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Summary

Neonatal mortality in dogs (within the first three weeks after birth) accounts on average for
20% of puppies born alive, being thus responsible for a great economic loss to dog breeders.
However, immunological and nutritional determinants of puppies survival are poorly
described. This dissertation thus investigated the risk factors of neonatal mortality in dogs,
and in particular the importance of colostrum intake for survival. The first part of results
revealed a strong association between early growth rate (during the first two days of life) and
neonatal losses. As early growth rate reflects the colostrum intake, the role of colostrum was
then addressed. Passive immune transfer was shown to affect mortality rate, with serum IgG
concentration at two days of age lower than 2.3 g/L. being characterized as in deficit of
maternal immunoglobulins. Similar lack of immunoprotection was observed for a specific
canine pathogen (canine parvovirus type 2), as puppies with low antibody titers at two days of
age seroconverted or underwent parvovirus infection significantly earlier than puppies with
higher titers. Energy intake, evaluated via blood glucose concentration at 24h of life, was also
found associated with survival: puppies with low glucose concentration (< 92 mg/dl) were
found at higher risk of death. Besides the strong relationship between colostrum ingestion,
providing passive immunity and energy, the impact of birth weight and vitality at birth
(evaluated via Apgar score) on puppies’ survival was also evidenced. Colostrum immune
quality (evaluated via IgG concentration), although not directly linked with the risk of
neonatal death, was found of great variability, most probably putting some puppies at a risk of
passive immune deficit. The present study contributed to the knowledge about the risk factors
of mortality to be controlled in breeding kennels. Results provided in this work revealed the
crucial role of the fetal growth, course of parturition and intake of the colostrum for the
newborn dog. Regular weighing of newborns can be advised as a practical application for dog
breeders, as it allows to identify puppies at a higher risk of death and to provide puppies with

additional nursing and veterinary care.






Résumé

Environ 20% des chiots nés vivants meurent au cours des trois premicres semaines de vie.
Cette mortalité néonatale est ainsi responsable de pertes économiques importantes pour les
¢leveurs. Néanmoins, les déterminants immunitaires et nutritionnels de ces cas de mortalité
sont trés mal connus dans 1'espéce canine. L'objectif de ce travail était donc d'identifier les
facteurs de risque de mortalité néonatale chez le chiot, dont en particulier I'importance de la
prise colostrale pour la survie. La premicre partie des résultats a mis en évidence une
association forte entre la croissance précoce (sur les deux premiers jours de vie) et les pertes
néonatales. Cette croissance précoce reflétant directement la prise colostrale, la suite des
travaux s'est ensuite intéressée aux différents apports colostraux. Le transfert d'immunité
passive affecte le taux de mortalité, une concentration sérique en immunoglobulines G a 'age
de 2 jours inférieure a 2,3 g/l étant associée a un risque de mortalité néonatale plus élevé et
caractérisant un déficit de transfert. Un résultat similaire a été obtenu avec I'étude de
I'immunité spécifique dirigée contre le parvovirus canin de type 2 : les chiots ayant acquis les
titres en anticorps les plus faibles a deux jours d'age séroconvertissent et excrétent du virus
significativement plus tot que les chiots avec de plus forts titres d'anticorps maternels.
L'apport énergétique colostral était également associé aux chances de survie : les chiots
présentant une glycémie a 24 heures de vie inférieure a 0,92 g/l ayant un plus fort risque de
mortalité. Outre la forte relation entre survie et prise colostrale (apportant immunoglobulines
et énergie), notre travail montre également 1'impact du poids et de la vitalité a la naissance
(évalué par le score Apgar). Par ailleurs, la qualit¢ immunologique du colostrum (évaluée par
sa concentration en IgG), bien que non directement liée aux chances de survie, s'est montrée
trés variable entre les chiennes, aggravant probablement le risque de déficit de transfert de
I''mmunité passive chez certians chiots. Tous ces travaux contribuent a une meilleure
connaissance des facteurs de risque de mortalité qu'il est important de controler en élevage. Ils
révelent le rdle crucial de la croissance feetale, du déroulement de la mise-bas et de 1'ingestion
colostrale. Une pesée des chiots au cours des premiers jours de vie peut étre a minima
conseillée aux €leveurs pour identifier les chiots a risque et auxquels des soins plus attentifs

devront étre apportés.
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General introduction

Dogs (Canis familiaris) are the first animals domesticated by human beings. Their
skeletons were found near human bones, as far as 11-16,000 years ago, far earlier than small
ruminants or cattle (1). Primitive dogs were used for hunting purposes; however, the role of
the dog in human society and related with benefits evolved extremely during last decades.
Dogs are not only herding our properties, protecting from strangers or predators, but also
assisting in lifesaving actions, such as searching for people trapped in avalanches, collapsed
buildings or lost in wilderness. Dogs improve also indirectly human health, as dog owners are
found more physically active (2), less susceptible to allergies (3) and of better mental health
(4). Nowadays, a new role of dogs appears in human medicine, as dogs are able to detect
certain diseases earlier than laboratory tests. Thanks to greatly developed odor receptors and
olfactory cortex, medical detection dogs can diagnose hypoglycemia, breast, colon or urinary

bladder cancers only by sniffing the person or his/her specimens (5-9).

All of the mentioned skills would not be possible without selective breeding. Already
in the third millennium BC, two types of dogs were developed: molossoids protecting the
livestock from predators, and greyhound type providing assistance during hunting (1).
Nowadays, 343 breeds are registered by the Fédération Cynologique Internationale (FCI),
with a great variation in phenotypes and behaviors, varying from sledding Siberian Husky,
sheep guarding Border Collie to water retrieving Poodle (10). The overall world dog
population accounts for 700 millions, and within all European countries, the highest number
of dogs are housed in France (7.4 - 8.6 millions) (1,11). Over 30,000 French breeders,

occasional, amateurs or professional, produce the average of 1 million puppies per year (12).

Puppies mortality represents a significant source of economic loss for breeders, with
5-40% of puppies dying before weaning (13). Data collected from breeding kennels around
the world, with several thousand puppies included in each study, shows on average mortality
rate until weaning (8-9 weeks of age) of 20% (14—17) (Table 1). Three periods of mortality
can be distinguished in puppies until two months of age (before leaving the breeding kennel):
stillbirth, neonatal mortality and pediatric mortality. Mortality due to stillbirth, standing for all
deaths occurring in the course of parturition, varies between different breeding kennels from
12 and 43% of all dying puppies (18). Stillborn puppy exits the birth canal already dead,
which can be confirmed by a lungs float test at necropsy. Mortality during the first three
weeks after birth,

13



General introduction

Table 1. Mortality in puppies at different ages (14—17).

Number of Mortality % (ni/n)
Reference puppies in
the study Stillbirth# 1-3" week# 4-8™ week# Totalx
Potkay and Bacher, 2872 12.0 (63/524) 62.5 (328/524) 25.4 (133/524) 18.2 (524/2872)
1977, USA
Nielen et al., 1998,
Netherlonds 2527 31.3 (147/469) 57.3 (269/469) 11.3 (53/469) 18.6 (469/2527)
Gill, 2001, i
Australia 2574 34.7 (180/519) 65.3 (339/519) 20.2 (519/2574)
Mila ;;;11’6’6201 3 2288 43.1 (226/524) 39.7 (208/524) 17.2 (90/524) 22.9 (524/2288)

* Data not available
# In proportion of puppies dying between birth and eight weeks of age
& In proportion of all puppies born

accounting for 40 to 65%, is considered as neonatal mortality in dogs. Especially, the first
week seems to be crucial, as majority of all neonatal losses occur at that period (Fig.1).
During the neonatal period, puppies have to cope with two crucial moments steps: adaptation
to extrauterine life and colostrum intake. The first one requires from the neonate the onset of
efficient breathing and blood oxygenation together with drastic changes in metabolism.
Colostrum provides to the newborn nutrients, energy, maternal antibodies and many other
bioactive compounds indispensable for basic activities and correct development. Any
abnormality of mentioned processes may thus lead to neonatal mortality. During the pediatric
period (between 3 weeks and 2 months of age), circulating maternal antibodies absorbed from
colostrum during the first day of life have dropped to very low levels, making the young
animal susceptible to pathogens (19). This so called “critical period” ends when the animal
achieves sufficient own immunity via vaccination or by going through infection. Animal
meeting new agents during this immunological gap may either develop specific antibodies
without any clinical signs or go through symptomatic infection, with, in some cases, possibly
lethal issues (20). Pediatric mortality accounts for 11 to 25% of the total number of puppies
dying between birth and eight weeks of age.

Our work focused on the neonatal period, period at the highest risk of mortality for
puppies, and especially, to the first days of life. Our study concerns in particular the

adaptation process after birth, colostrum intake and their relationship with survival.
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Fig.1. Proportion of puppies dying at different ages among all dying puppies (n=276). Results

obtained within one breeding kennel. Author’s unpublished data.

In this dissertation, a review of literature concerning crucial steps for survival in neonates will
be first presented in form of an article. This comparative study on 12 domestic species
(human, horse, cattle, sheep, goat, pig, dog, cat, rabbit, guinea pig, mouse and rat) describes
the crucial steps at the very early stage of life. Consequences on newborns of different
physiological strategies during intrauterine period (placentation, gestation length, litter size)
are discussed. Characteristics regarding birth weight, thermoregulation process and suckling
behavior are provided. This review addresses also the importance of colostrum intake during
the neonatal period. Finally, interspecies differences regarding the risk of neonatal mortality

together with mortality causes are described.

Secondly, the objectives and research strategy of dissertation will be presented, introducing
the five experimental studies conducted to evaluate the impact of different factors on neonatal
mortality in puppies. In particular, the importance of colostrum intake, in terms of immunity
and energy, is investigated. Finally, major findings are discussed. In this part, future work

interesting to perform is proposed and practical applications are described.
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INTRODUCTION

Perinatal period is crucial for all newborn mammals, as its environment shifts dramatically in
course of birth from the intra to the extrauterine life. In consequences of the separation from
placental supply, not only breathing mechanism begins, but also intermittent feeding becomes
and environmental temperature is no more stable. Finally, no barrier exists for pathogens,
which requires from the newborn activation of its own defense mechanism. The adaptation
process to these dramatic changes differs markedly from one species to another, depending
mainly on the level of developmental maturity of the neonate. In precocial species such as
domesticated ungulates (horse, pig, ruminants) and some rodents (guinea pig, chinchilla), the
newborn is able of an at least partial independency. On the other hand, human infants, mouse
and rat pups, as well as canine and feline newborns (classified as altricial) are born
completely dependent from the dam and in case of her death, the litter will neither survive.
Whatever precocial or altricial, birth and subsequently neonatal period are crucial steps of

highly elevated risk of mortality for all species.

The purpose of this review was to compare the different patterns of adaptation to the extra

uterine life in the newborn domestic animals, with a focus on interspecies particularities.

DEFINITION OF THE NEONATAL PERIOD

According to World Health Organization, neonatal period in human infants accounts
for the first 28 completed days of life (1), during which majority of the extra uterine
adaptations are completed (2). In case of death of the fetus at the end of gestation or during
parturition, the term “stillbirth” is applied. Stillbirths, together with deaths occurring until
postnatal day 7 are considered as perinatal mortality (3). Unlike in human medicine, no
official definition of the neonate has been provided in animals. Among species and even

within one given species, periods considered as neonatal are very diverse. Mellor and Stafford
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(4) proposed the first 7 days of life as the neonatal stage for all farm animals. Indeed, the first
week of life is taken into consideration in studies on neonatal mortality in cattle (5), but other
definitions encompass much larger periods (e.g. until 45 days of age (6)). Similarly, in small
ruminants, the entire period from birth until weaning (at about 30-45 days) maybe be named
as neonatal (7-9). Due to legislative reasons, part of neonatal mortality is considered as
stillbirth in bovine medicine: since mortality during the first 48h after birth may be related to
infection during the fetal life by Brucella sp., calves dying until day two are considered as
stillborn (10-12). Foals are considered as neonates either until one or two weeks of age
(13,14). Also in carnivores, the end of the neonatal period is not precise, varying between 3
and 4 weeks in puppies (15-17), and from 2 to 8 weeks in kittens (18,19). Finally, in pigs,
rather than referring to neonatal period, a pre-weaning period is considered (20-22), lasting
until 21 to 35 days after birth. Similar vocabulary (also nest period, suckling period) is used to

describe the early stage of life in rabbit and rodent infants (23-25).

INTRAUTERINE PERIOD

Gestation length

Depending on gestation length and intrauterine growth rate, the different species are born at
various degrees of maturity, roughly distinguished into two groups: precocial and altricial.
The guinea pig newborn, after relatively long pregnancy (median 67-68 days), is able not only
to stand up, hear and see, but also to ingest solid food, in a difference with hairless and
suckling only rabbit pup (gestation length: 30-31 days). Relatively long pregnancy (if
corrected by adult weight) in precocial species allow not only obtaining higher percentage of

adult weight (26), but also a more advanced development of the neonate (27).

Despite the median values established for each species (Table 1), the gestation length may

vary with the two major variation factors being breed and litter size. In guinea pig females
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delivering 1 pup, gestation lasts on average 70.5 days, while if 6 pups are born it is shortened
to 66.8 days (28). Similar negative correlation was observed in dogs (29) and in cows (30),
but not in pigs (31). This general tendency may suggest that in case of more numerous litters a
longer time is needed for fetal maturation. However, gestation length in cows was shorter not
only in case of twins, but also in case of birth of heifer calves (32). Sex of the offspring may
thus influence gestation length; shorten in case of female fetuses. Nonetheless, it happens
sometimes, that delivery starts too early, leading to prematurity with strongly elevated risk of

death in preterm infants of all domestic species.

Litter size

The litter size, defined as the total number of animals born within a litter, is the result of both
ovarian activity (number of preovulatory follicles per estrus cycle) and embryonic/fetal
mortality (30-50% of early embryos are lost in pigs (33)). Although in monotocous species,
only a single oocyte per oestrus cycle is selected to be fertilized, a multiple pregnancy occurs
as frequently as 1-9% in cows (30,32), 1-4% in horses (34) and 1.3-1.5% in human (35,36).
These values however, are inflated due to assisted reproduction techniques routinely used
nowadays in all mentioned species. In polytocous domestic animals, the average litter size
undergoes large variations between species: 1-2 newborns in sheep and goats, 5 in dogs, 10 in
mice and rats and 13 in pigs (Table 1). Except the porcine species, in which selective breeding
increased the litter size of 100%, the negative correlation between birth weight, degree of

maturity at birth and litter size is evident.
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Table 1. Reproductive characteristics of different domestic species and human.

Species Group Seasonal Estrous cycle Gestation Placentation Gestation Litter size*# References
reproduction length per year length*
Human Altricial polyestrus 28d 1 discoid, 278-281d monotocous (35-39)
hemochorial (twins in 1.3-1.5%)
Cattle Precocial polyestrus 21d 1 cotyledonary, 279-280d monotocous (39,12,34,32)
epitheliochorial (twins in 1-9%)
Sheep Precocial seasonal 17d 1 cotyledonary, 143-145d polytocous, (30,39-42)
polyestrus epitheliochorial 1-2
Goat Precocial seasonal 20-21d 1-2 cotyledonary, 147-151d polytocous, (30,43,44,39,45)
polyestrus epitheliochorial 1-2
Horse Precocial seasonal 21d 1 diffuse, 340-342d monotocous (34,39,46)
polyestrus epitheliochorial (twins in 1-4%)
Pig Precocial polyestrus 21d 2-3 diffuse, 114-115d polytocous, (31,34,39,47)
epitheliochorial 13-15
Dog Altricial monoestrus 7m 1-2 zonary, 62-63d polytocous, 5 (29,48-50)
endotheliochorial small - 3.7
medium - 5.7
large - 7.5
giant - 8.7
Cat Altricial seasonal 14-21d 2-3 zonary, 65-67d polytocous, (19,39.48)
polyestrus endotheliochorial 4-47
Rabbit Altricial no estrus cycle 7-10d 8 discoid, 30-31d polytocous, (51-53)
of receptivity hemochorial 4-8
Guinea pig Precocial polyestrus 15-16d 4-5 discoid, 67-70d polytocous, (28,39,51,52,54)
hemochorial 3-4
Rat Altricial polyestrus 4-5d every discoid, 20-22d polytocous, (51,53,55)
20-25d hemochorial 10
Mouse Altricial polyestrus 4-5d every discoid, 19-20d polytocous, (51,55-57)
20-25d hemochorial 10-12

* Range of mean values from cited studies.

# Number of animals born per litter

d - days
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Placentation

Many processes adapting the newborn to the external environment take their origin already
during the fetal life. Depending on the type of placentation (Fig.1), the transport of oxygen,
nutrients, and antibodies varies markedly between species (58,59) (Table 1). In presence of
hemochorial placenta, as in human and rodents, maternal and fetal blood come in direct
contact, facilitating for example the transfer of maternal antibodies to the fetus (60). Since
about 13-16 weeks until the end of gestation, immunoglobulin G (IgG) is transferred to the
human fetus via a specific receptor-mediated mechanism (FcRn receptors binding) (61,60).
Thanks to this process, not only human infant, but also rat, guinea pig and rabbit pups are
born with antibody titers at least as high as those of their mothers ensuring immune protection
of the neonate against surrounding pathogens since birth (61). On the contrary, premature
delivery in these species (i.e. in human <33 weeks) leads to lower IgG concentration, and thus
risk of immune deficiency for the neonate (62). Opposite to human and rodents, in carnivores,
presenting endotheliochorial placenta, transplacental immune transfer is very limited, and
only 5-10% of circulating antibodies in the newborn’s bloodstream are acquired during the
fetal life (63,64). The placental barrier is even more tight in case of epitheliochorial
placentation (horse, cow, sheep, goat and pig), where no passage of immunoglobulins exists,
making the newborn ungulates agammaglobulinemic, and so fully susceptible to infections
(34). In both cases (endothelio and epitheliochorial placentations), the transfer of passive

immunity to the newborn occurs via colostrum intake after birth.

Birth weight

Birth weight is the final outcome of growth during the fetal life. Birth weight is strongly
correlated with the mother’s weight in many species, accounting on average for 5-10% of the

dam body mass (30) (Fig.2). However, this proportion varies a lot from one species to
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another. In horses and cattle, neonates obtain about 10% (30,65) of adult body weight, in dogs
1-3% (66), while in pigs only 0.5% (67,68). Thanks to a higher percentage of the adult body
weight in large animal newborns (except pigs), these animals are born more mature compared
with small domestic animals. On the other hand, majority of domesticated ungulates are
monotocous, whereas, as described above, altricial species use to give numerous litters.
Considering the proportion between maternal weight and newborn litter weight, the
relationship becomes opposite. Higher the adult body weight of the dam (as a percent of the
maternal body weight), greater the weight of her litter, as i.e. in domestic mouse in which

litter weighs over 30% of maternal weight vs. only 6.5-7.5% in the cow (56,12).
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Birth weight varies not only according to maternal weight, but also to litter size with greater
number of animals per litter associated with lower birth weight values. In cats, each additional
kitten decreases the mean birth weight by 2.2% (19), in pigs by 2.5% (76), but in mice by as
much as 14% (77). However, further decrease in weight at birth may be dangerous for the
newborn, as small for gestational age human and porcine infants are the major at-risk group

for neonatal mortality (78,79).

BIRTH

Delivery length

Parturition is the moment when the fetus(es) gives a signal about their readiness to end up the
fetal life. As a consequence of limited intrauterine space, stress hormones are released and the
cascade of events leading to fetus delivery occurs. The duration of delivery (fetal expulsion) is
not only species specific, from 20min in the mare to 42h in the queen, but it also depends on
the litter size (39,80). Physiologically the second stage of labor in polytocous domestic
animals lasts from 5-10min / pup in guinea pig (55), 15-20 min / piglet in the sow (21,68) to
10min-3h / puppy in the bitch (81). In case of delivery prolonged beyond the physiological
length, dystocia may occur with increased risk of stillbirth. Prevalence of dystocia, standing
for difficult parturition, may be as low as 1-2% in sows and dogs (34,82) to over 10% in cows
and horses (13,32). However, due to genetic selection, some breeds are especially
predisposed, with over 90% of Belgian Blue-White calves and over 80% of Bulldogs puppies
delivered by cesarean section (83,84). Nevertheless, parturition prolonged over the
physiological thresholds leads to low wvitality, low body temperature and long term
neurological disorders in the newborn. Hypoxia due to prolonged parturition is one of the
major causes of perinatal mortality in pigs and cows. Difficult parturition in cows, often due

to a high birth weight in calves (10,12), leads to either intra partum death or early post-
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neonatal death within the first 24-48h after birth (85,86). Although in the sow, the incidence
of dystocia is low, prolonged interval between piglets or hypoxia lasting 2-3 min, leading to

metabolic acidosis, strongly increases the incidence of stillbirth (87).

Sex ratio

Sex ratio at birth (secondary sex ratio), defined as a percentage of males within all born
animals, varies between different species, from about 49% in sheep, 49-52% in pigs to 52-
55% in dogs (88,89). However, the overall secondary sex ratio in mammalian species is
considered in favor of males. In pigs at the early stage of pregnancy the domination of XY
embryos is marked even stronger (90). Nevertheless, mortality and morbidity were
demonstrated to be significantly higher in males during the perinatal period, in consequence
of maternal selection and a greater susceptibility of male newborns to the common mortality

factors (91).

Thermoregulation

For the newborn, a stable environmental temperature in utero is interrupted at parturition. The
just delivered fetus faces a drop of environmental temperature of at least 10°C, eventually
much more depending on atmospheric conditions. and it will take various time to the newborn
to reach a stable adult level (40,86,92,93). In precocial species, this drop may last from few
hours in ruminants, up to 24h in pigs. In altricial species, such as rats and mice, markedly
immature at birth, a stabilization and maintenance of body temperature occurs only at about
18 days of age (88). Several methods of heat production are potentially available developed to
avoid hypothermia in the neonate: by metabolism of the brown adipose tissue (non-shivering
thermogenesis), by muscle contractions (shivering thermogenesis), by physical activity and by
food intake (65). Nevertheless, strategies are diversely exploited among species. Indeed, fat

body content at birth ranges from 15% in human infant, 4-5% in calves, 2.5% in lambs to only
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about 1% in piglets and puppies (65,94,95). While in lambs shivering thermogenesis provides
about 46% of heat produced during the first day of life (65), majority of the altricial species
present no muscle contractions at this age and the shivering reflex is absent. Late maturation
of thermoregulation (rats, rodents, dogs, cats), together with reduced possibilities of heat
production in some species (pigs, dogs and cats) put their neonates at high risk of
hypothermia and make the energy provision via colostrum intake almost the unique option for

thermogenesis.

COLOSTRUM INTAKE

Colostrum is a particular secretion of mammary glands, specific of the first 24 hours
postpartum (96-99). Highly concentrated in proteins, hormones, vitamins, white blood cells,
and many other bioactive factors (100), its definition refers mostly to its richness in milk

immunoglobulin content, and especially IgG.

Passive immune transfer

As mentioned previously, hypo and agammaglobulinemic at birth animals acquire maternal
antibodies via colostrum intake after birth. Indeed, the colostral IgG concentration in these
species is high compared with adult serum level (2-4 fold higher), unlike in humans with low
colostral IgG content (Fig.3). Nonetheless, neonates of almost all domestic species achieve
higher IgG concentration than the adult at the end of the passive immune transfer (both via
placenta and via colostrum intake). An adequate level of maternally derived antibodies seems
essential for the newborn animal, as in ruminants, horses and piglets the level of IgG in the
newborn bloodstream within the first days of life is strongly associated with risk of neonatal
morbidity and mortality (21,101-103). In few species, the threshold of IgG concentration
associated with a lower risk for neonatal mortality has been determined and newborns below

this limit are considered in deficit of passive immune transfer (Table 2; 109,7,102,113).
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Fig.3. IgG concentrations in adult serum, colostrum and neonate serum after passive immune
transfer (at birth in human or at 24-48h after birth in other species). Adapted from: (106—

118).

The level of passive immunity achieved by the newborn can be evaluated via its serum IgG
concentration, but also via serum total protein level (in calves (119), lambs (105), piglets
(120)), concentration of y-glutamyltransferase (in calves (119), lambs (105)), alkaline
phosphatase (in kittens (121)) or by refractometry on serum samples (in calves (122), foals
(123); Table 2). Compared with y-glutamyltransferase concentration that only allows to check
whether colostrum has been ingested or not, an equation, on the basis of weight gain during
the first 25h of life, was developed for porcine neonates, estimating colostrum intake
quantitatively (124). Achievement of the minimal protective level depends on the early time

of first suckling, the volume and the immune quality of ingested colostrum (119).
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Table 2. Minimal serum IgG concentration of the newborn for decreased risk of neonatal mortality,
field methods for passive immune transfer evaluation.

Species IgG threshold  Technique of evaluation of References
(g/L) passive immune transfer
Human >2.9 - (125)
Cattle >5-12 Serum total protein, GGT, refractometry (104,119,122,126)
Sheep >6-16 Serum total protein, GGT (105)
Goat >8-12 Refractometry, sodium sulfite precipitation test (7,127,128)
Horse >4 Refractometry (106,123)
Pig > 15-17 Serum total protein, weighing (129-131)
Dog - GGTxr, ALPm (132)
Cat - ALP (121)

- At the authors’ best knowledge

GGT - y-glutamyltransferase

ALP - alkaline phosphatase

o Association with colostrum ingestion only

Intestinal barrier closure

The time for absorption of colostral immunoglobulins via digestive tract is limited. In all
species, the absorption rate of macromolecules progressively decreases with time elapsed
from birth. This phenomenon, known as the intestinal barrier closure (133), is associated with
the maturation of intestinal epithelial cells. In majority of domestic species, the cessation of
immunoglobulin transfer occurs at 24-36h of age (98,99,134,135), except kittens, in which no
more absorption of IgG was evidenced as early as 16h after birth (136). The intestinal barrier
closure may be delayed up to 36h or even 86h in case of fasting since birth, as demonstrated
in calves (137), lambs and pigs (133). The kinetics of IgG absorption differs among
species(Fig.4) (130,138—140). Nonetheless, 70% of the final IgG concentration is obtained

during the first 6-12 hours in most of cases.
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Fig.4. Kinetics of IgG absorption after birth in 4 species agammaglobulinemic at birth. Data
are presented as the proportion of the maximal serum IgG concentration obtained via

colostrum intake at different time points*. Adapted from: (138,141,130,140).

* Data were obtained from studies with different methods of IgG assay and different methods of calculations.

Colostrum yield and quality

The level of passive immune transfer achieved by the newborn is strongly associated with the
immune quality of the colostrum (i.e. its concentration of IgG), at least in cattle (142; Table
3). Good quality colostrum, allowing a transfer of the minimal level of immunoglobulins for
higher survival rate, has been estimated at 50-60g/L of IgG (98,143) in cows and at 60g/L in
mares (99,144). However, colostral IgG concentration undergoes a rapid decline in already
few hours post partum, most probably linked to a dilution effect of the mammary secretion

(145,146,97). Therefore, a minimal total amount of IgG is advised to be ingested soon after
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birth, rather than colostral quality per se, in order to assure the correct passive immune
transfer in calves and foals (129; Table 3). This decline contributes to the effect of birth order
on passive immune transfer: the last piglets born within a liter are affected a colostrum less
concentrated in IgG and have limited access to teats, undergoing sibling competition with

piglets born earlier (21).

Energy intake

In addition to its immunological role, colostrum provides energy to the newborn animal. Fat
content is higher in colostrum compared to milk in queens (13% vs. 11%; 147), in does
(10.3% vs. 6.1%; 97), but not in sows (5% vs. 6.7%; 145) and even opposite in women (1.2%
vs. 5.8%; 149). As previously mentioned, the energy requirements in the newborn are high
due to a decrease in environmental temperature after birth and immature thermoregulation,
therefore adequate colostrum intake prevent the neonate from hypothermia and thus mortality.
In newborn lambs taking longer than 1h to stand up after birth and/or for which the first
suckling occurs later than 2h after birth, the rectal temperature is lower than in normally
behaving animals (standing and suckling within the first hour of life), decreasing their
chances for survival in case of difficult environmental conditions (40). Similarly, a colostrum
ingestion below 250g in piglets is associated with lower than in survivals blood glucose and
rectal temperature at birth and at 24h of age and at the end higher risk of mortality before
weaning (149). Since colostrum yield in the sow is not correlated with litter size (68),

colostrum volume ingested by piglets may become insufficient in large litters.
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Table 3. Characteristics of lactation period in different species.

Species Teats pairs Colostrum Colostrum yield  Colostrum IgG Milk yield/day# Milk yield/day Lactation References
yield /body weight threshold /body weight# length
(1st day) for correct PIT"
Human 1 36ml; 37g 0.05%* NA 0.8-1.2kg 1% up 1 year (39,148,150,151)
Cattle 2 7-8kg 1.1-1.6% >100g (IgG1) 29.5kg (Holstein)  4-5% 305d (152,39,153,146,42)
(Holstein) (Holstein) in 2-4L (Holstein) (Holstein)
Sheep 1 2-2.9kg 0.4% >20g (IgG1) 1.2-1.7L 1.5-2.5% 77-167d (154,39,155-157,42)
in 280ml*
Goat 1 1-2.7kg 3.1-3.5% >1.7g 1-3kg 3-6% 296-313d (39.42,97,158)
Horse 1 0.56kg 0.07% >60g 13-18kg 2-3.5% 20w (159-162,13,99)
in 1-1.5L* (saddle mares)
Pig 5-10 3.2-3.7kg 1.2-1.4% 160-200g of 7-9kg 2-3% 21-28d (21,31,67,96,163—
colostrum 165)
Dog 4-6 - - - lkg 8% ow (48,166)
(medium size)
Cat 4 - - - 178¢g 4-6% Ow (48,167,168)
Rabbit 4-5 50-100g - NA 320g 8% 4-5w (169,39,170)
Guinea pig 1 - - NA 47¢ 7% 4w (52,54)
Rat 5-4 - - NA 10-30g 9% 3-4w (171-173)
Mouse 5-4 - - NA 3.1g-15ml 35% 3-4w (56,174,175)

- At the authors’ best knowledge

* Data originating from review articles or calculated
“Passive immune transfer

# At the peak of lactation

NA - Not applicable
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Other roles of colostrum

In addition to a higher concentration of immunoglobulins, colostrum contains other
components modulating the immune function, such as hormones, proteins and immune cells
(100,176,177). Lactoferrin is characterized by broad-spectrum antimicrobial, antiviral and
anti-inflammatory actions (100). This protein is present in higher concentrations in colostrum
than in milk in numerous species (women, horses, cattle, goats, pigs, guinea-pigs and mice),
but not all (dogs, rabbits or rats; 179). Cells, such as neutrophils, macrophages and
lymphocytes, crossing the newborn intestinal wall via bloodstream, kill bacteria directly and
enhance the process of opsonization by immunoglobulins (176). The phenomenon of cell
migration via intestines was observed in numerous species: mice (179), rats (180), sheep

(181), cattle (182) and pigs (183).

Not only thermoregulation and respiration of the newborn animal, but also gastrointestinal
(GI) tract requires adaptation to the extrauterine life. Colostrum intake will contribute to the
correct maturation and function of the GI tract including an increase of the absorption surface
area, a thickening of the epithelial layer together with development of the glands. Such
maturation not only improves the food intake, but also its digestion and nutrients absorption.
As demonstrated in dogs, pigs and calves (184-186), newborns receiving colostrum during
the first day of life presented significantly greater increase in the GI tract weight and size than
formula-fed animals. Indeed, numerous growth factors stimulating GI tract development were
found at high concentrations in colostrum compared with mature milk, such as Epidermal
Growth Factor (EGF) and Insulin-like Growth Factors (IGF-I, IGF-II) (187). In human and
porcine colostrum, EGF concentration is 10-fold higher than in milk (188,189), and in cattle
and pigs, IGF-I and IGF-II concentrations decrease in the milk by 2 at the second day of
lactation (190,191). Newborn’s organ maturation and growth relies on several hormones

present in the colostrum, such as insulin, cortisol (both suspected involved in intestinal barrier
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closure), leptin, thyroxin, Transforming Growth Factor (TGF), Nerve Growth Factor (NGF),

lactoferrin and others (100,187).

Suckling behavior

Due to decreased body temperature of the newborn, progressive reduction in intestinal IgG
absorption rate, as well as rapid change in colostrum composition, the time of the first suckle
is important for neonatal survival. Precocial species, able to stand up soon after birth, start to
seek for a teat almost immediately afterwards. In beef cows, teat seeking occurs at about one
hour of age with the effective first colostrum ingestion intervening one hour later (192,193).
The first suckling is slightly delayed in dairy calves (about 3-4h), most probably due to a
pendulous udder, more difficult to achieve for the newborn (193). In the free-ranging cattle,
suckling occurs five times per day, for on average 10 min (194), while dairy calves may be
allowed to suckle 2-3 times during a day (depending on farm management). Newborn foals
take about 1 hour to stand up and the first suckling occurs within the first 2 hours after birth
(195,162). The feeding frequency is higher compared to cattle, with a mean of 10 nursing
sessions per day (99). In sheep, the first suckle occurs earlier than in cows or horses (at 30-40
min of age (196)) and the dam assists in seeking as well as suckling, i.e. by correction of the
newborn position. Lambs usually ingest milk during the first week of life, as frequent as 30
times per day, and no evident suckling pattern exists between twins (twin lamb suckle from

both teats) (192).

In piglets, teat seeking occurs immediately after birth, as the newborn piglet stars to
localize the teat already at 3min after birth. Since the parturition onset, sow stays in a lying
position about 6h, permitting free colostrum ingestion to all newborns (197). However, piglets
which failed to suckle during that period miss that irreversible opportunity. Also, contrary to

mono or ditocous animals, a high aggression between littermates appears soon after birth as
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piglets start to select their preferable teat. The final teat order is defined within the first week
after birth (198) and the nursing occurs 20 to 30 times per day after a well-defined signal
emitted by the sow (rhythmic grunting) (192). The sibling competition was observed also in
kittens, in which the nipple preferences are established already by postnatal day 3 (199).
Although cats, as an altricial species, do not stand up before 2-3 weeks of age, crawling
movements, occurring immediately after birth, allow kittens to attach to preferable teat. To
date, no adaptive explanation was given for the competitive behavior between littermates
neither in porcine, nor in feline neonates (197,200). A few studies report suckling behavior in
domestic dog, in which fights between siblings remain not clearly evidenced (201). At the
early stage of life, newborn puppies present difficulties in finding the teat, as during
considerably long time they root over the mother’s head, back and legs, as well as over the
littermates. During each suckling session, puppies use on average 2.5 nipples and in one
fourth of sessions, at least one puppy do not attach at all. The first pair of mammary gland
(anterior, out of five) is rarely used and puppies are found attached most often to the second
and third pairs. Although essential for adequate passive immune transfer, time of the first

suckling remains unknown for both carnivore species.

Sibling competition was described also in guinea pigs, in which females possess only one pair
of mammary glands, while litters often account for 3-4 pups. Decreased access to milk is the
reason of suckling fights between littermates, with higher weight gain observed in pups

getting access to the teat at first (202).

Studies on rodents and rabbits, in which suckling occurs immediately after birth, pointed out
that not only presence of the female is essential to initiate the first suckling, but also
experience of maternal olfactory signals (203,204). Pheromones, present in milk, but also in

amniotic fluid permit the recognition of the maternal odor prior to the first suckling.
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Unlike rodents or carnivores, in which the mother spends most of the early lactation period
with her offspring, rabbit females leave their newborns almost immediately after birth.
Moreover, nursing occurs only once a day, for about 3-4 minutes (except the first nursing of
10-12 min); the attraction of predators is thus limited (203). Rabbit pups do not only compete

during suckling, but also benefit to greater milk intake in case of deaths within a litter (205).

In human infants, the access to the nipple, as well as time spent on milk ingestion are
unlimited. After birth, babies are immediately in contact with mothers and massage-like hand
movements occur on the mother’s breast as early as 11 min later (206). After licking and
sucking the aerola and nipple, the first successful suckling is observed at 60-80 minutes of age
(148,206). The feeding frequency during the first day is about six times, which increases

subsequently up to 7-8 times per day (148).

MORTALITY

Mortality rates

As described above, the neonatal period is highly challenging for the newborn animal and in
case of any physiological aberration, a risk of morbidity and mortality increases. Pre-weaning
mortality rates vary from as low as <1% in human neonates (36,78) until 30% in rabbits and
guinea-pigs (53,207). Stillbirths and deaths occurring within the first few days after birth
account for the vast majority of the neonatal losses (Fig.5) proving that the adaptation process
is a critical moment for all newborns. Survival rate seems to be higher in human, bovine and
equine compared with other species investigated in this review (Table 4). This may be due to
different reproductive strategies, with greater maternal investment in monotocous species
allowing a lower mortality rates than in polytocous animals. However, mortality rates vary not

only between species, but also between different breeds, regions or farms of one given species

.
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Fig. 5. Species specific proportion of neonates dying at different age among all newborns.
Adapted from: (207,208,77,36,24,19,156,57,209,21).

*In cattle stillbirth is defined as death occurring either during parturition or during the first 24-48h after birth.

Causes of neonatal death

As already mentioned, conditions such as intra partum hypoxia, prematurity, inadequate
colostrum intake and mismothering, may lead to neonatal morbidity and mortality (Table 4).
In human infants, prematurity is the prime cause of death, accounting for 75% of the overall
perinatal mortality and 50% of chronic diseases later in life (210). In cows, neonatal losses are
mostly due to intra partum hypoxia, with almost a half of deaths occurring due to dystocia
(10). The second major cause of high mortality and morbidity rate in young calves is failure
of passive immune transfer (consequence of inadequate colostrum intake), with higher risk of

infectious diseases in compromised animals until three months of age (101,103).
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Table 4. Pre-weaning mortality: causes and incidence in different domestic animals and human.

Species Pre-weaning Demonstrated most frequent causes of death References
mortality (%)

Human 0.3-0.81 Congenital and hereditary abnormalities, (36,78,211)

prematurity, low birth weight

Cattle 4.7-7.2 Dystocia, passive immune deficit (6,12,212)

Sheep 0.5-32.1 Mismothering and inadequate colostrum intake (9,102,156,196,213)

Goat 28-38 Mismothering and inadequate colostrum intake (7,8,213)

Horse 4.7-22 Infectious diseases (214-216)

Pig 13.7-24.6 Asphyxia, inadequate colostrum intake (22,31,217,218)

Dog 13.6-20.2 Infectious diseases, asphyxia* (15,219-222)

Cat 14.8-16.3 Infectious diseases, mismothering (223-226)

Rabbit 10-32.4 Mismothering, starvation, cannibalism (227,24,228,229,23)

Guinea pig 18.1-29.2 - (207,230,231)

Rat 1.7 - (232)

Mouse 11.3 - (57)

* Data obtained from 1 study on 1 brachiocephalic breed (Boxer)
- At the authors’ best knowledge

In sheep and goats, not only inadequate colostrum intake was described as a major cause of
neonatal mortality, but also poor maternal behavior (7,196,233). In living outdoor natural
herds, colostrum intake is indispensable for adequate heat production. Thus in case of
mismothering, starvation leads not only to a deficit of maternal antibodies, but also to
hypothermia. Neonatal foals are highly susceptible to infectious diseases, with feto-placental
bacterial infections and neonatal septicemia most often find at post mortem examination
(208,215,216). Therefore adequate passive immune transfer, associated with a decreased risk
of infection, is essential for equine newborn survival (214). In piglets, mortality due to
stillbirth is highly prevalent, and as previously described prolonged parturition is found
strongly associated with incidence of perinatal asphyxia (87). Crushing by the dam was
reported as the main cause of mortality in live-born piglets (22), but according to Edwards
(2002) crushing is only a consequence of inadequate food intake, as starving piglets spend
more time in proximity to the dam. High mortality rate in domestic rabbits was found mostly
due to maternal causes (23): abandonment of the litter was a cause of over 30% of the pre-
weaning mortality, cannibalism of 18% and insufficient milk of another 12% (24). To date,

causes of neonatal mortality in dogs and cats are poorly described. Only few studies described
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the necropsy findings, with infectious diseases as the major cause of neonatal mortality for
both carnivores (15,219,224). However, infectious disease may be only an outcome of another
underlying pathology. The relationship between maternal behavior, passive immune transfer

and insufficient energy intake with neonatal mortality has never been studied in these species.
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The comparative study presented above pointed out some crucial steps for the neonatal
survival. As shown in Table 4, Article 1, canine species presents one of the highest mortality
rates among various domestic animals, with the mean neonatal mortality rate (during the first
three weeks of life) of about 20%. In dogs, similarly as in other species, majority of neonatal
losses occur during the first week after birth (21; Fig.1). Among principal causes of death,
some appear common to the majority of species: mismothering, inadequate colostrum intake
and infectious diseases (Table 4, Article 1). Indeed, poor maternal behavior is responsible for
starvation, hypothermia or even cannibalism of the offspring. In case of good maternal care,
but lack or low colostrum yield, numerous animals within a litter or weak viability of animals
at birth, some newborns may undergo inadequate colostrum intake, leading to insufficient
energy provision and/or deficit of passive immune protection. Infectious diseases, identified
as a major cause of neonatal mortality in horses (22,23), but also in dogs (15,24), may be a
consequence either of failure of passive immune transfer or that of hypothermia and
starvation. In foals and calves, the first scenario has been demonstrated, as newborns with low
serum IgG concentration were found of higher risk of infectious diseases and death (25-27).
Studies in these species allowed to define the minimal protective level of IgG for higher
survival rate (Table 2, Article 1). In pigs, the passive immune transfer is also ensured by
colostrum intake. However, low colostrum volume necessary to obtain adequate IgG
concentration is not sufficient to provide the minimal energetic level. Therefore, in porcine
species inadequate colostrum intake was demonstrated as limiting factor for minimal energy

requirements rather than the immunoglobulin deficit (28).

Physiology of the neonatal period, as well as causes of neonatal morbidity and mortality,
has been poorly described in the canine species. Although some studies report the infectious
diseases to be the major cause of neonatal losses, the underlying issue has been never
explored. Relationship between passive immune transfer and morbidity or mortality was
neither established, although it has been demonstrated that canine neonates are born
hypogammaglobulinemic (29,30). Also the energetic role of the colostrum on puppies’ health
has not been studied, while hypothermia and hypoglycemia are often mentioned as major risk
factors for neonatal death. Finally, the colostrum itself has been well investigated in many
domestic animals, but not in the canine species. The composition and yield of colostrum were
demonstrated to influence the health status of the offspring in horses, cows and pigs (31-33).
To date, only few data, obtained on limited number of animals report on canine colostrum

(34,35). Heddle and Rowley (34) presented the kinetics of milk immunoglobulins over the
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entire lactation period on example of 2-4 mongrels (depending on time point). In the second
study of Schifer-Somi et al. (35), the same analysis of immune milk composition was

performed on six Rottweiler bitches, with sampling beginning from 24h post partum.
Four objectives were addressed in this dissertation:

(1) To evaluate a general role of colostrum intake, on canine neonate survival, and to
develop a method for its estimation. If applicable, to establish a threshold value for

higher survival rate (Article 2).

In order to explore the global role of the colostrum during the neonatal period, newborn dogs
were followed since birth until three weeks of age. Literature display different methods used
in order to estimate the colostrum intake in farm animals. However, the technique developed
in piglets seems to be the most precise. Pig, similarly as the dog, is a polytocous species, with
a low body fat content and limited thermogenesis at the very early stage of life (36).
Moreover, porcine neonates are born agammaglobulinemic, with the passive immune transfer
acquired via colostrum intake (37). Therefore, piglet was used as a model in order to develop
techniques of colostral intake measurement. Devillers and coworkers developed an equation
relating colostrum intake to inter alia weight gain (38). As birth weight and weight vary
between dogs of different breeds, growth rate was used instead of absolute weight gain, to
estimate colostrum intake in our study. Subsequently, the relationship between colostrum
intake and neonatal survival was tested. As birth weight is associated with higher risk of death
in many domestic neonates (39—41), its influence on neonatal survival in puppies was also
analyzed. The threshold of early weight gain, reflecting colostrum intake and defining the

population at higher risk of death, was estimated based on regression models.

(2) To determine the role of colostrum intake, in terms of energy source on neonatal

survival (Article 3).

Canine neonates are born poikilothermic, with absence of shivering thermogenesis and very
low fat body content (42,43). Thus, colostrum intake, as the unique source of energy, is
almost the only possibility for thermogenesis. Glucose level and body temperature were found
positively correlated with colostrum intake in piglets (44). Therefore, blood glucose
concentration and rectal temperature were monitored in puppies in order to evaluate the
energetic effect of colostrum intake on neonatal survival in dogs. Except hypothermia and

hypoglycemia, hypoxia was described as a risk factor for neonatal mortality in dogs (45).
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Lactate concentration was measured in newborns in order to control for asphyxia and its

consequences on survival in dogs.

(3) To evaluate a role of passive immune transfer, general via IgG absorbed at birth, and
specific, via specific antibodies against canine parvovirus, on the risk of mortality and

morbidity in puppies (Article 4 and 5).

In all hypo or agammaglobulinemic at birth animals, such as the dog, the acquisition of the
passive immune transfer occurs via colostrum ingestion. IgG is the predominant class of
immunoglobulin in colostrum of these species and mainly absorbed to the bloodstream of the
newborn. IgG is thus routinely used as a marker of passive immune transfer in calves and
foals for example (35,46—49). In case of insufficient colostrum intake (due to low volume or
low colostral quality) before the intestinal barrier closure, a deficit of passive immune transfer
occurs, leading to a higher risk of disease or death. Therefore, we assayed IgG concentration
in puppies at two days of age (after intestinal barrier closure) and registered the mortality until
three weeks of age. Logistic regression models were used to analyze the relationship between
passive immune transfer and risk of neonatal mortality, as well as to define the IgG threshold

above which the risk of neonatal death was significantly decreased.

In the second study, instead of approaching puppies’ immunity via non specific IgG, passive
immunity was evaluated though specific antibodies directed against canine parvovirus
(CPV2). The experiment was performed in a breeding kennel undergoing a natural CPV2
circulation. Puppies could suckle freely and remained non-vaccinated until weaning whereas
their dams were annually vaccinated. The titers of CPV2-specific antibodies were evaluated
(inhibition of haemagglutination test — HI) since ingestion of the colostrum until development
of their own immunity at the weaning time. In parallel, the CPV2 excretion was quantified on
rectal swabs by PCR. The variability of maternally derived antibodies (MDA) circulating in
blood and relationship the between MDA titers and CPV2 infection were analyzed.

(4) To evaluate the immune quality of canine colostrum, via IgG concentration, as well as

its variability between bitches and between mammary glands (Article 6).

Immune quality of the dog colostrum was evaluated via assessment of IgG concentration. In
order to analyze the variability of IgG concentration, colostrum was collected from bitches of

different breeds within one kennel. Samples were collected within the first 24h post partum,
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separately from each pair of mammary glands, which allowed to evaluate whether all puppies

have access to colostrum of similar immune quality.
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The comparative study in domestic animals presented in Article 1 highlighted a lack of
principal information regarding the neonatal period in the dog. Although low birth weight was
determined as a risk factor in human and other species (39—41), its impact on neonatal health
has never been established in dogs, neither was the definition of low birth weight, nor the

relationship between colostrum intake and neonatal survival.

In Article 2, the importance of colostrum intake, evaluated via early growth rate, on neonatal
health was addressed. The effect of birth weight on neonatal survival was also investigated.

Threshold values for both parameters crucial for survival were estimated.

Birth weight and growth between birth and two days of life (reflecting the colostrum intake)
were measured. Birth weight was classified into quartiles in order to compare dogs of
different breed sizes (small, medium and large). Growth was expressed in percentage of the
birth weight (early growth rate). Breed size, sex, litter size (number of puppies per litter), age
of the mother were also registered. Puppies were then followed until 21 days of age and

deaths were recorded over two periods: from birth until two days; two days until three weeks.

In the first part of the study, factors of variation for both birth weight and early growth rate
were analyzed. This part of the study revealed that birth weight in dogs is influenced by the
litter size, with greater weights noted in small-sized litters and lesser weights in large-sized
litters. On the contrary, none of the factors tested (breed size, sex of the puppy, age of the
mother) had any impact on early growth rate. No relationship between birth weight and early

growth rate was either established.

In the second part of the study, the relationship between birth weight and mortality within the
first two days of life was tested. A major effect of birth weight was demonstrated, with 81.1%
of dying puppies presenting low birth weight (quartile 1). When evaluating the effects of both
birth weight and early growth rate on mortality between 2 and 21 days of age, only growth
rate appeared associated with mortality during this period. The cut-off value of early growth
rate defining puppies at higher risk of death was established at -4%. Among all so defined at-
risk puppies, 38.5% died within the neonatal period vs. 5% in puppies with higher growth

rate.

This study thus demonstrated that within the whole neonatal period (0-21 days), two periods

have to be distinguished considering risk factors for mortality. Low birth weight is a risk
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factor for early neonatal mortality (during the first two days after birth), whereas early growth

rate, and not birth weight, is a risk factor of death between two days and three weeks of age.

Colostrum intake, as indirectly evaluated by early growth rate, appears crucial for the survival
between two days and 21 days. Among the numerous components of the colostrum, energy
and immunoglobulins seem to be essential for the neonate. The relative importance of those
two factors is not so clear and may differ among species. Foals, homeothermic at birth, are
susceptible rather to infectious diseases than to hypothermia and a high risk of mortality exists
in case of inadequate immunoglobulin acquisition (50). Conversely, lambs are initially more
susceptible to hypothermia (51), and their survival is first dependent on colostral energy
rather than on passive immune transfer. Canine newborns are not only
hypogammaglobulinemic at birth, but also poikilothermic during the first week of life (52).
The effect of colostrum intake demonstrated in this study needs further investigation in order
to determine the relative importance of passive immune transfer and energy intake on

neonatal survival in puppies.
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ABSTRACT

Breeding kennels face a high rate of neonatal mortality, on which the impact of nutrition
remains to be determined. This study was designed to evaluate the impact of birth weight
(reflecting intrauterine growth) and early growth rate (reflecting colostrum intake) on risk of
neonatal mortality in puppies, and to determine the critical thresholds of both parameters.
Puppies from various breeds were weighed at birth (n=514) and at two days of age, and the
growth rate over that period (early growth rate) was calculated for all survivors (n=477).
Linear mixed models evaluated the effect of birth weight on mortality between birth and 2
days of age and the effect of both birth weight and early growth rate on mortality between 2
and 21 days of age. Birth weight was influenced by litter size (P = 0.003), with more low-
birth-weight puppies (the lightest 25 % within a breed size) in large litters compared with
smaller litters. Mortality over the first two days after birth was associated with birth weight
(P < 0.001), with 81.1% of dying puppies characterized by a low birth weight. Mortality
between 2 and 21 days of age was not related to birth weight, but was found to be associated
with early growth rate (P < 0.001), with higher risk of death in puppies with growth rate at or
below -4% after the first two days of life. This study demonstrates the differential effect of
intrauterine nutrition, impacting mortality during the first two days of life and that of
colostrum intake impacting mortality until 21 days of life. Birth weight and early growth rate
thresholds provided in this study allow identification of puppies at risk, whereby provision

can be made for adequate nursing to increase their chances to survive.

Key words: birth weight, colostrum intake, litter size, mortality, puppy, weight change
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INTRODUCTION

Prevalence of mortality during the first three weeks after birth in the canine species is one of
the highest among domestic animals: around 17% of puppies die during this perinatal period
(stillbirth and neonatal mortality) (Potkay and Bacher, 1977; Gill, 2001; Nielen et al., 2001,
Indrebe et al., 2007). Mortality risk first depends on intrauterine growth, with puppies of the
lowest weight at birth being at higher risk of neonatal death compared with littermates
(Grundy, 2006), as observed in kittens and piglets (Lawler, 2008; Devillers et al., 2011). In
large sized breeds, puppies dying during the first week after birth had over 100g lower birth
weight than puppies still alive at 8 weeks (Indrebg et al., 2007). However, birth weight
thresholds for the different breed sizes defining puppies at risk of death, requiring more

intensive nursing, as well as factors impacting birth weight are not defined to date.

After birth, at an early stage of life, canine newborns depend entirely on colostrum
intake. This specific mammary secretion provides puppies not only with nutrients, but also
hormones, growth factors and passive immunity. All of mentioned components are
indispensable for puppy’s life, as hypoglycemia and hypothermia, together with infectious
diseases are recognized as the major causes of neonatal mortality in puppies (Indrebe et al.,
2007; Miinnich and Kiichenmeister, 2014). While energy intake covers the basal metabolic
needs, ensuring thermoregulation and body growth, immunoglobulin acquisition early after
birth provides the only immune protection during the first weeks. In piglets, early weight gain
is used to evaluate the amount of colostrum ingested and eventual risk of neonatal death, as
piglets dying before weaning gained less weight between birth and 24 hours of life (Devillers
et al,, 2011). Although a 10% loss of birth weight is commonly considered to be
physiological in 2-day-old puppies (Grundy, 2006), the real impact of early weight change on

canine neonatal mortality is unknown.
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The aim of this study was to evaluate the relationship between neonatal mortality in
puppies and both birth weight and growth rate during the first 2 days of life (early growth
rate). The critical thresholds of birth weight and early growth rate defining puppies at higher

risk of death were also determined.

MATERIALS AND METHODS

The protocol was reviewed and approved by the Royal Canin Internal Ethics Committee
(AF/20140704).
Study population

The experiment was carried out on all puppies born alive from 100 bitches within one
breeding kennel. Ninety eight bitches were multiparous. Between one week before parturition
and the end of lactation bitches were housed in a single box (2-4 square meters) and fed a dry
balanced diet for growing dogs (Starter, Royal Canin, Aimargues, France) ad [libitum.
Whelping boxes were heated (under floor heating continuously plus a heat infrared lamp
during the first 3-5 days after whelping), so that the stable temperature of 28-30°C at the
ground level was assured. None of the whelpings were assisted, no cesarean section was
performed and no puppies were hand reared during the experiment. After whelping, the total
number of puppies born within a litter (born alive or dead-stillborn-), defining litter size, was
recorded. Each puppy was identified by a colored woolen collar and its sex, breed, and the
age of its dam were recorded. Within the first 8 hours after birth, puppies were weighed using
a calibrated analytical scale in 1g increments (Fisher Scientific International Inc., Hampton,
USA). At 48 hours of life, mortality was registered and all surviving puppies were weighed
again. Their growth rate over the first two days of life was calculated [(weight at 2 days -
weight at birth) + weight at birth x 100%]. Mortality between 2 and 21 days was then

registered.
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Statistical analyses

Statistical analyses were performed with the Statistical Analysis Systems statistical software
package version 9.3 (SAS Institute Inc., Cary, NC, USA). The normality was evaluated with

Shapiro-Wilk test. Univariable statistical analyses were performed by Kruskal-Wallis test.

Dams were classified into young (< 6 years of age) and old (> 6 years of age).
Depending on adult weight, neonates and their dams were classified into small breed dogs
(<15 kg), medium breed dogs (15-25 kg) and large breed dogs (>25kg) (Table 1). Since birth
weight and litter size vary among breeds (Grundy, 2006), birth weight and litter size values
were classified into quartiles, separately for small, medium and large breed puppies (Table 2).
The first quartile represents the lowest 25% of registered values, second and third quartiles
represent 25% of values below and above the median, and fourth quartile represents the

highest 25% of registered values.

First, a generalized linear mixed model (GLIMMIX procedure) with birth weight as
an outcome (transformation in ordinal outcome) was used to assess the following fixed
effects: sex of the puppy (male/female), litter size and age of the dam (young/old).
Subsequently, GLIMMIX procedure with mortality between birth and 2 days of age as a
binary outcome (logit transformation) was used to assess the following fixed effects: sex of

the puppy, litter size, age of the dam, breed size and birth weight.

Secondly, a linear mixed model (MIXED procedure) was performed to determine the
variables affecting growth rate between birth and 2 days of age. As residuals of this
multivariable model were not normally distributed, a non-parametric analysis was performed
(rank transformation of the outcome). This model included as fixed effects: sex, litter size,
age of the dam, breed size (small/medium/large) and birth weight. Subsequently, GLIMMIX

procedure with mortality between 2 and 21 days of age as a binary outcome (logit
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transformation) was used to assess the following fixed effects: sex, litter size, age of the dam,
breed size and birth weight. Moreover, the effect of growth rate was added as a covariate. In

all multivariable models, litter was modeled as a random effect.

A receiver operating characteristic curve was drawn based on the result of the logistic
model on mortality between 2 and 21 days of age. The Hosmer and Lemeshow Goodness-of-
Fit test permitted assessment of the quality of this model. The best cutoff from the model for
high and low mortality risk populations was defined based on Youden’s index. Differences
were considered significant at P value < 0.05. Quantitative data are presented as medians

with interquartile range (IQR).

RESULTS

The median age of the 100 bitches included in the study was 6 years (IQR: 4 - 7 years) and
number of puppies born per litter (litter size) was 5 (IQR: 4 - 7). From a total of 532 puppies
born, 18 were stillborn (3.4%). The sex ratio in 514 puppies born alive was 1.2 (280 males
and 234 females). Birth weight varied from 80 g to 604 g. Both birth weight and litter size
were significantly different between small, medium and large breeds (P < 0.001 in both
models; Table 2). Weight at birth was significantly influenced by litter size (P = 0.003) and
litter effect (P < 0.001) (Fig. 1). Among all puppies belonging to large litters (quartile 4),
37.1% (36/97) were of low birth weight (quartile 1) and 12.4% (12/97) of high birth weight
(quartile 4), while proportions in small-sized litters (quartile 1) were 8.6% (7/81) of low birth
weight and 50.6% (41/81) of high birth weight puppies. None of the other factors tested in

this model (sex of the puppy and age of the dam) has any influence on puppy birth weight.

A total of 20.6% (106/514) of live-born puppies died between birth and 21 days of
age, with 34.9% (37/106) of deaths occurring during the first 2 days after birth. Mortality

between birth and 2 days of age was influenced by birth weight (P < 0.001; Table 3; Fig. 2)
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and tended to be influenced by breed size and litter effect (P = 0.09; P = 0.06, respectively).
Among all puppies dying within the first 48 hours after birth, 81.1% (30/37) were of low
birth weight (quartile 1). None of the other factors tested (such as litter size, sex of the puppy,

age of the dam) had any influence on mortality between birth and two days of age.

Median growth rate during the first 48 hours of life calculated for 477 puppies still
alive at Day2 was 3.3% (IQR: -4.9 - 13.2%). No influence of birth weight on early growth
rate was evidenced (Fig. 3). Neither an effect of breed size, litter size, age of the dam or sex
of the puppy was observed on growth rate, but an effect of litter as a random term (P <

0.001).

Mortality rate between 2 and 21 days of age was influenced by growth rate within the
first 2 days of life and litter effect (P < 0.001; P < 0.001, respectively; Table 3; Fig. 4).
Median growth rate in puppies dying between 2 and 21 days of age was -11.3% (IQR: -16.7 -
-4%) compared with 5.1% (IQR: -2.2 - 13.2%) in puppies still alive at Day21. The optimal
cut-off value of growth rate within the first 48 hours of life to assess predictive likelihood of
mortality between 2 and 21 days of age was -4% with a sensitivity of 75.4% and specificity
of 79.7%. Among all puppies which survived until Day2, 28.3% (135/477) had an early
growth rate below or equal to -4%. Mortality rate was 38.5% (52/135) for puppies with early
growth rate below this threshold vs. 5.0% (17/342) for puppies with higher growth rate values
(P <0.001). Neither an effect of the birth weight on mortality between 2 and 21 days of age
nor of any other factor tested in that model (breed size, litter size, sex of the puppy, age of the

dam) was evidenced.

DISCUSSION

Canine neonates are born with very low body fat content (1.3% of the body) (Kienzle et al.,

1998) with most energy being provided by glycogenolysis. The decline in muscle and liver
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glycogen concentrations after birth is rapid (Kliegman and Morton, 1987), and
gluconeogenesis is very limited due to immature liver (Miettinen and Kliegman, 1983). In
parallel, shivering thermogenesis is absent up to 6 days (Miinnich and Kiichenmeister, 2014)
which, taken together, make newborn puppies susceptible to hypoglycemia and hypothermia,
and as a consequence death. The total perinatal mortality (stillbirths and mortality during the
first three weeks of age) in our study was 23.3%, with over one third of live-born puppies
dying during the first two days after birth. This mortality rate is higher than those reported in
other studies, ranging between 13.6 and 20.2% (Potkay and Bacher, 1977; Gill, 2001; Nielen
et al., 2001; Indrebg et al., 2007). No additional nursing or hand rearing was performed in the
present study, what could explain a higher mortality rate. The majority of the puppies
(81.1%) dying within the first 48 hours after birth were characterized by a low birth weight,
previously shown in newborn infants and piglets as a risk factor for hypoglycemia and
hypothermia (Williams, 1997; Laptook and Watkinson, 2008; Devillers et al., 2011). Low-
birth-weight puppies, with a higher ratio between body surface and body mass than
littermates, have a decreased ability to maintain stable blood glucose concentration and body
temperature, as well as lower ability to suckle. These factors taken together increase their risk

of neonatal death (Grundy, 2006).

In our study, birth weight was negatively affected by litter size. A similar effect has
been demonstrated in kittens, in which each additional kitten in a litter decreased mean body
weight by 2.2 g (mean kitten birth weight = 100 g) (Sparkes et al., 2006; Gatel et al., 2011).
No effect of dam age or parity has been shown in kittens, nor in the puppies in our study,
although in foals, birth weight increases by 0.5 kg for every extra year of age of the mare
(Elliott et al., 2009). Other effects common for all puppies coming from one litter (litter
effect) had an impact on puppy’s birth weight in our study. In pigs, intrauterine growth

retardation, associated with reduced birth weight, is caused not by a limited uterine space, but
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by a smaller size of placenta and so limited transport of infer alia amino acids from dam to
the fetus (Ashworth et al., 2001). In women, fetal growth retardation is due to insufficient
concentration of nutrients in the dam’s bloodstream and due to maternal vascular diseases in
as many as 35% of the cases (Howie, 1982). To date, the impact of canine placental disorders

on birth weight in puppies remains unknown.

To identify puppies at higher risk of death due to a low birth weight, a cut-off value
has to be defined differentially according to breed size, since this factor determines weight at
birth. Low birth weight values for small, medium and large-sized dogs were provided in this
study (Table 2), defined by 25% the lowest birth weights, as puppies from the first quartile
were proven to be at significantly higher risk of death. However, birth weights vary not only
between different breed sizes (Grundy, 2006, our study), but also between breeds of the same
size (Trangerud et al., 2007). Therefore, building a multi-breed database with puppies’ birth
weights and their mortality could lead to an even better estimate of the chances of a just born

puppy to survive and to provide it an adequate care if needed.

In contrast to a dramatic impact on mortality within the first two days after birth, birth
weight was not associated with mortality between 2 and 21 days of age. A major risk factor
for mortality during that period was growth rate during the first two days of life. This
relationship could be explained by colostrum intake and the nutritional and/or immunological
value of the colostrum (gross energy at Day 1 of lactation: 548 kJ/100g [authors’ unpublished
data]; immunoglobulin G [IgG]: 19,4 g/L [Mila et al., 2014]). Due to the endotheliochorial
placenta, the transfer of immunoglobulins from dam to fetus is very limited in dogs. Puppies
acquire 90% of their passive immunity via colostrum ingested within the first 12-16 hours of
life (Chastant-Maillard et al., 2012). Indeed, serum IgG concentration at two days of age (as a
marker of passive immune transfer) has been demonstrated to be strongly associated with

growth rate within the first two days of life as well as with neonatal mortality. Over 44% of
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puppies with an IgG concentration at Day?2 at or below 2.3 g/L, defined as passive immune
deficit in dogs, died during the neonatal period compared with only 5% in puppies with

higher IgG concentrations (Mila et al., 2014).

Energy provided by the colostrum can also explain the link between early growth and
neonatal mortality. In two-day-old piglets, colostrum intake, evaluated through weight gain
after the first 24 hours of life, was positively associated with rectal temperature and glucose
concentration, showing the important role of colostrum in thermoregulation and glucose
homeostasis (Devillers et al., 2011). The ability to maintain stable body temperature, as well
as blood glucose level is very limited in canine newborns, and hypothermia and
hypoglycemia may have fatal consequences for puppies (Miinnich and Kiichenmeister, 2014).
Early growth rate threshold, below which risk of mortality is significantly increased, was
calculated at or below - 4% in this study. Weight monitoring, together with cut-off value
calculated in our study, provide an easy tool to detect and nurse puppies at increased risk of

hypoglycemia or hypothermia, and by consequence risk of neonatal mortality.

The positive effect of colostrum on survival might be also related to its bioactive
compounds, such as prolactin, steroids, insulin, leptin and many growth factors, essential for
correct organ development and maturation (Hamosh, 2001; Farmer et al., 2006). Amino acids
together with Insulin-like Growth Factors, highly concentrated in swine colostrum (Donovan
et al., 1994), have a stimulatory effect on protein synthesis in the piglet intestinal tract 50-fold
stronger than mature milk (Burrin et al., 1992). In puppies, a large increase in intestinal
dimensions (i.e. 42% in mucosal weight) occurs within the first 24 hours of life, dramatically
improving food intake, digestion and nutrients absorption (Paulsen et al., 2003). Insufficient
colostrum intake, as evidenced by reduced growth over the first two days of life, may thus

reduce nutrient absorption later in life leading to higher mortality rates in puppies.
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Although differences in post-weaning growth curves and adult weights between
females and males have been demonstrated in dogs (Helmink et al., 2000) and in cats (Moik
and Kienzle, 2011), no sexual dimorphism in birth weights or early growth was evidenced in
our study. Interestingly, growth during the first two days of life was not found to be
associated with birth weight, whereas in many other species an accelerated growth occurs,
compensating the lower weight at birth (Binkin et al., 1988; Moik and Kienzle, 2011). In
rabbits and rats, litter size, negatively correlated with pup growth, explains most of the pre-
weaning growth variation (Rddel et al., 2008). In our study, not litter size, but litter effect as a
random term for all littermates had an influence on early growth rate. Insufficient milk yield,
as shown previously in pigs (Marshall et al., 2006), together with poor maternal behavior and
other circumstances precluding colostrum intake, could be responsible for decreased growth

in some litters.

CONCLUSIONS

This study illustrates the differential impact of birth weight and early growth rate on
neonatal mortality, either mortality during the first two days after birth or mortality between
two days and three weeks of age. It also provides critical thresholds allowing identification of
puppies with particular need of monitoring and nursing during the neonatal period. However,
these values remain to be refined for various dog breeds as well as different kennels. This
study highlights the need for further investigation on intrauterine growth (to decrease the
incidence of low birth weights) and on colostrum intake (to optimize early growth) in order to

reduce the high incidence of neonatal mortality in the canine species.
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Table 1. Breed size classification according to the adult body weight and numbers of litters
and puppies included in the study.

) Number of Number of live-
Breed size Breed . )
litters born born puppies
Small, Bichon Frise 4 15
<I5kg Bichon Maltese 7 40
Jack Russell Terrier 4 12
Lhasa Apso 11 50
Pomeranian 1 4
Poodle 8 28
Shih Tzu 6 32
German Spitz 3 11
Scottish Terrier 1 1
West Highland White Terrier 7 35
Yorkshire Terrier 2 15
11\?(21151112 Cocker Spaniel 17 90
Large, Boxer 1 8
>25 kg Labrador 11 58
German Shepherd 2 11
Golden Retriever 15 104
TOTAL 100 514
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Table 2. Classification of puppies according to birth weight and litter size (514 puppies)

depending on breed size.

Quartiles of litter size,

Quartiles of birth weight, g number of puppies per litter

Breed Number Median birth Median litte
size of puppie  weight, g size
Ql Q2 Q3 Q4 Ql Q2 Q3 Q4
a 151- 186- a
Small 243 185 <151 185 219 >219 4 <4 4 5 >5
. b 225- 268- b
Medium 90 267 <225 267 300 >309 5 <5 5 6 >6
¢ 330- 378- c
Large 181 377 <330 377 428 > 428 7 <6 6-7 8-9 >9

2 Median values within one column with unlike superscript letters were significantly different (P < 0.05).
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Table 3. Predictive factors for neonatal mortality in puppies (514 puppies; 100 litters).

Mortality 0-2 days Mortality 2-21 days
Factor
Pvalue OR' 95% CI* Pvalue OR' 95% CI*

Age of dam 0.15 0.5 02,13 0.68 0.8 03,23
Breed size 0.09 0.25

Small 1.0° - 1.0° -

Medium 0.6 0.1,2.4 0.3 0.1,1.3

Large 0.3 0.1,0.9 1.1 0.4,2.9

Sex 0.75 1.14 0.5,2.6 0.75 0.9 0.4,1.8
Litter size 0.65 0.50

Ql 1.0° - 1.0° -

Q2 0.6 0.1,2.6 1.0 0.2,4.0

Q3 0.4 0.1, 1.8 0.5 0.1, 1.7

Q4 0.5 0.1,2.6 0.6 0.1,2.8
Birth weight <0.001 0.53

Ql 1.0° - 1.0° -

Q2 22.7 5.0,102.9 1.0 0.4,2.5

Q3 59.4 7.3,481.5 1.4 0.5,4.0

Q4 16.4 4.7,57.3 2.1 0.7, 6.7
Growth rate 0-2 days - - - <0.001 0.9 0.8,0.9
Litter effect 0.06 - - <0.001 - -

' Odd ratio

295% Confidence Interval
3 Reference category

- Data not available
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Figure 1. Correlation between litter size and mean quartile of birth weights in puppies from
one given litter (100 litters; 514 puppies). Both variables are expressed in quartiles according

to Table 2.

Figure 2. Relationship between mortality from birth until two days of age and birth weight
(observations for 514 puppies; P <0.001). Birth weight is expressed in quartiles as defined in

Table 2.

Figure 3. Relationship between birth weight and growth rate after the first two days of life
(observations for 477 puppies; P = 0.20). Birth weight is expressed in quartiles as defined in
Table 2. Growth rate is defined as ((weight at 2 days — weight at birth) / weight at birth x

100%).

Figure 4. Correlation between early growth and neonatal mortality at a litter level
(observations for 100 litters; P < 0.001). Early growth is expressed as the mean growth rate in
puppies between 0 and 2 days of life from one litter. Mortality rate is the proportion of

puppies dying between 2 and 21 days of age within one litter.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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In the Article 2, the questions arose on the respective importance of the energetic and
the immunologic role of the colostrum for the survival in puppies. The study presented in
Article 3 investigates the influence of colostrum intake in terms of energy source on neonatal
losses. Adequate energy intake was evaluated via blood glucose concentration and body
temperature. Reference values of monitored parameters, as well as a cut-off value for

mortality predictor were provided.

The thermoregulation system in the newborn dog remains immature until one week of age
(52). In case of low environmental temperature, separation from the dam and lack of
nutritional source of energy, hypoglycemia and hypothermia may occur. As shown in lambs
and piglets, a strong association exists between colostrum intake, glucose and temperature
maintenance and neonatal mortality (44,51). In human neonates, hypoglycemia is
accompanied by an increase in [B-hydroxybutyrate blood concentration, reflecting the
mobilization of the adipose tissue as an alternative source of energy (53). Therefore, this
study investigated the impact of the energetic function of colostrum intake, via blood glucose
and B-hydroxybutyrate concentrations and rectal temperature on neonatal survival in puppies.
Lactate concentration, Apgar score (reflecting the level of hypoxia and vitality) and hydration

status (evaluated via urinary density) were also evaluated.

All parameters were evaluated at birth (within the first 8§ hours of life) and at 24h of life.
Breed size, sex, birth weight, litter size, age of the mother were also recorded. Mortality

between birth and 21 days of age was registered.

First, the physiological ranges, as well as factors of variation for each parameter were
determined. This part of the study pointed out that birth weight is the predominant factor
influencing vitality of the newborn dog (via Apgar score), its rectal temperature (at 24h) and
blood glucose concentration (at birth and 24h), with low-birth-weight puppies presenting

lower values in all cases.

Finally, impacts of all health parameters evaluated at birth and at 24h were tested on neonatal
mortality. None of the parameters evaluated at birth appeared as a mortality predictor. On the
contrary, blood glucose concentration at 24h was associated with mortality rate. The threshold
for glucose concentration defining at-risk population was established at or below 92 mg/dl.
Among all puppies with blood glucose concentration below the cut-off value, 38.6% died

before three weeks of age vs. 9% in puppies with higher glucose concentration.
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As in Article 2, these results confirm the importance of birth weight on health status of the
newborn. Mortality was associated with glucose concentration at 24h. Low glucose

concentration in dying puppies could thus witness insufficient colostrum intake.

The impact of blood glucose concentration on neonatal mortality highlights the importance of
the colostrum intake as a source of energy for the newborn dog. However, the role of

colostrum as a source of passive immune transfer remains to be evaluated.
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Abstract

Despite the high neonatal mortality rate in puppies, pertinent criteria for health evaluation of
the newborns are not defined. This study was thus designed to measure six health parameters
in dog neonates (and their factors of variation), and to evaluate their value as predictors of
neonatal mortality. A total of 347 purebred puppies under identical conditions of housing and
management were examined at birth (within the first 8h) and then at 24h of age. The first
health evaluation included Apgar score, weight, blood glucose, lactate and B-hydroxybutyrate
concentration, rectal temperature and urine specific gravity (SG). The second evaluation at 24
hours included the same parameters, excluding Apgar score and weight. The mortality rate
over the first 24h and over 21 days of age was recorded. The early predictors of neonatal
mortality in the dog were determined with generalized linear mixed models. An Apgar score
at or below 6 evaluated within the first 8 hours after birth was found associated with a higher
risk of death during the first 24 hours. A reduced glucose concentration (< 92 mg/dl) at 24h of
life was found to be associated with higher mortality between 24h and 21 days of age. Low-
birth-weight puppies were characterized by both low viability (low Apgar score) and low
blood glucose concentration, and thus indirectly at higher risk of neonatal mortality. This
study promotes two low cost easy-to-use tests for health evaluation in puppies, i.e. Apgar
scoring and blood glucose assay. Further investigation is necessary to establish if the strong
relationship between blood glucose and neonatal survival reflects high energy requirements or

other benefits from colostrum intake.

Keywords: lactate, glucose, rectal temperature, B-hydroxybutyrate, Apgar score, puppy
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Introduction

The mortality rate in puppies until weaning (7-8 weeks of age) is high, estimated to
account for 20% [1-5]. The majority of deaths (75-90%) occur during the first 3 weeks
corresponding to neonatal mortality [1,2,4,6,7]. The adaptation from the intra to the extra
uterine life at birth, as well as colostrum intake during the first 24h are critical steps for the
canine newborn, as is true for many mammals [8,9]. Despite this, no validated monitoring
system exists to identify puppies at elevated risk of death and so to provide them adequate aid,
as practiced in other species. In human medicine, the newborn is systematically evaluated
through an Apgar scoring system 5 minutes after birth [10], and a complete physical
examination together with blood screening tests are performed before 24h of life in order to
estimate the health status [11]. In foals, there is macroscopic examination of placenta and an
evaluation of foal vitality (similar to the Apgar score) at birth, followed by the evaluation of
passive immune transfer during the first day of life to identify individuals at risk of asphyxia
or septicemia [12,13]. In the canine neonate, Apgar score (adapted for puppies) and umbilical
lactate concentration at birth, reflecting the level of oxygenation of the newborn, were found
to be associated with the risk of mortality during the first 24-48h [14,15]. However, the
predictive value of these parameters for canine mortality during the first three weeks after
birth has never been tested. Furthermore, even when hypoglycemia and hypothermia are
described as major causes of canine neonatal mortality [3,16,17], the published reference
values for the canine newborn vary widely (88 mg/dl to 133 mg/dl for glucose concentration)
[18-20]. Neither glucose concentration nor rectal temperature critical thresholds, defining the

at-risk population, have been established for the newborn puppy.

The objective of this study was to develop new techniques of neonatal monitoring in
the dog in order to identify puppies at higher risk of death and requiring specific medical

assistance. Moreover, we focused on easy-to-use techniques, readily available to clinicians,
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providing immediate results, and minimally invasive for puppies. Six parameters were
measured, evaluating general vitality (Apgar score), energetic metabolism (rectal temperature,
glucose, P-hydroxybutyrate), oxygenation (lactate) and hydration status (urine specific
gravity). After describing the evolution of monitored parameters during the first 24h of life,

predictors of neonatal mortality were identified and their cut-off values determined.

Material and Methods

Ethics statement

The protocol has been reviewed and approved by the Royal Canin Internal Ethics
Committee (AF/20140704).
Animals

The study was conducted within one breeding kennel on all puppies born from 66
included bitches. Management conditions including diet, feeding system, housing conditions,
hygiene protocols and veterinary prophylaxis were identical for all animals included. From
one week before parturition until the end of lactation, bitches were housed in a single, heated
box (under floor heating continuously plus a heat lamp during the first 3-5 days after
whelping; temperature at puppy level between 28 and 31°C). During this period, dams were
fed a dry balanced diet for growing dogs (Starter, Royal Canin, Aimargues, France) ad
libitum. The date and time of whelping, as well as the total number of puppies born per litter
(litter size) were registered for each dam. Each puppy was identified by a colored woolen
collar, and its sex and breed recorded. Puppies remained with their dams and were allowed to
suckle freely until the end of the experiment. Depending on expected adult body weight,
puppies belonging to different breeds were classified into small, medium and large breed dogs

(Table 1).
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Experimental protocol

Within the first 8 hours after birth (defined as at birth), a first evaluation of the neonate was
performed including Apgar score, weight, blood glucose, lactate and B-hydroxybutyrate
concentrations, rectal temperature and urine specific gravity (SG). A second evaluation,
including the same parameters, with the exception of Apgar score and weight, was performed

at 24 hours. The mortality between birth and 21 days of age was recorded.

Puppies were weighed using a calibrated analytical scale in 1g increments (Fisher
Scientific International Inc., Hampton, USA). Apgar scoring was performed according to
Veronesi et al. [14] including: mucous membrane color, heart rate, respiratory rate, irritability
reflex and motility evaluation. For each criteria puppies were scored from 0 (the worst note)
to 2 points (the best note) and the values obtained for the five criteria were summed, so that
the final score ranged from 0 to 10 points. A drop of blood was obtained by pricking the
marginal ear vein [21] and the following metabolites assayed in sequence using disposable
test strips and portable devices: glucose (Freestyle Optium, Abbott, Illinois, USA), lactate
(Lactate Pro, Arkray, Kyoto, Japan) and p-hydroxybutyrate (Freestyle Optium). The
measuring range and precision are as follow: glucose 20-500 mg/dl, coefficient of variation
(CV) = 2.7-4.0%; P-hydroxybutyrate 0.07-5.2 mmol/L, CV = 3.1-3.8%; lactate 0.8-23.3
mmol/L, CV = 2.6-3.2%. Body temperature was measured via a digital rectal thermometer
(Torm 10s mt-403s, Hangzhou Sejoy Electronics & Instruments Co., Hangzhou, China) with
the measuring range from 32°C to 42.9°C and precision from #+0.1°C (for temperatures
between 35.5°C and 42°C) to £0.2°C (for temperatures below 35.5°C and above 42°C). Urine
SG was measured using a clinical refractometer (Rogosampaic, Wissous, France) with the
measuring range from 1.000 to 1.050 and precision of +0.002. All values below the device
detection range were included in the calculations as the lowest detectable value, and all values

above as the highest detectable value.
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Data analysis

Statistical analyses were performed with the SAS version 9.3 software (SAS Institute

Inc., Cary, NC, USA). The normality was evaluated with Shapiro-Wilk test.

The effect of time on each parameter evaluated at birth and at 24h of life was tested
with nonparametric ANOVA for repeated measurements (Friedman’s ANOVA by Ranks).
The correlation matrix was evaluated with Spearman’s rho correlation test. Parameters were

considered correlated if p > 0.40 and P value < 0.05.

Linear mixed models (MIXED procedure) with litter modeled as a random effect were
performed to determine the variables affecting each monitored parameter, separately at birth
and at 24h. These models included as fixed effects: sex of the puppy (female/male), birth
weight (g), breed size (small/medium/large), age of the dam (years) and litter size (total
number of puppies born within a litter). Since birth weight and litter size vary among breeds
[18], birth weight and litter size values were nested within breed size. Residuals of these
multivariable models were not normally distributed; therefore, non-parametric analyses were

performed (rank transformation of the outcome) (except in the model on body temperature).

Generalized linear mixed models (GLIMMIX procedures) with neonatal mortality as a
binary outcome (logit transformation) and litter modeled as a random effect were used to
assess the effect of different monitored parameters (fixed effects). As Apgar score is a
complex parameter, effect of the Apgar score was tested on mortality between birth and 24h
and on mortality between birth and 21 days separately from other parameters. Effect of
glucose, lactate, B-hydroxybutyrate, rectal temperature and urine SG evaluated at birth were
tested on mortality during the first day of life and on mortality between birth and 21 days. The
final GLIMMIX model assessed the effect of above mentioned parameters evaluated at 24h

on mortality between 24h and 21 days of age.
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Receiver operating characteristic (ROC) curves were drawn based on the results of the
logistic models on mortality between birth and 21 days of age. The Hosmer and Lemeshow
goodness-of-fit test permitted assessment of the quality of these logistic models. The best cut-
off values from the models for high and low mortality risk populations were defined based on

Youden’s index.

Differences were considered significant at P value < 0.05. Quantitative data are
presented as medians with interquartile range (IQR). To express graphically the effect of birth
weight and litter size nested within a breed size, both birth weight and litter size were
transformed into quartiles separately for small, medium and large breed dogs. The first
quartile represents the lowest 25% of registered values, second and third quartiles represent
25% of values below and above the median, and fourth quartile represents the highest 25% of

registered values.

Results

Studied population

The ages of the 66 bitches included in the study varied from 1 to 8 years (median = 6
years). A total of 367 puppies were born with a median litter size of 5 (range: 1-13 puppies).
Sixteen puppies were stillborn and 4 puppies were euthanized due to congenital abnormalities
(cleft palate). Within the remaining 347 puppies which underwent the first examination, 141
belonged to small-sized breeds (40.6%), 72 to medium-sized breeds (20.7%) and 134 to large-
sized breed (38.6%, Table 1). Sex ratio in live-born puppies was 0.56 (194 males to 153
females). Median birth weight of small-sized-breed puppies was 177g (range: 80-276g),

medium 268g (range: 95-383¢g) and large 372¢g (range: 139-604g).

Health evaluation at birth and at 24h of age
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Apgar score

Median Apgar score at birth (< 8h of age) was 10 points (range: 2-10 points) (Table
2). In the linear mixed model, Apgar score was influenced by birth weight (P < 0.001). In
low-birth-weight puppies (quartile 1), median Apgar score was 9 points [IQR: 7-10 points] vs.

10 points [9-10 points] in puppies with higher birth weight values (quartile 2+3+4) (Fig.1).

Glucose

At birth, median glucose concentration was 97 mg/dl [71-132 mg/dl], with a
significant influence of birth weight (P < 0.001) and age of the dam (P = 0.026). A lower
puppy weight at birth was associated with a lower glucose concentration at birth, whatever the
breed size of the dog (Fig.1). Median glucose concentration at birth was 125 mg/dl [100-145
mg/dl] in puppies born from bitches less than 4-year-old, 97 mg/dl [75-131 mg/dl] when the
dam was between 4 and 6 years of age and 82 mg/dl [52-114 mg/dl] for bitches above 6 years
of age. Glucose concentration increased at 24h of life, with a median value of 116 mg/dl [89-
147 mg/dl] (P = 0.003). At 24h, glucose concentration was influenced by birth weight (P <
0.001), with significantly lower values in low-birth-weight puppies (quartile 1) compared with

littermates (Fig.1).

Lactate

Lactate concentration at birth was 2.1 mmol/L [0.8-4.1 mmol/L], without any
association with the fixed effects tested in the linear mixed model. No correlation between
blood lactate concentration at birth and Apgar score was evidenced (p = 0.002; P = 0.484).
Lactate concentration at 24h was significantly lower than at birth with a median value of 1.4
mmol/L [0.8-2.0 mmol/L] (P = 0.001). At 24h, a significant effect of breed size was

evidenced (P = 0.016) with a median lactate concentration of 1.3 mmol/L [0.8-1.8 mmol/L] in
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small, 1.8 mmol/L [1.1-2.2 mmol/L] in medium and 1.4 mmol/L [0.8-2.0 mmol/L] in large

breed puppies.

p-hydroxybutyrate

Median concentrations of B-hydroxybutyrate at birth and at 24h were 0.2 mmol/L [0.3-
0.4 mmol/L]. However, a significant difference between the two time points was observed (P

=0.039). None of the tested factors was found to have an impact at birth, nor at 24h of life.

Rectal temperature

Median rectal temperature within the first 8h after birth was 33.5°C [32.0-35.2°C],
with no significant influence of any of the tested fixed effects. At 24h, rectal temperature
increased significantly to a median of 36.6°C [35.9-37.2°C] compared with temperature at
birth (P < 0.001). An increase in birth weight was associated with an increase in rectal

temperature at 24h (P <0.001) (Fig.1).

Urine specific gravity

At birth, median urine SG was 1.022 [1.015-1.028]. Urinary density was influenced by
litter size (P = 0.049): median urine SG in small sized litters (quartile 1) was 1.026 [1.018-
1.034] vs. 1.018 [1.012-1.022] in large sized litters (quartile 4). Urine SG at 24h increased
(1.024 [1.020-1.028]; P < 0.001) and at this time the effect of the litter size, or any other

factors was no longer evidenced.

A significant influence of the random litter effect appeared in all linear mixed models
tested, both at birth and at 24h (P < 0.05). No correlation between the six parameters

evaluated was seen at birth or at 24h (p < 0.4).

Mortality predictors at birth
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Among all included puppies, 10 died within the first 24h after birth (2.9% (10/347);

Fig.2).

Apgar score was found to be significantly associated with mortality during the first 24
hours after birth (P < 0.001; Table 3). The optimal cut-off value of the Apgar score to assess
predictive likelihood of mortality during the first 24 hours after birth was 6 (odd ratio = 0.48;
95% confidence interval: 0.33 - 0.69) with a sensitivity of 70.0% and specificity of 87.5%.
Six out of 27 (22%) puppies with Apgar score at or below 6 died within the first 24h versus 4
out of 319 (1%) in puppies with higher score (Fig.3). Glucose and body temperature evaluated
at 8h tended to be associated with mortality during the first 24h of life (P = 0.076 and P =
0.058, respectively; Table 3). None of other parameters tested had any influence on mortality

during this period.

Apgar score was also found to be associated with mortality between birth and 21 days
of age (P = 0.011; Table 3). The diagnostic value of the Apgar score to assess predictive
likelihood of mortality during entire neonatal period was poor (odd ratio = 0.82; 95%
confidence interval: 0.70; 0.96; sensitivity: 25.7%; specificity: 88.8%). Nevertheless, more
puppies with an Apgar score of 6 points or less died until Day 21 compared with puppies with
higher Apgar scores (11/27 (40.7%) vs. 59/319 (18.5%); P = 0.005; Fig.3). Among all
parameters evaluated at birth, neither glucose, lactate, B-hydroxybutyrate, rectal temperature
nor urine SG, demonstrated any influence on mortality between birth and 21 days of age

(Table 3).

Mortality predictors at 24h

Sixty puppies died between 1 and 21 days of age (17.3% (60/347)), with the majority

of deaths occurring within the first week (61.7% (37/60); Fig.2).
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From all parameters evaluated at 24h, only glucose concentration was significantly
associated with higher risk of death within the first 21 days (P = 0.011). Median glucose
concentration at 24h in puppies subsequently dying was 88 mg/dl [56-128 mg/dl] compared
with 120 mg/dl [96-149 mg/dl] in puppies still alive at Day 21 (Table 3). The optimal cut-off
value of glucose concentration at 24h of life to assess predictive likelihood of mortality
between 1 and 21 days was 92 mg/dl (odd ratio = 0.4; 95% confidence interval: 0.3 - 0.5) with
a sensitivity of 65.0% and specificity of 76.4%. A total of 30.1% (101/335) of puppies
presented a glucose concentration at 24h equal or below this threshold. Among all puppies
with glucose concentration < 92 mg/dl, 38.6% (39/101) died before 21 days of age, compared

t0 9.0% (21/234) in puppies with higher glucose concentration (P < 0.001; Fig.4).

Discussion

Mortality in puppies

Worldwide, neonatal mortality (within the first three weeks after birth among live-born
puppies) ranges from 11 to 13% [1,2,4]. Such a high prevalence makes canine neonatal
mortality a major concern, both for an animal welfare and economic perspective. Most of the
puppies die during the first week of life: in our study, the mortality until Day 7 accounted for
67% of all dying puppies, a percentage similar to that observed elsewhere [4,6,16,22]. The
major causes of neonatal mortality described in the literature are hypoxia, hypoglycemia and
hypothermia, often complicated by an infectious disease [3,16]. Our results show that the
Apgar scoring system and glucose monitoring are useful tools in risk evaluation for neonatal

mortality in puppies.

Survival during the first 24h

Birth is a major physiological challenge for a fetus since dramatic adaptations to

aerian life must be made. Failure to clear fetal lung fluid, lack of consistent breathing,
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together with inadequate changes in blood flow and energy metabolism are examples of
potentially lethal maladaptations [8]. In human medicine, the Apgar scoring system,
evaluating a level of viability of the newborn at 5 min after birth, is routinely used as a
mortality predictor during the neonatal period (until 28 days of age in this case) [10].
Recently, a similar system was developed for canine medicine and a score at or below 6
obtained within the first 5 minutes after birth was found associated with an increased risk of
mortality during the first 24h [14]. In our study, Apgar score was also proven to be predictive
for mortality during the first day, even when performed at any time before 8 hours of life. The
test fulfils conditions for use by dog breeders in everyday practice to identify newborns
requiring specific nursing: no specific skills needed, cost-free, quickly conclusive, with no
need to attend birth. Moreover, we demonstrated that Apgar scoring in puppies is predictive
for mortality over the entire neonatal period, as in human medicine, although sensitivity of the

method is much lower than for mortality during the first 24h after birth.

Hypoxia, occurring in cases of prolonged uterine contractions without fetus expulsion,
followed by increased anaerobic glycogenolysis, leading to metabolic acidosis, was
demonstrated as a major cause of intra-partum mortality in many species (human, porcine,
equine [9,23,24]). Blood lactate, reflecting the level of hypoxia, was suggested as an early
mortality predictor in puppies [15]. However, our results, as well as data obtained in foals
[25], show no difference in blood lactate concentration at birth between surviving neonates
and those dying later on (either during the first 24h or after). In mammals, fetal hypoxia
commonly occurs during parturition and numerous adaptive mechanisms allow the
fetus/neonate to develop so called “neonatal hypoxia tolerance” [26]. Moreover, blood
acidosis was found not associated with the level of viability at birth, as among human
neonates with high Apgar score (> 7), 72% presented blood acidosis [27]. Also in our

experiment, lactate concentration was not related to Apgar score and significantly higher at
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birth compared with concentration at 24h of life or with reference values reported for healthy
adult dogs (1.80+0.84 mmol/L [28]). We could hypothesize that puppies, as human neonates,
suffer at birth from physiological moderate metabolic acidosis. Therefore, it remains unclear
which parameters could be reliably used to assess perinatal distress in puppies. In accordance
with our results, the Apgar score was demonstrated in human newborns as a better predictor

of neonatal survival than the degree of acidosis [10].

The transition to extra uterine life is challenging for the newborn not only due to
perinatal hypoxia, but also glucose supply, permanent via placenta during fetal life and
intermittent through milk ingestion after birth. Therefore, in many species, a low glucose
concentration is observed during the first hours after birth, which increases, often above the
adult range, after the onset of suckling. For instance, in babies, glucose concentration is < 50
mg/dl at birth but increases to 81 mg/dl during the first days of life [29]. Similar sudden
glucose increase is observed in foals (75 mg/dl at birth vs. 135 mg/dl at Day 1) [30] and
calves (65 mg/dl at birth vs. 120 mg/dl at Day 1) [31]. Also, in healthy puppies from our
study, glucose concentration rose from 98 to 120 mg/dl within the first 24h, which is in
agreement with previously published data in dogs [20]. The present study showed the
predictive value of glucose level for survival, i.e. newborns dying before 24h presented
median glucose concentration at birth of 37 mg/dl (compared with 98 mg/dl in surviving
puppies). In cases of hypoglycemia, not only neurological issues can appear, but also
decreased body temperature, decreased heart and respiratory rates [32], which can be lethal
for the newborn. Therefore, development of an algorithm for neonatal hypoglycemia
screening in puppies would be desirable. In small-for-gestational-age and preterm babies,
recognized to be at high risk of hypoglycemia, the first glucose measurement is advised
before 4h after birth and thereafter repeated every 2-3 hours until 24h [33,34]. In the case of

symptoms of hypoglycemia (such as cyanosis, apnea or hypothermia) and/or glucose
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concentration below <35 mg/dl (<25 mg/dl at 4h of age), 10% dextrose is immediately
administered intravenously. If no clinical symptoms develop and/or no hypoglycemia occurs,

more frequent feeding alone is advised for at-risk infants.

Survival during neonatal period

In our study, glucose concentration at 24h was found to be a predictive factor for
neonatal mortality in puppies. Due to a lack of adipose tissue (only 1.3% of the body), rapid
glucagon decline and limited hepatic activity, the glucose and fatty acids obtained thanks to
colostrum ingestion represent practically the only source of energy for the newborn dog [35].
At the same time, the energy requirements are high due to large body surface / body mass
ratio, no shivering thermogenesis [18] and large brain surface, with glucose being the main
fuel for cerebral tissue [36]. Low level of glucose concentration in puppies dying before Day
21 could thus reflect insufficient energy supply from the colostrum, leading to a decrease in
body temperature, among other consequences. A vicious cycle results, hypothermia per se
being responsible for suckling failure, depressed gut motility, reduced milk digestion and thus
decreased energy supply, with ultimately an increased risk of septicemia [16]. In the present
work, no predictive value of rectal temperature was evidenced. This may suggest that if
correct environmental temperature is provided in the whelping area, hypothermia alone
becomes a minor cause of mortality and death most probably occurs as a consequence of low
glucose level, as indicated by the higher risk of mortality of puppies with lower glucose

concentration.

The glucose threshold at 24h associated with increased risk of death in this experiment
was surprisingly high - at or below 92 mg/dl, with 30% of puppies being below this threshold.
The majority of puppies dying did not present hypoglycemia sensu stricto (in puppies defined

if blood glucose < 40 mg/dl [3]) at the time of examination, but only decreased glucose
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concentration compared with survivors [88 mg/dl vs. 120 mg/dl]. The critical threshold
determined in this study thus reflects either elevated energetic requirements in the newborn
puppy or inadequate colostrum intake, with glucose only as a biomarker. Indeed, colostrum
provides not only energy, but also immunoglobulins and growth factors, mandatory for canine
neonate survival [5]. Further investigation is necessary in order to establish which of these

factors (energy or immunity) has predominant impact on the canine neonatal mortality.

Elevated concentration of ketone bodies, released from adipose tissue as an alternative
fuel, was described as a physiological compensation for hypoglycemia in the human at birth
[33]. However, higher B-hydroxybutyrate concentration was observed at 24h of age in
normally fed canine newborns, compared with fasted ones [37]. Our results show that [-
hydroxybutyrate concentration is not correlated with glucose at birth or at 24h, and not
associated with canine neonatal mortality. Adipose tissue in the newborn dog is very limited
and liver function not yet fully developed, which probably limits ketone bodies formation.
Nonetheless, the increase in ketone bodies in correctly developing puppies may suggest an
external source of fat, namely the colostrum which contains 5.8% of fat (authors unpublished
data). This phenomenon complicates the interpretation of results and makes ketone bodies

assay a useless tool for canine neonate monitoring.

To our knowledge, only one study previously reported the urinary density values in
newborn puppies (1.006-1.0017 SG) [38]. Based on its results, a diagnosis of dehydration was
suggested in canine neonates with urine SG at or above 1.017 [16]. However, our data based
on a relatively large number of animals, show that urine SG at birth and 24h of age are higher
than previously described (1.022 and 1.024, respectively), although slightly below the normal
adult reference (1.025-1.035 [21]). Nonetheless, in our study, urine refractometry values were

not associated with neonatal mortality in puppies.
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Intrauterine growth restriction

In a recent study, low-birth-weight neonates were demonstrated to be an at-risk
population for neonatal mortality in dogs (Mila et al. 2015 in press). The present findings may
provide some explanation for this phenomenon. Low-birth-weight puppies were found to be
predisposed to lower viability at birth (lower Apgar score), and decreased glucose
concentration and rectal temperature were demonstrated as mortality risk factors. As
described in piglets, intrauterine-growth-retarded neonates, clinically manifested by a low
birth weight, are deprived of adequate oxygenation and nutrition during the fetal life. In such
cases, further reduction of metabolic demands during parturition are not possible, and

therefore perinatal asphyxia and hypoglycemia strongly increase risk of death [26,39].

Conclusions

Adaptation to the extra-uterine life and colostrum intake seem to be crucial steps for neonatal
survival in dogs, as the level of vitality at birth (evaluated via Apgar score) and energy intake
during the first 24h of life (evaluated via blood glucose concentration) were found to be
strongly associated with the risk of death in our study. Investigation of canine pregnancy and
its impact on vitality of the puppy at birth, together with a parturition monitoring system is
necessary to control the vitality of canine newborns. Development of an easy-to-use glucose
monitoring system for low-birth-weight and other at-risk puppies (i.e. orphaned, starving),
together with an easily applicable energy supplement would be desirable for dog breeders, in
order to decrease the high neonatal mortality rate in kennels. Further investigation is
necessary to establish if the strong relationship between blood glucose and neonatal survival
reflects high energy requirements or other benefits from colostrum intake in both normal and

low-birth-weight puppies.
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Tables

Table 1. Breeds of puppies included in the study.

Breed sizet# Breed Litters  Puppies Puppies TOTAL
(n) born (n) examined (n)* (n)*
Small (< 15 kg) Bichon Frise 2 8 8
Bichon Maltese 3 20 19
Jack Russell Terrier 3 9 9
Lhasa Apso 6 29 28
Poodle 4 18 15
Scottish Terrier 1 1 1 141
Shih Tzu 3 13 13 (40.6%)
Spitz 3 11 11
West Highland White 5 26 22
Terrier
Yorkshire Terrier 2 17 15
Medium (15-25 kg)  Cocker Spaniel 14 73 72 72
(20.7%)
Large (> 25 kg) Boxer 1 8 8
German Shepherd 1 5 5 134
Golden Retriever 10 74 74 (38.6%)
Labrador Retriever 8 55 47
TOTAL 66 367 347

#According to expected adult body weight
*Puppies not stillborn and not euthanized
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Table 2. Health evaluation in puppies at birth and at 24h of life.

Parameter Ageofpuppy  Numberof .. JQR* Minimal ~ Maximal
(hours) observations value value
a%%gtrsicore <8 346 10 9-10 2 10
Glucose <8 323 97" 71-132 20 287
(mg/dl) 24 335 116 89-147 20 228
Lactate <8 273 2.1 0.8-4.1 0.8 16.3
(mmol/L) 24 309 1.4° 0.8-2.0 08 59
B-hydroxybutyrate <8 241 0.2° 0.3-0.4 0.07 3.1
(mmol/L) 24 308 0.2° 0.3-0.4 0.1 1.9
Body temperature <8 340 33.5° 32.0-35.2 32.0 38.1
0 24 335 36.6° 35.9-37.2 32.0 38.8
Urine specific <8 261 1.022° 1.015-1.028 1.001 1.050
gravity 24 325 1.024° 1.020-1.028 1.009 1.050

b Median values for one parameter within one column with unlike superscript letters were significantly different (P < 0.05).
* Interquartile range
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Table 3. Health parameters at birth and at 24h of life depending on puppies’ survival (at 24h and at 21

days).

Puppies dying Puppies dying Puppies alive
Predictors <24h <Day 21 until Day 21

(median [IQR*]) (median [IQR*]) (median [IQR*])

Parameters measured before 8h
Apgar score (points) 6 [6-8] 9[7-10] 10 [9-10]
Glucose (mg/dl) 37 [21-69] 90 [55-138] 98 [75-128]
Lactate (mmol/L) 1.9[1.4-2.1] 2.1[1.0-3.2] 2.1[0.8-4.2]
B-hydroxybutyrate (mmol/L) 0.6 [0.4-0.8] 0.4 [0.2-0.5] 0.3 10.2-0.4]

Body temperature (°C)

Urine specific gravity

32.0 [32.0-32.8]
1.019 [1.015-1.022]

33.4[32.0-34.8]
1.022 [1.014-1.028]

33.5 [32.0-35.4]
1.021 [1.015-1.028]

Parameters measured at 24h
Glucose (mg/dl)

Lactate (mmol/L)
B-hydroxybutyrate (mmol/L)
Body temperature (°C)

Urine specific gravity

NA
NA
NA
NA
NA

88 [56-128]
1.2[0.8-2.0]
0.3[0.2-0.4]

36.3 [35.4-36.8]

1.022 [1.018-1.025]

120 [96-149]
1.6 [0.9-2.0]
0.3 [0.2-0.4]

36.7[35.9-37.2]

1.024 [1.020-1.028]

NA — Not available
* Interquartile range

112



Article 3

Figures

Apgar score (0-10 points)
ORP NWRWMOSNOWOWLWO

38,0
37,5
37,0
36,5
36,0
355
35,0
34,5
34,0

Rectal temperature at 24h (°C)

Q1

Q1

Q2

Q2

Q3

Q3

Q4

Q4

Glucose < 8h (mg/dL)

Glucose at 24h (mg/dL)

200
180
160
140
120
100
80
60
40
20

200
180
160
140
120
100
80
60
40
20

Q1

Ql

Qz2

Q2

Q3

Q3

Q4

Q4

Figure 1. Box-and-whisker plot of Apgar score, glucose concentration at birth and at 24h, and
rectal temperature at 24h in puppies with different birth weight (Q1 — puppies with the lowest
25% of registered birth weight values, Q2 and 3 - 25% of values below and above the median,
Q4 — puppies with the highest 25% of registered values). Each box represents the first to third
quartiles (25th to 75th percentiles), the bar in each box represents the median, and the

whiskers represent the first to ninth decile (10th to 90th percentiles).
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Figure 2. Distribution of the deaths during the neonatal period (n = 70).
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Figure 3. Mortality rate depending on Apgar score evaluated before 8h of life (n=346). Apgar score
was associated with higher risk of mortality during the first 24h of age (A; P < 0.001), and mortality
between birth and 21 days of age (B; P =0.011). Numbers above columns represent number of died
puppies / total number of puppies for each value of the Apgar score.
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Figure 4. Mortality rate depending on glucose concentration at birth (A; n=323) and at 24h of life (B;
n=335). Glucose concentration at birth tended to be associated with higher risk of mortality during the
first 24h after birth (P = 0.076). Glucose concentration at or below 92 mg/dl was associated with
higher risk of mortality during the entire neonatal period (P=0.001). Numbers above columns
represent number of died puppies / total number of puppies for each range of glucose concentration.
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The study described in Article 2 demonstrated that colostrum intake is essential for the
newborn dog, and in Article 3, neonatal mortality was found associated with energy provided
by the colostrum. Nevertheless, canine newborns acquire maternal immunoglobulins mostly
at birth, as only 5-10% of total serum IgG at two days of age derived from transplacental
transfer (29). In parallel, few studies describe infectious diseases as the most frequent findings
at post mortem examination in neonatal dogs (15,24). Author’s results confirm the importance
of infections in neonatal losses, as 61% of puppies dying within the first three weeks of life
presented a positive bacteriological culture on spleen samples (study on 18 puppies). In
Article 4, the relationship between passive immune transfer and neonatal mortality was thus
evaluated. Factors influencing IgG acquisition were also determined and IgG threshold
defining a deficit of passive immune transfer was determined. An oral supplementation with
hyper-immunized dog serum was proposed in order to decrease the proportion of puppies in

deficit of maternal immunoglobulins.

Puppies were allowed to suckle freely during the entire experiment. Blood samples were
collected at two days of age and the serum was assayed for IgG concentration. Mortality was

registered since two days until three weeks of age.

In the first part of the work, the effect of passive immune transfer, as evaluated via serum IgG
concentration at two days of age, was tested on mortality until three weeks of age. The results
demonstrated that puppies with higher IgG concentrations had higher chances to survive
compared with other puppies. The minimal serum IgG concentration associated with
decreased risk of neonatal mortality was determined at 2.3g/L.. Among different parameters
(breed size, sex, supplementation, colostrum IgG concentration, litter size), only weight gain

within the first two days of life was found positively correlated with serum IgG concentration.

In the second part, the effect of an oral IgG supplementation was tested. Puppies were
assigned into two groups. The first one received hyper-immunized canine adult serum within
the first 8 hours after birth (before the intestinal barrier closure). The second one remained as
a control group (non supplemented). Neither serum concentration of immunoglobulin was

increased, nor neonatal mortality reduced in supplemented puppies compared with controls.

This study clearly demonstrated that, as in other agammaglobulinemic newborns (foals,
calves, etc.), passive immune transfer in puppies is closely related to mortality. Nevertheless,

the concentration of serum IgG at two days of age was found positively correlated with early
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weight gain. Serum IgG may thus witness the adequate intake of energy and nutrients,

perhaps more important for neonatal survival in dogs than the passive immune transfer.

Dealing with IgG, this study addressed the non specific passive immune acquisition. Transfer
of specific antibodies remained to be investigated in order to evaluate the variability in
specific antibody titers in the newborn dog, as well as its consequence on natural

immunization and morbidity.
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Inadequate passive immune transfer in puppies: definition,
risk factors and prevention in a large multi-breed kennel
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ARTICLE INFOD ABSTRACT
Articie oy . The prevalence of necoasal mogrality i high in the candne spedes and far ram well-saodied.
Recmved 22 July 2003 In st domestic neanates, An appropiare cobostrum intake i a key elensent of the commra!
Receved - "-'";3 i My 204 of neonasal mortality. Tre aim of thits stody was 1o evaliiate the mpact of passeve amune
Acorgted 6. My 201 rransfer on puppy mortality, assessed thiough serum immuncglobin G (16G) cncentra-
Lo At 2 days of age, Factors impacting passave cmmuoe cansfee and e value of an orad
Fayweds imosumoglobulin supplementation to prevent it were also analyred. A total of 149 puppies
‘3}‘"3 froen 34 Bters (12 breeds) within one beaeding kennel wers inchadesd, Blood ssmples were
lm° ’M" _Mln G collectad at 2 days of age and colostrum was collectad from their dams § day after whelp-
Moctabey ing to assay IgG concentration. Supples were weighed at birth and at 2 days of age foe
Passive lmene ranster calculanon of growih rare. Momality wiis recorded undll 3 weeks ef age. Seventy randomty
Sup P IenLatios assignvad pappivs wene araly sapplemented with Tiyper <rsmunszed adull plasma twice

withan rhe fiess 8 b of life, 196 conoevration at 2 days of s was snificantly corelared
with weight gam during the first 2 days of hife. The multivanable model with litter as 2
tandoon effect deamansayr ated that neanatal moetality was notinflueiced by breal sae.sex.
supplersentation, littes stze, o colostrum gl concentration, but by pupoy IgG cancen-
tragion ar 2 days of age. According to the ROC curve, the minimal G concenration ar and
below which puppées were ar higher risk of d=ath was deremnined ar 230 mg (L Puppy
126 conoennration was snificamly associated with growih rate, bur not with beeed size,
sox, suppl ementanon, Mmer size or calostrum BG concentracion ¥ 3 mudtwariable moded
with litter as g random effect This study demaonssrates that meonatal Morasty in puppies
15 e lated 00 Dy quadity f Eassive smemioe: casfer, The aral suppletaearaion wirh hyper-
immumzed camne plasma nesther decreased risk of mortality, noe improved serum g
concentration at 2 days of age in puppies. Attention mast thus be paid to eardy colastrum
imake to contmol the neanatal mertality in puppees.

© 201 4 Elsevier BV. A8 righis reserved,

1. Introduction
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0

(Nielen e 4l 1998; Van der Oesk er al, 3999) with
Esclrericfiia co¥, Seapfiylococcus sp., Strepfococcus Sp. canng
herpesvicus type 1 most frequently isclated from neonates
dying witlin the first week after birth (MUnnich, 2008;
Dalom et &, 2000),

Puppies, as well as calves, piglets, foals and Kittens, are
bom agammaglobulinemic or hypo-gammaglobulinemic
[Bovchard ec al, 1952) In many species, [t has been
demonstrared that adequate transfer of maternal Imimu-
nity through colostrum &s crucial for susvival and control
of Infectious diseases In the newboen (Iyler ot al,
1908 Chrlstley et al, 2009; Vallee o al, 2013) Blood
Immunogiobulin G (BG) concentranion In neonates |s
the roueine criterla used o evaluate the guality of pas-
sive imimene ransfer (Bean et al, 2004Y) Transter of
immunoghobudins from dam o & newborn is influenced by
numerots maremad factors (age of the dam, parity, mater-
nal behavior, quantity and quality of colostrism), together
with several neonatad factors (litter size, birth welghe, vital-
ity, tirme and quamity of ingested cofostrom), Desplte the
high prevalence of fethal Infections (n canine species, the
drect Hink berweon moctality and passive Immune faltore
has been poorly evaluated [n pupgles,

The economic impoctance of correcs passive lmmune
transfer In large animals has led to the development of
nmirnerous colastrum replacers and immunogl obudin sup-
plements {calves: Yega of 2, 2011 piglets; Yokoydsma
et Al 1992; foals: Framz ot Al 1848) In contrast, Tew
studies have investigated 190 supplementation in small
animal neonates. In experimental conditions, adalt dog
serum, adminisirated either orally or subcutameously to
colostrum-deprived newbom pupgles, proved to be an
dlrernative source of Immupogiobudins [Bouchard e al,
14902 However, there s no datain the literature regarding
the impravement of passive immune transfer in puppies
under natural condtions and with wlimited access to
colostrum, with the aim 10 contred mortality,

The first objective of this stixdy was to evaluate the
impact of passive immune transfer through puppy bleod
i2G concentration at 2 days of age on moctality within the
first 3 woeeks alter birth; subsaguently o determine a criti-
cal threshald belkyers wisich the sisk ol neanatal mortality is
sgmificantly increased, The second objective was to iden-
tify factors influencing 1gG concentration ar 2 days of age,
A third objective was to estimate the efficacy of an oral
immunagiobidin supplementation within the first hours
after birth on passive immune trarsfer.

2. Materisls and methods
2.5, Awmimals

The experiment was conducted in a French hreading
Kennet from Mareh o June 2012, AR canine necaates bom
duxing this petiod [re=195) and their dams [n=39) were
included in the stady, All bitches in the Kennel were (ou-
tinely vacanated annually { EURICAN CHPPIZ, Merial, Lyon,
France). Pupples were houssd with their dam in a sin-
ge, heated whelping box (2-4m? of asface) from birth

until 56 days of age and were allowed to suckle freehy.

Both bitches and their offspeing at weaning were fed 3
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dry balanced diet for growing dogs (Starter, Royal Canin,
Aimargues, France ) ad livitum. From a tecal of 195 puppees
born in e Kened, 148 puppies lrom 34 fitters which
suvived with no abmotmaliGes until the Gme of bood
collection wereinchaded in the study, Depending o0 he
average adult body weight of their breed, puppies wete
divided into small bread dogs [body weight < 25kg: Poo-
die (n=10), Cocker Spaniel [n=16), Bichon Frise (n-91
Bichon Maltese (n=15) Lhasa Apso (n=20), Shih Tru
(ne=17) West Highland White Terrier (n=12). Jack Kus-
sell Terrier (n =3}, Pomeranian (r = 47} and large breed dogs
{body welsht = 255 [abrader Retobever (0 =10}, Golden
Retrlever (= 28), Gerrnan Shepherd Dog (= 5))

22 Dara cofdection and immunoglabukin G asay

bmimediately after birth, each necnate was wdentified
by a colored wooken collar and its breed and sex were
recorded, Pupgies were weighed ar birth and at 2 days of
ane to calcudate a growh rate over the first 2 days of life
((weight ar 2 days - wedght at birth)wetght ar birnh) Foe
each ltter, the weal number of puppies barn was recorded
(lister slze) Mortality ower the first 3 weeks after birth was
alse recorded, One millilites of blood was collected Into
a plain tube from each puppy at 2 days of age [between
36 and 48 h) from the jugular vein. One day after whelp-
ing anset, 0,51 ml of colostrum was colleced from the
dams. Mitk and blood were stored at -20°Cuntl gl assay
in duplicate ustng a previousty described and validated
ELSA method (Dog IgG-Cuantitation Kit, Bethyl Lab, Mons-
gomery, USA) (Schaler-Saml et al;, 2005},

2.3, Immnneglobid i s pplersentarion

Severween large brewd non pregmant bitches from
the same kennel, which were not included m the pro-
tocod described above, were vacanated agsinst canine
herpesvitus type 1 {EURICAN Berpes 205, Merial ) and Sor-
detelin lvonchiseptica ( PNEUMODOG, Medal) The same
vaccination was repeated 2 weeks fater combined with
a polyvalent vaccine (EURICAN, Merial) Two weeks after
the last vaccination, blood (73mifky body weight) was
callacted fram each bitch into beparinlzxl contalners and
centrifuged. Plasma from the 17 bitches was poaled and
aliquoted before storage at —20°C. Masma lgG concentra-
tion was assayexd as prewously described, Ensuring squal
distnibation of individuals, in terms of birth wesght and
breed size, puppies were assignad to 2 different groups
within each litter. In the Arst group [noa-supglemented,
1= 74), pupples did not recetve hyper-immunized plasma
In the second group [supplemented, n=70) puppies
received 2 doses of hyper-immumized plasma before
intestinal bartier chogure: the flrst dose was administrared
amaximamol4hafter barth by afeeding tube (1.5mi{100 g
body weight); the second admenistration, using the same
methed and dose, was performed 4 1 later, a2 maxsmum of
$h after birth. Both supplemented and non-supplemented
puppies were allowed to suckle their dam dusing the entire
experiment. The dase of hyper- imemmizad plasma admin.
istrated to puppies was chosen as the best compeamise
hetween maximal volume for administrated supplesnent
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and maximal volume for ingested colostoum, & volume
of stomadh in aewborn puppy is 5mij100g of body
weight

24 Sraristical analyses

Statistical analyses were performed with the SAS ver-
son 93 software (SAS Insticure Ine, Cary, NC, USA}
1o determine the nsk factors for moaaity and factors
Influencing puppy BG concentration. Speasmian's rha cor-
relation coefficient was used to evaluate the correlatlon
between puppy 1gG concentration ar 2 days of age, lG
concentration in colastrum, Neter size and growth rate,

Rrsthy, a genecalized linear mixed model {proc GLIM-
MECH with moetality as & binary outcome [logit transfoc-
mation) was used to assess the following fixed effects:
sex (maleffernale}, breed size [small fargel supplemen-
tation (yes/nol liteer size, colostrom 1gG and pupgy G
cotcentrations, Litter was modeled as a random effect,
Twi way interactions between sex and suppbementarlon
were investigated, as it improved the quality of the model,
As it was found that growth ate and puppy I8G con-
centration were corelated: puppy lgG concentration was
chosen 1o be included inte described model, as evaluatdlon
of Its effect on mortality was of prinary interest. Subse-
quently, a recefver operating characteristic {ROC) curve
was drawn based on the final fogistic madel, The Hosmer
and Lemeshowy Goodness -al-Fit test was used to assess the
quality of this model, Yeuden's index was used ro define
the best cutodf from the moded for high and low moetality
sk populations, finally, a Kaplan-Meier plor and the Log-
rank test were used to assess the survival berween these
TWO ETaUpS,

Secandly, a linear mixed model (proc MIXED) was
performed to determine the variables sffecting puppy
G concentration at 2 daws of e, As residuals of this
multivariable model were not normally distributed, a non-
parametric analysis was performed (cank transformation
of the outcome}. This model inclided as fixed effects:
breed size, sex supplementation with their refated interac-
tions [encoded as described for previows madel L Moreover,
the effects of litter size, colostrum [gG and growth rate
were added as covariates, Litter was modeled 35 a random
effect,

Quantitative data are peesented a5 medians with
Interquartibe range (KRL

3. Results
3.1 Study population

Thes total mortality in puppies within the first 3weeksof
Iife was 31.3% [61/1951 Amony all puppics 28.72 [ 56/ 1955
Sed within the (st week after birth. G concentration was
assayed on sera from 149 pupgies which suvived untl the
bipod collection (Day 2) and on colostowm from their 34
dams. Eighteen out of 149 pupples died before 3 weeks of
age. The g concentration inpupples at 2 days of age was
610 mg/dl (360; 475 mg/dl). The colostrurn g concentra-
tion was 1940 mg(di [ 1500; 2290 mg/dl ) IgC concentration
of the pooled hyper-immmunized plasma was 1430mgid],
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Tabile 1
nk oo assessment 3 mortaity (s pupgles berwoen 2 and 21 days
after bith evaluned By 3 genemalized Dsear mivad moded (i« 1495

Factor Fvalue dd 95% confdence
ratin inrerval
Hreed we 15 o3 (LT A8
Sex 0765 L 02 11
Supplementation 0551 08 L) S0
Lintes sz 087 1.2 0 20
Cobstaum gl 0728 10 0s 12
Pupgy 1g6 ar Day 3 nos oz s 08

e, 730 of median lg concenrrason i colostrums eol-
lectad In this experimend. The growth rate between birth
and 2 days of lfe was 3,1% (-521 10.%%) and was signif-
jcantly correlared with puppy IgG concentration (o ~0.7;
p<0.001 ) The other variables in correlanon matrix were
not-comelated.

22, Factors iffvenclag movtaliny

In the generalized linear mixed model, risk of neonatal
mortality was influenced by poppy g0 concentration at 2
days of age and litrer effect as a random term (p ~0,018;
p=0.003: respectively ) Puppees with lower 126 concentra-
tions presented Nigher risk of death than other puppees
(Tabde 1) IgG cancenraton In pupples dying between 2
and 21 days was 172 magd) (42; 508 mgldl) vs. 6659 maldl
(4% 1030 mg/dl) in pupples sl allve at Oay21, None of
the other factors tested (sex, brewd size, supplementation
colostrum et concenration and fltter slze) desnonstrated
any influence on neonatal mostality {Table 1) The opti-
mal cutoff value of IgG concentration to assess predictive
likelihood of martality was 230 meidLodd ratio =0.7; 955
confidence intervalz0.5; 0.8 )with asensitivity of 66,72 and
a speaificity of 37,85 Among the 1449 pupgies which sur-
vived untll the blood cellection 18,15 (271149} presented
a blood kG concentrasion &t 2 days of ase befow or aqual
w 230mgdl, The suivival analysis Indicated sigmificant
differences In survival kinetics hesween pupples abave of
under the cotofl value for 1gG concentration {x2=30.33;
p<0.001; B L Amors puppies with 1gG conceptration
<2 mgil 3t 2 days of age, 4445 (12/27) died, while it

L)

.

| 5> 10 el |

Dorps of agu

Fig 1. Kaplan-Meler plo of survival Kinetics In pupples above (x=123)
AN under e = 2% ) the critscal thiesdold of puppy G coscamration 417
days of age (330 mag/l) foe Nigher rink of Seath [ » 30F); p 0001
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was the case only for 4.9% (61122 of pugpies with higher
%G concentaton,

33 Facrors influeticing blood [2G concentration in
puppes af Day 2

Growedy rate betyieen U and 2 days afver binth amd the
lter effect as a random rerm had an impact on puppy G
concentration at 2 days of age [p <0001 p~ 0007, respac-
tivelyl Noneof the other factors tested In thislinear mixed
model (breexd size, sex, supplementation, colostrum WG
concentration, litter size ) demonstrated any Influence on
g6 concentration at 7 days of age.

4. Discussion
41, 126 concentration and morzliry

The percentage of necnatal mortality [over the first 3
weeks of lIfe} was higher in this study [31,3% of all bom
pupples feompared with ocher pobilished data (Nivlen v al,,
908 Indreba or 31 2007 8 Among the puppies chat died
during the first 3 weeks after birth. 91.8% dled within 7
days, similar toothecstudies{Neolon ot al,, 1508 Tannessen
et al. 202 In many specles, passive mmune transfer
through colostrism ks known to be crucial for the control
of neonatal moetality (1 in Bavine Tyles et al. 19985 in
poccine Yalter et al, 20133

We ewidenced in this stwly a strong vefationship
berween passive Immune wansfer (lgG concenrration
assayed In serum at 2 days of age) and neonatal mogad-
(e in pupples In our exped ment puppy 86 concentration
below or equal to 230 mgldl defines the deficit of pas-
sive immiune teansfer in the canine species associated with
dacreasad survival rate, The relizbility of thisthrezhold has
to be wvaluated in other kennels, with different manage-
ment amd infectious conditions. Dam, as one of & random
term for 3l puppies coming Fom the same litters, displayed
a significant impact on canine neonatal martality in this
study. Maternal factors infllusnong colostrum Ingestion in
ocher spacies ane maternal behavior, quantity of colostrum
produced and anatomic marphology of teats (moce oc less
easy 10 be suckled ) [Rooke and Sland, 2002) In this stody,
neither breed size nor litter sze had an influence an neana-
tal moetality. akchangh Tenpessen ef a1 (2012 previausly
reported higher mostality tesinpupples from lasge litters
and puppoes belonging to large or giant breeds:

4.2, Factors influencing 13G concentration

In our study, grosvth rate over the first 2 days of life
was highly assoriated with puppy serum G concentra.
tion. Barh reflect colostrum intake, as this secretion plays
00t onpfy an imimunge bt also nutritional tole. In piglets,
the concentration of seram immunoglobuling was found
o be associated with the quantity of calostrum ingested
[Rooke and Blnd, J00Z) It suggests that Toutine weigh-
ing of newborms can be used to evaluate the colostrum
intake and thus, indirectly the passive immune acqui-
stion in puppies. Although colosirum provides energy
together with immunological protection, absorption of
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inmmeoglobadins, undike murienss, depends on me
elapgad ftom birth, because of the progressive intestinal
barrier closure. Iy puppees, lpG absorption fate at 4 h of life
is decreased two-fold comparad to the level at birth and
is Mmost mdl ar 12- 160 of Jife [Ohastant-Mallanl e o0
20123 As obgerved for mostaliny, commuon effect within 2
fitter, such as dar also influenced immumoglobulin trans-
fer in puppies, Dystoca, inappeoptiate care of newborns
o abseqice of colostrim secrerion at whelping onses may
dexreass the passive immune transfes in pupptes before
the st closure. In castle and pigs, attentlon Is padd to the
immusme quality of colostram, sinoe [gG concentration in
calestrum &5 knawn to be a significans Bctan in the quality
of passive Immune wansfer to the offspring (Heam o ol
2006 Devillers e gl 20018 In the present study. the G
concentration in colestrum was significantdy assocated
nether with mortalicy, nor with serum IgG concentration
of pupples, The refationship batween igG feved incolostrum
and puppy serurm could be nonexistent or masked by sey-
etal factors of larger impact such as timing of colostrum
intake and quantity of colostrum ngested by the newbarmn.

4.3 Hyper-tmmuzed plasma supplementation

Suppiementation was designed 1o optimize lgG absorp-
tlon and decrease the risk of failure of passive immune
transfer; plasma was administrated oraliy before intestinal
barrier closure (within the first §h of life; Chastam
Matllard et aly, 2012} and plasia iImmunogiobulins weee
protected from digestion since puppies were suckling
colostroen providing  antitrypsin, Neverthedess, (n our
expeciment, ne effect of supplementation on neanatal mac-
1aliey has been observed, but a lack of stardstical power
cannot be ruled o, Since pupples had froe aocess to the
colostrien of their dam, the supplementation may have
partially substituted spontaneously ingested colastroam
As the hyper-immunizesd plasma used in the experiment
had an lgG concentration 10055 lower than the colostrom,
supplementation might even have decreased the total
quantity of ingested smmunoglobulins. In ancther shsdy,
puppies fed milk replaces and adult serum while being
calostrum deprived, absorbed significantly fess G than
puppies fed colastrum (Hoochand o al, 1902}, The efficacy
of supplementation with higher |gG concentration in order
to decrease the frequency of passive immune flure needs
to be tested,

5. Conclusions

This study dearly desnonstrates that neonatal moetal.
ity in puppées is related to passive immune transfer. Based
on these data, obtained from one Xennel, the dehat of
immunaoglobulin G in puppies, associated with higher risk
of death, was definad a0 230mgfdl Move data have 1o
be collected 1o confirm this cutell value, However, ou
resuits show that attention Das ©0 be paid (o the colostrum
mtake during the fiest 127 of life In arder to diminish
the risk of passive lmmune failure and mortality in canine
neanates. To date, at variance with some other specis, no
efficient alternative source of i mmunaglobuling is available
for puppics. The design of an adequate immaune booster
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imamediarety after birth, to decrease high mortaliny race in
canine necnates remains (o be established
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Canine parvovirus type 2 (CPV2) is a ubiquitous virus, highly pathogenic and highly
lethal for young dogs (54,55). Colostrum brings the only protection against CPV2 infection
before weaning. As demonstrated in the previous study (Article 4), the risk of neonatal
mortality in dogs is strongly associated with the passive immune transfer, evaluated via blood
IgG concentration. However, this global maternal immunity provides an approximate
evaluation of level of specific antibodies, such as CPV2 antibodies. From our own
unpublished data, the correlation between IgG concentration and CPV2 antibody titer,

although strong, is not linear (Fig.2).
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Fig.2. Correlation between blood IgG concentration and CPV2 specific antibody titer (HI
titer) in puppies at 2 days of age (n=151; rho=0.7, p<0.001; unpublished data).

Since Decaro et al. (20) reported that CPV2 infection is possible in puppies at antibody titer
1:160 (log10=2.2), the minimal protective level of CPV2 specific antibodies can be set at
>1:160. Among all puppies in deficit of passive immune transfer (IgG < 2.3g/L) from our
unpublished data, 100% are at CPV2 antibody titer <1:160 (Fig.2). Among puppies with IgG
between 2.3 and 10 g/L, 40% are at low level of CPV2 antibodies. Among puppies with IgG
concentration above 10 g/L, only 5% have CPV2 antibody titer <1:160. These data show that
serum IgG concentration at 2 days of age cannot be used to predict the level of specific

antibodies against CPV2.

The study presented in Article 5 investigated the acquisition of the CPV2 specific antibodies,

its kinetics until weaning, as well as the variation factors for CPV?2 titers achieved at two days
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after birth. The role of the CPV2 specific maternally derived antibodies (MDA) on protection

against parvovirosis was also explored under condition of natural infection.

Puppies were housed with their routinely vaccinated dams during entire period of the study.
Blood samples were collected from puppies weekly from birth until weaning and the titer of
CPV2 specific antibodies was assayed by inhibition of haemagglutination test (HI test).
Excretion of the parvovirus was evaluated via RT-PCR, on rectal swabs collected weekly

since three weeks of age until weaning.

Depending on CPV2 antibody titer at two days of age, puppies were classified into two
groups: group A with low level of maternally derived antibodies (MDA titer <1:160) and
group B with high level of antibodies (titer >1:160). CPV2 specific MDA level at two days of
age was influenced by early growth rate (during the first two days of life) and breed size
(MDA greater in puppies with higher growth rate and in large-sized breeds). Although MDA
declined with age in both studied groups, the MDA protection against CPV2 infection lasted
longer in puppies with higher MDA at two days of age (group B), compared with group A. A

total of 96% of puppies underwent CPV2 infection and seroconversion.

The present study evidenced the importance of adequate colostrum intake for a long-term
protection against infectious diseases, such as CPV2. As morbidity and mortality due to CPV2
is age dependent (54,56,57), longer protection due to greater antibody titer absorbed at birth
increases the chances of the puppy to survive in case of viral contamination. Nevertheless, in
natural conditions, with CPV2 circulation in the kennel and no vaccination provided to
puppies, majority of them underwent CPV2 infection at similar age (6-7 weeks). It suggests
that apart the systemic protection thanks to colostrum intake, other sources of protection
exists. Especially, the role of milk antibodies in local immune protection (in digestive tract)

against CPV2 needs further investigation.
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pissz che faecal CPV pasticles, praventicg their muliplication
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1o the mucosa. Mocegrer, snce vinal toduces a moee
rapid decrense in circalating CPV2 antibodies ™ MDA kinedics
tmay difter depending on énvironmental Dfective pressuce.

T the presers snsdy, we foamed an CPV2 MDA i poppiss
wmaianined under cataral cooditons, howsed in a breedicg kea-
nel with mameal CPVZ crenlation The alm of the wotk was to
atalyse the vaoabikty snd kietics of sptetmic matatnally decved
CPV2 annbodies undés these Eold conditices snd oo evaluate
actocs influencng MDA The link beween iviral MDA level,
wiml ghedd g and prowth performance wae also studied.

Matenals and methods

The wody protocol was reviwed and appyoved by the Rowal

Arvenis

The expeament was cooducted o a commercial beredicg ken
ne aver 3 4 moaths pedod (Marck [ape 2012), Seventy-nine
puppies fom vartons heeeds (rventy-six Litters, eatgdtg {rom
ore 13 epht puppes per liwer alive ar day 2, day U= whelpiog)
wete icchided and followed froo bisth uoul 560 of age.
Brends whose sduk weight wos bess than 25 kg wore coned-
seed sunall hoesds and dogs with a greaner adult weight hepe
breed dogs. AL wese honsed wrh thewr dam in bheated
whelpingr baxes fram birth to 56 d. Popples snere alowed to
suckle feecly, Lactating biches ard thee puppies wete fed od
#ettawe with the axne dier, s doy expandad complete dhet
balanced for growng dogs [Starter, Royal Canin).

Blood (1 ml per pappy] wae collected foom the hyndar wén
at days 2 and 7 and every wesk unnl day 546 Samiples Gere
inmediately centrifoped (3000 g, 15 mun) and sefum sepa-
roted Recol soabe were perfonmed ot day 17 and: every
wees wittl day 52 Seta ard coctal swabs were stared for 4
months at —20°C uan! sssaped.

Comwe parpavins tyee 2 anhiediey oosoy

Tixes of anubodies dizected agaioat CPV2 were evalured on
vecven by HI test 93 previowsly described”, Tests wete per-
formed at +4°C vairg ton hacmoagglutinatiog units of CPV2
apcipery and 1% plp erpiwocytes, All savples from one
Poappy (from ooe to tine samples) were (ested on one plate
with » taxtmam of ten plates perfarmed » obe time,
Tuofold dihwions in PBS of =ach senum sampls srarmiog
from 110 were tested and the HI ttre was the ki
seren dimtion completely inhibiting vical haemoggintinatico,
Titree below 180 were consdeted x non-protective agariat
infecton™, Sercouversion was defined a5 & misimam
4-jold ircrease of HI tie. After a seroconversion episode
(irdicatng a vial contamization), puppies were corssdered
as oo kenges pestecrad by MDA

Crmioe prrovoWras tse 2 forent eretion

A bomogenate (lO%)o(hefaemJumplenspepnmlin
PBS [pH 7-2) and centrifiged ot 1500 g for 15 min The

il DINA was axceacted from peepaced supecratan: by bodeg
the sample (10.min) ard sobsequently chillog oo k= To
reduce inhibitian of DINA' polymesate, samplke wero dibted
1:10 with duidled water. No mwoee than ten extacions were
perfoemed atooe time. CPV2 geal-ume PCR assay with the
anbhnp:obensonndncwdqnﬁncalnmplaumd
by Deraco sf 50 with ovice berpeswirus 2 DNA s intetmal
coatnl A dilnton of standaed DNA ina CPV.-pegatise foecal
suspension was perfarmed (rerial bg 10 dilutons) and tested
to deteemine the detectbility and the lnearity of the assay
The fallwivg dieconl protacol was wssd: 7Taq DNA poty-
mepse was acavated ar 95°C foc 10 mun followed by foy
cycles consisting of demameation ot #5°C far 15 ¢, subsequent-
ly primet was atmealed at 52°C foe 30 4 and the proces was
extendad at 60°C foc | min

Gown

Puppoes were weighed acbarth, 48 h and eveey week ueul 56 4
of sge wing 2 aliboarsd ansysaal scals in 1 g increments
(Fisher Sciectibe Inte¢matiobal Inc), Snbséquently, geowth
eare (%o) ower b Atst 2d of L was cakuhtad ((weight ar
24 weight at brth/weighs a bieth X 100), topeches with
growth cobe beeween 21 and 564 of Ife (foepht a 564
woght at 21 d)fweighe o 21 d % 1003,

STuRisHrd anavyniy

Seatatical amlpes weee petfamed asirg T freoware
(Tanapea 1.4, Lyon, Fance)., All datasers wee tesed foc pos-
mality by the Shapiro Wilk t=t. As dhta were 5ot normually
distrbuted, they weee prevented 02 medians and cabge, A two-
sded Mooy Whitney U wsroe o Koskal Wailis resr was wed
accardicg 1o the sumber of groups consdesed. The kevel of
ptatistical siprificance was set ot P 005 for oll aanhves,

Hasuilty

VoI B LONENE PO ype 2-pecfiC Puss i Draniy e
fronsfer

At 2d of ape, MDA titres dsplayed lazpe vadability betwreen
puppiss, teres ranging from 1:10 to 1-1280 {legl0=1 3.1,
Fig l}. At that time (dsy 2), thitte-tout out of scvehtr-tne
puppiss (43 %) bad HI ttre <1:160 (Jopl0 < 2.2; pronp A),
among which thrteen (389 of rotal populatica) had not
reached the HI tte 120 (agl0 = 1-9), camsideted a2 the mn-
imal protection againar CPV2 Infaction. Oaly fosy-five of
seventy-ane anznals (57 %) had HI cwes > 1160 (proup Bl
with seven pappies at HI > 1:1280, Bloctality rate between 2
ad 56d of age wie signdficantly higher in puppics. feam
geoup A than proup B (97345 26 ¥ & 3/45, 79 P= 0022,

Facto:s influmncig candne parvawsas e Mspanfic pssive
e froms S

The breed stee and growth rate betwesn birth and 48 b of [ife
were assocnrad wih CPV2 apecific antibody tacséer feom
hitel colostrum to puppies: Tage besed papries tnd higher
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MDA twes at day 2 compared widy small beeed pupples
(medon HI titre: §-320 (onge: 140 1-1280) » 1160 (1:00

LIZEG); P= 0003, Poppies which lowr weiphe damp the
st 48 b of ife had lessee MDA ttees & day 2 than puopies
which pained weght (HI time: $:020 (1:30 11253) » 1320
(1:4Q §-E28005 <5001,

f-Tu‘.'u'rmf.“y Gevived ivinbady tevw odd ToNiW ATNTAT IS e
2 Mifectvn

Kmehica of conineg garvorvia twoe 2. maveoioVy denved
ol The titres of MDA peogressively daclined wath

ae in bath gréuoe, The propoetich of puppxe with MDA
peotecice:  agamst CPV2 ofemon v proup B oweas
sipaificactdy higher froon day 2 ond 42 than 1o group A, At
doy 56 none of the 67 surviving pappire deplapsd MDA
tire 1RO (Tabls 1),

Soxry-these out of the sixtyseven puppoes sall abve at the
ead of the expenment anderwere a serocoaversion, with sixty-
two of them teaching an HI ttee of 1:1280 The doar puppite
which did ast serocanves beloegped 10 proap B Medan age at
secocooversnn was 45d |28 56) ie puppies from peoup A and
56 d {35 36) in group BP<0-00F). Ammorg thitteen pupples
with MDA tiee st day 2 <000, the fist secocatetsion
sppeated ar day 42 Half Ee of systamic MDA was 13.4d.

Vi) ot ain

Amorg sevenry pappiss srll «hve st 17 d of
apr, sixty-seven (U6 %) dibyed 2 sipoificant vial exaetion

(1000 copxs) at some paint doarg the stady pedod.
Puppies from sroop A excreted CPV2 a: slgnificaatly earber
ape compaced wath pappies feom proup B (day 38 (17 52) o
day 45 (17 52); P= DALY

Ar the time of the firss sigmficant vira! excretico, fifty-taa
puppies bad HI titres ke thon 180, tourtesn pappixe bad
HI riuegs of 1:B0 ae 114D and only theer poppies bad HI tres
> 1180,

Siowth Growth s beoween 21 and 56 d of ape were oo
sgpaficantly diffesert between groups Aand B (65% (53 83 %)
5 62 % (28 79 % P=0-11)

Otscussion

MDA ate crucal for the pratecton of puppics agairst CPV2
infection aince poppes ae neady apamuraglobalinsmic ar
birth. Canine neanates acquee systemix antibodies via cnlbstral
ingrestion within the fire: bowes of Ufe befare gat dosure®™", In
the persenc suady, ar 24 of sge, MDA does dsplaped [sige
vamablry beoween poppoes, with utees ranprp feom 1110 to
1:1220. The waclabiity in (DA level could be due to uneqoal
cokostrutn mpsation fram maternal of puppy's otign, In the
peesent amdy, we noted a rehnombip between de eady
growth oxe and the absarpiion of sedific CPVZ MDA,
Both refiect colostrum Intake o3 this sectetion phys bot onky
an munuce, bt 2ko @ noanonal sole Syaemate weiphiog
of poppies could therefoce be performed by heseders in

Tebie 1. Puwpomon of peooies ooteded Wom CPV2 inaction (K> 1.50] dependg o MDA, v 22 2d of ape

Agi of pUcyhes fmaa)
2 5 " 21 28 5 €© 48 55
Group A 2023462 1432 (47} 525 19 0E6 0y oEn 4 225 () W5 (3 Q2340 o025
Qe B ASUS (100)  AGMA [100)  AUGd 8] SUM () 2442 (57) 10U 2N D40 20445 DUs D)
Pado 0F sach peesckd of Liemes «0o01 004 ~D0Y «D21 008 anse o2 anal -

o= b of paea

i In the ctaa ¢ condidewdiond neeriar o s e in tae Gy (%,
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ocder to conral for cosgect pasens unmmune aesfer aed
energy mtake at the very ealy stages of life.

At the firer 24 b of bie, MDA ate b3 longer shscebed and
they decline with et Pallack & Cacmidnel™ ohserved 2
baflife foe CIVZ MDA of 9-7 d, with puppaes readung seco-
neptne levels between 10 and 14 weeks of ape Gooding &
Robirswan™ obaceved the HI tates <4 10 sfter day 49, In the
peesene soady, balf e was a 13.4d. Fram
the obsezvation of Macuriney # 0™, who described an accel-
exation in the decline of blood CEV2 titres after vieal challenge,
ose coald =(pect 2 mage capid MDA decicae i the paesent
study, which was conduced under a uph CPV2 smiroamen-
tal pressare, In this sitaticn, systemic MDA may be recrited
to bt the maloplication of COV2 vitag, theceby leading toan
eatler entey inta 2 sasceprbility penod fo¢ viral infecrices.
Nevertheless, in o cooditxs of tatol infection, this
bypotheds wor ot confirmed,

The mady corsampaon of 4 sofficent quantiny of mxeomal
colostrum to maxonise passve immuoe tansfec 3ppears to
increase the lergth of the protective period. Indeed, the pio-
poetian of peotcored puppes was highet in the group with
the highes MDA level (proup B) undl 42.d of spe. The
stady dernonetraces thus the Inpoetance of optimal colostram
Iotake in pappies in cxder to induce a Jatget Imbmn cprotec-

Tre lage warancn in the CPV2 smscepubiicy pedod
becween puppies obterved in the present stady undselines
that 2 teuting vacamation protocal should be adapted pot
ocly 1o the bresding kersiel spidesuologic smnron, bue alio
to 2 puppy’s indnidmal ceeds. Alihough the exly mccnxion
nppmmmmslnwl\mihmymmmm CPV »ac-
civanon, dsceesaing the vaceines sesponse™ 19 cecenty o
high antigen dtse voodne sdministrated as eady as ¢ weeks
of age wne demonstoated effective in the reduction of the
COV2 smcepthnliy windone ™.

Orver the amdy pedod, neacly all pappies (96.%) undecweat
wiral tndextion and seroconversion. Viral infection appeated in
the vast tojosty of puppies when HI tttes weew Jower of
eqaivalent 1o 1:80 (90 %% of the wferead puppies with HT<
1:80), 2¢ descobed for expeamennl vinl challecpes™”. 1a
puppiées with 3 MDA level lyser than pedtectve amming
CPV2 infection at birth, seoocameeaion appoared o the
fisr dme ooy at day 42, Parther wark wonld be necessazy
o 2ssxy patbogenic vial Joads (by haemagglutioon test)
o pacallel with globol viral Joad mobulntdbyl'Cn]
together with copraantibodied'!| 10 vedfy e Inpostaece
of laciopenic MDA before ard durirg satacal CPYZ niscton
eplsodes

Condslons. Pased on swstemic MDA, optimal passive
immuoe traneder lengrhens the peotection penod amne
CPV2 infecicn. Breedes should be encounaped to pay
atenton to exdy awxking within the fire 125 after binth.
Sysemmatic weighiog ar eady s, evalaung indyectdy the
paecave wumsne taealtr, coakd indicars puppiss at ask and

allow adaptanon of the wccranon protocol 1 individual
peeds: Nevertheless, the potental rale of bal MDA, as
provided by milk to lmit vital sephoation and s
coensquences on morhidey aed moerakty mereite faeries
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Definition of colostrum relies mainly on its immunoglobulin concentration, and
especially IgG. In all farm animals, IgG is the predominant immunoglobulin at the beginning
of lactation (58). Due to the significant reduction in IgG concentration within the first 24h
since the parturition onset, colostrum is defined in pigs as the secretion of the first day of
lactation only (59). Also in dogs, IgG is of high concentration at the first day post partum,
followed by a significant decline during the next days (Fig.3).
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Fig.3. IgG concentration (mean = SD) in dog mammary secretion since parturition until the

end of lactation (study on 11 bitches; Chastant-Maillard et al. unpublished data).

This last study (Article 6) dealt with the immune quality of canine colostrum, evaluated via
IgG concentration. The objective was to describe the variability of immune colostrum quality
among bitches, but also among different pairs of mammary glands of one given bitch.

Secondly, an on-kennel method for colostrum evaluation was tested.

Colostrum was collected separately from each pair of mammary gland within the first 24h
from the parturition onset and after expulsion of the last puppy. IgG concentration was
evaluated on colostrum samples by ELISA test (gold standard method) and refractometry.

Breed size, litter size and age of the bitch were also recorded.

A significant variation was observed among bitches, with coefficient of variation of 39%. An
even greater variation in IgG concentration was found among different pairs of mammary
glands of one given bitch (mean coefficient of variation of 42%), with no particular teat pair

producing systematically a better quality colostrum. Neither breed size, litter size nor age of
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the bitch appeared to be associated with the IgG concentration. Relationship between ELISA
test and refractometry was investigated and the correlation coefficient was found of moderate

strength.

In front of the great variability of colostrum immune quality observed between bitches, the
question of the minimal immune quality for adequate passive immune transfer remains to be
addressed. Similarly, the variability between mammary glands makes necessary investigation
of the suckling behavior of puppies before the intestinal barrier closure. In parallel, neonatal
losses in dogs are related to the colostrum intake, not only in terms of source of
immunoglobulins, but also energy. Thus the variability in energy content among bitches and

among mammary glands remained also to be evaluated in the canine colostrum.
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Atcefosd 11 June 208 both areoeg Mrches and amorg meammary glands. The Insms une qualing wils estimated frac mmunoghob-

wlin G IRG) comcentianion (EUSA test), The coredanon of G comcentrating with refractometry was
evabaated. From 4 votal of 44 itches from 13 &flerent breeds from a single breeding Kennel, samples
of colostrum and Blood were collected one day after the partanitom onset. Cobstrum was oollecied
separately from each pair of mamanary glands [ 180 pairs’. The mean colostnam 156G cancestration in
our poguabon was M8 2 80 gt ranpeyg from 80 to 41,7 gL with no influence of breed size, Sier
slze, age of dam of serum 20 conceniration Caestum 0 osicenizaion varisd widasly among pars
of mamenary glands within ome birch (vanatson coeflicients 42 + 32,104 Neventheless, no single pair of
masmenary glinds was foussd 1 produce segudany 4 secoesion of ligter guality. No diferesce n G ooa-
Cemnration v as secoaded between aaterioc and posterior pairs ebher, The BRIX sodex and the cefracthve
index were s gnaficandy, but moderatdy cottelaad with colooem 1g0 concentzaion (r«0.5% and 0.42,
respectively ) This study demonstrases a great varkabiliny s imnsene gualiy of colestram among bitches
and arnooyr massemary gland s withis one bitch, Parther stuglios on the sucking bebavior of pupgptes amd
an determination of the minimal Immune guality of cokrstnum are required ro evaluase their impace of

ths high vaniatiliey oo neonatal mortaity indogs
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1. Introduction concentration of smenuneglobuding in the codostium is ane of the

limiting fartors of adeguate passive immuane transfer to the new-

The lenmune statas of the newhorn pupgy depends entirely en
colCRTum ingesiion, sinoe canane meonales are nearly agamns
glotaliomic at bisth [Boacdiand e 2l 1992 ) From af clirealating
immuneglobufing #ver dasure of the intestinal daecer, 9-95%
oeiginate from the cofastruen (Chassant Maillsd edal, 201 20 naid-
equate cobostram Intake leads to a defick In the wransfor of pasdwe
imrmunity, sssociared with higher mogtaliny and morbidity rates
in calves. fambs and piglets (Christley et al,, 200005 Deviliers «t al.
20015 Vinala et 2l 1999) bur aso in puppées (Mils =t al, 2014%
M large animals, apart fronn quandity and age at ingestion, 1w
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bam [Weaver or al., 2000 In raminants and foals, the lmmumne
ualinyof colostram is easiy evaluated by cefractomsery befoge first
sunckling (Atardll or ok, 2012; Wasdchill or al, 1990 ) This dam-ssde
(st indicates refractive of BRIX index valaes, well correlanad with
the immunogiobulin G (lgG Y concentration (Blelmanm et 28 20115
Moyl er 2t 20120 Colostral tatal proteing, of which immumnaglab -
ulins account fod a large portion, refract Tight, This properny has
been used Inrefractometry in order toestimate the leved of proteins,
and thus indireatly 520G, To daze, only laboratory proceduees {ELISA
Cest b aliow 1o detecmsane the G cancentration in dog codostomm
however, these are time-consumingg expensve and notadapted for
Iln-kennel application,

The ameunt of G in colostium varies widely berween females,
ranging from 11.7 to 10014 g/l o soves, and from 25.7 w0 1687 gL
0 cows (o o al., T980; Quigley et al., 19595) Within one glven
dan, [gG may vary also tetwesn mammary glands, as described
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Inpigs and cows [Farmer and Quesniel, 2009; Caatteo et 20, 2013}
Numerans factors, such as parlty, nutritien and genetic selection
are known to impact colostrum immanoghobalin concentration
(Cadden, JOU8: Inoue t al, 1580; Quesnel, 20111 The Immume
quatity of the colostrusn in the canine spaxivs has baen poorly
explored, 3G concentration values wers repotted only o a few
stidles conducted on a few animals from one beead [ Haddle and
fewley, 11775 Schafec-Somi of AL, 2005} Variation lxtocs have
el ther been evaluated,

Thisstucly was designed to analyze the vasiabilizy in I3 concen.
(FATON Tt COlOSTTIm Amang it hes dnd Among teats, ard  idearify
socne fectors influencing (e quality of oddastruns The value of
refractcenetry for evalusting IgG contentration in calostnam was
also mvestigared,

2, Materials and methods

The study protocol was reviewed and approved by the Royal
Canin Intemal Erhics Committes [AF/ 20140704 )

21, Animod and data collection

Forty-four bitches fromm ane breodiog keonel were included in
the study, Starting 2 weeks before parturition, sach fanafe was sin-
gle howsed and fed & doy balanced dist for growing dogs [Starter,
Rowal Canin, Aimargues, Franoe) af Bhicum, The bitches Delanged
10 13 dilTerent breeds: Bichon Frise (=43 Bachon Maliese (re=4),
Cocker Spaniel (21=4), German Shepherd (0= 1) Golden Setriever
(0= 8N Jack Russed Terrlec (= 1), Labcador Rettlever (=41 1hasa
Apsol i~ 6 Foserarman (= 1) Poode(u =4 Shih Teuln=3), West
Heghlard White Terries (o= 3), Yorkshare Terrier (n=10 The age
of each batcly and the tord] number of pupgses boon [licter size)
were recorded. Samples of blood and cofostrimn weere collectsd once
froem each bitch aftec exgulsion of the kst poppy (between £ and
240 sinde the onserof parturition L. Mamemary glands were washed
with antisnicrobial soap containing chlethexidine and dried prior
to the collectson, Each palr of marmmary gland was collected sep-
arately after intramuscolar administragon of oxyrocin (1-2 Ul
Ocyrovern®, CEVA, Libourne, France)l About 1 ml colostrum sam.
pies were obtained by a gentle massage of the mammary stand
and subsequently manual milking Puppies had no acoess 1o their
dams anly during the dusaticn of samples callection (15-20min},
and no anesthetlcs were admindsarated neithes o biaches nor to
puppies. Bood, collected Kom the aundar vein into a plain tbe,
was centrifuged (15 min, 1500 « gL Serum and colostrum samples
were stoeed ar —20°C umll analysis.

22, frpsunoglobilin G assay

kst concentration in serum and colostiuem were evaluated by a
cormnercial ELISA ot followirg the manufactued's itstiuctions
(Dog lgG-Quanritation Kit, Bethyl Lab, Monitgomesy, USA; Mia
el al, 2079 Colostrum sam ples were first thawed 2 rooo tempes-
anare and cengrifugad (30min, 2000 < g 4<C) Fat lrew whoy was
ditured 1:100,000; 1:400,000 arnl 1:600000, Sarum was awed
and dduted 150,000 and 1:300,000. Repeatability of the colestrum
assay within ope plate (intra-assay coefficent of variation) was
4.7% and 8% lor the serum assay. Repeatability of the colostum
assay betweeen plates | inter- assay cosflicient of variation jwas 545
Al serum samples were anadyzed within a singie plare.

23 Refractometry

The BRIX and refractive indexes were messured i thinwved
codostnam At rooen tergerature [21°C), on non-diluted samples

( BxoTonick Roubaix, France: BRIX scals; from 0 to 40%) aodd sam
ples diluted 7:2 in destilbed waser |Rogosampalc, Wissous, France,
refractive scale: from 1.337 to 13600 The vefractive index. as
defined by Morrll a1 al (2012 4 is an indlex of refraction of a solis-
san measured 3 the wavelsogth of the sodium D Tine (5853 am) at
20°C. DRIX refractomeser is 3 modified method of refltactive mdex
evaluatkon As notonly proteins, bat @l total solids may rellect light,
BRIX scale was devedoped [0 measule sugal Content in ne of low
prosein food produds (i, hooey, et ) In this stady, BRI refrac-
toeneser was Lsed due to langes messurement rarge (IF comverted
to sefractive indexk and thus peotybilizy of higher precsion of the
ressurement, The wsts of BRI sefi actooneter (%) remisn not con-
werted torefractive indlex inordes 1o diffsrenciate the two different
devices imxl Al samgdes were analysed within one sessioen,

24, Stariarical analyus

Statsstical analyses were perfosrmed using the SAS softwase [ ver-
sion 9.3; SAS Institute Ine, Cary, RC, USAL The aye of bitch was
encoded as yourg (<3 years) middbeaged (3.6 years} and old
(26 years) The breed size was encoded as small [eches <25kg
of body weight) o large (=25kg of body weight) The litter siae
was encoded separately for each beeed size (Hooge et al, 2011)
a3 smal [<4 puppies Sar small breed dogs: <5 puppies for Laye
breed dogs) medium (4-5 puppees for small breads; 5-6 puppies
ot Lage beasds)or Litge | =5 pupgples for small breads, =6 pupples
foc large breeds) The normality on celostrum BG concentarion
per teat and mean colostrum g6 concermtration per bitch (mean
al G concentrations from all pairs of mammasy slands within
ame hirch) wete tested with Shapico-Wilk test, The percentage of
coeflicient of varsation (CV) was caledated (o express the vasia-
won of the [RG concentrations among different marmmany gands
within ome bitch. Elhier the average G conoeniration per pair
of eammary slands or 195G concentration per ditch wete tsad in
multivariable statistical analyses and vananoe anatyses. The effect
of war pair number, encxled respectivety as M1, M2, M3, M4,
M5 [with the moest antesior pair a8 M1) oo the codostnam gG
concentrations was evaluated using a linsas mixed model [PROC
MIXED), with a fat effect of braed size and individual manber
of the bitch as a randum term. Mammary glands were then clas-
sified acconding to the anatamécal localizarion as anterior (thnee
crargal pairs: M1, MZ, M3) ot posterior (two caudal pairs: M4,
M51 The relationship betwesn teat position {anterior or posterion)
and the cofastriam G concentration was evalvated using a linear
mixed model (PROC MIXEDL witly a fixed effect of the breed size
anl individuat mumber of the bitch as a randem tenm The rela-
mansiip between dam serum G concentration, age of the birch,
Dreed size, Trer size and mean colostnmn kG conoentiasan wee
evaluated using generalized linsar moded | PROCGIML Since resid -
vals of A1 multvariable modets were not nosmally disiributed,
NON-paramesse analyses were perfarmead (rank transfocmation of
the putcomes ) The comralations between gl concentration, BRIX
index and refractive indox in colastrum were evaliated by Spear-
man's tho cotralation coefficiane, The results ame presented as
means £ S0

3. Results
21, Papuiarion

The average age of the 44 bitches included in the stucly was
514 16 years ranging between 2 and 8 wears (4.5 yourg; 68.2%
middle-aged; 205% odd; 6.3% unknown); with #0.5% (31/44) of
them belorging to small breed dogs. The average litter size was
5014 2.4 puppies (from 1 to 10} Twenty-five percents (11/44) of
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Coefficiunt of variwtion (%)

Y Y o e =

1254867 ysmmummsnmnausuﬂumonswanamwun'cu
Individeal sumbers of the biiches

Fiz 1. lma-mdvadeed coeffioets of vanatuns of colentrom i comcentratiom from different pairs of mammary glands (o= 44] Fach bnchwas idermded by coe miique
et 08 each bue displiys o couMciear of varianion (01 cokxsurs sanpdes (eoan e ghvin hich,

arns deliversd srnalf sizedlitters, 4% [ 15/44) madium sizel litars
and 415 (15144} large sizad lntters.

12 Varahon in fgG conventration

In T80 pairs of mammary glaods [rom 3 1o 5 sampies per Bitch)
colostrum G concentration ranged betvesen 08 and G4 gL The
mean coafficlent of varlation beowesn kG concentrations from dif-
lerent mammary glands ina given dam was 420 .+ 321% (Fg T

The mwan IgG concentration considered per pair of mammany
ward rarged from 17,920 in M1 o 20.7g0 In M2 [Flie, 73 The G
concentration in colostrum was not ssgnificantly different betwaesn
M1 M2 M3 M4 and M5 whatewer the breed size of the bitch
[p=0752) but it was influenced by the dam as 2 sandom term
(p=0001)

The mwan gl concentrasion in colestrum from antersor mam-
nary glands [0~ 93) was not sigificantly diffecent from that from
posterior mammazy glands (n=81), whatever the beeed size of the
dog [anterior 20,7 + 123 g/l va posterior X093+ 100 gl p = (L3060}

The mean 1gG condendration in mkostoam (value per itch j wes
0.8 4+ 8.1 gl ranging between 8.0 and 41.7g/% (fig 20 The G
CONCETEration in serum waes 8.1 £ 4.3gf1 ranging between 4.3 and
FOGA gLy 2 Colostoum appesead 28-fold moce concentrated in
I2GC than serum, and this ratio ranged amonyg bitches from 089 to
6.3 fold. The mean gl concentration in colastruem was not signd-
icangly assocated with breed sze [p- 0,858 ), littes gize (p ~0.777 )
age of the bitch {p~ 0.797) or sevum IgG concentration (p= 08371

ﬁmlw

Pl 2. Vanabeiny of cobon o RO conosuiaon depurndisg v bal irsnites | 110
samphes. M1 w20, M2 e 810 N3 - 35 MEn -6, NG u-4D) Reselts are pre-
semad as tan £ SN

33 Refractorierry

The average BRIX index value was 182 = 3.9% 1145 colostrum
samples) and pelractive index valee was 1,343 L0003 (131 sam-
ples) with 3 cosrelation cosfficent between the two mdexes
amounting 1o 077 (p<0nal) BG concentration was signifi-
cantiy, but moderately correl ated with BRIX index valwes (r=0.53;
p<0.001) and rofracrive Index values (7= 042, p< OO0 (e AL

4. Discussion

Codosrram plays a crucial robe In the suevival of canlne neanates.
1205 indeed the oody soutee of smmuncegobulins for hypogamima-
slebulinemic rewborm pappies (Chastire Malllard oc al, 20123
Tonmunoglobdin G, in this manmary secution in the firs two
days post partum, originates aimust entirely from the fermale biocd -
stream [ Bourne and Custi< 1077; Codden, 2008}, During gestation,
spedtic raceprons | FeRndevwelopan the atveolar epithelial <ells and
trap circulating IgG. These immunogiobulins are then trarsported
Into mamenary secretlon, making colestrum markedly moce con-
centrared than serurm, Iy this study, e 156G concentration was on
average 25-fold highes in colastrum than in the s=rom. This ratio
differs greadly from that secorded 1o other species (cat: 4.3 -feld
(Clans eof al, 2006); pig: SA-fol [Foisnet os ai, 2010); cow: 28.7-
Ted (Movin 0o, 2997 0, Similarly fike dn sows (Fois et e o4, 2010,
bar not In queens (Cans et al., 2005) no link between colostrum
and serum go concemarations was found in e bisch inour stody,

Theconcentration cOmaternally derwed [gG absobed after bint
varles considerably among puppees and amoog litters, with 185 of
meonates suffeing foom pooe passive immmune ransfer [Mila e al,
2074} One of the reasons for this defiat in lgG might be the inges-
ton ol ow immune quslity cofostrem, In thes sty the average BG
concentratan in colostrum, parGally reflacting its inunuie qual-
ity, was 208 g/1, with a huge variation among bitches | range from
S0 unnl 41,7 gL} Lacge difference in colostram i5G conzentratlon,
recorded alsain sows and cows { lnoae = ol T950; Cuesnel, 2011,
(uiigley er 2l 1565}, may pat some litters or some puppies within
A litter 3t a rsk of death, Nome of the hitch characteristics, such as
Dirved, age of the dam or litter size could account for thisvaniability
in our study popudation, although a breed effect was described in
other specles, Large White sows present ligher colostiom ki lev-
els than Landrace « Large White erosstred sows [Sussied, 2011)
and beef cows present higher IgG colostrum levels than dainy cows
(Ouy et al. 19859%
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We Gagronstrated not oy an impertant variabeliny in colosznam
lgli concentration between bitches, but aso beteen different
mammary gands within one bitch (mean CV of 43%) A fow
phenomend coald exglain such ditferences. As described above,
Igli & not produced in the mammary gland tissoe, but caly stoved
until the end of gestaticn. At the beginning of lactaticn, midk yield
iz bow ond it increases greathy few hours ofter partumition. Hence,
cobostrusm Initlally rich @ immunogloboling & gradualby difated in
INreasing manmacy secresian [Levieux wid OlfGes, 1906 Marin
elal. 201 0% Drep of g6 concentration vocurs shorthy alter the lacts-
tononset and adecrease of 724% i goats and 12% In pigs s observed
asvarlyas6 lylarer] Kiobasa et al, 1987 Moreno-Indiaseral,, 7012
Al the sarme tinse, duration of parturition may vasy greatly betvacern
IMtches depending on litter size or ndividual chasactesistics of the
bitch, Therelone, puppses Do from bitches with long delivery may
experienos cobostrum of reduced immunoglobulin coocenmation
In polyroceus dogs, a birth ordes | foormulated an course of parte-
rition and poppées born as first mast probably stact o suckle also
as (st This sone eats sy be aleady deavied (sl of 1edooed
lgts comtent), wile cthers remain noe sucked when new pupples
arrive, S order and parturision lengih, assoclaned with the qual -
iy of mgested codostruem, could be the resson for great intra and
intec-individoal varsabiliny in igG conrentration determinad inoor

stisdy,

Neved thedess, no particular pair of mammsany glands appeared
to be batter in terms of higher IgG concentration. Pasterior pair
of mammary glandés did not secreto colostram of better Immamne
Quaty than antenor oftes, oF vioe v, The cancentration of jgG
in colostrum redated to mammary gland postion has been stxdied
intensively o sows, with controversial findings. From one stady
to ancther, either anterior, postericr or even middle teats howe
been found producing secretion of higher immunoglcbalin content
(Fomsiet et ol 2010 ) Slightly highe lgGeoncentrations were found
in colostrums from postencr guartess i dairy cows (475 higher
than from artesior guarters ) [Cuatteo =t al, 207 9L In the absence of
atudies describing the eatly sudkding bebavior of puggies and mea-
suning the immuee quality of codostrum, the impact of such wide
variatkons on passive Immune transfer 1o e newboons remain to
be established in dogs, W piglets and Sarens, 3 tead ander s early
fetmulated, dererminang tafles o constant position ol each neonate
at an ocoupted teat ( Hudson st s, 2006 Skok and Skorgane, 20131
To date, it &5 unknown wheeher each puppy suckles constantly a
partoular maimary gland ar sevedal of them betvween Wit and
closime of the intestinal barrier,

As thetewel of iImmunaglobulins in colostoum s highly varatie,
Dot 2mong AxNs and among manmarny glands, aneasy-10-use st
wiould be desirable for dog breeders 1o evaluate the Immune qual-
ity of colostaum belore fhe entestingd baier dosure Refractomenry
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= F MG o ol ) prarasd of Bypeoductine Avasosgy 112 (N3N .23

is routinedy used in bovine and equine nessatobogy 1o evaluste the
lmmune quatity of colostram befare pooling feéezing | banking)
ard administration to the neswborns (Hlelmann ot al. 20105 Cash,

1949}, The present work evidenced a gatistical corredation between.

colostoun G ConcentTation and twio reftactamsry indexes alsain
the canine species; although, the conelation strergth was moder-
ate. Oue resudns remain to be confirmed on fresh colastram samples,
a5 i cows, frevzing-thawing cycles were demonstrated 1o infl-
ence the redationship between IgG concentration and refractive
Index (Mocedl en al, 20121 Rather than evaluating lgG concen-
trathon per s, tefiactomercy wookd be expectnd o @stinguish
Highe froon low quadity codostouen. A conclusion tegarding the Den-
efit of this tachnigue wowld thus require defineng the minimal
G cobSTam concentration ensusing protective passive Immune
ransfer, To date, in confrast with bovine and equine speces
[Hedmann et al, 2000 Pritcheit ot al. 1554), the cat-off value
defining lows and high mmmune quality colostiam remains to be
deterrnined in dogs.

5. Condusions
Large variability in immunogiobulin conrent of colostrum

armag bitches and among teats of one titch evidenced in this.

stody could be 3 reason for inadequate passive immune transfes in
soume puppies and s o baghet (38K of neonatal mortality. Defin-
ing the threshold for good colastren immune quality would be a
prevequisite for effickens colestnum hanking, as pecformed In farm
anenats, Development of cofastrum replacer of immunoglobalin
supgiement, deslgnad for pupgies, could be used to compensate

for insuf i omune guality of cofassruns and thas 1o decreise’

the risk for passive immune defcit in canine peomites.
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General dicussion and perspectives

Facing the lack of the information in scientific literature on neonatal period in puppies
(Article 1), this dissertation aimed to better identify the risk factors of neonatal mortality in
dogs, and particularly the role of the colostrum intake. Risk factors of several kinds were

studied (Fig.4):

o Colostrum intake was evaluated via early growth rate (reflecting the global
benefits of colostrum), via glucose and B-hydroxybutyrate concentration and
rectal temperature at 24h (reflecting colostrum as a source of energy) and via
blood IgG concentration and CPV2 specific antibody titer (reflecting the
immune role of colostrum);

e Consequences of intrauterine growth and delivery were evaluated via birth
weight, blood lactate concentration (reflecting the degree of hypoxia) and
Apgar score (reflecting general vitality of the newborn);

s Importance of the maternal factors was taken into account by analyzing breed
size (with all its particularities), age of the bitch (reflecting partially maternal
behavoir, development of the mammary glands, etc.), and other factors
considered as a random term for all puppies coming from one litter;

e Colostrum quality, as another maternal factor, was evaluated via its IgG

concentration (considered as a marker of its immune quality).

All samples were collected within one commercial breeding kennel during 8 months in
total. Experimental manipulations of animals (puppies and bitches) were conducted in the
respect of animal welfare. Fourteen veterinary students participated in the sampling part of
this work. All laboratory work was performed by one person — the author of this dissertation.
All animals belonging to a single kennel, were submitted to similar management and housing
conditions: food, temperature in the whelping box, sanitary protocols, vaccination and
antiparasitic prophylaxis. This allowed to analyze the influence of selected risk factors on
mortality, with limited factors of confounding. For example, similar environmental pressure
(microbes present in the kennel), and thus common causes of infections, allowed the
definition of IgG concentrations characterizing deficit in passive immune transfer. Maternal
nutrition during gestation and lactation is known to affect fetal growth and maturation,
together with colostrum and milk composition. Thus similar nutrition system, and once again
environmental pressure equal for all animals included, permitted the evaluation of colostrum
immune quality and its factors of variation. Finally, working in a kennel with natural CPV2

circulation allowed the evaluation of specific passive immune transfer and its role on
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General dicussion and perspectives

morbidity in weaning puppies. However, the generalization of here-obtained results should be
done carefully. All presented data remain to be confirmed in other kennels, facing other
causes of mortality and managed under different environmental conditions. Minimal IgG
concentration necessary for puppy’s survival may differ depending on microbes present in the
environment and the cut-off value for blood glucose concentration may be different in kennels

with different sources of heat, and thus different ambient temperatures provided in whelping

boxes.
BITCH
Other maternal
Breed
Colostrum factors:
immune * behavior —
quality * colostrum yield
Age .
LITTER

PUPPY

Sex

Colostrum intake
Lactate

I_‘W GrOWt,: rate Glucﬁse B-hydroxy:utyrate Tempe?ture . Urine A IgG 48h
score 0-2 days 24 24 24 ensity 24 oA
\ CPV2
Birth

wei_ght\ \

NEONATAL MORTALITY

[ e e e e e

Fig.4. Risk factors for neonatal mortality in dogs analyzed in this dissertation. Arrows

indicate confirmed significant associations.

Experimental protocols presented in this work were conducted on relatively large
numbers of individuals (between 79 and 514 puppies depending on protocols). Such a large
population could be obtained thanks to the large size of the kennel in which we performed the
sampling part of the protocols. Only purebred puppies of different breeds were included in the
studies. One of the particularities of the canine species is a great anatomical variation among
breeds. Especially, traits may vary strongly, from about 2 kg of adult body weight and 20 cm
height in Chihuahua to 60 kg and 70 cm in Newfoundland. Such important differences in size
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General dicussion and perspectives

impact some physiological features, as digestive physiology (60,61), body temperature
(62,63) and growth (62,64). We thus classified adult females and puppies into small (adult
weight <I15kg), medium (15-25kg) and large breeds (>25kg). Also, not a weight gain (in g as
absolute values), but growth rate (% of birth weight) was used in our analyses in order to

allow comparisons between breeds.

The present study contributed to the knowledge about the risk factors of mortality in
breeding kennels. Some practical applications for dog breeders can thus be drawn from our

findings:

s Assistance on parturition should be performed and puppies should be
examined at birth via Apgar scoring in order to identify those of them with low
vitality, being at risk of rapid death.

s Puppies should be weighed at birth and low-birth-weight puppies should rest
under special care. Especially, adequate nursing should be ensured, as
regarding our results, low-birth-weight puppies are at higher risk of
hypoglycemia and hypothermia.

e All newborns should be weighed daily and the growth rate over the first two
days of life should be calculated, as growth rate value provides breeders with
much of important information. It indicates not only a correct food intake, but
also an adequate transfer of immunoglobulins, as both were strongly associated
with growth in the present work. The threshold for correct growth rate during
the first two days was defined at -4%, thus breeders can consider a null growth
rate as the alter limit.

» Blood glucose could be assayed at 24h also to ensure colostrum intake, as well
as to indicate puppies requiring additional nursing. Such assay is rapid and
easy to perform: blood droplet can be obtained via auricular puncture and the
device (human glucometer) is available in veterinary warehouses. Minimal

threshold can be considered at 90 mg/dl.

This work revealed a strong association between early growth rate (within the first two
days of life) and risk of neonatal death, with an 8-fold higher mortality rate within the first 21
days in puppies losing weight (Article 2). Weighing was chosen as an indirect criterion for the
colostrum intake, but also for the global health of the newborn. Moreover, weight change was

strongly correlated with both global and specific immune transfer (IgG and CPV2 specific
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MDA) measured in blood. Thus early growth allowed to estimate the overall role of the
colostrum intake for the newborn dog. The determination of the exact amount of ingested
colostrum could have been performed via weight-suckle-weight method. However, this
technique, although precise, requires separation of newborn dogs from mothers in order to
ensure defecation and urination before weighing the puppy. As our protocols were conducted
in commercial kennel and not the experimental one, the separation of puppies was not

conceivable.

The parameters evaluated in this dissertation allowed to approach intraunterine
growth, course of parturition and finally the neonatal period with a specific focus on
colostrum. Birth weight, as an outcome of the fetal growth, was related to mortality during the
first two days, with low-birth-weight puppies defined as at-risk population (Article 2). The
impact of the course of parturition and of the intrauterine growth on puppies’ neonatal
survival was studied respectively through Apgar score and blood lactate concentration
(Article 3). Low vitality at birth (Apgar score), but not hypoxia (blood lactate concentration)
was determined as a risk factor for canine newborns within the first 24h of life only. No more
association between Apgar score, neither lactate level was found in older puppies. Hence, our
findings suggest that except the first 24-48h, survival in dogs during the neonatal period is

determined by colostrum intake rather than intrauterine life or course of parturition.

Our work clearly demonstrated that both the immune and the nutritional role of the
colostrum strongly related with puppy’s chances to survive. Puppies with low serum IgG
concentration and with low glucose level were at higher risk of death. Both global immunity
(blood IgG concentration) and the specific one (CPV2 specific MDA) were greatly variable
among puppies, with some of them in deficit of passive immune transfer. The threshold value
for the adequate immunoglobulin acquisition was determined in this dissertation, with the
minimal blood IgG concentration at two days of age estimated at 2.3 g/L (Article 4).
However, as mentioned above, our study was conducted within one breeding kennel only,
with all included puppies being exposed to the same infectious pressure. Such conditions
allowed to evidence the potential role of immunoglobulins in puppies being at the similar risk
of morbidity and mortality. On the other hand, the defined IgG threshold needs to be validated

in other kennels, with different epidemiologic situation and management.

In calves and foals, immune quality of colostrum was associated with risk of passive

immune failure (31,32). In puppies, as demonstrated by Bouchard et al. (29) and Chastant-
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Maillard et al. (65), only a very limited amount of immunoglobulins are obtained during the
fetal life, and colostrum is also the main source of passive immunity. A great variability in
colostral immunoglobulin content among different mammary glands of one given bitch,
demonstrated in the Article 6, could explain the absence of direct relationship with serum IgG
level achieved by puppies, and subsequently with mortality (Article 4). In our statistical
model a mean value of colostral IgG per bitch was used, masking the great difference between
mammary glands (mean CV of 42%). Thus puppies suckling from teats with higher IgG
concentration might absorb a greater quantity of maternal immunoglobulins, and conversely.
What is more, a rapid drop of colostral IgG concentration after the onset of partition was
described in other species (66,67). Depending on litter size and duration of expulsion phase,
puppies are born with a different delay since the beginning of parturition. Therefore, the
quality of colostrum within one teat may vary depending on suckling time for puppies with

different birth order.

In addition to the immune provision, colostrum represents a major source of energy.
As demonstrated in foals, piglets and lambs, feeding frequency is higher at the early stage of
lactation (Article 1). Therefore, it is not surprising that glucose concentration in suckling
animals (also in dog) is higher than in adults (68—70). In piglets, lambs and infants, colostral
fat and carbohydrates were demonstrated to be the unique source of energy metabolized by
newborns (36). On the contrary, in case of insufficient energy intake, glycogenolysis and
protein catabolism occur in order to maintain homeostasis (71,72). However, glycogen
reserves in the newborn dog are very limited. Our results demonstrated that puppies with low
glucose concentration at 24h (estimated at 92 mg/dl, Article 3) are at higher risk of neonatal
mortality. It is noteworthy that this threshold is twice higher than that usually defining
hypoglycemia in puppies (<40 mg/dl (73)). Low glucose level at 24h of life in puppies dying
before 21 days of age indicates thus inadequate colostrum intake, and especially insufficient
energy intake directly link with glucose maintenance. Increased concentration of blood ketone
bodies released from fat tissue accompanied hypoglycemia in newborn infants (53).
Nevertheless, B-hydroxybutyrate was associated neither with glycemia nor with neonatal
losses in our study (Article 3). As, the fat body content is very low in the newborn dog (1.3%
(43)), alternative fuels originating from fat metabolism are almost nonexistent. Thus other
metabolites need to be evaluated in puppies in order to determine the main energy sources in
colostrum fed and starving dog, as well as eventual shift in nutrients use, as demonstrated in

piglets (71). Nonetheless, our work does not allow to distinguish which of the two roles of
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colostrum is of higher importance for canine newborn survival: as a source of immunity or

energy.

Apart from immune and energetic quality of the colostrum, age of the bitch and her
breed, many other maternal factors (colostral or not) may influence puppy’s health. Maternal
behavior, colostrum and milk yield and maternal health status are only some examples of
factors common for all puppies coming from one given litter. The common effect of the dam
for all littermates was thus included in all statistical analyses (random effect models). The
results showed the significant effect of the random term almost in all models analyzed in this
dissertation. The strong relationship between the dam and her litter needs thus further

investigation in order to define essential elements for the newborn.

New original data concerning the neonatal period in dogs were provided in this
dissertation. However, many questions remain to be addressed, in order to understand the
epidemiology of canine neonatal losses, as well as to provide some practical solutions to dog

breeders (Fig.5).
Techniques of newborn assessment

Our study demonstrated an impact of IgG concentration absorbed at birth on chances to
survive for the newborn dog. The information on the immune status of the newborn puppy
could indicate to the breeder an animal at higher risk of death, and thus special care to such a
puppy could be provided to increase its chances to survive. To date, the assay of canine IgG
concentration is time-consuming, expensive and possible only in laboratory conditions. In
farm animals, especially the total protein level, evaluated by refractometry on serum samples,
is used as a marker of passive immune transfer (74). Thus development of an easy-to-use test
for passive immune transfer, such as refractometry, would be desirable in dogs for an on-
kennel application. Since, in newborn dogs, the glomerular filtration rate is low and both
immunoglobulins and glucose are easily detected in urines (75,42), one can imagine the
development of non-invasive methods of IgG and glucose assessment via urine evaluation.
Such methods could facilitate monitoring of the newborn dog in the kennel conditions and in

the respect of animal welfare.
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Fig.5. Factors of risk for neonatal mortality in dogs remaining to be analyzed. Arrows indicate

associations to be tested.

Colostrum assessment

The great variation among bitches, but also among pairs of mammary glands, may put some
puppies at risk of maternal immunoglobulin deficit, and thus of neonatal death. As not only
passive immunity, but also energy intake was demonstrated as essential for puppies’ health,
evaluation of nutritional composition of canine colostrum and its variability remain to be
investigated. If no great variation in nutritional quality exists, selection of the colostrum of the
highest IgG concentration could be performed to maximize the chances of newborns.
However, if the content of colostral nutrients and energy varies a lot, the correlation between
energetic value and colostral IgG concentration would need to be explored. If negative, the
predominant factor between immunity and energy for puppy survival would need to be

established.
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Colostrum intake

We demonstrated the global, immune and/or nutritional importance of colostrum intake on
survival in puppies. Energetic requirements for newborn puppies are estimated at 250 kcal/kg
body weight per day (76) and minimal IgG at two days of age at 2.3 g/L. (Article 4). However,
it remains unknown which quantity of colostrum needs to be ingested, especially in order to
achieve the IgG and glucose thresholds determined in this work. Thus the minimal volumes of
colostrum providing adequate energy and IgG for higher survival remain to be established.
Moreover, facing a great variability in colostral IgG concentration, development of a score for
colostrum immune quality is needed. It would allow to adapt the minimal volume

administrated to puppy depending on colostrum IgG content.

According to the author’s data, variability in IgG concentration between puppies
within a litter is high (Fig.6) In piglets, such a variability was also evidenced and explained, at
least partially, by birth order and time of the first suckling (71,77). As the concentration of
IgG in colostrum drops rapidly after the onset of parturition, birth order could be strongly
associated with the immune quality of colostrum ingested by puppies, with most probably
puppies being born first ingesting colostrum of the highest immunoglobulin concentration.
Both phenomenons, a drop of colostral IgG and effect of the birth order, although well
described in pigs, remain hypothetical for puppies. As recently described, the absorption of
IgG is strongly limited already after 8-12h of life and null at 24h (30). However, the average
time of the first colostrum ingestion, as another factor influencing the level of absorbed IgG,
is also unknown for canine newborns. The variability of immune quality of colostrum from
different teats, as demonstrated in our study (Article 6), may also contribute to such important

differences in level of passive immune transfer among littermates.
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Fig.6. Variability in serum IgG concentration at 2 days of age among puppies and among

litters (n=149; unpublished data).
Local immunity provided by milk

Transfer of specific antibodies, such as antibodies against CPV2, were demonstrated to play
an important role on the immune protection, with longer protective period in puppies of
higher antibody titer obtained at birth. On the other hand, majority of puppies with low level
of MDA in our study underwent CPV2 infection only at 42 days of age (Article 5). If the
CPV2 circulation is permanent in the studied kennel, why does the infection occur only at the
weaning age in moderately protected puppies? In breastfed babies, an important role of
locally acting milk immunoglobulins was demonstrated (78). Babies receiving breast milk
until 6 months of age had lower incidence of gastrointestinal infection of various origins than
those fed milk formula (79). Most probably, also in puppies, mature milk of high IgA content,
provides a strong local protection against gastrointestinal pathogens, such as parvovirus, as
higher fecal IgA concentration were demonstrated in suckling vs. weaned puppies (80). Thus
the role of colostral/milk immunoglobulins in puppies with completed intestinal barrier

closure requires further studies.
Maternal and suckling behavior

As in many domestic animals, the role of the dam on chances to survive seems to be crucial
for canine newborns (significant “litter effect” in every statistical model; Article 2-4). In
altricial species, such as dogs, newborns are unable not only to see, hear or stand-up (until 10-
14 days), but also to urinate and defecate on their own (until 7-10 days) (81,82). Thus

maternal behavior such as lying during nursing, assistance on nursing, licking the newborn in
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order to stimulate micturition and defecation, are indispensable for correct development and
growth of puppy. The maternal care can be complicated in case of numerous litters. As the
number of mammary glands is limited, one could expect fights between canine littermates, as
described in kittens and piglets (83,84). To date, only few studies describe maternal and
suckling behavior in dogs (85,86). However, these data were obtained on a very limited
population (24 and 47 included puppies from 5 and 10 bitches, respectively), and on puppies
of few days of age, and not at birth. Such behavioral studies are challenging, as a permanent
observation within 24h period is necessary in order to establish daily duration of the direct
contact between mother and offspring, number of nursing session or frequency of use of
particular teats. Moreover, canine newborns are very small, regarding the size of the mother,
and thus often hide under limbs during suckling, making difficult the observation. To date,
suckling behavior at the very early stage of life, as well as the maternal behavior remains

unknown in dogs.
Immune and/or nutritional supplementation

High variability in colostrum immune quality, as well as in the level of immunoglobulins
acquired from colostrum by newborn dogs was shown in the present dissertation, with almost
20% of puppies suffering from the deficit of passive immune transfer (Article 4). A strategy
to limit the incidence of passive immune deficit and to optimize the level of passive immunity
could be the administration of a hyper-immune solution providing puppies with higher
systemic immunoglobulins. Indeed, such immune therapy, with antibodies specific for the
species 1s utilized in babies, but also foals, calves and small ruminants, and commercial
products are easily accessible on the veterinary market (87-89). None of those exists for
canine newborns, although infectious diseases are admitted as a frequent cause of neonatal
death. In dogs, the immunoglobulin absorption rate decreases rapidly after birth, thus
immunoglobulin supplement should be used as prevention, rather than a treatment. Moreover,
development of an immune solution easy to use for dog breeders, such as orally administrated

solutions, would be of interest in order to supplement puppies as soon as possible after birth.

One of here-presented studies tested the effect of adult serum administrated to canine
newborns orally at birth on the level of total serum IgG concentration at 2 days age and on
neonatal mortality. Unfortunately, no difference between supplemented and control puppies

was demonstrated. On the other hand, mortality in puppies was found associated not only with
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the level of absorbed IgG, but also blood glucose. As adult serum is a poor source of energy, a

supplementation of both immunoglobulins and energy could be tested.

If further studies confirm the protective role of milk immunoglobulins, locally acting hyper-
immune solution could be developed. Such a dietary supplement could be provided either to

at-risk puppies (i.e. with the deficit of passive immune transfer) or as a systematic prevention.
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Conclusions

The presented work evidenced the impact of the fetal growth, parturition and
colostrum on neonatal survival in the dog. The role of the dam at all mentioned steps of
puppies’ life is unquestionable. Thus future work on improvement of canine neonatal survival
should include not only puppies, but also the bitch. In pigs, less piglets of low birth weight
were born from sows supplemented with dextrose during the week before insemination (90)
and higher vitality in porcine newborns was observed after fish oil administration to sows at
the end of gestation (91,92). Also colostrum quality can be altered through female nutrition,
as a drastic reduction in feed allowance in sows at the end of gestation increased the fat
content in the colostrum from 6 to 7.3% (93). Not only nutritional content, but also immune
content of colostrum can be altered by maternal nutrition, as dietary conjugated linoleic acid
increased both fatty acids and IgG concentration of sow colostrum (94). Such a fetal

programming via female nutrition is a promising research field also in the canine species.
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Other publications and communications, not directly linked to the subject of this

dissertation, were written during the period of PhD thesis.
1. Other peer reviewed publications in international journals
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acetyl-l-cysteine on the extent of apoptotic-like changes in canine spermatozoa. Reproductive
Biology 2013; 13:27.
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