 ± 948a 4661 ± 586ab 3838 ± 553b 

78 60 11238 ± 1615 7734 ± 893 8842 ± 816 9381 ± 758 
3 11355 ± 648 9326 ± 297 7702 ± 1405 9586 ± 593 

pooled 11296±821a 8618 ± 48Sb 8335 ± 7Mb 

149 60 15524 ± 3631 15763 ± 270 13429 ± 938 14953 ± 1554 
3 16005 ± 1125 14877 ± 1747 16434 ± 705 15772 ± 690 

pooled 15738 ± 1971 15320 ± 1506 14932 ± 786 

21 10 60 20554 ± 1624 17657 ± i708 14173 ± 1354 17461 ± 1136 
3 18818 ± 698 18930 ± 1100 16908 ± 1431 18176 ± 677 

pooled 19686 ± 881 a 18364 ± 934ab 15693 ± 1051 b 

2911 60 18939 ± 1528 16216 ± 2026 10596 ± 666 15184 ± 1218 

3 15413 ± 575 15811 ± 1979 10611 ± 839 13840 ± 989 
pooled 17260 ± 10223 16013 ± 1337:1 10604 ± 505b 
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TABLE 3.2.6 continued 

1 Values are means ± SEM; the number of animaIs in each dietary and infection groups was 5. 
2 Values within one infection type and one post-infection day with different letter superscripts are significantly different based on 
Tukey's multiple pairwise comparisons; main effets of protein and zinc are shown with the pooled means and zinc*protein interactions 
are shown with the individual means. 
3-11 Significance of main effects from AOV: 
3 Protdn (NS); zinc (NS); zinc*pprotein (NS) 
4 Protein (NS); ZinC (NS); zinc*protein (p=O.020 
5 proreir, (p=O.OI); zinc (NS); zinc*protein (NS) 
6 protein (p=O.03); zinc (NS); zinc*protein (NS) 
7 protein (p=O.Ol); zinc (NS); zinc*protem (NS) 
8 protein (p=O.OI); zinc (p<O.OOOI); zinc*protein (NS) 
9 protein (p:=().012); zinc (NS); zinc*protein (NS) 
Hf protein (ns); zinc (NS); zinc*protein (NS) 
Il protein (p=O.02); zinc (NS); zinc*protein (NS) 
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• TABLE 3.2.7 The effect of dietary protein and zinc restrictions on nutritional parameters of mire 
on day 28 post-infection (experiment 1, experimental day 73)1.2 

Protein Level (%) 

Zinc 24 7 3 
Parameter (mg/kg) pooled 

Total food 60 213.6 ± 1.7 245.9 ± 2.4 205.8 ± 7.0 221.7 ± 4.0 
intake (g)3 3 217.9 ± 4.4 239.8 ± 4.4 20S.8 ± S.9 221.2 ± 3.H 

pooled 21S.7 ± 2.4b 242.8 ± 2.Sa 20S.8 ± 4.5b 

Food intake/ 60 21.0 ± 0.6 22.2 ± O.S 62.0 ± 12.5 35.1 ± 5.4 
body wt 3 22.0 ± 1.4 25.9 ± 0.9 50.9 ± 4.3 32.7 ± 2.H 

gain4 pooled 21.S ± 0.8b 23.6 ± 0.6b 56.5 ± 6.Sa 

Initial body 60 1O.S ± 0.2 10.7 ± 0.3 10.4 ± 0.2 10.5 ± 0.1 
wt (g)5 3 10.3 ± 0.3 10.5 ± 0.3 10.2 ± 0.2 10.3 ± 0.1 

pooled 10.4 ± 0.2 10.6 ± 0.2 10.3 ± 0.1 

Final body 60 20.7 ± 0.3 21.8 ± 0.2 14.6 ± 0.6 19.1 ± 0.6 
wt (g)6 3 20.4 ± 0.5 20.2 ± 0.4 14.S ± 0.4 18.4 ± 0.6 

• pooled 20.6 ± O.3a 21.0 ± 0.3a 14.6 ± O.4b 

Body wt 60 10.3 ± 003 11.1 ± 0.3 4.2 ± 0.6 8.5 ± 0.6 
gain (g)' 3 10.2 ± 0.5 9.7 ± 0.4 4.3 ± 0.3 8.1 ± 0.5 

pooled 10.2 ± Oo3a 10.4 ± O.3a 4.2 ± 0.3b 

Absolute 60 0.09 ± 0.004 0.11 ± 0.007 O.OS ± 0.002 0.08 ± 0.005 
Spleen wt 3 0.09 ± O.OOS 0.11 ± O.OOS 0.06 ± 0.006 0.08 ± 0.004 

(g)8 pooled 0.09 ± 0.003b 0.11 ± 0.004a 0.06 ± 0.003c 

Relative 60 O.4S ± 0.01 0.49 ± 0.03 0.36 ± 0.01 0.43 ± 0.016 
Spleen wt 3 0.42 ± 0.02 0.52 ± 0.02 0.41 ± 0.03 0.45 ± 0.016 
(% bwt)9 pooled 0.43 ± O.Olb 0.50 ± 0.02a 0.39 ± 0.02b 

Absolute 60 O.OS ± 0.003 0.04 ± 0.003 0.03 ± 0.003 0.04 ± 0.002 
Thymus wt 3 0.04 ± 0.004 0.04 ± 0.004 0.03 ± 0.002 0.04 ± 0.002 

(g)lO pooled 0.05 ± 0.003a 0.04 ± 0.003a 0.03 ± O.002b 

Relative 60 0.24 ± 0.02 0.19 ± 0.01 0.19 ± 0.02 0.21 ± 0.01 

• Thymus wt 3 0.19 ± 0.02 0.20 ± 0.02 0.21 ± 0.01 0.20 ± 0.01 
(% bwt)l1 pooled 0.22 ± 0.01 0.20 ± 0.01 0.20 ± 0.01 
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TABLE 3.2.7 continued 

Zinc 24 
Parameter (mg/Kg) 

BUN 60 22.8 ± 1.2 
(mgldl)12 3 22.0 ± 1.5 

pooled 22.4 ± 0.9a 

Liver correr 60 19.2 ± 0.7 
(J1gig) 3 18.3 ± 0.6 

pooled 18.8 ± 0.5b 

Liver 60 6.1 ± 0.2 
zinc/cop~er 3 6.4 ± 0.1 (9) 

(J1g1g) 4 pooled 6.2 ± O.1 a 

Protein Level (%) 

7 3 

16.7 ± 0.9 10.0 ± 0.9 (9) 
16.4 ± 0.6 12.7 ± 0.6 (9) 
16.5 ± O.5b 11..3 ± 0.6c 

18.6 ± 0.5 22.4 ± 1.5 
18.9 ± 0.8 19.1 ± 0.5 
18.7 ± O.5b 20.7 ± 0.9a 

6.2 ± 0.1 5.3 ± 0.2 (9) 
6.2 ± 0.2 4.9 ± 0.2 
6.2 ± O.la 5.1 ± 0.2b 

pooled 

16.7 ± 1.1 
17.2 ± 0.9 

20.1 ± 0.9 
18.7 ± 0.4 

5.9 ± 0.1 
5.8 ± 0.2 

1 Values are means ± SEM; the data for the primary and challenge infections are pooled; the 
number of animais in each group was 10 unless indicated otherwise in parenthesis . 
2 Values within each parameter wlth different letter superscripts are statistically different (p~O.05) 
based on Tukey's multiple pairwlse comparisons; main effects of protein and zinc are shown with 
the pooled means and zinc*protein interactions are shown with the individual means. 
3·]4 Significance of main effects from AOV: 
3-4.6-10.12.14 protein (p<O.OOOl); zinc (NS); zinc*protein (NS) 
5.11 protein (NS); zinc(NS); zinc*protein (NS) 
13 protein (p=O.04); zinc (NS); zinc*protein (NS) 
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• TABLE 3.2.8 The effect of dietary protein and zinc restrictions on nutritional parameters of mice 
on day 28 post-infection (experiment 1, experimental day 73)1.2 

Protein Level (%) 

Zinc 24 7 3 
Parameter (mg!kg) pooled 

PRIMARY INFECTION 

Liver wt (g)3 60 0.83 ± 0.05 0.88 ± 0.04 0.59.±: 0.04 0.77 ± 0.04 
3 0.85 ± 0.06 0.87 ± 0.02 0.64 ± 0.05 0.79 ± 0.04 

pooled 0.84 ± 0.03u 0.88 ± 0.02a 0.62 ± 0.03b 

Relative 60 4.02 ± 0.18 4.06 ± 0.13 4.10 ± 0.11 4.06 ± O.08h 

Liver wt 3 4.26 ± 0.14 4.39 ± 0.09 4.43 ± 0.15 4.38 ± O.07a 

(% bwt)4 pooled 4.14 ± 0.12 4.20 ± 0.09 4.29 ± 0.10 

Albumin 60 2.71 ± 0.1 2.79 ± 0.2 3.19 ± 0.1 2.90 ± O.lb 

• (g/dOS 3 3.23 ± 0.1 3.40 ± 0.1 3.30 ± 0.1 3.33 ± O.l a 

pooled 2.97 ± 0.1 3.11 ± 0.1 3.25 ± 0.1 

Alkaline 60 90.3 ± 6.5a 92.5 ± 5.8a 161.9 ± 5.6b 116.5 ± 9.9 
Phosphatase 3 108.9 ± 6.1a 107.6 ± 4.5a 206.4 ± 4.9c 153.4 ± 12.7 

(IU)6 pooled 99.6 ± 5.2 100.9 ± 4.3 184.1 ± 8.2 

Tibia zinc 60 225 ± 8 226 ± 12 164 ± 5 205 ± 9a 

(pg/g)7 3 170 ± 3 159 ± 5 132 ± 6 153 ± 5h 

pooled 198 ± 10 a 196 ± 14a 148 ± 6b 

Liver zinc 60 122 ± 5 116±4 115 ± 1 118 ± 2a 

(pg/g)8 3 113 ± 3 (4) 112 ± 3 99 ± 2 108 ± 2b 

pooled 118 ± 3a 114 ± 2ab 107 ± 3b 
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• TABLE 3.2.8 continued 

Protein Level (%) 

Zinc 24 7 3 
Parameter (mg/kg) pooled 

CHALLENGE INFECTION 

Liver wt (g)9 60 0.85 i 0.01 ab 0.98 i 0.03a 0.76 i 0.05b 0.86 i 0.03 
3 0.91 ± 0.06ab 0.84 i 0.02ab 0.65 i 0.03c 0.80 i 0.04 

pooled 0.88 i 0.03 0.91 i 0.03 0.71 i 0.03 

Relative 60 4.07 ± 0.09a 4.51 i O.17a 5.17 i 0.15b 4.58 i 0.14 
Liver wt 3 4.35 i 0.20a 4.14 i 0.07a 4.46 i 0.15a 4.32 i 0.09 

(% bwt)lO pooled 4.20 ± 0.11 4.32 i 0.11 4.81 i 0.15 

Albumin 60 2.85 i 0.1 3.19 i 0.1 3.01 i 0.2 3.00 i O.la 

(g/dl)l1 3 2.59 i 0.2 2.90 i 0.03 2.78 i 0.1 2.75 i O.lb 

pooled 2.72 i 0.1 b 3.03 i 0.07a 2.90 i O.l1ab 

• Alkaline 60 105.7 ± 4.4 101.5 i 10.4 159.4 i 23.6 119.5 il0.0 
Phosphatase 3 93.4 i 4.8 87.7 i 2.6 137.9 i 16.9 106.4 ± 8.1 

(IU)1l pooled 99.5 ± 3.7b 94.6 i 5.6b 147.5 ± 13.6a 

Tibia zinc 60 222 ± 3 241 ± 8 179 ± 6 214 ± 8a 

(J1g/g)13 3 180 ± 4 193 ± 16 163 ± 6 lï9 ± 6b 

pooled 201 ± 7a 217 i 12a 171 ± 5b 

Liver zinc 60 110 ± la 114 ± 6a 104 ± 3a 110±2 
(J1g/g)14 3 113 ± 3a 119 ± 3a 87 ± 3b 106±4 

pooled 112±1 116±3 96 ± 3 

1 Values are means i SEM. 
2 The number of an\mals in each dietary and infe,ction groups was 5. 
3 Values within one parameter and infection type with different letter superscripts are 
significantly different (P$0.05) based on Tukey's multiple pairwise comparisons; main effects of 
zinc and prorein are shown with the pooled means and zinc*protein interactions are shown with 
the individual means. 

• 3-14 Significance of main effects from AOV: 
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TABLE 3.2.8 continued 

3 protein (p<O.OOOl); zinc (NS); zinc*protein (NS) 
4 protein (NS); zinc (p=O.008); zinc*protein (NS) 
5 protein (NS); zinc (p<O.OOOl); zinc*protein (NS) 
6 protein (p<O.OOOl); zinc (p=O.OOl); zinc*protein (p=O.03) 
7 protein (p<O.OOOl); zinc (p<O.OOOl); zinc*protein (NS) 
8 protein (p=O.009); zinc (p<O.OOOl); zinc*protein (NS) 
9 protein (p<O.OOOl); zinc (NS); zinc*prorem (p=O.03) 
10 protein (p=O.OOI); zinc (p=O.03); zinc*protein (p=O.008) 
Il protein (p=O.05); zinc (p=O.02); zinc*protein (NS) 
12 protein (p<O.OOOl); zinc (NS); zinc*protein (NS) 
13 protein (p<O.OOOl); zinc (p<O.OOOl); zinc*protein (NS) 
14 protein (p<O.OOOl); zinc (NS); zinc*protein (p=O.006) 
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CHAPTER 4. DISCUSSION 

The effects of single and combined dietary protein and zinc resnictions on H. po/ygyrus 

infection in both immune and non-immune mice were investigated. Worm burdens and worm egg 

production, and the associated IgG 1 levels and eosinophili counts were compared in groups of 

mi ce fed 24, 7 or 3% protein combined with 60 or 3 mg zinc/kg diet. The efft~cts of protein and 

zinc restrictions on ho st nutritional status were also investigated. This represents the flrst 

comprehensive study of the effects of combined dietary protein and zinc restrictions on a chronic 

intestinal parasitic infection. The model used in this study is also unique as it allows the study 

of the effects of dietary restrictions in both immune (challenge infection) and non-immune 

(primary infection) hosts. The complexity of the protein and zinc-parasite interaction is illustrated 

in this study by the array of significant findings which are subsequently discussed. 

1. HOST NUTRITION AL STATUS 

A. ZINC ST ATUS 

The effect of marginal zinc deficiency rather th an of severe zinc deficiency on the 

outcome of an intestinal hehninth infection was studied in the present experiment because of the 

growing awareness that marginal zinc deficiency may be more important and widespread than 

severe zinc deficiency in human populations (Casey and Hambidge, 1980; Keen et al., 1988; 

Kimberlly et al., 1991; Lindsay, 1993; Prasad, 1983). Many studies conceming the effects of 

zinc deficiency in laboratory animaIs have used severely deficlent levels of zinc which produce 
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marked failure to grow, anorexia, alopecia, diarrhoea. skin lesions and sometimes death (Aggett, 

1989 and 1991; Burch et al .• 1975; Williams and Mills. 1970) and results from these studies may 

not be reievant to human populations. In humans, impaired linear growth has been the most 

significant feature observed in zinc deficient children in severa} countries (Ferguson ct al., 1993; 

Halstead et al., 1972; King, 1990; Walravens et aL. 1983 and 1989; Walravens and Hambidge, 

1976), and mildly zinc deficient children responded to zinc supplementation with changes in 

indexes of body composition rather than growth (Cavan et al., 1993a,b), 

The level of zinc restriction chosen for this study was based on previous experiments in 

this laboratory using similar diet formulations and showing that diets containing 5 mg zinc/kg 

resulted in a 40% reduction in serum zinc but had no effects on other clinical or biochemical 

indicators of zinc status such as food intake, body weight gain. tissue zinc stores and alkaline 

phosphatase activity (Minkus, 1990). A more severe zinc restriction witl} diets containing 0.75 

mg zinc/kg resulted in reduced food intake, weight 10ss. lower liver and plasma zinc 

concentrations, reduced relative spleen and thymus weights, hair loss and skin lesions (Shi et aL, 

1994a). Diets containing an intennediate value of 3 mg zincllcg were expected to produce a 

marginal zinc deficiency. 

Luecke and Fraker (1979) attempted to determine the zinc requirement of young growing 

female mice, and found maximum weight gain and normal antibody-mediated responses at a levcl 

of 5.9 mg zinc/kg in the diet (these results indicated that the zinc requirement of the mice is 

lower than that of the rat which is 12 mg/kg). A level of 3.3 mg zinc/kg diet resulted in lower 

food intake and lower body weight gain in outbred Swiss mice, but had no significant cffeet on 

these parameters in inbred Ail mice although a trend towards lower values were observed. In 
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addition, the effects of a 3.3 mg/kg level were much milder than the effects observed with a level 

of 0.7 mg/kg. It may be suggested that the different effect of the 3.3 mg/kg zinc restriction in 

the Swiss mice and the A/J mice may have been due to their differing growth rate. The Swiss 

and A/J mice weighed 11.1 and 10.5 grams respectively at the start of the experiment at three 

weeks of age. The control Swiss mice which weighed 21 grams at age 5 weeks grew faster than 

the control A/J mice which weighed only 16 grams. The BALB/c mice used in the present 

experiment have small body size and weighed only 16 grams at age 7 weeks when fed the control 

diet. This strain may have zinc requirements sirnilar to those of the A/J mouse as detcrmined in 

the experiment of Luecke and Fraker (1979). 

The level of zinc in the diets used in this study ranged from 2.9 mg/kg in the 3% protein 

diet to 4.0 mg/kg in the 24% protein diet when measured by atornic absorption 

spectrophotometry. These levels may have been borderline and not sufficiently low to impair 

body weight gain and food intake, as the se parameters were not altered. Furtherrnore, reducing 

the protein content of zinc deficient diets has been shown to increase food intake and body 

weight gain (Chesters and Will, 1973; Hunt and Johnson, 1992) and, therefore, the protein 

restricted diets in this study may have required even lower levels of zinc to pro duce clear signs 

of deficiency. There was aiso no effect of this level of restriction on the relative spleen and 

thymus weights which are commonly reduced in moderate to severe zinc 1eficiency (Beach et 

al., 1980a and 1982; Fraker, 1977; Fraker et al., 1982b and 1984; Luecke, 1978). In addition, 

there was no effect on alkaline phosphatase actIvity which is a zinc dependent enzyme often used 

as an indicator of zinc status (Aggett, 1991; Roth and Kirchgessner, 1980; Thompson, 1991). 

Parameters of zinc status which were altered by the level of restriction used in this investigation 
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included tibia zinc concentration in both primary and challenge infected animais and liver zinc 

concentration in the primary infection; liver zinc concentration was only decreased in mice fed 

the lowest protein level in the challenge infection group. 

The response of specifie tissues to zinc deficiency is not unifoml (King. 1990). The 

concentration of zinc in bone has been reported to drop by as much as 65%. that of plasma by 

approximately 45% and that of liver within the range of 7 20%, in moderate to severe zinc 

restrictions (Giugliano and Millward, 1984; Jackson et aL, 1982; King, 1990). Zmc is thought tn 

he mobilized from those tissues to support high priority tissues such as muscle and skin 

(Giugliano and Mil1ward, 1984), and is thought to be derived from bone to a larger extent than 

from liver or plasma (Giugliano and Millward, t984; King, 1990). 

Although bone is very sensitive to dietary zinc restriction, it must be pointed out that ilS 

role as a potential zinc store has been controversial. Brown et al. (1978) suggested that the 30% 

reduction in total femur zinc observed in young zinc deficient rats could he redistributed to other 

tissues to support minimal growth during periods of dietary zinc restriction. Giugliano and 

Millward (1984) estimated that the sum of zinc loss from bone together with that obtained from 

the diet was equal to the amount of zinc deposited in muscle in zinc deficient rats, and suggested 

that storage zinc in the skeleton serves as a zinc reservoir. Hurley and Swererton (1971), Hurley 

and Tao (1972), and Tao and Hurley (1975), however, rejected the possibility that bone zinc 

could be rechstributed when needed elsewhere because zinc deficient pregnant rats (which had 

high zinc requirements) could not mobilize bone zinc in an amount above that mobilized by non­

pregnant zinc deficient rats. These authors argued that, in the mature skeleton, zinc is finnly 

bound in bone mineraI and is essentially unavailable in times of need, and that any re!ease of 
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zin(' from bone is secondary to nonnal bone turnover rather than being the result of active zinc­

relea~ing mechanisms. Murray and Messer (1981) also argued that bone zinc could not serve as 

a store, since zinc deficiency did not affect the resorption rate of bone in either weanling or adult 

rats; zinc was lost from bone in a passive manner that was dependent on, bllt did not influence, 

bone turnover. This study however, only measured bone zinc turnover at one time point, at 4 

weeks after dietary zinc restrIction. More recently, Zhou et al. (1993) have provided evidence to 

show the existence of two zinc pools in the skeleton, by following the redistribution of 65Zn 

among rat tissues throughout a period of 5 weeks of marginal zinc restriction. These authors 

suggested that one pool of bone zinc is a rapidly turning over pool from which zinc can be 

released within the first week of marginal zinc restriction (6 mg zinc/kg) to maintain zinc 

homeostasis and growth. The other pool is a slowly turning over pool, or sink, from which zinc 

cannot be utilized without bone resorption. Based on these observations, it is possible that the 

reduction in bone zinc observed in the zinc restricted animaIs in the present study may have been 

used to maintain body weight gain and to prevent the development of further signs of zinc 

deficiency. Also, the fact that the zinc restricted animais were first acclimatized on the high zinc 

diet (60 mg/kg) may have helped in maintaining zinc homeostasis foîlowing marginal zinc 

restriction. Harland et al. (1975) demonstrated that zinc supplementation prior to zinc restriction 

resulted in improved growth of Japanese quails. These investigators suggested that bone may 

store zinc consumed in cxcess of the requirement and that this zinc may he available for 

utilization during a subsequent period of zinc deprivation. Acclimatization on a commercial chow 

diet which contains lower zinc (12-20 mg/kg) or placing the weaning animaIs directly on the low 

zinc diet may have been better alternatives to produce further signs of deficiency. 
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Bone and liver zinc concentrations were also found to he affected differently 1Il a 

primary vs a challenge infection protocol. Bone zinc concentration was significantly highcr in 

challenged animaIs than in primary infected animais; liver zinc was significantly lower at ail 

protein levels in the primary infection but ûnly significantly lower in the 3% protein fcd animais 

in the challenge infection. Since animaIs from both infection protocols were fed identically. these 

effects may he due to the infection protocol itself. although the faet that uninfeeted animais were 

not included in the study makes it difficult to speculate on the effects of infection on tissue z.inc 

concentration. The challenge infection protocol stimulates a more intense immune response th an 

a primary infection protocol (Bartlett and BalI, 1974; Benhke and Parish, 1979; Cypess et aL. 

1988). The acute phase protein response which occurs during inflammation and certain infections 

and which is regulated by IL-l, IL-6 and TNF can result in disturbances in tissue minerai 

concentrations and alteration in liver protein synthesis profile. Hepatic uptake of amino acids, 

zinc and iron from the plasma, as weIl as an increased hepatic synthesis of acute phase proteins 

and reduction in albumin synthesis are observed (Grimble, 1989 and 1990). COllsins and Leinan 

(1988) examined changes in tissue zinc dynamics in mice treated with recombinant IL-l to 

simulate an acute phase response and found that uptake of labelled zinc into bone, skin and 

intestine was decreased, whereas that of liver, bone marrow and thymus was enhanced. These 

authors suggested that when host defences are challenged, the redistribution of zinc from skin 

and bone to liver, thymus and bone marrow may occur to suppl Y these high priority tissues for 

nucleic acid and protein synthesis. Whether this kind of interaction between infection and tissue 

zinc stores could explain the difference observed in bone and liver zinc concentrations between 

the primary and challenge infection groups is not clear. It has not been previously established that 
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H. polygyru.s stimulates an acute phase protein response in a challenge infection, but it has been 

demonstrated that the intestinal helminths Trichinela spiralis and Nzppostrollgylus brasiliensls do 

not eliclt synthesis of acute phase proteins (Stadnyk et aL, 1990). Furthermore, Minkus et al. 

(1992) observed no effect of H. polygyrus primary or challenge infection on plasma or liver iron 

or on ZInC concentrations and plasma albumin levels compared with uninfected animais. These 

authors concluded that the acute phase protein response was not likely to have been stimulated, 

although liver and splenic copper were increased and splenic iron level was decreased, by 

unknown mechanisms, in challenge infected animais cornpared to uninfected controls. 

B. PROTEIN STATUS 

Three dietary protein levels were chosen for this study to represent a broad range of 

protein intake. A level of 24% was chosen for the control diet, as described by Minkus (1990). 

This level is higher than the NRC (1978) recommendation of 18% protein, which is stated to be 

adequate for most strains of mice and not excessive for any. The level for the present experirnent 

was formulated at 24% in the event that reduced food intake should have occurred in the zinc 

restricted animaIs fed the control level of protein. The level of 7% protein was expected to 

represent a marginal protein intake based on report<i from Korsrud (1966) stating that levels of 

11.3% from egg protein produced maximum growth in CFI mice, and reports from Goettsh 

(1960) stating that 13.6% protein as casein was the minimal concentration that supported 

acceptable growth. reproduction and lactation in Swiss STM mire, Finally the level of 3% protein 

was chosen as a low protein di et and was not expected to produce severe signs of deficiency. 

Studies using diets containing less than 2% protein, have been shown to result in excessive body 
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weight 1055 and edema in weanling mice, and to produce marked effects on immune funcrion 

(e.g. Filteau and Woodward, 1987; Watson et aL, 1983; Woods and Woodward. 1991; Woodward 

et al., 1992). Although sorne have reported a 2% protein diet to maintain weaning weight in miel' 

(Filteau and Woodward, 1984) others have reported body weight loss at this level of protClIl 

(Slater and Keymer, 1988). Previous experiments in this laboratory have shown that fcmulc 

BALB/c mice cannot maintain weaning weight on a 2% protem diet whieh induces a loss of 

about 3 g of body weight from weaning and appro:'.lmately 20% mortality. Severe protelll 

deflciency was not chosen for this study because it may have caused a high mortality rate, 

considering the length of this experiment (10 weeks), and because two nutritional deficiencle~ 

were combined. Also, it was desirable to examine the effects of protein deficiency at a level that 

would not induce excessive morbidity and mortality, which may be more realistic to the human 

situation of stunting malnutrition . 

Unexpectedly, the level of 7% protein did not produce ally signs of deficiency and 

appeared to be an adequate level for growth. Mice fed 7% protein gained as much weight and 

ate more food than mice fed 24% protein. The feed utilization ratios, were calculated as the 

amount of food eaten divided by the body weight gain of mice, and represent the extent to which 

mice converted dietary protein into body tissue. This index showed that mice fed 7% protein had 

a food utilization ratio that was not significantly different from that of mice fed 24% protein. 

Therefore, mice fed 24% protein or 7% protein ate the same amount of their respective diet to 

gain 1 g of body weight. The 7% protein diet also resulted in higher albumin values on clay 51 

of the preliminary study and on day 73 of experiment 1 in the challenge infection group. BUN 

in this group, as expected was intermediate between the values for animais fed 24% and 3% 
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protein. Thus. none of the nutritional parameters indicated that the 7% prote in fed animaIs were 

receiving sub-optimal protein intake. although this level of dietary protein increased parasite 

survival in a primary infection and produced slight differences in the plasma IgG 1 concentration 

in a challer.ge infection. 

The 3% protein diei was clearly inadequate for growth. as mi ce fed this level of protein 

had significantly lower weight gain than mice fed 7% and 24% protein. This level of protein 

permitted a slow rate of body weight gain. Petro et al. (1982) found similar growth in female 

BALB/c mice fed a 4% casein diet supplemented with methionine starting at 6 weeks of age for 

a period of 5 weeks and qualified this level of restriction as a moderate protein deficiency. 

AIthough the 3% protein diet impaired body weight gain in rnice, plasma albumin concentration 

WâS not consistently reduced. Significantly lower alburnin values were observed on day 32 of the 

preliminary study. but no difference between the 3% and 24% protein fed animais was observed 

on day 51 of the preliminary study or on day 73 of experiment 1. Food intake is sometimes 

reduced when animais are fed very low protein diets, but did not differ between mice fed 3% and 

24% protein. although mice fed 3% protein had lower food intake than mice fed 7% protein. 

Lunn and Austin (1983a and 1983b) demonstrated that hypoalbuminemia. and perhaps 

other features of protein deficiency seen in animais fed very low protein diets. may occur as an 

undesirable consequence of the metabolic response r'!quired to deal with the excess energy 

consumption in relation to reduced body weight and maintenance need. Data from balance studies 

showed that for hypoalbumÏllemla to occur, not only does dietary protein need to be inadequate, 

but it is also necessar/ for energy consumption to he in excess of requirement. It was suggested 

that in protein deficient animais, energy consumed in excess of the amount required for 
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maintenance and the protein-limited growth rate, initiates a metabolic response which resnlts in 

inappropriate use of the meagre prote in intake. This "dysadapted" state in the rat was associated 

with elevated plasma T3 values. The voluntary reduction of food intake of animais fed very low 

protein diets is also thought to he related in part to the inability of protein deficient animais to 

deal with the excess energy intake in relation to prott:in (Coward et al., 1977) or to the limited 

ability to store or dissipate the excess energy (Beaton et al., 1965 and 1966). Protein deficlent 

rats which have reduced their food intake can increase intake when exposed to factor~, such as 

cold and exercise, which increase energy dissipation (Beatan et al., 1965). Insulin treatment also 

resulted in increased food intake and fat deposition in these rats, presumably through an increased 

ability to convert excess carbohydrate to fat for storage (Beaton et al., 1966). The observation 

that animais fed the 3% protein diet in the present study did not have decreased plasma albumin 

and did not decrease their food intake may indicate that the ratio of protein:energy was 

sufficiently high to pennit efficient utilization of energy and protein to maintain body weight gain 

and plasma albumin levels on a limitcd prote in intakc. 

Tibia zinc concentration in a primary and challenge infection and liver zinc concentration 

In a primary infection were also significantly reduced in animais fcd 3% protein. Previous 

observations have indicated that the quantity of protein in the diet can affect zinc deposition into 

bone when dietary protein and zinc intakes are adequate (Hunt and Johnson, 1992; Johnson and 

Evans, 1984; Snedeken and Greger, 1985). High intake of protein (30-45% protein) results in 

greater bone zinc deposition, and it has been observed that protcin enhances zinc absorption and 

bioavailability. It has also been noted that the differences In bone may not have been caused 

entirely by enhanced zinc absorption, but by unidentified interactions between protein and zinc 
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in bone (Johnson and Evans, 1984; Snedeken and Greger, 1985). The effects of protein deficient 

diets on bone zinc concentration have apparently not been fully investigated. Campen and House 

(1974) observed that rats fed protem deficlent diets had reduced absorption of orally administered 

65Zn and increased endogenous excretion of zinc. Although bone zinc was not measured the low 

protein fed animais had decreased plasma, hepatic and small intestinal zinc concentrations. 

Therefore, an important consequence of prote in depletion may be a secondary zinc deficiency. 

This may raise the possibility that the reduced zinc status in protein deficient animaIs may have 

contributed in part to thelr impaired immune response to H. polygyrus infection. Filteau and 

Woodward (1984), however. demonstrated that the depressed antibody response and delayed 

hypersensitivity in severely protein deficient mi ce were not corrected by subcutaneous zinc 

injections which re-established serum zinc levels to near normal. These authors concluded that 

secondary zinc deficiency is not likely to be an underlying cause of the immunodepression which 

occurs in severe protein deficiency. 

Finally, protein deficient mice fed the 3% protein diet aIso had elevated alkaIine 

phosphatase activity compared to mice fed higher protein levels. Alkaline phosphatase is an 

enzyme fouild in the liver, bone., placenta, and intestine and is useful in detectjng diseases in 

the se organs (Lee and Nieman, 1993). Activity is high in children, during skeletal growth in 

adolescents, and during pregnancy (Lee and Nieman, 1993). Values are also elevated in patients 

with hepatic disease such as hepatitis and cirrhosis, and with bone pathology such as rickets in 

children and osteomalacia in aduIts (Tilklan et aL, 1987). It is possible that protein deficiency 

may have stressed these tissues in the mice, resûlting in elevated alkaline phosphatase values. For 

example, it is known that protein deficiency with adequate calorie intake causes a fatty liver in 
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rats and humans; in rats the process progresses spontaneously to cirrhosls (Rudman and Feller • 

1990). Aiso. protein deficient rats show retarded bone growth lcading to bones which are shorter 

and lighter than those of well-fed animaIs (Le Roith and Pimstone, 1973; Orwoll et al., 1992). 

Le Roith and Pimstone (1973) observed lower calcium accretion but unchanged calcium 

resorption in bone of protein deficient rats. 

II. EFFECT OF HOST NUTRITION ON WORM BURDEN AND IMMUNE FUNCTION 

In the present study, worm burden 29 days post-primary infection was signifieantly greater 

in mi ce fed 7% protein and 3% protein than in mice fed 24% protein, and signifieantly greater 

in mice fed diets containing 3 mg zinc!kg than in mi ce fed diets containing 60 mg zinc!kg. The 

effects of dietary restriction on the number of female and male parasites followed the same 

pattern as that on the total number of worms and parasite sex ratio was not affected by dietary 

restrictions, indicating that female and male worms were equally affected by dietary treatment. 

AIso, there were no interactive effects of combined dietary protein and zinc restrictions on any 

of the wonn burden parameters. 

Previously, neither Braiisford and Mapes (1987) nor Slater and Keymer (1988) found 

dietary protein level to have any effect on H. polygyrus burden in a primary infection. Also. 

Minkus et al. (1992) found no effeet of marginal zinc defieiency (5 mg zinc/kg diet) on H. 

polygyrus burden in a primary infection. However, in contrast to the present study, these studies 

have found that the control and deficient animais remained infected wlth equally large worm 

burdens after a period of 3 to 4 weeks post-primary infection. Therefore, the reduction in parasite 
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number in the control animais in a primary infection (and not a greater parasite numbers in the 

dietary restncted groups) is the factor from this study which differs from others (Brailsford and 

Mapes, 1987; Slater and keymer, 1988; Minkus et al., 1992). 

ln the present experiment, control mi ce (mice fed 24% prote in with 60 mg zinc/lcg) were 

able to reduce their worm burden to 6 ± 3 worms 29 days after an inoculation with 100 larvae. 

The establi~hment control mice killed on day 9 post-primary infection. prior to the challenge 

infection protocol, indicated that parasite establishment in the control mice did not differ from 

the other dtetary groups. Parasite establishment in the control mice on day 9 post-primary 

infection was 62 ± 13 worms as compared to 6 ± 3 that sUlvived 29 days post-primary infection. 

Therefore, although similar numbers of worms established in the control mice, the subsequent 

survival of [he parasite was reduced as compared to the other dietary groups. The similar number 

of eggs produced by aIl dietary groups on day 16 post-primary infection aIso suggests that ail 

mice harboured similar numbers of worms at the beginning of the experiment. However, egg 

production subsequently declined rapidIy until the end of the experirnent in the control group, 

which indicates that progressive loss of adult worms was taking place in these rnice. In 

agreement with the present results, Shi et ai., (1994a) found severe zinc restriction (0.75 mg 

zinc/kg diet) to resuit in higher worm burdens as compared to pair-fed and ad-libitum-fed 

controls, 5 weeks post-primary infection. In the latter study, control animaIs were aIso able to 

reduce their worm burden !O approximately 20 - 25 worms, or to 50% of the numbers detected 

in deficient animais. 

The effect of dietary prote in and zinc restriction on worm burden in a primary infection 

observed in this study, and the effects of severe zinc deficiency observed in the study of Shi et 
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al. (1994a) may differ from other studies whieh have found no effeet of protein or zinc restriction 

in a primary infection (Brailsford and Mapes, 1987; Minkus et al., 1992; Slater and Keyrner, 

1988) due to a combination of strain and sex of mice used in the experimentl\. The present study 

and the study of Shi et al. (1994) used BALB/c female mice, white others have used either 

outbred male or female CD 1 mice. 

The chronicity of primary infections with H. polygyrus can vary widely from 4 weeks to 

10 months, depending on mouse strain (Ehrenford, 1954; Monroy and Enriquez. 1992; Robinson 

et a1., 1989; Wahid et al., 1989), and low responsiveness and chronic infection appear to refleet 

genetically deterrnineu host susceptibility to parasite immunomodulation. Behnke et Wahid (1991) 

demonstrated that H-2 linked genes in the mouse determine worm survival. Also. female mÎCe 

are more resistant to H. polygyrus th an are male mice (Dobson and Owen. 1978). There is no\\' 

growing evidence that the BALB/c mouse is a resistant strain which can develop an immune 

response in a primary infection that may he effective in limiting worm survival (Robinson et al.. 

1989; Shi et al., 1994a). However, Behnke and Robinson (1985) pointed out that. in their 

laboratory. different mice of the BALB/c strain have ranged in performance from weak « 20% 

protection) to strong responders (almost 100% protection) in response to H. polygyrus. These 

authors have therefore designated this strain as an intermediate responder since it is not as 

consistent as the other strong responder strains. The findmgs from other studies that dietary 

protein or zinc restrictions had no effect on wonn bUiden in a primary infection (Brailsford and 

Mapes, 1987; Slater and Keymer, 1988; Minkus et al., 1992) could he due to the fact that the 

outbred mice used in the experiments were more susceptible to parasite-induced 

immunosuppression and, therefore, any effect caused by dietary restriction would have been 
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masked. In the present study and in the study of Shi et al., (1994a), control mice did not appear 

to be susceptible to parasite-induced immunodepression in a primary infection and, therefore, in 

resistant BALB/c mice, interference of dietary restriction with parasite survival could he detected. 

The mechanism by which dietary deficiency allers the woml survival in a primary 

Infection is not evident from the present study. Behnke et al. (1992) suggested that sorne hosts 

may he susceptible to infection. fail to mount rapid host-protective immune response and suppon 

chronic infections, not because they lack the genes necessary for the expression of an appropria te 

response. but because thcy are susceptible to the immunomodulatory products of the worms 

themselves. This aspect of resistance and susceptibility has not received sufficient attention, but 

Behnke and Wahid (l991) have shown that it exists and that it is an important determinant of 

the outcome of infection. Similarly, two possibilities exist for an effect of dietary protein and zinc 

deficiencies on H. polygyrus in a primary infection. One possibility is that protein or zinc 

restricted mice may fail to produce an effective protective response in a primary infection due 

to direct effects of host nutrition on immune function. and the other possibility is that protein or 

zinc restricted mice may he more susceptible to parasite-induced immunomodulation. 

Two parameters of immune function were measured in the present study which were 

eosinophilia and serum IgG 1 profile. ln a primary infection, the eosinophil response was more 

prominently affected by zinc restriction as il was delayed and less pronounced in zinc restricted 

animais. The eosinophil response was not affected to the same degree by the two leveis of dietary 

protein restrictions. The magnitude of the response was increased in animaIs fed the 7% protein 

diet whlle it was only by day 21 post-infection that eosinophils were lower in the animaIs fed 

3% protein as compared to higher protein Ievels. Therefore, decreased eosinophilia in a primary 
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infection eould only eontribute to the higher parasite survival in mice fed the low zinc dicts and 

to a iesser extent in mice fed 3% protein. but it does not appear 10 he related to woml burden 

in mice fed 7% protein. The absence of a clear relationship between the eosinophil pattern and 

worm survival does not suppon a role of eosinophils in limitmg worm survival in a primary 

infection. The effeet of protein and zinc restrictions on IgG 1 profile also did not readily offer a 

mechanism for the higher worm survival in deficient animal~. Serum IgG 1 levels were 

significantly lower in the 3% protein groups starting on day 14 until the end of the experiment. 

whereas rniee fed 7% protein and mice fed 3 mg zinc/kg diet did not differ from control~ 

throughout the period. 

Slater and Keymer (1988) also found no effect of protein deficiency (2% protein) on the 

eosinophilia in mice during a primary infection with H. polygyrus, although uninfected protein 

deficient mice had lower peripheral eosinophil numbers th an uninfected mice fed control levels 

of protein. lbese results are similar to ours in which eosinophils in mice fed 3% protein were 

only lower on day 21 post-primary infection when levels were retuming to baseline. In contrast, 

Shi et al. (1994a) found that the % eosinophils in peripheral blood, measured on day 21 post­

primary infection, was significantly decreased by severe zinc deficiency. AIthough these authon~ 

measured eosinophils at only one time point, the results agree with the reduced eosinophilia secn 

in the zinc restricted animais in the present study. Thus. it appears that eosinophilia in a primary 

infection with H. polygyrus is more susceptible to dietary zinc restrIction than 10 dietary protein 

restriction. In contrast to our study, Shi et al. (l994a) found severe zinc deficiency to result in 

significantly lower serum IgG 1 2 weeks and 5 weeks post-primaI)' infection. Thus. IgG 1 

production may not he sen~itive to marginal zinc deficiency as we observed no effect of marginal 
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zinc restriction on serum IgG 1. Although the study of Shi et al. (1994a) suggested a possible link 

between decreased IgG 1 response and eosinophilia, and increased worm survivaI, our study 

suggests that other mechanism must he involved as illcreased worm survival occurred in zinc 

restricted animais, despite the normal IgG 1 response and increased worm survival occurred in 

mi ce fed 7% protein despite normal IgG 1 response and eosinophilia. 

The immunological processes accompanymg 1055 of H. polygyrus in a primary infection 

are not understood and the role of eosinophils and IgG 1 in limiting a primary infection is still 

controversial. Sorne studies have shown that serum from animaIs exposed to a primary infection 

contains paraSIte specifie IgG 1, but passive transfer studies have revealed that immunity cannot 

be transferred using this serum (Pritchard et al., 1984; Williams and Behnke, 1983). Recently, 

Urban et al. (1991 a) showed that depletion of CD4+ T cells by anti-CD4+ monoclonal antibody 

treatment did not affect H. po/ygyrus survival in BALB/c mice during a primary infection, despite 

the marked reduction in serum IgG 1 and IgE caused by the treatment, indicating that serum 19G 1 

and IgE may have no role in 1imiting a primary infection. In contrast, Wahid and Behnke (1993) 

demonstrated that mouse strains which speedily timit primary H. polygyrus infections, including 

BALB/e mice, produce a more intense specifie IgG 1 antibody response and greater amounts of 

total IgG 1 th an strains which tolerate chronic infections. l11ese results support a role for IgG 1 

in a prima!)' infection. However, the authors also pointed out that other data reported in their 

study did not support a role of IgG 1, as there was no relation between the intensity of IgG 1 

response within mou se strain and loss of worms by particular individuals. Moreover, there was 

no difference between sexes of mice in the IgG 1 response despite the earlier 10s5 of worms in 

fcmale BALB/e and NIH mice. 
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The role of eosinophils in a primary infection is also uncertain. Although eosinophils 

increase in blood and tissue of mice during a primary infection with H. poJygyrus. these ceUs are 

thought to be involved in the killing of the trapped larvae only 6-7 days after challenge infection 

(Hurley and Vadas, 1. 983). Monroy and Enriquez (1992) suggested that the lack of larvicidal 

activity of eosinophils in a primary infectIon may he related ta the lack of proteetlve IgG 1 which 

mediates eosinophil killing in mice (Pritchard et al., 1983), or may be due to the fact that young 

adult worms escape to the gut lumen before the granulomata are fom1ed. 

The data from the present study also did not support a role for IgG 1 and eosinophils in 

limiting a primary infection since sorne of the dietary treatments which resulted in inereased 

worm survival did not induce an altered IgG 1 and/or eosinophil rcsponse. Perhaps dietary protein 

and zinc restrictions in a plimary infection may have interfered with other more diverse 

components of enterie physiology sueh as goblet and mast relis, epithelial function and smooth 

muscle celI responses or other factors which may also contribute to protective immunity to 

intestinal helminths (Castro, 1989). Alternatively, these mice may have been more susceptible 

to parasite immunomodulatory factors which are released by and thought to act in close prox.imity 

to adult worms (Behnke, 1987; Behnke et al.,1992). 

In contrast to a primary infection, marginal zinc restriction and marginal protein restriction 

(7% protein) had no effeet on worm survival 29 days post-challenge infection. These animaIs 

were able to ex.pel the worms in a manner similar to the control animaIs. The lowest level of 

dietary protein (3% protein), however, clearly impaired woml expulsion mechamsm~ in a 

challenge infection. These animals remained infected with an average of 63 ± 5 worms after a 

challenge with 100 larvae. as compared to only 3 ± 1 worms in the other protein group!>. When 
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this value is compared 10 the primary infection, in which mice fed 3% protein remained infected 

with 68 ± 4 worms, the data strongly suggest that the response to a challenge immunizing 

protocol was totally blocked by this level of protein deficiency, as there was practically no 

reduction in worm numbers from a primary infection. This lack of response to an immunizing 

protocol provides strong indirect evidence of nutritionally mediated effects on host immune 

function, as the involvement of the immune response in limiting challenge infections is well 

documented (8ehnke, 1987; Behnke et al., 1992; Monroy and Enriquez, 1992). Both female and 

male parasites were cqually affected by dietary treatment, as there was no difference in the sex 

ratio of the worms among the dietary groups. AIso, there was clearly no interaction hetween 

dietary prote in and zinc restrictions on any oi' ~he worm burden parameters. 

Impaired host resistance to H. polygyrus due to protein deficiency has been reported 

previously in experiments using various infection protocols. Slater and Keymer (1986a) reported 

that mice fed 2% pmtein accumulated adult worms in direct proportion to exposure with either 

5. 10, 20 or 40 larvae every two weeks, while in contrast, mice fed 8% protein acquired a partly 

effective immunity to reinfection in a dose de pende nt manner. As in our study, immunity 

appeared to act with equal force against maie and female parasites as no changes in sex ratio 

were observed. Keymer and TarIten (1992) reported similar results on final worm burden in 

female NIH l11ice fed 3% protein as compared to control mice fed 16% protein, when exposed 

repeatedly to either 5 or 40 larvae. The ability to immunize mice with gamma irradiated larvae 

\Vas also found to he depressed by feeding outbred male mice protein deficient diets containing 

2% and 4% protein as compared to 8% prote in and by feeding female NIH mice 2% protein as 

compared to 4% or 16% protein (Slater and Keymer, 1988). In addition the resistance of NIH 
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female mice to a challenge protocol similar to that employed in the present study was also 

impaired by feeding diets containing 2% protein as compared to 16% protein (Slater and Keymer. 

1988). The effects of protein deficiency on the experimental epidemiology of H. po/ygyms was 

also studied by Slater and Keymer (l986b) and by Slater (1988). In this system. colonies of mice 

were fed diets containing 2% protein compared to diets either containing 8% protetn (Keymer 

and Sluter (1986) or 16% protein (Slater. 1988). These experiments showed that dietary prolein 

deficiency could influence the rate of parasite transmission in a closed population by increasing 

the survival of adult worms and by increasing female wonn fecundlty. From the present 

experiment. and aIl of the previous experiments studying the effects of prote in deficiency on the 

resistance of mice to H. po/ygyrus, it is evident that protein deficiency caused by feeding dlets 

containing 2-3% protein impairs the ho st response to H. po/ygyrus. This study was the firsl to 

include an intermediate level of 7% protein, and from the results, it appears that even though 

feeding a marginal 7% protein diet can result in higher worm burden in a primary infection, there 

is no subsequent effect on the ho St response to a challenge infection. 

Fewer studies have examined the effects of zinc deficiency on H. po/ygyrus challenge 

infection. Minkus et al. (1992) reported that although plasma zinc concentration was significantly 

lower in mice fed zinc restricted diets containing 5 mg zinc/kg, there were no signifIcant 

differences between zinc restricted and control mice in their cell-mediated immune response to 

SRBC or in final worm burdens. In contra~t, Shi et al. (l994b) found that severe zinc deficiency 

caused by feeding a diet containing 0.75 mg zinclkg (which resulted in impaired body weight 

gain, reduced food intake and lower liver and plasma zinc concentration) resulted in impalred 

worm expulsion after a challenge infection protocol identical to that of the present study. The 
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wonn burden reponed for the zinc deficient animais 5 weeks post-challenge infecùon was similar 

to that reported for the 3% protein fed mice of the present study. From the ïesults accumulated 

in this laboratory. it appears that marginal zinc restriction to a dietary level of either 3 mg/kg or 

5 mg!kg i!' not sufficient ta impair the hOlit response to challenge infection. but as the deficiency 

progre~ses to a more severe state the host response to challenge is impaired. 

Few studles have investlgated the mechanisms by which protein or zinc deficiency impairs 

the host l'csponse to re-infection with H. polygyrus. Slater and Keymer (1988) reponed that 

immunization to H. polygyrus primed ail mice. whether weIl fed or protein restricted, for an 

intense production of antibody against larval antigen after challenge infection. Although a slightly 

higher titre of total IgG was detected in the plasma of mice fed a 16% protein diet compared to 

mice fed a 2% protein diet, these authors concluded that this was unlikely to he sufficient to 

account for the reduced resistance in the protein deficient mice. The development of eosinophilia 

in the blood of immunized mi ce was significantly delayed and reduced in protein deficient mice 

and it was suggested that a reduction in the number of eosinophils attacking larval worms 

contributed to the low level of resistance. Shi et al. (1994b) found that zinc deficiency resulted 

in impaired proliferative responses of spleen ceUs ta T cell mitagens and parasite amigen, but 

that the production of IL-5 (which regulates eosinophilia) and the production IL-4 (which 

regulates the IgG 1 and IgE respor.se to H. polygyrus) were equally reduced by bo~h zinc 

deficiency and pair-feeding. These results indicate that defects at this level may he due to energy 

restriction associated with zinc deficiency and not to zinc deficiency per se. 

ln the present study. eosinophil numbers and IgG 1 profile in response to a challenge 

infection were measured. The eosinophilia was found to he significantly lower in the 3% protein 
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fed animais throughout the infection period, whereas mice fed 7% and 24% protein did not differ 

from one another throughout the period. Aithough the zinc restricted animaIs started out with 

fcwer eosinophiis on day 7 post-challenge infection as compared to mice fcd zinc adequate diels, 

the response was no longer different on days 14 and 21 post-challenge infection. These findings 

for the challenge infection contrast with those of the primary infection in which it was the zinc 

restricted animaIs who had a deIayed and shorter Iived response, whereas animaIs fed 3% protein 

had fewer eosinophils on day 21 post-infection only. The absence of a relationship between wonn 

burden and eosinophilia in a primary infection contrasts markedIy with the clear pattern in a 

challenge infection. Mice fed 3% protein hdù significantly reduced eosinophiha throughout the 

period, and were the only group to have impaired response to the challenge infection. The 

different effects of protein and zinc restrictions observed between a primary and challenge 

infection suggest different mechanism and require funher investigation . 

The rise in serum IgO 1 in a challenge infection was delayed in mice fed either 7% or 3% 

protein on day 7 post-challenge infection. Serum IgO 1 Ievel in mice fed 3% protein peaked 

earlier and at a lower level (on day 14 post-infection) compared to mice fed the other protein 

IeveIs, and was Iower th an the concentration in control mice for the remainder of the experiment. 

The IgO 1 response in animaIs fed 7% protein did not differ from controis after day 7 post­

infection and was not affected by zinc restriction throughout the challenge period. The effect of 

diet on IgO 1 response in a challenge infection did not differ from that in the primary infection 

in the sense that mice fed 3% protein were more consistently affected in bath protocoh., having 

a response that was delayed and which did not reach the magnitude of that exhibited by mice fed 

the other protein Ievels. In contrast to the results observed in the primaI)' infection, the 
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eosinophilia and IgG 1 responses in the challenge infection were consistent with a negative effect 

of protein deficiency on the host immune response to infection and consequent increased parasite 

survival. 

The hypothesis that combined dietary prote in and zinc restrictions would have interactive 

effects on the final outcome of infection, as measured by finaJ wonn burden, was not verified 

by the present results, although isolated statistical interactions occurred on parasite egg output 

on day 22 post-primary infection and on female fecundity on day 28 post-primary infection. It 

appears that combining a marginal level of protein or a low level of protein with a marginallevel 

of zinc produces no effects above those of single protein or zinc restrictions in either primary or 

challenge infection protocols. The maximum effects on wonn burden were observed at a level 

of 3% protein regardless of dietary zinc level. The number of worms surviving in mice fed 3% 

protein 29 days post primary and challenge infections appears to be close to the maximum 

number of parasites that were initidlly measured in mice on day 9 post-primary infection in both 

the preliminary study and experiment 1. Therefore, the data suggest that the response is totally 

blocked by a low 3% protein diet and adding a marginal zinc restriction has no additional effects. 

Although we did not observe an interaction between the levels of protein and zinc chosen for this 

study it is possible that interactions could occur at levels of protein between the range of 7% and 

3%, or possibly by combining these levels of protein with lower levels of dietary zinc that would 

produce a greater stress on host nutritional status and immune function and/or on the intestinal 

environmem of the parasite . 
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Ill. EFFECT OF HOST NUTRITION ON WORM EGG PRODUCTION 

Other parasite parameters which were studic-Ai in this expenment included daily parusite 

egg output and female parasite fecundity. The egg production per day measured on days 16. 22 

and 28 post-infection. and female parasite fecundity measured on day 28 post-1I1fection were 

lower than has been prevlOusly reported 111 this laboratory and by others. For example Scott 

(1991) reported that BALB/c mice fed commercial chow diets. and mfectd with 100 larvae. 

produced approximately 30 000 eggs/mouse/day and 1114 eggs/female worm 4 to 5 weeks post­

primary infection. and 5000 eggs/mouse/day or 500 eggs/female worm 8 weeks post-challenge 

infection. The daily egg output and female parasite fecundity reported in Tables 3.1.2. 3.2.3 and 

3.2.4 are clearly lower than these reported values. Several authors have suggested that feeding 

synthetic diets can suppress parasite fecundity (De Witt and Weinstein. 1964; Slater and Keymer. 

1986b). The egg data from the present study, however, are still less than half of the values 

previously reported in this laboratory using similar synthetic diets (Minkus et aL, 1992; Shi et 

al., 1994a). 

Several factors have been found to affect parasite fecundity. Keymer and Hiorns (1986) 

reported a significant positive relationship between host faecal volume and H. polygyrus 

fecundity; also, both faecal output and worm fecundity were depressed by a period of host food 

deprivation. Kerboeuf and Jacobs (1983) reported that H. polygyrus egg output was stImulated 

by increasing the flow of digesta through the intestine of infected mice. It is not clear whether 

a combination of synthetic diet and low food intake and/or low faecal output may account for 

the relatively small fecundity reponed in the present study. Another factor that must be addressed 
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is lhe very humid conditions (above 75% relative humidity) which prevailed in the animal facility 

during experiment 1. Also there were time intervals when the ambient room temperature 

exceeded 25 Oc because of failure in thf, temperature control unit during the very warm summer 

weather. It is possible that the mice ate less food under these environ mental conditions thereby 

affecting parasite fecundity. Altematively, the possibility exists that female H. polygyrus are iess 

fecund durinf. penods of elevated ambient temperature and humidity, although this possibility has 

not previously been studied with H. polygyrus. Finally, il is important to note that the control 

animaIs in the present study were able to clear a primary infection much faster than previously 

observed in BALB/c rnice fed commercial chow diets (Scott, 1991) and slightly faster than 

previously observed in BALB/c mice fed a similar synthetic diet (Shi et al., 1994a), suggesting 

that host immune respons~ or other factors acting to limit a primary infection were particularly 

strong in the present study . 

A. PRIMARY INFECTION 

In a primary infection, repeated measures analysis indicated that the pattern of daily 

parasite egg production through time differed according to the level of protein in the diet, and 

that the overall egg production was greater in protein restricled animals. Parasite egg production 

did not differ among the dietary groups on day 16 post-infection, indirectly indicating that mice 

were harbouring similar number of wonns at this time. In general, daily egg production decreased 

with time in the 24% prote in group, whereas ir decreased slightly but to a lesser extent in the 7% 

protein group. In contrast, daily egg production increased slightly wilh lime in the 3% protein 

group. This difference in the pattern of egg production ma}' in part be attributed to the 

progressive loss of worms in the 24% protein group compared to the protein restricted groups . 
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Although not significant, probably due to high variability and the small sample size, the wonn 

burden in the 7% protein group tended to be smaller than that in the 3% protein group, and thi!. 

difference could also expia in sorne variation in egg output through time between thesc two 

groups. There was no effeet of the level of zinc in the diet on the pattern of egg production or 

on the overall egg production, as indicated by rcpeatcd measures analysis, even though zinc 

restricted animaIs had significantly higher wonn burdens at the end of the expenment when 

compared to animaIs fed adequate zinc. This rnay be due to the fact that the difference in wonn 

burden was smaller between the groups fcd the 2 levels of zinc than that between the groups fed 

the different levels of protein. The egg production on day 28 post-primary infection, however, 

was significantly greater in mi ce fed diets containing 3 mg zinc/kg than in mice fed diets 

containing 60 mg zinc/kg. This outcome partly reflects the significantly higher worm burden in 

the zinc restricted groups. 

Other factors affecting egg production can he assessed better by looking at female parasite 

fecundity, which was expressed as the total egg production on day 28 divided by the number of 

female worms in each mou se on day 29 post-infection. The number of eggs per fcmale worm was 

affected by a significant interactlOn between the levels of protein and zinc in the diets such that 

mice fed 24% protein with 60 mg zinc/kg diet had fewer eggs produced per female worm than 

all the other groups except the mice fed 7% protein with 3 mg zinc/kg dlet. The basis for this 

interaction is difficult to explain as il only happened at one level of protein and no other results, 

parasitological, inununologicai or nutritional, suggest an exp!anation. When the data were 

examined for the individual mice, two mice in the control group harboured only one female 

worm with no male wonn present and had a fecundity of zero. If those mice are removed, 
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because zero fecundity can be attributed to the absence of male wonns to mate rather than to the 

diet, the value become~ 117 ± 9 eggs/female worm in the control mice instead of 59 ± 34. 

Statistical analysis given this factor gave a different pattern such that mice fed 24% protein with 

60 mg/kg zinc and mice fed 7% protein with 3 mg/kg zinc had significantly lower egg production 

than mice fed 7% protein with 60 mg/k.g zinc, while the other dietary groups did not differ from 

one another. 

The effect of protein restriction on H. polygyrus egg production in a primary infection has 

not been previously examined. Michael and Bundy (1991) found that feeding mi ce a low (4%) 

protein diet had no effect on Trichuris muris fecundity in a primary jnfection, allhough this lev el 

of protein restriction resulted in delayed parasite expulsion. Also, neither marginal zinc deficiency 

(Minkus et al., 1992) nor severe zinc deficiency (Shi et al., 1994a) had an effect on H. polygyrus 

fecundity in a primary infection. In the present study, there was no difference between animaIs 

fed 3% protein or 24% protein, and no effect of zinc at these protein levels when the data were 

adjusted to exclude mice which harboured no male worms in the control group. However, the 

interaction between protein and zinc levels makes interpretation of the data difficult. Results from 

previous studies, however, do not support an effect of protein or zinc deficiency on female 

parasite fecundity in a primary infection. 

B. CHALLENGE INFECTION 

In contrast to the primary infection, no difference in the pattern of eggs produced through 

time cOIi!d be detected by repeated measures analysis in a challenge infection. Between day 16 

and day 28, total egg output remained low in animals fed 24% or 7% protein, while egg output 
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remained consistently high in animaIs fed 3% protein. On ail measurement days. total egg output 

was significantly greater in mice fed 3% protem regardless of zinc level, than in mice fed 24% 

and 7% protein. This result reflects the higher wonn burden that was recovered from rnice fed 

3% protein compared to higher protein levels 29 days post-challenge infectlon. The early drop 

in egg production in mice fed 24% and 7% protein (on day 16 post-mfectlon) also reflect~ the 

host response that OCCUTS to lirnit worm survival in a challenge mfectton. In a prirnary mfcction. 

egg production decreased in the control animaIs aiter day 16 post-mfectlon suggesting that adult 

worms were being expelled, whereas the alreaC:y low egg production on day 16 post-challenge 

infection in the two higher protein groups, suggests 10ss of larvae and early lOloS of adult wonm. 

In a challenge infection, the host response is directed mainly against the L4 tissue stage. and very 

few adult worms emerge in the intestinal lumen. Cypess (1988) reported that even though 25.5% 

of a larval inoculurn were able to mature and emerge from the intestinal wall between 9-13 days 

post-challenge infection, only 2.6% of the infective dose could be found as adults in the intestinal 

lumen on day 14 post-challenge. In the present experirnent, both larval and adult wonn expulsion 

may have been affected by the 3% protein diet since the se mice produced large numbers of 

parasite eggs throughout the period. 

Female fecundity on day 28 post-challenge infection was significantly lower in mice fed 

7% protein than in rnice fed 24% or 3% protein, and there was no effect of zinc level on thb 

parame ter. Acquired immunity can aet to depress the size and fecundity of H. polygyrus fernale 

worms (Behnke and Parish, 1979 and 1981: Keymer and Hioms, 1986: Slater and Keymcr, 198X). 

Urban et al. (1991a) also showed that depleting CD4+ T ceIls impaired the immune response 

acting on female parasite fecundity. The lower parasite fecundity 10 mice fed 7% protein may 
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indicate a stronger immune response acting to depress femcle fecundity or an effeet of this 

protein level on other physiological parameters of the female parasite. Another consideration is 

thm live wonns cannot be distinguished from dead wonns when they are counted in the intestinal 

lumen post-mortem. It is possible that sorne of the few worms recovered from the 7% protein 

group were already dead and not fecund. 

Previously, Slater and Keymer (l986a) found that female H. polygyrus fecundity was 

significantly higher in mice fed 2% protein than in control mice fed 8% protein, after a period 

of repeated infectIOns to stimulate host immune response. Shi et al. (1994a) also found higher 

female H. polygyrus fecundity in zinc deficient animais than in pair-fed and ad Itbitum-fed 

animab in a challenge infection (Shi et al., 1994b). These authors have attributed higher parasite 

fecundity to an altered host immune response in deficient animaIs. In the present study, mice fed 

3% protein had an impaired responsc to challenge infection as evidenced by the increased 

parasite survival and lower eosinophil and IgG 1 responses; fcmaIe parasite fecundity. however, 

did not differ from that of parasites in control mice, although it was lower than in animais fed 

7% protein. As mentioned carlier, total egg output and female parasite fecundity were found to 

be much lower in the present study than has been previously reported. It is possible that other 

factors such as food intake pattern, faecal output, ambient temperature and humidity or other 

unknown factors which resulted in low parasite egg output in this s.tudy may have mask.ed or 

prevented detection of the effeets of dietary treatment. 
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IV. SUMMARY 

The most significant finding in this study was the different effects of dietary protein and 

zinc restrictions during a primary and challenge infection protocoL While both marginal and low 

protein diets, and marginal zinc restriction resulted in increased parasite survival in a primury 

infection, only the lowest level of prote in impaired host response to a challenge infection. The 

faet that the 3% protein-fed ammals could not respond to an lmmunizmg challenge infection 

protocol, as evideneed by similar para~;ite numbers recovered from lhese animaIs in both 

protocols, is strong indirect evidence that host immune response operating to reduce parasite 

survival in a challenge infection was impaired by this k.vel of protein deficiency. Several immune 

function parameters which are stimulated by H. polygyrus infection were measured in both 

primary and challenge infections and included eosinophils in peripheral blood and serum IgG 1 

concentration. The eosinophilia was also affected differently by dietary protein and zinc 

restrictions i'1 a primary vs challenge infection protocol. While there was no clear relationship 

between the dietary effeets on eosinophils and worm burden in a primary infection, these two 

parameters appeared to be related in a challenge infection. Signifiçantly reduced eosinophilia and 

slightly reduced IgG 1 profile in the 3% protein group in a challenge infection, supported the idea 

that a negative effect of prote in deficiency on the host immune response resulted in increased 

parasite survival. Finally, the hypothesis that combined dietary protein and zinc re~trictjons would 

produce interacting effects on final outcome of mfection was not verified by the pre!-.ent re!.ults. 

Combined dietary protein and zinc restrictions, at the levels chosen for thi), study, resulted in 

statistically independent efiects on worm burden and ho st immune response in both primary and 
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challenge infection protocols . 

The different effects of marginal protein and zinc restrictions obseJVed in a primary vs 

challenge infection protocol suggest different mechanisms of impact and require further 

investigation. The eosinophilia and IgG 1 response measured in a primary infection did not appear 

to he related to wonn survival since sorne of the dietary treatments which resulted in normal 

eosinophii numbers and/or IgG 1 level also re~ulted in increased worm survival. It is suggested 

that either marginal protein and ZInC restrictlons may have impair<>Ai other immune parameters 

acting to Iimit a primary infection or that, aIternatively, these levels of protein and zinc restriction 

may have increased host susceptibility to parasite immunomodulation. In the challenge infection 

protocol, parasite expulsion mechanisms were c1early impaired by the 3% protein diet. Although 

eosinophiIia and IgG 1 level were reduced in these animais (suggesting a negative effect of 

protein restriction on the host response to infection), further investigation is required to de termine 

the precise mechanism by which protein deficiency :nterferes with the complex host response to 

H. polygyrus. Decreased eosinophil numhers and IgGl levels may indicate reduced production 

of IL-5 and IL-4, respectively, but whether these mechanisms were specifically involved or 

whether other mechanisms played a role in increasing parasite survival in protein deficient 

animaIs remains to he established. 

Results from this and previous studies have shown that host dietary protein status is an 

important determinant of the host respolise to an intestinal helminth infection. From this study, 

it is evident that moderate protein deficiency which permits a slow rate of body weight gain but 

which is not sufficlently severe to produce wasting, edema. hypoalbuminemia and atrophied 

Iymphoid organs, can still have profound effects on the outcome of an intestinal helminth 
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infection. This finding may be relevant to human populations in which intestinal parasites and 

protein malnutrition often co-occur in the same individuals and suggest that mild to moderate 

protein deficiency may predispose individuals to acquire higher levels of infection . 
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