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' ABSTRACT

-

NATURAL POPULATIONS OF MUS MUSCULUS: VARIABILITY IN RESPONSE TO
WARFARIN, BLOOD CLOTTING TIMES, AND REPRODUCTIVE PATTERNS

\

by

~

a , David Geoffrey Morgan

Reéistance to warfarin is a trait involving a specific physiologi-
cal response to a pharmacoiogical factor, and as such differs from
morphological and biochemical systems typically examined 1n mammalian
populations. - As a résult of this difference, study of warfarin res;s—
tance gives an additional dimension to studies of génetic variab&lity
in natural populations. . . | - €

Variability in response to the blooé anti-coagulant warfarin was
examined in 112 wild mice from 20 populations in south-westermn.

Ontario and 8 from New York State. As controls, 27 known resistant
warfarin outcfoss animals [C57BL/6J x PBI (MAFF)] were utilgzed. The
testing proc;dure involved giving the mice 'food which contained 0.025
percent warfarin for 21 dayé. In the natural populations from

Ontario, resistance was fohhd in 26.6% of animals tested. Based on a
v

two allele with dominance mode of inheritance, the frequency of the
allele ré&ponsibleifor resistance (Waf?) was 0.14 and 0.08_in the
Ontariozand New York samples respectively, as compared to 0.18

reported.for British populations (Rowe and Redfern, 1964 and 1965).

No association was detected between the resistance tralt and twg

~

' ‘ * /v .

A}
N
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4 o .
polymorphic loci (Hbb and/Gpi-1) known to‘'be linked (War?).
‘ /

Using the Quick One;Stage Prothrombin Time ‘Test (Quick, 1966)
blocd clotting was examined in inbred, wild, known warfarin resistant

and susceptible as well as warfarin treated Mus musculus: Differences

in prothrombin times among different individuals should reflect
concentration differences in blood clotting factors, expecially
factors VII and/or X, both of which are directly measured by Quick'js;1

« - Method and are affected by warfarin. No significant differences in

-

prothrombin times were detected among the test groups, even after

4 ‘

modifications of the testing procedure were carried outj Insensitivity
~ (s
of the testing method could prevent -detection of actual differences in
. prothrombin times which mdy exist.

Finally, studies on the variability in reproductive patterns of

" Mus musculus in corn crib populations in south-western Ontario were

undertgkeﬁ; Pre and post-implantaticn mortality estimates were obtained
using corpora lutea count; and uterus examinations at autopsy.  Using

. starch gel electrophoresis, correlation was sought between embryqnic
mortality and maternal genotype at six loci. Results of this study
were compared with th?se of Batten and Berry (1967) from natural
populations of Mus musculus in Britain. Embryonic mortality estimates

for the house mouse populations examined ranged from 1.3% to 37.7%

8.1 +

(X = 18.2 + 12.7) for pre-implantation loss, 0.0% to 18.3% (X
6.2) for post-implantation loss, and 13.8% to 42.6% (X = 24.0 + 10.0)
for total prenatal loss. Overall prenatal mortalgty was lower in the

Canadian populations than in the British samples (31.1% to 36.2%).

v
3
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Other results of t;rmis study in'clude', mean litter size among the
populaticns (5.97 * 0.24), a ;ignifiéant positive correlation betweeh
‘littgr size and ﬁatefnal welght, no §ta£istically significant differences
between the two gterine horns for such parameters as ‘live and- resorbed
Embryo-numbers,.and littlelvariabiiity of embryonic mortalit& among the
study popglations’in terms of time of year the sampli?g was done, and
geographic location of éhe population. There appeared to be no éattern
of assdéiation between pregnaﬁcylparameters and specific genotypes;
as getermined‘ﬁy electrophoretic typing of a number of protein systems. -

’
.

[
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CHAPTER I
INTRODUCTION

- Natural populations of Mus musculus provide a‘good system for

examining genetic variability in mammalg. Most often, biochemical

and morphological systems are examined using such techniques as

électrophoresis‘or physicél measurement. Electrophoretic studies, for

- example, have shown substantial amounts of genetic variability at such
\

"loci as Hbb and Gpi-1 (Hoeg, 1979).

Variability in response to the blood anti—coagﬁlant warfarin
is %,trait which.permits studies distinct from electrophoretic and
. morphelogical investigation of polymorphisms in natural populations.
Defermining whether an animal lives or dies after exposure to warfarin
measures genetic variability;in-a different manner from the situation
where coat color or'protein molecule charge differences:-may serve
’ . o ‘
) as indicators. Vériability in response to warfarin may be examined

. using a toxicity test.

Warfarin, [3~@(;acetonylbenzyl) — 4 - hydroxycoumarin] is an

' o

Sees 5 oH Hl

6
3 4
- indirect bloocd anticoagulant commonly utilized as a rodenticide.
Reports in the literature have described populations of mice and‘
rats, resistant to the compound (Greaves et al., l976a). Failure to

control rodent infeéstations Ey the use of warfarin can, of course, have

serious repercussions in terms of damage to stored food-stuffs such as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Mode of Inheritance of Warfarin Resistance

#

RepBrts of inter-individual differences in response and resistance

- to warfarin have appeared in the literature for at least four species,

i

‘Mus musculus, Rattus nofvegicus, R. rattus and man. The mode of

inheritance of resistance is quite well understood in each of these

'~

species.

Rowe and Redfern (1965) .first proposed that resistance to Qarfarin

in Mus musculus might be a heritable trait. Wallacé'(lQ?ba, 1974b,

1975) briefly descrihed the selection of warfarin resistant mice

Y from animals trapped in a wérfarln treated ar;a in Cambridge, England.
Llnkége studies were also carried out u81ng Autcross matings to
a warfarin susceptible marker stock. These tsst results along
with comparison studies using mice from three wild-caught British
mouse populations (Wallace and MacSwiney,1976; MacSwiney and
Wallace, 1978) established that in these British populations, warfarin
resistance is controlled by the 51ngle major gene War and penetrance
is affected by sex, and one or more modifiers. Wallace and MacSwiAey
(1976) state that the 1ocus War ;s located on chromosome 7, close to
the loéus frizzz. In the same paper, dominance of the gene was
shown to be both sex-limited and modifiable in‘males by age and

. _

the residual genotype. Wallace and MacSwiney (1976) also proposed

that a "cream" mutant, or the gene résponsible for the coat colour

extreme chinchilla (c ¢ ) had persisted and spread throughout the w{Td

. " /(

~
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population at Cambridge due to linkage with the War gene. _ F/)

Resistance to warfarin in wild populations of Rattus norvegicus

has been observed in Scotland, Denmark, Walés, Holland and the United
‘States (Greaves and Ayres, 1976b). In the Welsh rat population
warfarin resistance has been shown to be due Yo a single dominant
autosomal gene at the Rw locus (Byfj. The Rw locus maps in Linkage
group 1 and is linked to the & and p loci (Greaves and Ayres, 1969;
O'Reilly et al., 1968). The position of the Rw gene is located.in a
homologous position.to\the'ggg gene in the‘mouse (MacSwiney and Wallace,
1978’. In a wild R. norvegicus population from Scotland, a resistance
gene BEE was identified (Greaves and "Ayres, ;976#). This gene was
found to be allelic with the Welsh gene Byf_but unlike the Byzsgene
which has complete penetra;ce, the Byf_gene was shown to have
imcomplete\penetrance controlled by modifiers. This point is
interesting for several reasons. Not only is the gene for warfarin
resistance in some rat species in a homologous position on the
chromosome to the mouse resistance gene, but it also appéars to be
regulated in the‘§ame fashion. It is possible, that the gene for-warfarin
resistance is very old, having ofiginated before these rodent species
diverged from a common ancestor. ’
Work done with R. rattus from Liverpool populations (Greaves

~et al., 1976) showed that resistance was heritable, but in a manner

different from the clear-cut single gene types fround inig. norvegicus.

Inter-individual differences in response to warfarin exist and

are heritable in man also, however, the mode of inheritance is noﬁ as well

’
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understood as for Eﬁetmouse'and the rat., Preliminary study 1ndicates that
as is seen in rodents, differences in warfarin response in man.are
héritable in a dominant féshion. 0'Reilly et al. (1964, 1967) describe
humans reéistant to warfarin treatment. ° One male required 145 mg of
warfarin per day to achieve anticongulative response. This ;alue is

about 20 times the normal mean dally dose of 6.8 + 2.8 mg. Pedigree

- analysis indicated that warfarin resistance was inherited as an

L
autosomal dominant Mendelian trait.

N

Solomon (1968) described a patient who was susceptible to warfarin
A weekly dose of only 2.5 to 5.0 mg was all that was required to
produce a spinal cord hematoma sever§ enough to result in paraplegia.

Inter—individual differences in response to warfarin can therefore
be shown to exist in a number of different spec1es and there apﬁears
;o be a number of similarities between species in the mode of inheritance i

~

of this geneticallyrvariable trait.

Mechanism of Resistance -

|
: f
While warfarin resistance is known to exist and be heritabl s (
the actual mechanism of resistance is not clearly understood. A very

large volume of literature exists, dealing with potential sources of

inter-individual differences at various sites along the metabolic

‘pathway of warfarin. The basic metabolic pathway consists of warfarin
4 . .

being absorbed from the gut and more than 97 percent loosely bound to

plasma albumin (Goodman and Gilman, 1975; Yacobi et al., 1976a and b;

O0'Reilly and Kowitz, 1967; Oester et al., 1976). Free drug is |
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meéébolised in the liver b cleavage of the heterocyclic ring of

warfarin (Lush and Arnoldl 1975 Led&s and Trager, 1970). . Since
[

warfarin is largely boundfto plasma proteins, ‘little glomerular

.filtration of the unchangéd drug takes place, and due to the drug s -
. lipld solublllty, -any fref unchanged drug is” reabsorbed from the renal
tubules. Metabolites of warfarin do not exhibit these properties and

are eliminated (O Rellly et al. K 1962).

Warfarin binding to-plasma albumin has been proposed as a possible
site for warfarin resistance to occur and many aspects of this
phenomenon have been investigated. Although serum albumin 'levels,

total, protein concentratiens.and concentration of free warfarin do not

vary in rats and man (Yacobi et.al., 1976a), differ;nt_concentrations

of totai warfarin are required to elicit é defiaed anticoagulant A
ef%ett kYacobi and ievy, 1975a). - émall inter—indi;idual variations
in warfarin-albumin association constants and in the number of
warfarin binding sites per albumin molecule (0.9 to 2.1) were shown.
;o be influenced by genetic factors using monoéygotic twin studies
(Wilding et al., 1977¢; Yacobi et al., 1976b). Conformational

N differences in albumin,‘fndogenous displacing ageﬁts or endogenous
binding inhibitors and reduced warfarin bindiné albumin variants have
been mechanisms reported to explain differences‘in reéponseAto
warfarin (Yacobi and Levy, 1975b; Sjoholm et al., 1976; Wilding et al.,
l9i?é). A large number of factorg influence warfarin-albumin inter-

actlons and these also have been related to inter-individual

differences in response to the drug; many drugs increase or decrease
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warfarin—albumin binding (Goodman and Gilman, 1975), age’ (neonates and

the elderly) can cause decreased blndlng of warfarin (Hayes et al o

'

1975; Ehrnebo et al., 1975), many disease states reduce the binding
capacity for warfarin (Bachmann and Shapiro, 1977; Yacobi and Levy,
1977), endogenous substances such as free fatty acids;kan increase
warfarin-albumin bieding et low concentrations, but decrease binding
efficiency at higher concentrations (Nilsephgg al., 1977; Chakrabarti
et al., 1976; Wildiﬁg gg_gil, 1977b). Both envirfon ental and genetic

ifferences in

fectors could therefore influence inter-individua
warfarin-albumin binding and, as a result be press d as differences
- in resistance to the drug.
Much research has alsor been based on the hypothesis that. the
mechanism of warfarin resistance may be due to variation in metabolism
of the drug. Different species, for example, have been shown to
diffef for such parameters as warfarin tolerance and plasma half-1life
of the drug (Nagashima and Levy, 1969; Goodﬁ;n and Gilme;, 1975).
In inbred mice such as DBA/2J and C57BL/6J, genetic variation
exists in ceumarin hydrox}lase activity, a liver microsomal eytochrome
P450 enzyme actually comprised of products from two closely linked
-genes, and responsible for the 7-hydroxylation step in the deéradafion
of warfarin (WooaAand Conney, 1974;'Lush'and Arnold, 1972: Lush and
Andrews, 1978). It was shown'however, that no correlation‘zxiSCS ¥
between hydroxyiating ability aid warfarin resistance. *Townsend et al,

(1975) concluded for rats, that the rate of metabolism &f warfarin was °

not the rate limiting step as far as thé lethal effects of warfarin
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éeve;alﬁauthors c%éim that bec;use Qarj;fin.appéars‘to act by
inhibiting vitamin K dxid; reductase, "and therefére biocgs ghe bio-
synthes;s of blood clotting factors II, Vllg'IX and X, an alteration
in the reddctasé, so that, it is less efficient and less sensitive to
warfarin iﬁhibition,lcould.be the mechanism for warfarin resistance
(Caldwell et 5_1.,'1974; Bell and Caldvell, 1973; Zimmermann and -
Matschiner, 1974; Gréaves-and Ayres, 1976a; Whitlon et al., 1978).
If this hypothesis is correct, resistant animals would have‘higher‘
vitamin K requirements thén susceptible animals. Difference; in'
vitamin K requirements necessary to counteract the effects of warfarin
havé been shown for several strains of iftbred ratsl(Greaves and'Ayres,
1973). ) |

There are opponents to this hfpothesis also (Stenflo gnd Suttie,

\\\> .~ 1977) and there is therefore no clear, single explanation which covers

the mechanism for warfarin resistance.

Warfarin, a Teratogen

el

Warfarip has been shown to gé embryo toxic in such‘species as
éattle, dogs, rabbits, and micé. No increase in tge frequency of
malformations has been observed, however, newborn animals with
hemor}hages have been found (McCaliion et al., 1971; Wright, 1951;
Kraus et al., 1949; Hirsh et al., 1970; Kronick et al., 1974).

i

In humans, warfarin given early in the first trimester of

pregnancy often results in an embrycpathy with such distinctive

——
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L -feaﬁufés as nésal hypoplasia, blindness and retardation (Burdi and
Barr, 1976; Laros, 1970; DiSaia, 1966). -
This study utiliied a toxicity téét to exam%ye response to
warfarin in na;ural Mus populations in North America. .

]

' Variability in Blood Clotting Times

Blood clotting times as determined by prothrombin time measurements
were established to a) determine if variability in clotting times
existed among animals and bj determine if any variability found could

L.
be associated with the warfarin resistance.trait. Prothrombin time

4

was therefore examined, to see if this would be a suitable phenotype
. for stﬁdying variability, and one that could be readil& applied to ~
warfarin fesistance survey work,

Blood coagulatlon resultg from a series of cascadlng reactlons
wﬂlch enable fluid plasma to solidify at blood vessel damage sites to
prevent undue loss of bld%d. The complex coagulation system is
composed of 13 coagulation proteins, most of which circulate as
inactive pro-enzymes. Non-protein substances such as phospholipids
and divalent cations are also required at several points in the

- system (Zieve and Levin, 1976).

Figure 1 summarizes the steps in blood coagulation. Two sequences,
known as the intrinsic and extrinsic pathways have been identified,
each with separate initiation conditions.

The Quick One-Step Prothrombin Time Test measures or examines

both the intrinsic and the extrinsic clotting pathways. A drawback

MY

~
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’ : -
vith this test however, is its relative lack of sensitivity. Since

the various proteins that participate in coagulation as substrates

aré’usually present in excess, some differences in the concentration

o -

!

. of the protein or clotting factors (as mug?las 20 percent for fac or
I@ may go undetected. It isgpartly lfo,r this reason, that ranges

0f.11-15 seconds for prothrombin times are accepted as normal in
humans. These ranges may also incorporate variability in clotting
time which may have a physioiogical and/or a genetic basis. In spite

of its poor resolution, the Quick One-Stage Prothrombin Time Test is

-

’ of value in monitoring the effects of warfarin administration on
o blood coagulation. As described above, warfarin inhibits the

. " synthesis of vitamin K dependent coagulation proteins II, VII, IX and

X. Concentration differences in vitamin K dependent clotting factors

5 -

VII and X may be detected with the Prothrombin time test.

ve.

Pre- and Post-Implantation Mortalizy

Pre- and post-implantation mortality in natural populations of

Mus musculus- was originally examined for a study, not performed, on

" the teratological effects of warfarin. These data do however, provide

informatiod'on‘embryonic mortility and its variability in the

Ceew,

populations examined. Mortality estimates were for populations within

the same geographic refion as popﬁiationskused for toxicity testing.

2 e

. ’ N

-
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. VARIABILITY IN RESPONSE TO WARFARIN IN
NATURAL POPULATIONS OF THE HOUSE MOUSE,
MUS MUSCULUS

 §
As described in the Intreduction, nattral populations of Mus

musculus from Ontario exhibit substantial amounts of genetic variability

‘when a variéi§'of>loci are exémined using starch gel electrophoresis

. ’ (Hoeg, 1979). Genetic var

ility for the gene War, responsible for

warfarin resistance, has

een shown to exist in British Mus musculus
populations  (MacSwiney apd Wallace, 1978). Because resistance to

warfarin is a trait, Anvolving a specific physiclogical response to

4

additional dimension to studies of genetic variability in natural B
populations. S A
- | . Q
The questions posed in this study include: (1).Is there
variability at the War .locus in North American Mus -populations?;

(2) How ddes this compare with other loci knownm to be polymorphic?;

and (3) Is there any association between two polyﬁorphic loci

PR

(Hbb - B chain of hemoglobin and ggizlfglﬁcose'bhosphate isomerase) -
kﬁown to be linked to War and the resistéﬂce ﬁhenoéype?; (4) 1f
resistancg to warfarin exists in North Am;rican §g§; how.do alielic
.frequencies for the trait compare with thoséoin~Britain?f'Finally, a
discussion of additional studies required is alsd p?éseﬁted.

Rowe and Redfern {1964, 1965) have described a toxicity.test

v

- 11

-—
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prqcedgre suitable for deﬁecting warfarin resistant mice which they used
on wild ;ﬁ;;-musculus from corn-ricks iﬁ England. The testing proceduré.
invélgﬁﬁhgiving the mice food which contained 0.025 percent warfarip for
'Zi‘days. |

In the present ét&éy, wild mice were collected from populations in
sough—western Ontario and from the State of New York. The wild mice

were compared to known -warfarin resistant C57BL/6J outcross PBI and

MAFF warfarin resistant mice from England.

Material and Methods,

Source of Animals

Wild mice trapéed from 20 co;n_cribs locgted in Essex and Kent
counties in south-western Ontario were utilized in this study. To
reduce the possibility of age effects on expression of resistance all
animals utilized in the stu?y had been classified as young adults at
time of capture during the summer of 197fv None of the females
utilized were pregnant at the time of the study. i

Wild mice from 8 trapping sites near Stoneybrook, wa York, were
obtained from A. Miller-Baker. Ali animals utilized were adults.

Warfarin resistant animals [PBI(gfgf), MAFF(EEEE)] to be
utilized as controls were obtained from England and were outcrossed
to C57BL/6J mice to provide numbers of animals adequate for toxicity

testing. PBI mice (cece) which originated at the Plant Breeding

Institute, Trumpington, Cambridge, were obtained from M. E. Wallace,

S

-
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- Cambridge University. MAFF mice (gfgf} were .obtained from J. H.
Greaves, MAFF laboratory, Hcook Rise South; élrbiton, Surrey.-
All animals were housed in stainless steel cages at temperatures
between 20-24°C and with 12 hours of light per day. Animals were fed

Purina Laboratory Chow and given water ad libidium.

)

1

Toxicity Testing Procedure

At least two weeks before a test, each animal was isolated in a
cage; the week before the start of testingé paper towel sheet bedding
was substifﬁted for wood-chip bedding apd a diet of powdered laboratary
chow, corn oil and molasses was substituted for 1aboratoryAéhow pellets.
Food &as presented in a small ceramic food-pot with a capaéity of

approximately 20 grams of loosely packed powder. N

The method emplqy;d in all toxicity tests was to offer e;:% mouse
excess amounts of feed mixture containing 0.025 percent warfafgi for a
21 day period.

‘ In preparing the feed for toxicity testing, warfarin was mixed
.thoroughly with powdered laboratcry chow to give a 0.5 percent master-
mix. The master-mix was ﬁzepared in 200 gram batches by mixing inxé
Hobart mixer for several hours. One part of master-mix was then added
to 19 parts of a blended feed base, consisting of powdered laboratory
chow, molasses and corn oil (17:2:2) and this was again mixed
thoroughly for several hours. The warfarin containing mixture was then

divided into individual ldvgram units and stored in small plastic bags.

Warfarin was obtained from Sigma Chemical Co., St. Louis, Missouri

-

?
s

¢ e
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(lot #56C-0071) aﬁa crys;aline sodium warfarin was obtained from Endo

Laboratories, Garden City, New York (iﬁt #77-043). The amount of

warfarin-feed mixture given to each animal was recorded, and spilled '
o . mixture.vas':ecovered:pot less frequently than every other day. ‘
Animals were weighed at least once a week during the.test. ‘The time
‘of death, weight, and éxternal signs of hemorrhage were recorded, and
an autopsy to discern signs of internal heﬁorrhage was performed.: Mice '
still alive at the conclusion of the test perioa were placed on a diet
of a warfarin free feed mixture for one week and then were returned

to metal cages with wood-—chip bedding and laboratory chow pellets.

Electrophoresis

Animals were bled from the orbital _sinus, intp a five perceat
sodium citrate mammalian physiological saline solutioni(0.8 pergent
*sodium chloride). Blood was ﬁrocessed for starch.gel electrophsresis
according to e procedure descr;bed by Biddle and Petras (1967).'

- The electrophorgbic procedure for'examining the phenotypes controlled

by the Hbb, Gpi-1 and Alb-1 loci is described by Harris and

Hopkinson (1977) and Petras et al. (1969).

Statistical analyses were done on a Monroe 1860 calculator.
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// ‘_ . Results

Toxicity Testing
' Table 1 summarizes mean and stan&ardvdeviation values for animals'
weights‘and toxicity Fest parameters for:the three test groups. The
bﬁtario te;t group is sub—@ividéd by trappiqg regions in Essex and
Kéni counties. More detailed toxicity test data is presented in g
- . .
Table 34 (Appendix A).

Both sexes of mice were utilized for the tests. Weights of the
ani@als, as determined by the mean weight throughout the‘test period,
ranged from‘lZfﬁ grams to 31.1 grams (}able 345:

The amount of.warfarin—feed mixtu%e eaten per mouse.range

©

. between 2.0 grams and 99.6 grams for the 21 day test periods.

amount is to some extent determined by thq length of survival
- the test animals. The amount of bait consumed per day per animal

ranged from 0.3 grams to 4.7'grams. 'The total warfarin dose per

animal ranged between 28.4 mg/kg and-iZS0.0 mg/kg.of body weight. The '

.first animal to die after the commencement of the tgﬁt; did so on dé&

4, and 46 of the 134 mice tested survived the complete 21 day test

period (Table 34). B

Electrophbre;ié studies also summarized in Table 34 (Appendix A)
revealed the presence ;f mice with all three possible genotypes
repfesented at ea;h of the Hbb and Gpi-1 loci but only one génotype

(A1b-12/a1b-1%) at the Alb-1 locus. '

<

L

N
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Means and Standard Deviations of Toxicity Test Results
> - y 3

Table 1 shows that in both the Ontario and New York samples,

animals tha% suréived the toxicity test (mean weight = 18.2 * 2.9
grams and 26.6 * 1.4 grams respectively) were’not much heavier than
animals which died (mean weight = 17.7 % 3.2 grams and 21.9 * 4.1 grams
respectively).. There was little weigﬁt difference between survivors
and those animals whichvdied within the known resistané PBI/MAFF
control sample.
Mean amounts of warfarin-feed mixture counsumed during the toxicity. -
Q
tests ranged between 26.2 grams and 54.4 grams among the thrée
samples, but thils value %§;related to the number of animgls which
survived. 1In all cases, animals fed control feed-mixture consumed more
than animals presented warfarin-feed mixture. With the exception’ of
mice from New York, the mean daily feed consumption was fairly
constant, ranging between 2.3 and 2.6 grams. The mean amount eaten
per day by warfarin resistant animals i.e. those from all three test
groups which survived the test period, ranged between 2.6 and 5.3
- grams and was higher than the mean values for the test groups as a
whole, and for the control animals.
The mean warfarin dose ranged from 301.7 mg}k&)to 544.,3 mg/kg for
the three test samples as a whole éhd between 509.2 mg/kg and 968.1

mg/kg for resistant animals.

Mean day of death for each of the three toxicity test samples

r<ia

ranged from 12.9 to 14.5 days with a mean of 13.5 days..- Table 2

presents the same data for each test group but sub-divided for sex.
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Tables 3 aéd 4 separate the warfarin resistant PBI/MAFF test group by
sex and by first filial (Fi) and back-cross (BCl) generations. When
the toxicity test results are e#amined for each sample by sgex (Table
2) most of the results wére not significantly different. Certain trendg
were observed, for instance, mean weights of males are greater than
those of females. Males from the Ontario and New York samples ate more
feed, had a larger ﬁean warfarin dose therefor;, and died on the
average later in the test perlod than did females. TFemales from the
resistant Fl ;nd BCi sample, on'the otherbhand, ate ﬁore per day, for
the most part, and received an overall higher mean warfarin dose than
did males. There was little difference between resistant survivors

. within this test sample in terms of amount eaten per day and warfarin
dose. Females within this sample generally died later than males.

Tables 3 and 4 show that both malé F, and 301 outcross PBI/MAFF

1

animals did not weih more than females of the same type. This result

is consistant with those observed in wild mice from Onéario and New
York. Unlike the wild mice however, Fl and BCl females ate more food in
total, ate more food per day, and had a higher mean warfarin-dose than
did males. The finding that females in this sample consumed more
warfarin than m@lgs did not change if the total sample was considered

-

or whether animals which survived the toxicity tests were considered

-

separately.
]

Weight Distribution

P

The animals of each geographic group were classified according to
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Table 3: Mean weight of animals and mean results of toxicity testing
with warfarin for the total test group and the warfarin
resistant subgroup

Sample Sample  Animal Weight Total Food

Size Weight  (Resistant Food Consumed
Total (gm.) Animals) Consumed Per Day
(gm.) (gm.) (gm.)
Fl
PBI/ . .
MAFF 20 22.2 L, 22.5 41.9 2.2
. (+2.9) (+2.9) (+16.8) (+0.6)
. 1 20%** 12 20 20
M 22.6 . 23.3 1.8
(+1.9) ' (+9.0) (+0.4)
5 . ‘ 5 5
T 22,1 22,7 48.1 2.3
(+3.2) (+2.9), (+14.1) (+0.6)
. 15 12 15 "15
PRI/
MAFF 7 21.1 62.4 3.0
_— (+4.0) (+14.1) (+0.7)
1 : 7 7 7
M 2 22.0 56.7 2.7
(+0.4) (+8.5) (+0.4)
2 2. 2
F 5 20.7 64.7 3.1
(+4.8) (+16.0) (+0.8)
5 5 5

All animals survived, WR values same as for whole sample.

*%
Standard deviation ~

*kk .
Sample size

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4: Mean results of toxicity testing with warfarin for the

21

total test group and the warfarin resistant grbup

Sample _ Total Food Mean Mean Mean
Food Consumed Warfarin.  Warfarin Day of
Consumed Per . Dose Dose/WR Death
(WR) Day/WR (mg/kg.) (mg/ke.)
(gm.) (gm.)
PRI/
MAFF 52.39,, 2.5 475.8 581.13 14.5
r (+11.0) (+0.5) (+190.0) (+121.9) (+5.0)
“1 12%%* 12 .20 12 8
M 259.1 13.2
. } (+97.8) (#5.1)
5 5
F 52,4 2.5 548.0 .581.1 16.7
(+11.0) (+0.5) (+158.6) (+121.9) (+4.7)
12 12 15 12 3
PBI/ '
MAFF 74.0
* (+87.9)
BCl o
M 642.2
(+85.9)
2
F 776.1
(+55.2)
T 5

All animals survived, WR values same as for whole sample.

*k
Standard deviation

k%k%k

Sample size
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-
weight (Table 35, Appendix A). _Most of the mice in the‘Ontario samples
. fell between 11 and 26 grams whereas the New Ya;ﬁ wild mice and the
PBI/MAFF;resistant control mice and their descendents fell between 24
and 25 gﬁéms. No correlation was observed between animal weight and
survival.oﬁ the toxicity test in any of the groups.

<

Electrophoretic Results

~

Electrophorétic data (Tables 34 and 36, Appendix A) were examined

for each test group as a whole, and for the group of animals which
1.

survived toxicity testing. As stated previously, no genetic

variability was detected at the Alb-1 locus, but both alleles were

x

. detected at each of the Hbb *and Gpi-1l loci for each test sample.

Analysis by X2 testing revealed no unusual allele distributions. The
proportion of animals of a specific phenotype did not significantly
differ between the test sample as a whole and the resistant sub-
groups. Aléo, phenotypic distributions did not differ significantly

@
in males and females.

The small test sample size used from New York State complicated
the analysis of data. While no X2 analyses could be performed, in the

sample as a whole, all three known phenotypes controlled by each of

the Hbb and Gpi-1l loci were expressed.

‘

The known resistant PBI/MAFF test sample animals were monomorphic
for the Hbb® and Gpi-1° alleles.
This result 1s not totally unexpected because the origianl PBI

mouse colony at Cambridge was rather small, and the outcross breeding

‘
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done in the Windsor laboratory was performed with inbred C57BL/6J

mice which are homozygous for these two alleles.

v

Correlation Analysis of Toxicity Test Parameters

Correlation analyéis was utilized to examine thé toxicity
data for anyfpossible correlations between parameters. Table 5
presents the correlation analysis findings for each test sample
as a whol? and for the warfarin resistant animal group withiﬁ each
test sample. : .
In the total Ontario sample, significant positive correlations
suggest, the heavier the animal,‘the more it ate per day, and in
total, and the greater was thétamount of warfarin consumed. Also,
heaﬁier animals died laﬁer.in the test than did lighter ones} Animals
which ate more warfarin-food mixture per day or in total died later
than those which ate little. This last correlation likely reflects
the fact; that some animals ceased to consume appreciable amounts of
the warfarin-food mixture early in the test ﬁeriod, and of these animals,
a small number may have starved to death. This QSint shall be discussed
later in the section on autopsy fiﬁdings. Dea£h by starvation
should occur before the maximum effects of warfarin poisoning
would be observed in animals which consumed significant améunfs of
war%ariﬁ~food mixture.
In the animals from Offarioc which survived the toxicity test,

there was a significant positive correlation between animal weight and

the amount eaten per day and in total, but there was a significant

.
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negative correlation between welght and warfarin dose. These_data.

“ .
= v

shall be discussed further in'subsequen&Asections;
As with'the Ontario test sample, heavier mice in the Néwaork
sample ate more warfarin-food mixture. However, lighter mice-died

later than heavier mice during the toxlcity test, aﬁhgpposite fipding

to that of the Ontario sample. There was a s;gnlficahi positive

correlation between total amount of food consumed and the day of

death in the test period, but there was a s gnifiqént negative ~

correlation between the amount eaten per day and day of death. | This

result could be, because to eat a large amount of warfarln food mlxture.

an animal must 11ve a relatively long time within the test perlod

"long!" life coulq best be achieved by eating a small_gmouqt of warfarin—
focd mixture per day,. to sustain life, but preventing ﬁhé'ha;farin‘.
dose from reaching lethal levels. There was no significant.cor;elation
between animals’ weights and warfarin dose.

Because of gmall sample size, correlation analysis could not
be performed utilizing the New York warfarin resistanﬁ animais.

Results of éorrelation analysis for the known-resistant outcross
PBI/MAFF sample are similar to those obtained from ‘the New York sample.
However, unlike the New York sample, in the PBI/MAFF .sample there
was a significant negative correlation between animal weight and
warfarin dose and there was no significant correlation bésween the
amount of food eaten per day and day of dea&h.

For the animals, within the PBI/MAFF sample, that survived the

toxicity test, there were significant positive correlations between
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animal weight and amount of food eaten per day, and in total, and
warfarin dose.
Since all of these animals were supposed to be warfariq resistant,

being at least heterozygous for the War gene (see the section on mode

of inheritance in the Introduction), there are questigns to be “asked

with regard to the animals which died.
' If, as MacSwiney and Wallace (1978) propose tRat the War gene is

controlled by mbdifiérs,:then outcrossing of the PBI mice coqld'reddbe

-

expression of the gene and explain the mortality observed in the-
control animals. This reason, and the poséibility that a few animals

could have starved to death shall be discussed later.

Tables 6, 7 and 8 present similar correlation analyses to

L] .
those presented in Table 5 however, the data for each test sample in

. - LY
these tables is presented by sex to try to illustrate potential sources

.of the differences in the test sample results observed in Table 5.
When the Ontario sample as a whole is examlhed (Table 6), there

is~a large difference between males and females. Fémales only show

significant correlations between weight and amount eaten per day,

between amount eaten per dgy and day of death, and between‘to;al amount

L

-

eaten and'day of death. The pattern of correlation coefficients for

IS

=z male and female resistant animals is the same'airthat obtained when
sexes are combined.

A large difference is observgd bet&egp linear regression results
of the total test sample and females from the New York test sample.
If only Fhe'fehales of this sample are examined, fhere is no significant

correlation between weight of animal and amount of food. eaten per day.

.
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or in total, but there is a significant negative correlation between
weight'éf animal and warfarin dose (mg/kg of body weight).

Results for other analyses remain unchanged 1f the small mélé
group is excluded from the calculationé. |

For the PBI/MAFF sample as a whole, results are non—éignificant
for males except between weight of animalé and amount eaten per day
and also between total amount eaten a&ﬁ day dead. Results for all
females in the. test sample do not differlfrom those obtained when both
sexes are examined together (Table 5). When females that survived the
toxicity tests are examined, results similar to those observed for
the Ontario sample are‘obtained. There is a significant ;egative
correlation between animal weight«and warfarin dose. These results
illustrate the effect that several heévy males can have on correlation
analysis of a sample consisting of both sexes. Correlations may
switch ngn and/or become Eigéificant as compared to analyses on
the sexes when considered separately. This phenomenon is particularly

true for analyses of small sample sizes.

Hemorrhage Findings

Tables 9 and 10 present a summary of hemdrrhage findings in the
test.animals before death and at thé time af autopsy. The presence of
hemerrhages at the time of death is a good indication thag the
anim&l suffered effects of.warfarin. Detailed findings for each
animal are presented in Table 37,-Appendix A.

Of the animals which died, 17.3 percent showed external bleeding

at least one day before death occurred. The most common site of
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external bleeding was the facial region, ﬁut some bleeding of the distal
phélanges also occurred. At fhe time of aeatﬁ, 24 .7 percent of
animals showed signs of external bleeding. Internal bleeding was’
recorded at autoésy, being limited to hemorrhages easily visible to the
naked eye on examination of the abdominal or per£§éﬁeal cavity, tﬁe
gastro—in;estinal~lumen, and the thoracic cavity. Severity of the
hemorrhage is indicated by a subjective, numerical scale, 1 being.a
slight hemorrhage, and 3 being a large pool of blood located in the
particular area within the mouse. At the time of autopsy, 91.4
peréent of animals exhibited abdominal cavity hemo;rhages, 444
p;rcent had bleeding within the gastro-intestinal lumen, and 19.8
‘Eercent had bleeding within the thoracic cavity. Thirty-nine (48.1
‘éercent) of animalé exhibitéd bléeding at more than one location.
Five animals (6.2 percent) éhoyed no signs.of bleeding before death
or at the time of death. Of these fiye animals however, ;nly two
died before day 10 of the test and death could have been due to
starvation and not hemorrhaging except that one mouse ate 2.2 grams
of food per day, which is considered adequate to maintain life. The
other d4nimal ate 0.7 grams 5f food per day. Another mouse ate less
than 2.0 grams, but showed hemorrhages, so death could have been the
result of a combination of hemorrhagg and starvation. Few animals,
therefore, appeared to have starved to death. Hemorrhage due to

s
warfarin consumption was probably the major cause of death.
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Warfarin Loading Dose T

In mammalian species, a "loading” period-is.required to produce
optimal énticoagulant effects with warfarin (Goodﬁén and Gilman,
1975). Loading period-refers to the period of several days over which
warfarin must be consumed, in at least therapeutic dosage, to produce
anticoagulant effects as determined by at least a 25 percent increase
in prothrombin time.

In the present study, C57BL/6J animals were administered a single

Il
large dose of warfarin, by gavage, in order to determine if such a
dose 1is lethai (Table 11). If animals survived, they would provide
further ;Yidence that the metabolic pathway for warfarin can detoxify
~ large amounts of the drug as long as it is not presented chromically.
This .shall be discussed later. Male and female inbred mice were
~ given either 20, 40 or 80 mg/kg of body weight of sodium watfarin in
distilled wéter. A dosé of 20 mg/kg of body weight is approximately
equivalent to the consumption pf 2000 grams of 0.025 percent warfarin-
feed mixture. Five control animals og each sex were given distilled
water by gavage, none showed any ill effects. 1In the three tests,
only one male and one female died, both having received 80 ﬁglkg of
body weight of warfarin. Neither of the dead animals showed

substantial hemorrhages.

Estimated Frequency of Resistance Allele

Based on a two allele with dominance situation, the frequency of

the allele responsible for resisténcé;(War?) was estimated in the
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Ontario and New York wild populations and in Britli\s'n pOpﬁlations (Table

12) (data from Rowe and Redfern, 1965). Tﬂe freduency of the

resistance allele was 0.14 in Ontario, and 0.08 in New York populations.
| From a ﬁooled sample of ugexposed and suspected resistant British
-populations the frequeﬁcy of the alleles was 0.18. 1In both the

Ogg;rio and British populations, females had a higher f;equency of the

#llele, ghan males.

Pl

Teratology '

~

Animal studies have shown that warfarin méy exert -toxic effects
in pregnant animals also. In the present study a small number of
Jﬂ\\\ . C57BL/6J and C3H mice (10 and 6 respectively) were treatéd with
~ 4.5 mg/kg pf body weight of sodium warfarin by gavage on gestation‘
days 7 to 10. Sodium warfarin was dissolved in distille& water. The
-dose utilized was the median effective dose determined from data
presented by Kronick et al. (1974). Gestation days 7 to 10 were .
determined from plugs observed on day 0 ;fter timed matings. Autopsy

was performed on day 18. In no case, was any malformed animal

obtained from litters (N = 104, 16 litters).
Discussion

Comparison of Variability in Response to Warfarin in British and North
American Populations of Mus musculus

%gye and Redfern (1964, 1965) developed and utilized a warfarin

‘ toxicfty test, described in Methods, to screen wild-caught British

3.

Y
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Table 12: Estimated frequencies of War? in natural populations of
Mus musculus ’

“ \
Source Mortality Allele Frequency Pooled
B . . }
A) Rowe and Redfern /g
(1965) -
Unexposed 48/53 (90.6%) p = 0.048 p = 0.063
Populations 31/37 (83.8%) p = 0.084
Suspected 22/52 (42.3%) p = 0.350 p = 0.300
Resistant 32/56 (57.1%) p = 0.244
Populations
] males 13/26 (50.0%) p = 0.207 p = 0.258
14/23 (60.9%) p = 0.220
females 9/26 (34.6%) p = 0.412 p = 0.324
. 18/33 (54.5%) p = 0.261
B) Ontario 69/94 (73.4%) : p = 0.143
males 57/74 (77.0%) p = 0.122
females 12/18 (66.7%) p = 0.184 ) -
C) New York 11/13 (84.6%) p = 0.080
males 1/2 (50.0%) p = 0.293,
females 10/11 (90.9%) b = 0.046
-
. ¢
y
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Mus musculus for~warfa£in resistance. The application of this

procedgre‘to wild mice from Eorn cribs in Ontario and from farm

buildings in New York State revealgd resistance to large amounts of

warfarin. This is consistant with the findings of Rowe and Redfern

in Britain.‘ R

Furthe:moré, considerable varia£ioﬁ in the susceﬁtibility of

individual mice was observed in both studies. In Rowe and Redfern's

) study,nthe:first death occurred on the ;hird day of the_test. In the
'pre;eﬂé stgdy, the earliest death observed occurred on dé§ 4. The

" lowest fatal dose in Rowe and Redfern's (1964) study was 26.1 mg/kg
of body weight for a 13.4 gram male whHich a .4 gams of warfarin-
food mixture over a 4 day period, and showed normal farin symptoms.
The ldrgest dose survived was equivalgnt t6 1067.2_mg/kg of body
weight for a 11.9 gram femalg which ate 50.8 grams over a 21 day
period. A similar range of value§ was obtained in Rowe.and Redfern's
(1965) study. 1In the present study the lowest fatal dose was 28.4
nmg/kg of bédy weight for a 17.6 gram female whicb ate 2.0 grams of
the warfarin diet and died on day 7'(on1y a slight hemorrhage was -
observed) and the largegt dose survi&e& was that of 1250.0 mg/kg of
body yeight for a 15.2'gram-male which ate 76.5 grams over a 21 day
period, Two anima%§ ﬁaintained on the warfarin test diet for 42 days
had equivalent'warfariq doses of 23é9.5 and 2445.1 mg/kg of body
weight respectively. "

_ As in Rowe and Redfern's study, warfarin resistant mice were

observed in nearly all the populations sampled. In the Ontario

. : ) 4
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samples, resistance was found in 26.6 percent of gﬁiméls tgsted, but
perhap;-due to the sma}l sample sizes from some’ populations no
significént differences were detected among population§: Wﬂ}le
relatively few females were availaﬁle for toxicity testing in the

‘Ontario sample (because of the pre- and post-implantation mortality

- studies), a slight difference in susceptibilify between the sexes
was observgd. 0f the males.used, 25.3 perﬁent (19/76) survived the -
toxicity tests ;nd 33.3 percent (6/15) of the females survived. This
greater proportion of surviving feﬁales was also observed by ?bwe and
Redfern (1964). Differences in susceptibility to warfarin in males
and females céuld be due to the Sex dependent penetranée properties of
Eggiobserved by Wallace. ‘

No obvioﬁs’differences in susceptibility to warfa;im existed ‘

) based on a compariéon of mean weights of animals. Males had larger
mean wéights than females, but there was no significant difference
between male and‘female test groups which were‘found susceptible or
resistant go warfarin.

In Tables 9 apd 10, data were presented which showed that many
animals (17.3 pgrcent) showed signs of hemorrhage before the time of
‘death. Some animals, showed signs of illness, such as weakness or
lethargy, at some .time during the test and ate only sparingly for
several days before recovefingvand eating normally. These findings "
are'also similar to those obtained by Rowe and Redfern (1964).

Autopsy of animals suspected to have died from warfarin poisoning

revealed that hemorrhages could occur at a number of sites within the
/ Vo
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body, and could occur at several sites concurrently. This finding

- N

agrees with that obtaiﬁed By Bonnet et al. (1951). 1In the present
study the ﬁos; frequent sites of hemo;rhaging were the abdominai
cavity (91.4 percent), the‘gastro—intestinélllumen (44.4 percent)
and the thorécic cavity and organs (19.8 percent). ‘The central
nervous syétém was ﬂot exgmined for hemorrhages, but‘this:does not
appear to have been a major cause of Aeath since no gigns of_ .
paralysis or "stroke-like" symptoms were observed. The distribution
of.hem;Lrhages determined’frém this study differs from that found by
Rowe and Redfern (1964) where the tboracic cavity was the most common
. hemorrhage s;te followed bf the diée;tive organs, central nervous
system, lungs and abdominal cavity.

As in Rowe and Redfern's (i964) study, most animals in the present
study lost weight during toxicity testing. The décregse in body
weight in most cases was aﬁproximétely 20 percent. Animals which
survived toxicity testing geﬁe?élly lost less body &eigﬁt than those
animals which died. Weight loss was not limited to the initial part
of the testing period. |

Thg last test animal to die did so on the 26th day after the
warfarin diet was fﬁrst presented (the animal was placed on a feed-
mixture diet oﬁ,day Zi). While this result 1is shorter than that
determined by Rowe and Redfe?n (1965), day 64,.the effects of warfarin
‘in mice can be quité prolonged, . . . .

. In summary, tﬁe findings, in regard to the percentage of animals"

whieh survived toxicity testing, of the present study are within the

’
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range established by Rowe and Redfern (1964, 1965) for wild Mus
musculus populations in Britain. 1In this study 26.6 percent of wild
Ontario sample miée, 15.4 percent of New York sample mice and.70.4
of outcross resistant mice survived toxicityvteéting. Rowe and
Redfern found that 9.4 to 16.2 percent of aﬁiﬁals from populgtions
unexposed to warfariﬁ survived toxicity testing and 42.8 to 57.7
percent of animals from sites where warfarin had been.used as a
rodenticide survived toxicity testing. It is known.that warfarin had
'« been used previously at one trapping site in the Ontario samﬁle and at
several sites for the New fork ﬁest sample. Animals were found t&

be resistant at these locations. -Although it was nbt established that

%3yéarin resistance in North American Mus musculus populations was due

A

- to the séme allele at the same locus, this was assumed to be the case in
order to compare gene frequencies in these populations with‘those in.
Britain. The frequency of the resistance allele (War?) in the Ontario
populations (0.14) is very similar to the value mean (0.18) calculated
from the data presented in kgwe and Redfern's studies (i964, 1965).

- The frequency obtained from the very small New York sample (0.08) was
iﬁ the lower end of the range (0.06) which Rowe and Redfern (1965) found
in popplations unexposed to warfarin. Theée findings are very interesting
in that if the mode of inheritance is similar on both continents, then
the amount of genetié variability is also similar. It appears as
though some selective force cogld be maintaining a stable polymorphism
for War at this relatively low frequency. The presence of this poly-

<

morphism indicates that resistance to warfarin is a common occurrence
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- in mice, even iIn those animals which are geographically isolated.

While there was little difference in the proportion of animals
which survived toxicity testing between the present study and that of
Rowe and Redfern, the mean day of death In all three test samples in
this study was greater than that obtained by Rowe and Redfern (1964).
The Ontario test sample had a mean day of deagh of 13.2 + 5.3, the
New York sample had a mean day of death of 12.9 + 5.0 and the resistant

'

outcross sample had a mean day of death of 14.5 + 5.0. These values

are larger than those obtained by Rowe and Redfern for their unexposed

sample (6.3 + 2.2) and their suspected resistant animals. (11.7 +

7.7 and 11.9 + 6.1).

Electrophoretic examination of phenotypes at the Hbb ané Gpi-1
polymorphic loci linked to War and at thémélgli monomérphic serum
albumin locus revealed no patterns or obvious differences in
suéceptiGXlity-to'warfarin a?Pﬁg the different possible genotypes.
There“hppearp to be no association therefore between these linked
ldci and the resistance phenotype.

Corrglation analysis revealed a number of trends, and
several possible inconsistencies. " 1In all cases, if each test sample -
is considered as a whole (males a;é females) there is a significant
positive correlation between animals' weight and the amount of
warfarin-feed mixture consumed per day.

If these sampleé are .broken down by sex to try to get more

detailed information, this clear correlation changes to some degree.

For éxample, in the Ontario sample there is no significant correlation

J

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

7 : .

. for female weight and total amount eaten per test period. The observed
changes in correlation pattern may be due to several causes. Loss of
significance in correlations dealing with female weight and toxicity

“

parameters may result from the fact that males weigh more than females
énd make up a 1arge; proportion of the animals within thé total Ontario
sample tested. In the PBI/MAFF test sample females cutnumbered males,
and'it is in the latter sex that changes in correlation patterns from
the total sample were observed. In general, due to weight differeunces
between sexes and unequai, small sample sizes, the correlations
obtained for the total test samples may be of greatest value in
determininé trends of association between toxicity parameters.
Examination of components of the tesg samplés ﬁay indicate some
reasons for the observed iqter—test éample variation, however.

< No clear trends of association existed be;ween how much an
animal weighed or ate per day and when or if it died during the
t0xi€ity period.

That there was é genéral trend iﬁ t@g study for large animals
to eat more 5ut‘diffe;encés in the dir;ction_of the correlation
4bgtween animal weight and warférin_dose.in the Ontario and outcross
PBI/MATFF test samples, ﬁay ag;inrﬁeflecf'differences in the male/
female proportions in’the ﬁwoféggéﬁsamples}

As would Be gxpected,‘the.tbgai‘gmoudt of food consumed was
significantly positively correlated with day of death. In order to.eat

a large amount of poison-feed mixture, an animal would likely have to

live for a relatively long period o% time, since no animals consumed

~
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large amounts of food at any one time.
As described in the Iﬁtroduction, the penetrance of tﬁe gene War -
is affected by age and gex and has one or more modifiers. These
properties o% the gene may be utilized in examining the results 6f
Ehis study; if it is ;ssumed that the saﬁe type of inheritance and
the~same alleles are involved._ Rowe and Redfern (1967) showed that
young males (less than 4 moﬁtﬁ;} show‘the same resistance patterns
as fémales, and that penetrance in males decreases with advanced
age. In the present study, all animals were more than four months
s~ 0ld, but wild males could easily have been a year old at the time of
the study. Advanced age in these males could account for some of the
deficiency of resistan; males found in the'wild samples. Differences
ip the percent survival of wild animals from New York and Ontario
could also be due to differences in the modifier complexes of the
two samples' genetic backgrounds. Differences in modifier complexes
may alsq, be reflected in survival differences between F. and BC

1 1
cross PBI/MAFF control animaIs. All of these animals should

out-

theoretically have survived since they were all at least heterozygous
for War. The fact that only 60 percent (12/20) of the Fl animals
while 100 percent (7/7) BCl animals survived, could be exp%ained by
BCl animals having a greater dose of resistance modifier§ than the Fl
animals.

The hypothesis of Bishop et al. (1977) and Greaves et al. (1977)-
that warfarin resistance in R. norvegicus from Wales is maintained as

a balanced polymorphism by selection could possibly have relevance for
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wild mice alsec. The authors propose, that selection ag;inst
susceptible homozygotes by the Qse of warfarin and selection dgainst
. _ - resistant homozygotes because of high vitamin Kl requirements gives
rats heteroéygous for the Byi_and Byi alleles a selgctive advantége.
If the same situation exists for wild mice, this .hypothesis would
help to explain éhy the frequency of War? appears to be so similar
in wild British and North American populatipns of Mus musculus.
Further work on this topic should include mapping'and linkage
studies on natural populations of Mus from North America. Also to )
be done are rests to determine i% iﬁ fact all populations carry the

. same allele for resistance. Finally, the mechanism by which warfarin

resistance occurs must be more fully elucidated.

Summary
As in British populations, variability in response to warfarin

exists in North American populations of Mus musculus. If the mode of
inheritance is similar in both groups of'bopulations, then the

frequency for the resistance alleletis similar in Britain {(0.18) and
Ontario (0.14). There appears to be no aséociation bétween the loci
Hbb and Gpi-1, which are linked to War, and the resistance pﬁenotype.
It is.not possible to predict from an animal's welght or sex whether

an animal is resistant to warfarin or not.
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) . CHAPTER III

VARIABILITY IN BLOOD CLOTTING AS DETERMINED BY PROTHROMBIN TIME MEASURE-
MENT IN INBRED AND WILD MUS MUSCULUS

The Quick 6ne—Stage Prothrombin Time Test is often utilized Eo
measure blood clotting time and to monitor the anticoagul;iive effects
of warfarin on blood (Quick, 1966).

Differences in prothrombin times among different individuals
should reflect concentration differences in blood clotting factors.
Clottiné facfors VIl and/or X, both of which are vitamin K dependent
and are affected by warfarin, do exhibit concentration differences
detectable by the Quick Tegt.

The purpose of this study was to determine if varidtion in blood
cldtting times, as determined by the Prothrombin Time Tes;, existed
in inbred and wild house mice. It was hoped that any variability
found coulé be utilized as an indicator for warfarin resistance.

, )
‘Modifications of Quick's Method were attempted to improve its resolution.

Finally, warfarin lengthened prothrombin times were determined and

compared in inbred and wild Mus musculus.

Material and Methods

Source of Animals

——n

\\\\_, Inbred animals utilized for this study were obtained from

laboratory bred stocks descended from mice obtained from the Jackson

46
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- Laboratory;‘Bar HarBor, Maine. As described earlier, in the chapter
on Toxicity Testing, miceifrom natural populations were trapped in |
south-western Ontario and‘obtained from samples trapped by A. Miller-
Baker near Stoneybrook, New York. Warfarin resistant and susceptible
animals utilized were obtained from M.E. Wallace, at Cambridge University,
and J.H. Greaves, Hook Rise South Laboratory, Surrey, England. These V

animals have alsb~beeﬂ described previously.

Prothrombin Time Test Procedure

Siliconized capillary tubes were used to withdraw 400 uml of
blood from the sub-orbital sinus. The blood was placeq'in siliconized
10 x 75 mm tubes containing 0.1 ml sodium cifrate (5 pe}cent sodium
citrate in mamﬁalian physiclogical saline - 0.8 percent NaCl). All
sample tubes were ﬁept on ice. Blood waé prepared for testing by
centrifugation for 4 minutes at approximately 220 g; .
For coagylation times, twq sets of reagents weré utilizeé.

Bacto-Thromboplastin was obtained from Difco Laboratories (Detroit,

Michigan) and was prepared for'use in prothrombin time testing as

<

directed by the manufacturer.
Simplastin (lot #2298033), abnormal citrate "verify I" plasma
and "verlfy II" plasma (lots #2463043 and 2643063) came from Warner
Lambert (Morris Plains, New York) and Ortho Plasma (lot #11R439) was
proéuced by Ortho Pharmaceutical (Don Mills, Ontario).
. To confirm the reliability of the test method, parallel tests, with

Thromboplastin and Simplastin were done on human’ plasma (Ortho-Plasma),
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abnormal human plasma (Citrate "verify I" and "verify Ii") and inbred
mbuse plasma.

Prothrombin times were obtained by the Quick One-Stage Tilt
Method as described by Quick (1966) and in the Difco Bacto-
Thromboplastin instructions. Final prothrombin time was baged on at

)

least two‘replicates of each test sample and the times were recorded
- .to one—tenkh of a second. )

' All solutions used for the test procedure were prepared with
glass distilled water.

In thié study, sod%gm citrate rather than sodium oxalate was used

to remove calcium in the preparation of blood far the Quick Test.
This was necessary to reduce erythrocytic lysis during blood pro--
cessing prior to testing.

All calculations of data were performed on a Monroe 1860

calculator.
Results

A summary of mean prothrombin times for all groups of animals
examined is presented in Table 13. The range of values for all
groups was between 10.0 seconds and 19;3 secoﬁds, and the range of

*\) mean values per group for all test groups was 11.9 seconds to 16.4
seconds. Mean prothrombin time for all test groups was 14.3 % 1.4
seconds; the inbréd strains had a mean prothrombin time of 14.0 i‘l.S

seconds; the "wild" mice and descendents of wild mice had a mean time
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Table 13: Summary of mean pfothrombin‘times per test group

Animalé

Number Mean
of Prothrombin
Animals ‘Time (sec.)
Inbred..
€34 10 15.4 + 1.0%
C57BL/6J 12 15.6 + 1.3
.C3H x C57 Fp 12 14,7 £ 1.4
C3H x C57 Fy 14 12.6 + 1.8
C3H x C57 BCy 15 12.9 £.2.1
. CBA 8 12.7 £ 0.7
DBA 5 13.7 £ 2.3
Al 9 16.2 + 1.4
Total 85 14.2 = 1.4
Non4Iﬁbred
-Brachy : 5 11.9 £ 0.5
Descendants Warfarin. 8 14.1 = 0.3
of British Resistant :
- Wild Caught Warfarin i 7 13.6 * 0.5
Susceptible
Wild Caught Ontario Wild 13 14,6 + 1.3
. New York Wild 10 15.3 + 1.1
Ontario Wild 10 16.4 + 1.4
(Warfarin Resistant) 53 14.3 £ 1.5
Iotal-
Total Inbred and Non-Inbred 138 14.3 + 1.4
Total Non-Inbred Resistant 18 15.2 + 1.6
4
* Standard Deviation
. ™
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of 14.8 + 1.1 seconds; and the resistant animals, both from.the oﬁg;
cross PBI x C57BL/6J (warfarin resistant) énd-from the natural
.population of Ontario had a pooled mean prothrombin time of 15.2 +
1.6 seconds.

While the.warfarin resisfant animals have a greafer mean time
than inbred and susceptible animals, the difference is not significant,
and moreover, there aré several test groups which have individual
mice wi{; longer times than that of the resistant animals. The
.various mean values are very similar to a previously reported value
of 14.9 + 3.2 seconds for inbred mice (Meier-et al., 1961) and they

(N fall within the range that is reported for normal humans, 11 to 15
seconds (Quick,71966; Faulkner and King, 1979). Thesé résults shall

be discussed further later.

Within the replicates of a single sample prothrombin time values

N

were within a one second range. .
Table 14 summarizeg the comparison qf prothrombin times as
determined by two slightl& different methods. Simplastin, is a
—_ premixed solution containing both thromboplastin aﬁd caleium chloride.
Bacto-Thromboplastin does not contain calcium chloride which therefore
must be added sepafately to the test serum-thromboplastin mikture.
Wiéhin either of the two test methods, there was littl% difference
in mean prothrombin times for inbred C3H and C57BL/6J plasma.k Bacto-
Thromboplastin produced slightly longer mean values than did Simplastin.

When human control plasma (Ortho) was used instead of mouse plasma,

a difference of only 0.2 seconds was found. This is well
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within'the 4.0 second range considered acceptaﬁlé between the two
metﬁods. Abnormal plasmas (Cié:;tes ?veri%y I" and "ve?ify IT"). pro-
‘duded.loﬁger prothrombin times than the plasmas from ;ther sources,
. as expe%?eg. For the abnormal plasmas, however;'Diféo Bacto-
. .

‘Thromboplastin produced shorter mean prothrombin times than did .

Simplastin.
In summary, both sets of reagents used in prothrombin time -

. ¢
\ measurenents have very similar resolving powers.

~

Because preliminary studies Suggestéd:si.gnificant differences in

o~y

prothrombin times of C3H and C57BL/6J inbred mice plasmas, an attempt
- -5 i o :

was made to increase ;ésolving power by aIterihg conditions of the
test by a) using various concentrations o% sodium citrate, B) idﬁigg
physiological,ér mouse buffered saline to the.sodiﬁm citrate and
c) maintaining the Throﬁhoplastih at B%OC for 2 hours instead of 5
minutes after thawing before u;é. Results of these modifications are
presented in Table 15. When mousé buffered ;aline instead.of

. physiological saline 1is utilized to make the sodium citrate solution,
there is a decrease in the mean prothrombiﬁ time for both C57BL/6J
and C3H mice. If the concentration of sodium‘citrate utilized 1is
incre;sed, there is an increase in mean prothrombin times for both
strains. Finally, when frozen Bacto—Thromboplastin‘is thawed and
incubated for 2 hours at 370C instead of 5 minutes, égain plasmas of
both stréins react the same witﬁ a slight increase in mean prothrombin

time.

Lengthened prothrombin time with increased concentration of sodium’

f -
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»

Table 15: Effects of test system modificat:ion on prothrombin test

v
«

Mouse Strain

" Test Condition . Cc34  C57BL/6J-

Sedium Citrate/ : ‘ :
Physiol Saline 10%  15.4%% & 1,0%%% 16 15.6 £ 1.3

Sodium Citrate/ . . v
Mouse Buffered . ’ ' )
Saline ' 5 11.8

I+

0.8 5 12.6 * 1.4
10.0 Percent ) .
Sodium Citrate 6 55.8 % 3.4 6 50.9 * 10.0
i 7.0 Percent o :
. Sodium Citrate 4 19.4 # 1.3 3 21.4 + 0.9
5.5 Percent '
Sodium Citrate 2 15.6 0.0 4 19.4 % 19.4
. Thromboplastin . N o
: Thawed 2 Hours 3 17.9 * 4.9 ‘ 3 19.8 £ 1.3
‘\ ' 37¢0¢C -
\ - *  Number of animals ' R g

*k Prothrombin time (sec.)
{ *%% - Standard deviation
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citrate was likely due to excessive chelating potential, even after

i

recalcification of plasma. Thromboplastin was active.gfter storage at
37°¢ for two hc}u'rsk but since it is knowr;, that the brain extract is -
stable at.room :emperaptre for up to six hqprs, two hours at only

moderately higher temperat;xres doés not seem unreasonable. Ther‘efore

under the conditions used, no significant difference in.brothrombin'

e g

time resolution was oStainéd in the two strains. : '
Theveffects oﬁ warfarin inéestion on.prothrogbin(times are

: presented in Table 16. Mice from natural popq}atioﬁg‘were fed a diet

containing 0.025 peréent'warfarin for the pu}pose of screening for

warfarin resistance (see chapter on Toxicity Testiné)."Prothrémbin

time test valueslwere determined for apparenkly anlthy animals after

- ~ they had been on the‘warfqrin dieﬁ-for at least 10 da&s. The mean
prothéombin gime val&esoiﬁcreésed from 14.6 * 1.3 seconds and 15:3 * ¢

1.1 secbﬁds to 57.3 *# 3.6 and 55.0 = 7.9 seéonds for Ontaric and ﬁew

York animals respecfively.‘ -

4.

Inbred C3H and C57BL/6J-animals utilized for a loading-dose
toxicity:tes; (see chapéer on Toxicity Testing) had % slightly lower .

. mean prothrombin time than the wild animals, the valJ; in this case
Achahging from 15.4 * l.i seconds to‘54.5{§ 6.4 seconds.

Warfarin treatment of mice Z:i:efore produces prolonged prothrom-

bin times. The values obtained he present study are somewhat

-

longer than those reported by Kromick et al. (1974) who found that when
F, C3H x A/J pregnant mice wexe given 4 mg/kg of body weight of

warfarin for a period of 9 days a mean prothroﬁbin time of 48.9

4

) . .,

a Y

€ 7
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.. geconds was obtained. The difference between the two sets of results
does not appear significant, and likely is in part due to differences
in doses and type of animal Kronick et al. used. The values obtained .

L d .
in the present study are also longer than those reported for warfarin
treated humans, about 28 seconds (Seegers; 1967; Quick, 1966). This
result is also likely explained by differences in administered doses.
1S : : b

Discussion

Since the range of mormal prothrombin times in the bresent
study is quite large, the values obtained for the different groupg '
(see Table 13) likely. do not represent any significant differences. ‘
Normal values are therefore ;omparable regardless of the gex, age and
strain of mouse used. This is consistant with the results reported by

ﬁeier‘gg_gl, (1961). Even’animals having considerable genetic

variability, such as those from natural populations, show no significant

'differe36€§‘iniclctting—timesTww444—___»~ - o
Whether test plasma is recalcifiediat the same time as thrombo-

plastin addition (Simplastin), or is recalcified separately Bacto-

Thromboplastin, makes little difference in prothrombin time values.

Control experiments using human plasma provided results very similar to

those obtained with mouse plasma. Abnormal "citrate L" ;nd "citrate II" '

pl§smas thch represent conditions found in humans treated with anti-

coagulants produce longer prothrombin times than control plasmas, but

vary in prothrombin time. The warfarin resistance trait appears to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57 | : g

have no effect on prothrombin time. TimeE'for warfarin resistaﬁt

’ * ¢ . -

animals are very similar to those of other mice, both wild and inbred.

It makes little difference to prothrombin time values whether
Simplastin or Thromboplastin~reagents: with different sequenceg of
recalcificatioﬁ: are utilized. Control experiments using human plésma
provided results very similar to those obtained with mouse plasma.
Abnormal citrate "verify 1" ana-"verify I1" plasmas, which-rgpresent
conditions found in humans treated with anticoagulants produge longer
prothrombin times than contf&l plasmas, but that are shorter than
values obtained with warfarin treated mice. These differences are to
be expected hgwever, since human therapeutic doses of warfarin are
normally léss than &4 gg/kg of body weight whereas the warfarin-treated
mice had received more than 20 mg/kg of body weight.

' 7 Changing prothrombin time test conditions changes mean times

from those observed under normal conditions, but does not detect any

difference between C3H and C57BL/6J inbred ‘strains.

Summary )
Prothrombin tinfes were determined in inbred and wild mice

according to. Quick's| Method. No significant differences were found
within or between inbred and wild mice)samples or betwe;n warfarin
seasitive and resistant house mice. Modification of test procedures
changed méan prothrombin times per -test group, but did not improve the
resolution of the testing procedure. Administrationof warfarin to
mice resulted in prolonged prothrombin times, as expecteda'but did
ﬁbt alter the difference in times between inbred or wild animals.

The normal clotting time range of 4 seconds for this particular
procedure does not. permit a rapid indication of warfarin sengitivity.

| 4
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More sensitive procedures are required to detect variability in
’ ‘e

prothrombin times between individual mice. The Quick One-Stage

Method while valuable in determining estimates of clotting time

does not have the necessary resolving power.
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CHAPTER IV

VARIABILITY IN\PRE; AND POST—IMPLA&&ATiON MORTALITY IN WILD MUS MUSCULUS

3

The decision to study ﬁre— and post—impianpation mortality in |

wikd Mus was originally made to provide background information.for a:
;eratology study of the effects of warfarin on pregnant wild miqef
. Although such a teratology study codld not be carried out due to
difficulties in inducing mating of wild animals under laboratory
c&nﬁﬁgzons, this p;e— and post-implantation study’dbes.provide back-
ground information on embryonic mortality and its variability in the
populations e-amined.ﬁ

4+ A rapidly inéreasing population may possess the reprpductiveA

potential to more than replace its numbers. Such was the situation

found in thirteen natural populations of the house mouse, Mus musculus,

studied in south-western Ontario: 54.5 percent ‘of the adult females
collected were pregq?nt, with a mean litter size of 5.97 + 0.24.

The present study examined pre-~ and post-implantation mortality

and mortality variability in Mus musculus. Females came from natural
éopulagions witﬂ different environmmental situations and were collecged
during different seasons. Corre%afion was ;ought between mortality

and' gestation period, embryonic position within the uterus, envircnmental
factors, and maternal genotype at six ioci. Results of the study

gave information on tée affects of certain stresses on prenatal

mortality and also served as an indication of relative ''genetic load"

in the sampled populations. Many parameters examined overlapped with those

59
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présénted by Batten and Berry (1967) permitting therefore a comparison

of Ontario and British Mus musculus populations.

Finally, in the process of this study, a comparison of macroscopic
corpora lutea counts with those obtained from serial histological
sections was made. ' -

A brief review of literature dealing with ﬁref_gpd post-

A implantatiqn mortality will now be presented.

Embryonic Mortality Estimates:

As with all mammalian species, mortality in the mouse may oceur
at any stage of the life cycle. Mortality may involve the loss of an
unfertilized ovocyte, the loss of pre-implanted zygote, loss of an
implanted zygote or embryo before birth, or loss of an organism post-
partem. In the pres;nt study, mortality only during the time period
before parturition was examined.

Batten and Berry (1967) review the factors which determine the
number of young to which a polytocous animal, such as the mouse giﬁes
birth. These factors include parental genotype,‘environmental stimuli
and maternal-embryo interactioms.

Both maternal and paternal genotypes'are important. For
instance, Falconer (1960) states that the number of eggs ovulated, in
laboratory mice, is controlled multifactorially, being affected by
overall maternal body size, which is in turn, regulated by a number of »
Jloect. Fur;hermore, Falconer showed that increased parental inbreeding

decreased litter size and that ovulation was affected by parity of dam in
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early litters. Similarly, Braden (1958) reported, that the efflciency
of sperm penetration of ova varied among inbred strains and Lewontin
and Dunn (1960) in thelr studies_of the t alleles found an association
between these alleles, and sﬁerm.function.

I@plantatiqn may be prevented by abnormal cleavage of the zygote
(Braden, 1958) or by changes in the uterine environment induced by such
stimuli as crowding stress or perhaps even the behavioural-endocrine
feedback system proposed by Christian and D;vis (1964). -

Once the zygote is successfully implanted, normal development may

be hindered by deleterious geneticifactors within the embryo gtself
R f3-2

»

(Lyon, 1959) such as chromosomal abéfratiéﬁs, by changes in the uterine
environment brought about by. factors such as those associated with
increased maternal age and maternal stress, and by environmental
insults such as climatic differences (Biggers et al., 1958) and by
teratogens.

Se%eral of these factors may be involved simultaneously, in the
determination of individual and whole litter survival, and in hany
céses, i; is impossible to ascertain the exact cause of prenatal

///f : mortality. Since the prime cause of mortality cannot .be estabiished,
emphasis in the study was on the amount of mortality ;ather than its
‘causes: Estimates of prenatal mortality have been determined for a
number of different organisms. | )

Batten and Berry (1967) reviewed prgnétal mortality in laboratory

- mice, and wild rats. Pre-implantation loss varied between 9.7 percent

in DBA mice and 42.8 percent in Fl offspring of CBA males and 101
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females. Estimates of total prenatal losses for inbred mice vary
between 10.5 peréent in Fl offspring of 101 males and C3H females to
47.8 percent for I-‘l resulting from matings of CBA males by 101 females:
. : v

From wild mice caught in corn cribs and barns in nerthern
Brita&n, Batteﬁ andlBerfy (1967) estimated that the total prenatal
loss was between 31.1 percent and 36.2 percent, dépendiug on the-
habitat examined.

In wild rabpité, Brambell (1948) determined that the total loss
of ovulated ova was 43.3 percent of which 10.2 percent was pfe— A
implantation. Most of 'the remaining loss occurred before the mid-
point of gestation. )

Adams (1960) used labdratory rabbits to show -that pre-implantation
ovum loss was about 11.4 percent, while.after implantation, the
equivalent of 18.3 perce#t o£ ova were lost.

Carr (1977) in his review of prenétal loss in a number of species,
reported the following esgémates: 29.0 percent prenatal lost in the
ferret, 20 Lo 48 percent in sheep, 9.3 percent.in the shrew and
approximately 30 percent in man. Carr (1977) concluded, that in spite
of a large amount of variation, because of experimental methods, in the
estimates of pregnancy wastage among various species, mammals rarely
lose less than 30 percent of their fertilized ova and that in most

species, the total amount of prenatal loss is approximately 40-50

percent.

. The validity of estimating prenatal loss by comparing corpora lutea

counts with implants has been discussed at some length by Batten and

. :
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Berry (1947). In the situation where fewer corpora lutea are found
éhan implants {(not seen in the presen study), polyovulation, which

is e;tiﬁated to occur about 10.0 percent of the time in primiparous.
mice {(Kent, 1960) and monozygotic twinning, estiﬁated to occur about
vl.O percent of the time in laboratory micé (Wallace and Williams, 1565)
have been suggested as explanationms. Some situations result in an over-—
estimation of prenétal loss. Occasionally, what appe o be a
corpus luteum retains a mature oocyte and therefore prevents\its
fertilization and implaﬁtation (Jones and Krohn, 1961). Softe ova are
réleased normally, but are not fertilized. Bowman and Roberts (1958)
found 12.6 percent of 452 ova recovered frém the fallopian tubes of

Ynormal" appearance, but not yet

41 laboratory mice to be of
fertilized.

While the relative importance of these different eéfectg on.pre—
natal mortality cannot be estimated witﬁ certainty, it appeérs ‘
reasonable to aséuﬁe, that the number of corpora lutea cpunted

_represents a falrly accurate indication .of the number of ova
available for fertilization. '
Comparisgon of different populations must be done withfeservation
. because as Batten and Berry (1967) point out, the age of the population
should be c0n§idered since differences in ovulation rates have been
shown tc be related to maternal age (Fiéch, 1978). This problem is
probably not too significant in the populations used in this study since

Philpott and Petras (unpublished) have found, that the majority of

popPlatioﬁ members are less than one year old and all populations

-
-
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originate about the same time.

Materiél and Methods

Fl

. Source of Animals

i

Three hundred and'forty-seven non-juvenile female mice were
obtained from thirteen samples trapped in corn cribs in Esseéx and Kent
counties in sough—western Ontario. The samples were taken between
June and August of 1977 and in February and April of 1978. Recapture
studies show that between 50 and 80 percent of animals residing

within cribs are captured (Philpott and Petras, unpublished),

Procedures
The mice were bled from the orbital sinus, into a mammalian

saline-sodium citrate solution (5% sodiuﬁ éitrate in 0.8% NaCl).

.

Blood was processed for starch gel‘electrophores{s according to the'

procedure described by Biddle and Petras (1967).

Electrophoretic typing of'a number of protein systems was

conducted. These included esterases controlled by loci Es-2‘and Es-3

(Petras, 1963; Petras et al., 1969), phosphoglucomutase (Harris and
Hopkinson, 1976), lactate dehydrogenase (Martin and Petras, 1969)
glucose phosphate isomerase (Harris and Hopkinson, 1977) and hemoglobin
(Petras et al., 1969).

Females of three populations were weighed before being sacrificied

-

by cervical dislocation.

f&» .
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Ovaries ‘and uteri were~témoved from.all females and placed in

h e

physiological saline for examination. The following counts were made: I
number of co£p0§a lutea on eacﬂ.ovary, using a Wilde binocular |
di§§ecting'microécope with magnification of §2x; énd the number of
embryos in each uterine horn.
The géstafional age'and utenine.position of all gmbryos vere
noted and recorded acc?rding to Gruneberg (1943) and Thieler (1972).
The qri?eria for this classification involve morphongical developments
__ﬁ\fnd embryo size. |
Ovaries from two of the.populations were fixed after superficial
counting of corpora lutea and 10 gicron thick serial sections, of ;he»
ovaries, were made, mounted and stained with Laematoxylin and eosin
according to séan@ard histological ﬁrocedure (Galigher and Kozloff, \
1964) and examined using»lOOx magdification. Ovaries from mice of
three inbred strains we£é-similarly prepared for comparison with the . '
wild specimens. |
All an&mals were frozen after dissection. The three previcusly
weighed sambles were relﬁeigﬂed six moﬁths ;fter freezing to ~
determine individual female weights afger removal of the ovafies and
¢ uterus. This ‘second wgighing, which was done as an after-thought
eliminated any erreor resulting from the presence of the reproductive

tract.

Monroe 1860 calculator.

All analyses of data and tests of significance were dome on a i
' |

N\
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.fky Results -

» ~

Mean Number of Live and Resorbed Embryos

Table 17 shows tﬁat sample sizes differed considerably among the
- different populations, ranging from eight females collected from a
crib on the Pinsonault Farm (#6, Concession III) to 146 females from
the.Pigéon 1977 p;pulation. Also presented in Table 17, afé summaries
. < of data on the number and percentages of animals pregnant and the

. females with one or more resorbing mbryo} Pregnant fémales, that is,

females with live embryos appear to make up between 50 and 60 percent

.

of the adult female population, of each sample, with an overall mean of

54.5. The number of aniﬁals with all embryoé’dead (100 percent

e

resorbed) is the difference between the number of females with embryos
and the number of females with embryos and lQOQpercent resorbed.

— Trapping at various times oé the year showed that implantation
occurred in all seasons. There appears, however, to be a glight
deficienéy in the number of females w;th impliﬁfédaz;ing the winter

<

and early spring. Thié &iii be discussed at greater length later:

’
*n

Table 18 presents the number of females per sample, the number of “
T females excluding those with 100 percent :ésorbedllitters and the
number of pregnant females per sample. The mean pumber and standard
deviation of live embryos and the imglants for each sampling site are
also presented. Th@‘mean number of live embryos per pregnant female
per sample range from 4.9 to 7.8, while the mean number of implants

J\ for the same animals ranged from 5.0 to 7.8. A comparison of the mean
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, number of live embryds and mea§~number of implants per female in each
sample results in a measure of post—implantation mo;tality. This
measure is however, at best, the lower iimit of poéfiiﬁblantation
‘mortality because of reasons to be di;cussed later.

. Also presénted in Table 18, are estimated of the mean numbe; of °
offspring to be produced by the total adult female population at the
time of sampling. The mean number of live embryos per feméie for .
each pOpulation: and the mean number of implants per female for
each population range from l.S‘to 5.4 and 2.5 to 5.9, respectively.

If females with 100 percent resogbed lit;ers are excluded from the
calculations, the mean values for these parameters ch;nge to ranges

of 1.7 to 5.4 and 1.9 to 5.4.  This was done.in an attewmpt to
leliminate bias resulting from resorption of a litter due to maternmal
stress encountered in trappi§g‘and subsequent handling. Evidence in
support of this calculation éame from a population captured on June
l3tH, 1977 but nof sacrificed ;ntil a week lategj 0of 29 adult females,
20 (69_peréent) were not pregnant at-the time of autOpéy{ 5 {17.2

- .
perdents had totally resorbed litters, and only 4 (13.8 percent) were
stfll pregnant. This problem was minimized in the present study by

prompt autopsy of animals after capture. On- the basis of these

< findings, it was decided to exclude females with 100 percent fesopbed
o licters from the summary of data presented for this study.
While éxamining the differencés in the mean’ number of offspring
£

* per female when all females in a sample are consideféd, a’ significant

. correlation (r = 0.9944, n=12) between the number of pfegnant animals

33 : - “ .
Lo o .
.
. ‘ * - s
- . s
2 \ . e y
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and the total sample size was obtained. As one would expect, more
prengat anim;ls are found in large populations than I1n small ones,
hence, more embryos, but actugl cﬂanges in percent of pregnant ‘
animals ‘is not, however, predictable from samﬁig size.

The mean number of resorbed embrybs per pregnant female are -
presented in Table 19. Thg range of resérbea'embryos per fémale‘with
implants extends between 0.6?(12%) and 1.8 (23%):

It is interesting to note that the range-of mean values for
animals with at least one-resorption.but excluding tqtally resorbed
iitters was between 1.3 and 2.2. ‘The mean4of thi;Arange was 1.8 % 0.3

which suggests that animals have more than one resorption if they s

have any at all. If females with-at’'least one resorbed embryo

(inclﬁding those females with totally resorbed litters) are examined,

the mean number of resorptions per female was observed to-range

between 1.6 (32%) and 3.7 (47%).

Differences Between éopulations for Reproductive Parameters

To determine if the samples differed from one another for such

repr&ductive parameters as mean number of implants, live and resorbed
p
embryos, one-way analyses of variance were done. Table 20 summarizes
the results.
In order to detect sample differences due to seasonal conditions,

analyses were performed on samples grouped according to time of

trapping. If the samples obtained between June, 1977 and April, 1978

are examined, a’ significant F value is obtained for the mean number of .

[
N

. 4
» . - '
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Table 19: Mean number of embryos resorbed 8i5/female

b

71

Resorbed Per

Sample Resorbed Per
Female with Female with
Live Implants ‘ Live Implants &
. > one.Resorption -
. Caron — —-——
Price, N & § 1.22 * 1.48 12,20 * 1.30
( 9* ( 5)
15th Concession 0.67 * 0.89 1.60 * 0.55
(12) ( 5)
'7th Concession 1.06 * 1.12 1.70 + 0.95
(16) (10)
Ouellette 1.09 £ 1.30 2,00 £ 1,10
(11) ( 6)
Houle 0.50 + 0.91 .57 £ 0.98
‘ (22) 7
Bondy Lt. -— —
~ Pigeon 0.42 = 0.98 N o1.93:1.22
' (69) (15)-
Bondy, SR & NR 0.67 * 0.82 1.33 + 0.58
(6 (3
McKim 0.65 * 1.06 1.83 £ 0.98
1n (6)
Pinsonault #6 0.14 * 0.38 . . _—_
(7D
Pinsonault J.R. - ——
Pigeon Apr. '78 0.11 % (.33 -
: (9
* Number of females.
N
N
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impiantg and the mean number of live embryos. Mean numbers of
resorbed per population did not differ significantly among the
samples. - ’

If samples ébtéined only between June and August, that is, in
tﬁé summer of 1977, gre examined, a significant F value is obtained
for the mean number éf implanﬁs per female, but not, for the méan
number of live or resorbed embryos.

S;gnificant F values for some parameters indicate~that some
poplilation samples diffef significantly from others.

The Student-Newman-Keuls Test was employed to ideptify
different populations (Sokal and Rohlf, 1969). For mea number‘
of implaﬁts per female or the summer populations no sample is gb

observed to différ significantly from any other population with the

SNK test, | _/,//
In thg analyseg of all of the samples for mean number of implants

per female only_the summer sgmple trapped at Pigeon's farm differs

significantly from the pdpﬁlation trapped at Pinsonault, Jacob Road

(Table 21). No significaht diffefences were -observed in the mean

number of implants per female of the summer samples.

Estimates of Corpora Lutea Numbers

Zzz)the case of mean number of live embryos per female for all S
populetions, the sample from McKim's farm differs significantly from
that obtained at Caron's farm and also(at‘Pinsonault, Jacob Road.

Pigeon's sample trapped in August, 1977 also differs significantly from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

5

[ 1T 0T b 8 L 9° S b/ € (A T

//( cady

“q'r .c._”m uoie) °*ouo) ya; Lpuog 94 uUrd sommﬂm @339TTanNQ °'Suoc) YaIgT m.mﬂom 90T1d _._ommﬁm WEYIH

196%°¢C = suoraerndod TTV - °Tewai / 3ATT X
3
7
. — P
et 1T 0T 6 8 L 9 S Y £ AN T
s ady
“¥M°[ ‘ufd uHoie) °*DUO) Yj/ SBIIBTIONQ °9T1d o«» cam Apuog *ouo) H3IGT 2TNOH uo0ddTd 09874 WENOH
' £002°¢ = suorjerndog [TV - 2T¥wWad / 3%25 X
A.J
: . .
6 8 L ) 9 ¢S ) £ 4 T
. Uuoi1e) *3u0) yiy/ 90T1d 9339TT9ng  Lpuog *ouo0) YiIGT aTnoy uod3rg OINON
, . €00%7°E = 4 . Buocrlerndog ioumng — I[ewag / SIueTdw X
20ueoTJTUSTS JO I9AST %G @Yl 3I¢ uostiedwod eyl jo uopzerndod * N

1SIT3 9Yy3) wWoxJF mumwwﬁv paurriepun jou aydmes Auy -g/6] TFidy — dunf pue ‘2161 Isndny
- aung uf paanided suorierndod jo szsjsweied Aoueudaiad 103 3853 STNIY-UPWABN-IUIPNIS 17 aTqelL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-

the .sample obtained from Pinsonéul;, Jacob Road, These results
shall be discussed‘later. 4-

It -should be noted, that due to insensitivity in the SNK test
slight differences.betwéen samples may not be recognized as

significant, in spite of the ANOVA results.

V.Correlatioﬁ Between Pregnamcy Parameters
) Relationsgips among a number of pregnancy parameters were
investigated utilizing correlation analysis. Since the
populations did not differ significantly for these parameters, they
were combined. For the mean number of implants versus resorbed
embryos, a correlation coef%icient of*0.9417‘(p-g 0.01) wa; obtained
. (Sokal and Rohlf, 1969). -
The correlation coefficients are similar (r = 0.9206, p‘S:0.01~
and r = 0.8972, P X 0.01) when the number of live embryos is compared
to the number of resorbed embryos. Therefore, as the number of implants

increases per female, there is a direct increase in both the number of

live and number of resorbed embryos.

Estimates of.Corpora Lutea Numbers

Estimates of corpora lutea numbefs may be utilized in determining
estimates of'pre— and post-implantation mortality because the number
of corpora luteafapproxima;es the number gf ova available for
fertilization (Batten and Berry, i§67).

Frequently, the number of corpora lutea of an ovafy are determined

x* macroscopically. This procedure reportedly results in an underestimate
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“a ~ . B . .
_of number of corpoéa lutea pregent (Brambell, 1998). As a fesult, a
comparisoﬁ'was made between macroscopic'determinatioﬁ of the number of
_co;por;~dﬁtea and counts from histological prepardtions in several
inbred mouseistrains and‘a ﬂumber of.wild—caught mice. The results

‘are presented in Table 27.. e

Comparison of the macro and micpg methods shows a difference of = 1
corpus luteum per ovary. In an ovary with few. corpora lutea this
represented a diffefence as high as 18 percent. These differénces
aﬁpear iarger than the 4;5 percent difference reported by Brambell
(1948) in rabbits and suggest. that values for corpora 19tea cou;ts may
be underestimated. Rabbits however may be more amenable for this
type of examination than mice.

Differenpes were found among the number of éorpora luteal counts -
of-iﬁbred strains aﬁd the: inbreds pgoled have greater numbers than the
wild-caught sample. JIn order to determine if any of the ;nbfed straiqs
or wild-mice differed<from one another or differed because of the I
corpora lutea counting methods a one-way anal§sis of variance and a
generalized ANOVA were carried out. No statis;icéll; significant
difference among counté.for the inb;ed and w@id-ﬁicé and between the
two counting methods was fouhd.

Similarly, a chi-square test showed the corpora lutea estimates

.-~ )

obtained by the two techniques not to bF significanti;/different.

~

[ ' N ~
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Variability in Mean Corpora Lutea Numbers

To determine whether differences in mean corpora lutea number

among the populations are significant, an analysis of variance was

'performed
. . Y .
The analysis was performed.both including and excluding females

with totally resorbed litters. Significant F values were obtained
for both sets of data (Table 23). Further analysis using Student~
Newman-Keuls Tests (SNK) revealed which‘populations differed

significantly. T

Pre- and Poét—Implantation Mortality

Estimates of pre- and post-implantation mortality within the
samples are presented in Table 24. 1In all cases, the mean‘ghmber of
corpora'lutea was greater than the mean number of implants. The mean

c number of corpora lutea ranged from 5.8 to %3.5 for pregnant females
when totally resorbed litters were excluded. The mean pre-implantation
loss per pregnant femai;, per sampie, was determined by subtracting
.the mean number of implants per‘pregpant female from the mean number
of corpora 1utea counted per pregnant female in each sample. The range
for the sample means was between 0.44 aéd 5.75 ova lost per pregnant
female. ?pis represents a loss of between 5.7 percent and 42.6 per;ent
for females with implants. Differences in sample sizes may in part
"be responsible for the broad range.

Total pre~natal loss per female was determined using the foliowing

formula from Batten and Berry (1967):
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Percent loss = 1 — live‘implan;s/(pregnant femgle)
mean number of corpora lutea

-

The. range 6f pre—natal loss estimates was 13.8 to 42.6 percent for all
& - ’ . ) A . .

females with implants. Estimates of pre-natal loss when totally

resorbed litters are included in the calculations are presented in

Table 38, Appendix B. )

Morﬁality and ‘Bestation Period

.Littérs Qere grouped into those appgaring less thag 10 days
gestational ages and those greater (Table 25). The ten day period was
chosen since it is approximately the mid;point of gestation in the
mouse, and since this is also an important time in the developmental

. sense, with many morpholoéical.changescgccurring. For instance, limb
buds and facial structures are éomme;cing to form at this Eimg
(Thielet, 1972):

Overall, Ehe litters observed, were distributed uniformly in the
‘two geétational periods. This indicates little or no synchronizatiéﬁ of

ovulation in natural populations. The majority of litters contain no

resorptions.

»

The data suggest that there is a greater likelihood of total

litter resorpfion in litteérs of less than 10 days gestation (26.5%Z) than
N : .
in older litters (3.6%).

s
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Effects of Uterine Horns on Embryo Mortality

At the time of autopsy of the females, the total number of embryos,

‘both alivé, dead and resorbed, were recorded for each uterine horn.
.- ‘ Aﬁhlysis (XE) was carried out for each population sample individually
and for th samples pooled, to determine if the‘two horns diféeredv
significaAtly. 'The resulté, §umma?i;ed in Table 26, ;ndicate there
were MO significant differences between the two uterine horns in
individual samples (except that from 15th Concession), and in the pooled
data. More litters with one or more, but Aotltotally resorbed, embryos
_\ " existed in the group of litters of greater than 10 days gestatign. No

significant difference existed in the number of litters with no

-
-resorptions between the two time groups.

Effect of Implantation Position

At the time of autops&, implant sites were numbered sequentially
beginning at the ovarian end in each horn. A summary of the number ;f
implants and resorptions is presented in Table 27. Due to the small
sample sizes in some cases, left and right uterine horns were combined.
The ratio of resorbed embryos to implaﬁts is also given for each

. uterine po%ition._ Totally resorbed litters wérg included in this
table to provide total mortality per uterine site. :

Due to the numbering system,‘there are fewer embryos at the sites
closest to the cervix. The‘percent of émbryds resorbeﬂ differs for

each position and the position with the greatest percent varies from

. ' sample to sample. No one utérine position therefore, appears

+
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. g
i Table 26: Contingency chi-square analysis of live embryos and
. resorptions in left and right uterine horns
B ’ 3 B 2
Sample , Left Right X
No. Live No. Rd. No. Live . No. Rd.
* Caron \ . L 25 4 25 4 _0.00
Price, N & S\-\_\' 27 5« 22 ‘ 6 0.33
15th Concession 45 2 -23 6 5.14% .
"7th Concession . 58 . 29 .42 36 2.83
COuellette : 29 9 34 8 ; 8.25
Houle 60 15 54 11 0.21 .
" Bondy Lt. y 13 - 2 12 - 3 0.24
- . Pigeon 162 53 202 67 0.004
 Bondy, SR & NR . 21 \ 1, 22 3 0.83
McKim 34 3 48 | - 8 , 0.81
Pinsonault #6 . 7 -0 ) 5 1 1.26
H .
Pinsonault J:R. <18 6 13~ 3 0.21
Pigeon ‘ 27 3 26 3 0.001
’ ‘ N .
Pooled Samples 526 132 528 159 1.88

* Significant at 5% level

-

’

»
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parti&ulgily'vuingrable to embryo mortality. There also appears no
overall sé; pat;ern for resorption in the various samples.

The resorbed to implanted embryo ratios range from 0.088 to
0.411 per ‘position for the sample totals.

Exclusion of totally resorbed litters, because of possible bias,
. . R .

did not alter the conclusions.

Relationships Between Female Weight and Pregﬁancy Parameters

Females of three populations were weighed before and after
autopsy. ( Mean sample weights ‘along with standard deviation and.
sample s ée, are presented in Table 28. Mean weighfs of pregnant

animals were, as would be expected, higher than population means,

, ©

except for the Bondy sample. Even after removal of ovaries and -the

uterus, pregnant animals had a higher‘mean weight in the Pigeon and
Houie populations. From the weights of_non—prggnant animals before
and after autopsy, it was eséimated, that the ovaries and uterus which
were remo;ed from each animal ‘weighed about 1.0 gram.

One-way ANOVA revealed no significant differences among” the
weights after autopsy of females from various populations (F = 2.835,

d.f. = 2,176, p 2.0.25).

-~

Correlation of Female Body Weight and Pregnancy Parameters

Potential correlations between female weights and various
pregnancy parameters were also investigated using correlation analysis.

Female weights both before and after autopsy were included
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(Table 29) for three populations. -

-
~

Significant correlation coefgﬁcients, were obtained for most

analyses. * Only in the cases of nﬁhbers-of resorbed versus weight
@ before autopsy for the Houle sample, and live and implant numbers,

versus weight after autopsy for the Bondy sample, were non-significant

-

values obtained. . !

.
.

In the Pigeon sample, befo}e and after autopsy, heavier females
had.; 1érger number of implants and live embryos than did lighter
females; Both bef;re.and after autopsy, lighter animals had moré'
resorbed embryos than heavier animals. The same results were obtained
‘for the Houle sample and for implangs and number of live embryos for
the Bondy sample.

It is expected; that before autopsy, female weight will be
correlated with pumbér of implants, because litters will increase
females' weights. After autbps?, when all embryonic and reproductive
tissue is removed, heavier and perhaps therefore, larger animals still

S
show the tendency to have larger litters.

-

Correlation Between Prégnancy Parameters and Season of Trapping

Correlations were also sought between several pregnancy
parameters and éeasoh of trapping (Table 30). TFor this, each populaticn »
was assigned a ﬁhmber based on the number of days which had elapsed
from the .first day of trépping, June 6, 1477.

First, populations .trapped between June and August, 1977 were

'

~ compared for mean number of implants per sample versus, period of

—— .
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trapping and mean nhmber-ef live implants versus time of trapping.
Both_analyses gave significant, negative cor?elation qoéfficiénts.
The ;;mehézggistical analysis was apﬁlied ;o‘the populations
‘trapped.during the éecond‘tfapping périod extending frem August, 1977
to April, 1978. Siggificant corvrelations were observed only when
the mean number of live implants per t;tal adult ﬁemale sample
. : kpregnant and non-pregnant females) and the mean number of implants
per total adult female sample were compared with time. ‘Since the for-
mer coaff1cient is posditive, agd the latter negative, it appears that
the number of live implants increases while the total number of
implants for ;11 females &ecrgases,ﬂtﬁat is, there is a decr;ase‘in.
gmbryé mortality later iﬁ the fall and winter‘trapging period. There
» was no significant correlation betwéen meah number of resorbed embryos
and time.
When these data from the fallhand winter per;od are compared with
. | those from the summer trapping period June, 1977 to August 1977
’ different tren&s are observed. ﬁFor the summer trapping period, both
- the mean number of live and mean number of implanted embryos appear
to decrease per populations' preénant females and total female sample
compoﬁeq@, as the summer tréppiné season progrésses.
| Whe; both fﬁ{ summer and winter trappiﬂ§ periods are consldered
together as a single June to April period, a differgnt pattern of
significaqt cnrrelat;ons'is again obtained. All garameters.exqept
mean number of live implants per pregnant female versus time are

. significantly correlated, and oﬁly mean number of implant§s per pregnant

b
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female versus-time exhibits a positive correlation. Only for this

series of ahalyses were significant.correlalions of mean numbers of

resorbed embryocs and time observed.

These results indicate, that the later in the period that
trapping is conducted, the more implants there were per pregnant
females. - Since there were fewer females pregnant howevér, there was

a net decrease in the .total number of implants, live and resorbed.

_embryos during the winter and early spring.

Further discussion of these results is presented later.

N \

[ 4

Association of Pregnancy Parameters and Geography

Figure 2 shows the location of trapping sites and .their distance

I'd

' from the western end of Windsor, Ontaric whiéll is sjtuated near the

2

. v

source of hea€§ industrial air pollution oh the west bank of the

Detroit River. *

- -~ -

Correlation analysis relating distance of frapping sites from
- J . * - ‘

"Windsor (Table 31) indicates, thag&for the sample consisting. of:

¢ . \ Lo
pregnant females there is a significaunt positive correlation

(r = 0.4860, r = 0.4648) between the numbers of live and implanted

embryos respectively, and the distance of the trapping site from

Windsor. There is no significant cbrrelation between the number of

resorbed embryos per pregnant female and the distance of the trapping
site from Windsor. There is a significant negative correlation

(r = -0.2141) between the number of pregnant animals per trapping -

site, and distance of the trapping site from Windsor.
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' Key for Figure 2:

95 e

S

Map reference numbefs for corn crib population

sampling sités

>

MapiRéference

Sampling Site

Distance (km.) of

- Number Trapping Sites
From Ambassador
_ Bridge
I.v‘;'-. -
© 1 Caron 56
2 Price, N & S 19
: <
3 15th Concession o 58
' ) 4 7th Concession 61
’ 5 ,Oﬁellette 58
6 Houle 48
7 ) Bondy Lt., Bondy SR & NR 32
8 Pigeon 32
9 McKim 24
10 Pinsonault #6 58
Pinsonault J.R. 60

11

'
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However, if the total adult female population (ﬁfegnanc and non-
pregnant fgméles) per sample is used as the basis for analysis, the

- - . A
only significant correlation obtained is one between mean-number of

. resorbed embryos per popuiﬁtien and distance of thg trapping site

. from Windsor (r = 0.4703).

b S i
‘These apparently cofitradictory results shall be'discqssed later.

In order to more clearly determine if the summer samples differ
from‘one another in terms of their geographic location, two by two

~

contingency chi-square analysis was performed utilizing mean values of
2\ . i .
lipe and resorbed. embryos, and mea ;umbers of\imﬁlants and resorbed .
embrVYos. Comparisons were made éccor@ing to sample locafion in Essex
aﬁd‘Kent Counties in Ontario. Stepwise sequential comparigons were

made until each sample hadeeen included in the geographically oriented

analyses (Table'32). In no case,ywithin each of the 50 counties, or

. in comparison between the-'fwo counties, was a significant chi-square

value obtained.
In terms of mean numbers of live and \resorbed embryos, and mean

numbers of implants per sample, there is no éggnificant difference that

. may be detected by this sort of analysis between any of the éamples.

-

‘ » _
Association of Female Genotype and Pregnancy Parameters ¢

Each female, used in this study, was bled before autopsy, and the
blood was processed for starch-gel electrophoretic typing of a variety
of protein systems.

R

Classification of female 'genctype for each system examined, was
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compéréd with pfegnancy daiigfzziéggale. Potential patterng\of X
. . .

pregnancy data such as a hig mber of resorbed embryos per female\
of a particular genotype were examined, but none were‘found‘(Table 33).

- v " : .
-
./ . .

" DisScussion

Embryonic mortality estimates for the house mouse populations from
‘ Ontario examined in this stgdy range from 1.3 percent to 37.7 percent

(mean = 18.2 # 12,7) for pre-implantation loss, 0.0 perxcent to.18.3

]

percent-(mean 8.1 * 6.2) for post—implantation loss and 13.8 to 42.6

percent (mean 24.0 * 10.0) for total prenétal loss.

The post—implanta&ion mortality estimates obtained in this study
are iﬁ the lower part of the range because, a) litters which have been -
totally resorbed were excluded, since stress during‘and after trapping
contributed, at least in some cases, to total resorption of a litter
and b) in some cases, embryonic mortality might'have normally occuréed.
but for the facﬁ the dam was sacrificed and so the litter did not
reach full term.

Southern and Laurie :(1946) report that a decrease in the numﬁer
of pregnant animalg cutside corn ricks was found during the fall months,
but™ that breeding did occur during the winéer. The authors ;ls;
reported, that the same patterns of mating occurred-in the ricks

_during the winter in the U.S.S.R.. Therefore, with suitable protecticn,

mice will breed during cold months, but a lack of adequate cover will

probably result 4n decreased reproductive activity.
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Table™ 33: . 'Associal:,ion between specific phenotypes at the Hbb and Gpi-1
loci and the reproductive state of 30% ‘females

Phenotypes Number Nunmber .of Number of Total per
: _ of . Non- 100% . Genotype
Pregnant Pregnant Resorbed (Frequency)
Animals Animals Litters

Hbb® /Hbb® L
obsexved ) 106 b7 17 185

, ' *%xpected 100.8 , 66.0 18.1 (0.61)
X 0.268 0.015 0.067
HbbS /Hbb .52 ‘ 5 13 100
observed -52 35 13 . 100
expected’ 54.4 35.7 9.8 (0.33) -
X2 ' 0.115 0.014 1.045
-bef/bef '
observed 11 5 1 . 17
expected - 9.3 - 6.1 1.7 (0.05)
¥ . ' 0.311 0.198 . 0.288
) oo

(:i“ Gpi-1*/Gpi-1° .

observed " 73 38 14 125
expected ‘ 68.1 44.6 12.2 (0.41)
x2 0.352 0.977 0.266 :
Gpi-1%/Gpi-1P
observed ) 52 42 . 9 108
expected 58.9 38.6 10.6 (0.36)
x2 0.613 0.299 0.242
Gpi-1P/Gpi-1°
observed 39 21 - 9 69
expected 37.6 24.6, 6.8 (0.23)
x2 - 0.052 0.527 0.712
1bbS /Hbb |
Gpi-12/Gpi-1P A
observed ' 19 15 5 39
expected 21.2 13.9 - 3.8 (0.13) *
¥2 0.228 . °0.079 0.379

*  Expected proportions calculated using values from Table 1.
(Pregnant = 54.5%; Non-Pregnant = 35.7%; 100% Resorbed = 9.8%)

** Heterozygous at both Hbb and Gpi-1l loci
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, ‘Biggers gﬁvgl, (1958) stated that.@regnant mice kept in a cold
room (SOC) had a significant incregse in prenatal mortality, as compared“-

.

to animals housed ifxwarnl(Zloc).and hot (280C)‘rooms.

The apparent discrepancies betweép Laurie's findings and tﬁose
of th; present study, may be due to differences in the severity of the;
“winters in the two study sites. The more stringent.winter in Ontario
may cause more stréés than in England, or for that matter the

artificial-en§ironment utilized by Biggers-gg al.

Bésides seasonal or climatic stress, animals are subjecééd daily

a to other envirommental factors such as inter and intra-specific
interactions which may alsc have an importang-influence on prenatal

. i .

mortality. For examﬁle, the sample trapped at Oueliétte's farm
during the_éummer of 1977 had a prenatal mortality higher than that of
the remaining summer populations and approached-that of the winter
populations. At least seven rats were observed in the crib. These
-animals probably ‘resided in and around the corn crib and had a
detriment?l effect on the mouse population since there was evidence
of rat-inflicted inj&ries on the mice. Similar examples of inter-
specific interaction may be shown to occur in winter samples.

Batten and Berry (1967) feport thét croning oY exposure to

strangé males may cause an increase in prenatal mortality, due to
stress. Hawkeswocd (1975)lshowed that crowding'stress can decrease

the number of males present in a corn crib, a fact which may influence the

rate of migratéfn of strange males into a crib. 1In the present study,

L.

o
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of 232 animals trapped at Eygﬁﬁigeon farm only 78 were males. This
population, the largest of those tfapped, and the deficiency of males

(x2 = 24.9, p < 0.015 indicates that some competition for space did

—

occur. o ‘ .
Two factors, 'therefore, climatic condition and inﬁer—intra—specific
interaction, may cause stress at sufficiently high enough levels to

. induce a large amount of preﬁatal mortality in the mice. A combination

- of environmental and non-climatic stress factors likely determines

' h ‘

the number of females which become pregq?nt during fhe vinter and also
¢ thg_degree of prenatal mortality which occurs throughout the.year.
Changes in conditions from fear to year in different corn cribs:c0uld,
in part, be responsible for the varia@ility observed.in the size of
summer population. To a large extent, thé size offa population énd
its rate of growth is dependent upoq,founder population size and
- reﬁrdductive activity within the populaéion.

Although biases due to sampling errors and smgll sample sizes
could affecﬁ the differences in pregnancy parameters observed betwggq
populations, the problem appears to be minimal in this stﬁdy however,
because most paramétérs do not significantly differ among the
populations, Very slight differences in pregnancy parameters hogever

could possibly exist, but not be detected due to small sample size.

'
¥ T

- Embr&onic Development Within the Uterus

2

Resorptions, in populations sampled for the present study, are

spread througﬂbut the uteri, the.pattern of resorption being different
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in each population, indicating, that no dterine site is patticular

-

vulnerable to embryonis mortality. <

Laurie (1946) states that in wild-caught mice. from several
different types of environment, cﬁére was a statistically significan
larger number of embryos in the right uterine born than in the left.

The findings of Danforth and de Aerle (1928) indicated that tk@re
was no difference between the horns of uteri in laboratory mice in

terms of embryo numbers. ?he present study, except for one sample
(15th Concession) supports the latter.

The present study has showa that while there may be differences
between the counts of corpora lutea\per ovary obtained with the
macroscopic and histological metheds, these two methods do not prodyfe
results which differ significantly frgm one another.

While Brambell (1948) showed’ that in rabpits, macroscopic counts

of corpora lutea on ovaries were about 4.5 percent 1 than counts

Al

obtained microscopically using serial sectiops”of the ovaries. It is

difficult to determine whether the diffgfences observed were
significant since no statistical analysis was presented.
As described earlier, trapping

L
prenatal mortality in mice. Other

tress may contribute to increased
orms of stress due to seascnal

~

conditions, and inter/intra-specifi interaction may also be involved
in determining amounts -of pre-natidl mortal;ty; In this study,
Student-Newman-Keuls tests revealed several differences among pop-
ulations for such pregnancy parame érs as mgan numbers of implanted,

live and resorbed embryos. Maternl sStfess may~function here also, in
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the'determipation of preﬁatal mortality. The sample obtained during
the winter at the Pinsonault, Jacob ‘Road t?apping site had a
significantly largef aéount of prenaéal mortality than populations .
obtained in the summer. This particular population had a higher mean
number of corpora lutea per female than did populations from the summer

R co '

months. Laurie (1946) examined reproductive patterns in Mus musculus

populations from several environments including corn ricks in

southern Englan&. These studies led to the conclusion, that wild mice

bred throughout the year, and that there was no seasonal difference

o

.

in either the percentage ‘number of adult females pregnant or the

number of emBryos per litter.

Variation of Female Weights Among Populations and Correlation of Female
Weight and Litter Size,

Statistical analysis revealed ﬁo significént differences among
~ females' weights in different populations Eéth before and after
considering certain errors. Slight underestima£ion of female weight
after autopsy could result from the removal of female reproductive'
organs (approximately 1 gram) and due to lyophilization of those
animals which were frozgn. ' ' LN
Laurie kl946) stated that there was no corre;ation betyeen litter
éize and female weight. In the Bri%ishlpopulations studied by
Batten gﬁd Berry (1967) however, significant correlation between

number of implants and maternal weight existed. The findings of the

ﬁ%xesent study agree‘with Batten and Berry.

o
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Correlatioh of Pregnancy Data with Trapping Period and Geographic A

.. Location
- —— —

Correlatiﬁn anélysis of pregnancy parameters and time, or
season, of i;:;ﬁipg'proguced resulfs which abpear to contradict the

. conclusions ained with other forms of analysgs and also results

‘ whi;h appear.zo differ for the time periods examined. ‘It is
important in obtaining an overview of ‘these pesults, to.key'on factors
of biological significapcé. For example, while utilizing the total
adult female population in ‘analyses, as an indication of total

- reproductive potential of a populaéion, proportion effects resulting
xfrom the nonpregnant'component of the female population are introduced,
thereby altering thé biological significance of the results. That is,
nonpregnant females may be of little biolpgicél significance in
.détermining reproductive potential,
In this particular series of correlation analyses there is a lack

of any consistent pattern of correlations that .would indicate a
significant correlation of pregnancy parameters with time. While
sigﬁificant correlations were obtained for a number of pregnancy
parameters and time; it is believed, that these are due to such biases
is a very large pre—iﬁplantation loss in a single population

* (Pinsonault, Jacob Road) and small sample sizes at some trapping sites.

Correlation of pregnancy pa?ameters with distance from Windsor

also produces rgagifs whéch differ from those obtained by other forms
of statistical analysis. 1In this case, the differences may be, to some

extent, explained by proportionate effects within the female pepulation.
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There is no significant cgrrelation between thé mean number of
) s . i
resorptions per pregnant female and distance from Windsor, however,

significant negative correlatioms (-0.21, t = -0.69, -0.18, t < -0. 63)

‘\

. . are foﬁnd between Lhe number<of‘bfegnaﬁt a ﬁéls per population and )

-— distance, and the total number of femaled per pgpulation and distance

from Windsor. Therefore, thle the number of'aniﬁais decreases the

4 farthef from Windsor the trapping site ﬁas located‘the méan number of
resorptions per pregnaﬁ£ feﬁi}g remained about the same thereby
producing a relative increaée.in the mean number of resorptions per
pregnant animal. To confirm that the significahc correlations obtained
;ere due to thg‘proportién of preénant and non-pregnant animals
utilized for thé gnalyses, mean numbér of resorbed embryos (per population)
divided by the number of non-pregnant aniﬁéls.das compare& toAdistaﬁce.

As expected, significant positive correlation (0.34, 't = 1.18) was
. o N

oytaiued.

Also influencing these ;esults, is the fact that some p;pulationg
located furthest away from Windsor, such as Pinsonaul;, Jacob Road,
and Cafoﬁ were trapped during the Qiuter an;TLad small samfle sizes
and hlgh prenatal loss or were showﬁ’to differ from other ‘populations’
pregnancy parameters by the use of SNK analySLS.

. Chi-square analysis revealed no significant differences in
pregnancy paraméters between pepulations from different geographic
location. Thié confiirms that identical factéfs are affecﬁing gll

populations.

The two extremes of the sampling range differ greatly in some
!
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aspects of the environﬁent. The Harrow region lies directly in the
paﬁh of indusrrial air pollutants brougﬁt.from the North shore of the
Detrgit River by the prevéiling nds of the region. Near Lake St.u
Clair, to the North-East, there 1is relatively iitrle exposure to
Industrial air poﬁig&ign.\\The lack of variation within Essex and

* . L4

Kent counties, of pregnancy parameters, especlally resorptions,

9

indicates, that at least some air pollut&qts, for exaniple heavy

metals, do not appreciably affect prenatal gortality in wild micet. *°

Estimates of Genetic Load )
D N P 3

. - v

While the environment and parental’genetic %?ctor% can influence

B4
litter size and survival, the genetic constitutio?_of embryos, will

also contribute to the amount of prenatal mortality deteeted‘in a

population. T Do e
Embryonic lethals are known to act throughout the gegtation

¢ .

e

period. The majority of these act after zygote impiahtatioﬁ'(Batted’J-

and Berry, 1967). Gluecksohn—Waelsch (1953) in a review on-embryonic
~ . lethal genes in both 1nvertebr§tes and vertebrates p01nts out. thab
1dentif1cation of few lethal factors affecL{Lg early stages of

. . development were reported’because a) lethal factors affecting the

,

very early stages of deﬁelopment are more difficult to detect and to

study than those which act later in development, and b) early embryos

exhib}e the property of resisting or regulating damage dunlng
R,

q ‘development. This latter property is similar to qeddington s concept i

1

" of genetic homeostasis (Waddington, 1957).
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‘i"; ' There are, however, examples of lethals which act early in
. [y o
development. The Yellow lethal gene when present in the homozygous

a

state in the mouse interferes with emb;yo implantation in the uterus
(Robertson, 1942). ¢

Several mutations in liﬁkagé group IX of the mouse influence .
early'émbryonic mortality. and a number effect gmbryonic moftality-

much later in development than the Yellow gene (Bennett, 1964).

’
Y

'Embryos homozygous for allele tlz,péés the morula stage of
development (approximately day 4) but, degenerate before transforming
to biastocysts. Those embryos homozygous for the fecessive EE

allele do not proeduce normal extra embryonic ectoderm and embryonic

ectoderm, and subsequengly,Qif by day 6 or 7 or geStation (Bemnett,

.

-

1964). \
In the case, of brachyury{(z), no abnorma}ities are found in
homozygous T/T’embryos up to the age of 8 days after fertilizagion.

Between eight and ten dafjg after fertilization irregularities of the

neural folds ;ﬁq\somiteé appear. These .defects may not influence
mortality though because Gluecksohn-Schoenheimer (1944). have shown
'

that th samd embryos do not develop umbilical connections with

\___~&

their mother. Embryo% no%mally develop dependency on the placental -
. circulation about day‘}D‘&é'er fer?llization.
Genetic load is defined ag the relative decrease -in mean fitness
of a population, with respect go the %&tness it would have if all

individuals in the population had the genotype with maximum fitness

(Cavalli-Sforza and Bodmer, 1971). Genetic loa&}is the price a

N /,

L

- v /
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population must pay for.méintaining deleterious recessive alleles in
" the heterozygous state within the gene pool of the population.
Since it has been shown ghat deleterious allelss may exist in
pépulations, it would be expéctéd; that post—implhntafion(mortality
Should.be high (particularly in inbreeding populations) if a large

genetic load exists. In the Ontario samples mean post-implantation
mortality was estimated to be 8.1 percanﬁ. This is similar to the
range of post-gmplantation mort;liEy values obtained by Batten énd
Berry (1967) of 215 and 1711 perceﬁc and also their adjusted (dead ‘
embryos x 100/implants) range values of 1.2 to.10l7. Batten and Berry
proposéz)that since these valueé are small, most post;implanta£ion ‘
deaths ia wild mice can be explained by newly arisen mutation, estimated
to have a rate og at least 6 percen£ pér zygote. Batten and Berry
(1967) claim that most new mutations should be expfésged in the
heterozygous form. This hypothesis explains mortality due to
dominants in heterozygotes, but also it could be possible to have
mortality due to recessives maintained in the population but not
accumulated due to populafion structure.
Maternal insufficiency, suéh as hormonal imbalance and embryo
genotype ‘may account for the remaining post—implantation nortality.
. Additional eyidence in support of this hypothesis is presented in

Batten and Berry's paper, but it is concluded, that genetic load is

small in natural Mus musculus populations in Britain and in Ontario also.

Malformations in embryocs should also indicate ibnorm;l genetic

constitution, but none was observed in’this study, again indicating
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that genetic load, in' these populations, is small.

A higher number of individdél dete;table resorbed embryosb.
occurred in litters greater than day iO after fertilization tﬂan béfore
.da§ 10. More tgtaliy résorbed litters occurred in litters less-than
_day iO after fertilization tham after day 10. This inding ;akes sense
in terms of reproductive effort expended by the ‘dam, howeverlsome
correction is required since at least some totally resorbed litters are
the resulé of maternal stress.

Correction ié also required for the data:'to agcount'fpr
a) embryonic death which occugred before day 10:in litters-.examined
after day 10 aqd b) embryonic death which would have occurréd later in

gestation had the dams not been sacrificed, if the results are to be
1, .

" completely accurate.

Summary

Litter size, as determined by number of implanté per female,
varied apmong the populations the mean size being 5.97 * 0.24. This

value is similar to that obtained by Laurie (1946) ahd is within the

range of 5.0 to 10.7 obtained in Batten and Berry's study (1967).

Fxcept for one population (Pinsonault, Jacob Road) there was litgle
cﬁange in litter siée,throughout the year, as was féund iﬁ the B;itish
populations. Litter size could be determined by selection a?ting on any
one of the genetically céntrolled factors which influehce Iitter size,

for example, the number of eggs ovulated. Lack (1948) suggests, that

4
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Vi selection will favour those genotypes which give rise to the maximum
number of new parents. Within any species however, the upper limit
of actgal litter size will be less than the theoretical maximum
because_eﬁbryonic and maternal mortality is increased in very large

. litters. )

In this stuhy, 1it£er size was,significantly pésitively
correlated with maternal weigﬁt (used as a measure of-size) this
correlation is in agreement with Batten and Berry's (1967) findings.

Contrary to some reports in the literature, there were no
statistically significant differénces found between the right and left
uteriﬁgwhorns for parameters such as live and resorbed embryo numbers.
Mortality of embryog was spread randomly throughout tﬁe various positions
within the uterus. This study suggests, that females with at least one
resorbed embryo tended to have more than‘one resorbed aﬁd lighter o;

y smaller females' tended to have more resorbed embryos‘than heavier

females.

Deleterious genetic factors, for example the embryonic lethal

genes Yellow and Brachyury, cause considerable post-implantation
*

.

mortality in wild and laboratcry mice (Batten and Berry, 1967). If

,.\\ .

the arguments preésnted by Batten and Berry (1967) are utilized, tﬁen
the relatively lowalevels of post-implantation mortality, seen in the _
populations utilized for this study, indicates &hat the "genetic load"}
-~ of these populatigns is sﬁgll.
There appea?s to be little variability of émbryonic mortality

£ 4

within the study populations in terms of time of year the sampling was

-
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done, and geographic~location of the population. No significant
differences were found among thé populations for such pregnancy
parameters as live, resorbed and implanted embryos, .This lack of
variation in turﬂ suggests, that tﬁere is little, if any, influence
by industrial air pollutants on prenatal mortality in wild—méuse
pspulations in Southern Ontario. '

There appeared, to pe no'pattern of association between pregnancy
parameters and spécific genotypes as determined by electrophoreticv
typing of a number of protein systems. It can only be concluded, that
the loci examinéd in this étudy bear no influence on prenatal morgaIity
in the mouse. Other protein loci not gxamined in the mouse may very
well function in a regulatéry role in determining prenatal mortality
in the mouse. | -

Counts of corpora lutea on miée ovaries made by either macroscopic
or serial section micrggcopic counting methods do not differ
significantly.

When compared to data fXom Battea and Berry (1967) the present

~ s ;
study shows 19wer pre—-implantation death mean values but a greater
range than that obtgined.for British samples. Overall prenatal
mortality was only slightiy lower in the Canadian-populations than
in the British samples.

In conclusion, this study has shown that populations of wild mice
in Southern Oétario are remarkably similar to‘one another in terms of a‘

) . number of pregnancy parameters and are quite similar to samples obtained

from different environmental situations also.
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CHAPTER V

GENERAL DISCUSSION AND CONCLUSIONS
i .

Genetic Qarfability as'degected by electrophoresis or physical
measurement has been shown to exist in substantial amounts‘in natural
populations of Mus musculus. When résponée to the blood anticoagulant
wvarfarin is examined in wild house mice from North America variability
is also found. Whetﬁer an animal lives or dies after exposure to
warfarin meas;res genetic variability in the animal. It is not known
if the mode of ingeritance of wapfariﬁ resistance is the same in -
North America and British populations, but a resistance system does
exist. At most, two different loci appear to cause the same resistance
phenotype in more than.two populations of the same species. The
simplest hypothégis.to explain the similarity in proportion of
. - resistant animals in -North America and Britain is that a homologous,

. inherited resistance system is present. Obviously, more work is required
to elucidate the mode of inheritance of warfarin resistance in different
wild house mice and to determine the mechanism‘by which resistance is

brought about.

Using the Quick Prothrombin Time Test, no s}gnificamt differences
in blood clotting time could be detected between groups of inbred or '
wild house mice or between warfarin susceptible or resistant animals.
Whilé-ipter—individual variation in clotting time did exist, the insensitivity
: 4

of the test procedure may have prevented these diffeérences from beiﬁg

interpreted as significant.

. 114
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When reproducti&e patterns in natural populations of Mus musculus

were examined to determine pré— and post—implantation mortality
estimates, minor variations were detected among the populations-for
some pregnancy parameters such as number of implants and number of
corpora lutea per feﬁale. On the whole however, dépulations of wild
mice in Sguthern Ontario were remarkably similar to one another.in
terms of thé pregnancy parameters examinéé. Estimates of pre- and
.post-implantation mortality in Ontario were similar to those presented
for British samples. .

In conclusion; variability in resﬁonse to warfarin was shown to
exist in North American house mouse populations, but little variation
existed, in blood clotting times in inbred and wild mice, and in pre-
and post—implanCation morf%lity in wild mice. A very interesting

point is the similarity of Ontario and British populations for the

parameters examined in these studies.
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&9

APPENDIX A . «

DETATILED DATA ON TOXICITY TESTING, ANIMAL WEIGHTS, ELECTROPHCRETIC

' . TYPING OF GENOTYPES, AND AUTOPSY FINDINGS.

v
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"APPENDIX B’

. o
DETAILED DATA ON PRE- AND POST-IMPLANTATION MORTALITY

IN FEMALES WITH LIVE AND 100 PERCENT RESORBED LITTERS.
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