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Editor's Note

Diseases and production technologiy are often referred
to by different common names in different parts of the
world. The following terms have been used inter-
changably at the authors’ discretion: pseudorabies/
Aujesky’s disease, hog cholera/classical swine fever,
pleurisy/pleuritis, specific pathogen free/minimal dis-
ease, and weaner pig/nursery pig.

Occasionally, outdated terms will be used when ap-
propriate in a historical context, such as (1) mastitis-
metritis-agalactia (MMA) instead of postpartum dysgalac-

tia syndrome (PPDS) and (2) stillbirth-mummification,
embryonic death-infertility (SMEDI) rather than porcine
parvovirus infection.

The officially accepted name changes for bacteria have
been used in the text. Some that have changed in recent
years include Actinobaculum suis (earlier Actinomyces suis,
Eubacterium suis, and Corynebacterium pyogenes) and
Brachyspira hyodysenteriae (earlier Serpulina hyodysenteriae
and Treponema hyodysenteriae).
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Herd Examination

Catherine E. Dewey and Barbara E. Straw

The rapid trend toward large, intensive, confinement-
rearing swine production units and the emergence of
herd managers with high levels of education and spe-
cialized swine experience has caused a change in the
type of service required from veterinary practitioners.
The hobby farmer with a few sows as a sideline enter-
prise may still require a veterinarian to help castrate
piglets, farrow a sow, or examine a pen of ill pigs. Spe-
cialized pig farmers generally have little need for these
traditional services; however, they do require the assis-
tance of professional consultants who can help them
solve complex disease, management, environmental,
and production problems. Veterinarians also work with
producers to ensure pork safety and the welfare of the
pigs under their care.

On large swine units the veterinarian functions as
part of a consulting team that may be composed of a nu-
tritionist, engineer, marketing expert, geneticist, and ac-
countant. Veterinarians are uniquely suited to coordi-
nate this team, but this leadership role requires that a
veterinarian must keep up-to-date with developments
in a wide range of fields. The health management veteri-
narian must be knowledgeable enough to discuss feed-
ing programs with a nutritionist or a ventilation prob-
lem with an engineer. The swine health management
veterinarian must also be familiar with the complex bi-
ological system of a pig farm to differentiate normal and
abnormal states. Finally, the swine veterinarian will use
herd-based diagnostic skills to provide modern, cost-
effective disease-management programs.

Often the ill-defined production problems on large
swine farms are precipitated by such factors as poor
housing, infectious disease, or poor management of an-
imals or farm personnel. Educating and motivating the
herdsmen rather than concentrating on disease condi-
tions of the pig can solve many of these complex pro-
duction problems. The task of helping farmers to make
long-term decisions, motivating them to carry these
out, and demonstrating to them the cost benefits of this
advice is difficult, partly because of the long time span

involved. Good record-keeping and the use of produc-
tion targets are the cornerstones of such a program.
Likewise, regular visits and ongoing discussions with
follow-up written reports go a long way to make health
management programs successful. This chapter pro-
vides an overview of the expectations of a herd health
veterinarian working with a specific unit and offers
charts of normal values as a reference.

THE HERD HEALTH VISIT

Understand the Producer’s Goals for the Unit
The veterinarian must determine the goals of the herd’s
owner and manager. The recommendations for one pro-
ducer who wants to eradicate disease will be different
from those given to a producer who wants to develop a
treatment and prevention program for the diseases in
the barn.

Review Production Records

Examine monthly reproductive records for at least 12
months. Determine which parameters are below target
and conduct a more thorough investigation of factors
that affect these parameters. Alter target values for all
parameters as the production unit changes over time.
Averages for some specific parameters are listed in Table
1.1. More detail is found in Chapter 6.

Review nursery and grow/finish records for each
barn filled over the past 12 months. If the unit is man-
aged in a continuous flow basis, be sure that the values
are biologically plausible. Specifically determine growth
rate and compare this to the expected values in slow-,
moderate-, and fast-growing pigs (Table 1.2). If the farm
keeps accurate feed records, analyze the feed conversion
rates and margin over feed as well. An evaluation of pay-
ment records from the packing plant will be useful to
enhance the return per pig marketed.

Then determine the average and range of morbidity
and mortality for each age group of pigs. Examine the
causes and timing of morbidity and mortality to deter-
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Table 1.1. Country-specific sow productivity averages based on PigCHAMP records collected in 2002.

Brazil Canada Mexico Thailand USA
Farms 119 36 78 23 105
Cull rate (%) 38.3 36.5 39.9 329 44.7
Death rate (%) 5.2 4.9 5.0 4.0 8.0
Nonproductive sow days 59.8 57.9 52.7 55.7 74.8
Wean-breed interval (da) 5.8 6.9 5.8 6.8 7.3
Farrowing rate (%) 81.0 79.3 82.5 81.0 71.7
Born alive/litter 10.5 10.8 10.6 9.9 10.3
Stillborn/litter 0.55 0.7 0.56 0.80 0.98
Mummies/litter 0.25 0.22 0.26 0.20 0.24
Lactation length (da) 19.9 20.7 20.2 21.9 18.7

Source: Adapted from Deen and Anil (2003).

mine whether disease control programs continue to be
appropriate for the unit. Identify seasonal trends in
morbidity and mortality. Average nursing pig mortality
rates around the world are estimated to range from 12.7
in the U.K. to 19.7% in the U.S.A. (Barnett et al. 2001).
Typically, nursery barn mortality ranges from 2-5% and
grower-finisher pig mortality ranges from 0.5-3%. The
average sow mortality of 6% has increased over time
(Abiven et al. 1998; Deen and Anil 2003). In 2002, mor-
tality by country ranged from a low value of 3.6% in
Columbia to a high of 8.0% in the United States based
on PigCHAMP records (Deen and Anil 2003). There are
also large farm-to-farm differences in sow mortality. In
the study by Abiven et al. (1998), annual sow mortality
ranged from 0-20%. See Chapter 63 for more details on
sow culling and mortality.

Farms that have both stalls and pens for sow housing
have a lower culling rate due to reproductive failure,
lameness, age, death, and euthanasia than farms that
have only pens (Paterson et al. 1997, cited by Barnett et
al. 2001). Sows housed in pens for a portion of gestation
are expected to have reduced farrowing time (Ferket and
Hacker 1985), reduced lameness in gilts (Hale et al.
1984), and less joint damage (Fredeen and Sather 1978).

To complete the record analyses, identify problems
and prioritize areas according to those with most eco-
nomic concern. Make lists of short-term and long-term
goals. Record questions that arise from the record analy-
ses to be reviewed during the herd visit. Make copies of
reports in either table for graph form. Produce a sum-
mary of the findings to be included in the final herd
report.

Review Production Flow

Draw a detailed map of the whole production facility or
system. For a farrow-to-finish facility this will be the de-
tails for one site. If the production system is multisite,
include all sites in your production map. To the map add
information such as number of barns, number of rooms
per barn, number of pens per room, and size of each
pen. Finally add the age and weight of pigs as they enter
and exit the pens. The production records will provide

expected values for production flow, such as number of
sows, pigs weaned per litter, growth rate, and mortality
rate. Using this information, determine the maximum
number of pigs each pen, room, barn, and site will ac-
commodate. Together with the facility design, deter-
mine if there is sufficient space for the anticipated pro-
duction.

The pen area required per pig is determined by the
maximum size and number of pigs housed in the pen
(Table 1.3). If pigs are not provided adequate space,
growth rate will be reduced as overcrowding begins. To
enhance the use of space, some producers over stock a
pen with lightweight pigs when they first arrive in a fa-
cility and then move 1/4 to 1/3 of the pigs to another
pen as they grow. Another option for finisher pigs is to
market the heaviest pigs at a slightly lower weight, thus
alleviating the potential for overcrowding. A space sav-
ings of 3% will be gained if the first group of animals is
marketed at 5 kg below the typical weight (Gonyou and
Stricklin 1998). An allometric measurement of space al-
lowance takes into consideration the floor area required
by the pig over a wide range of weights. Research has
shown that using the equation area = k X (body weight)
0.667, where area is measured in m? and body weight in
kg, if the coefficient k is maintained at 0.33, the pigs will
not be overcrowded. More detail about the impact of
space on productivity is found in Chapter 64.

The area recommended for sows varies widely from
1.4 to 3.6 m?/pig due to different housing designs and
expectations determined by country (English et al.
1982; Jensen 1984; Barnett et al. 2001). When space is
insufficient, sows have reduced reproductive perform-
ance and show a chronic stress response. There is a re-
productive advantage to providing 3 m?2/pig over 2
m?/pig (Jensen 1984). Outdoor housed sows will each
require 1.1 m? (12.8 ft2) on a slab area, 0.7 m? (7.7 ft2) in
a shed for sleeping and an additional space for cooling
in a mud hole or a sprinkler area.

When pigs are housed in large groups, there is addi-
tional free space compared to housing smaller groups
with the same area per pig (Barnett et al. 2001). If sows
are kept in relatively small groups, they need 2.4 to 3.6
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Table 1.3. Recommended space per pig by phase of production.

Indoor Outdoor
Solid Slotted

Phase Area per pig in m2 (ft%)
Gilts 1.86 (20) 1.49 (16) 2.32(25)
Sows 2.2 (24) 1.86 (20) 2.32(25)
Farrow pen 8 (88) NA NA
Farrow crate 4.4 (48) 4.4 (48) NA
Boars NA 1.86 (20) NA
Nursing — 2.0 (22) —
Nursery 20 kg .37 (4) .28 3) 0.74 (8)
Nursery 40 kg .37 (4) 40 (4.4) 0.74 (8)
Grower 60 kg .56 (6) .53(5.8) 1.86 (20)
Finish 80 kg .74 (8) .67 (7.2) 1.86 (20)
Finish 110kg .75 (8) .75 (8) 1.86 (20)

Source: Adapted from English et al. (1982), Baxter (1984),
Patience and Thacker (1989), Gonyou and Stricklin (1998).

m?/pig. This is important with respect to aggression in
sows. If sows are provided sufficient space, group size
has little impact on aggression. However, if space is re-
stricted, aggression increases as group size increases.
Similarly, rectangular pens are essential if space is re-
stricted; otherwise, square pens will suffice. If gilts are
provided with only 1.4 m?/pig the pen must also in-
clude full stalls for feeding.

Providing individual feeding stalls within a large pen
has the advantage of allowing both individualized feed-
ing and a safe refuge for subordinate sows (Barnett et al.
2001). Partial stalls also provide similar advantages. The
benefit is maximized if the sows are fed in these partial
stalls. Another alternative is to build a maze or a series of
partitions within the large pen to provide escape zones
and sleeping areas for small social groups of sows.

Almost all sows in Europe, the U.K., North America,
and Australia farrow in crates (Barnett et al. 2001).
Farrowing crates are primarily used to reduce prewean-
ing mortality rates by reducing the sow’s ability to lie
down quickly thereby reducing crushing. Other features
include reducing the space used by the piglet, providing
a creep area with supplemental heat and draft reduction
and slatted floors to improve hygiene. A farrowing crate
area will encompass a total width of 1.8 m and a length
of 2.4 m. The slotted area of the floor of a farrowing pen
should not exceed 10 mm otherwise newborn pigs will
get their feet caught in the hole (English et al. 1982). The
back gate of the farrowing crate should be at least 750
mm wide to enable personnel to assist the sow during
farrowing (English et al. 1982). The creep area will be off-
set to allow 0.8 m wide on the side with the supplemen-
tary heat and 0.3 m wide on the other side for the pigs to
nurse. Sow pens used for farrowing tend to be 6-10 m?,
whereas crates are typically 4 m?.

Outdoor housing is used for one quarter of sows liv-
ing in the U.K. and New Zealand, 2-4% of sows in

Denmark, 7-9% of sows in France and 5-6% of sows in
Australia (Barnett et al. 2001). Welfare issues of concern
for these sows include health and disease, predation, ac-
cess to food and water, protection against weather ex-
tremes, mutilations, use of electric fences, paddock rota-
tion, and stocking density. To preserve pastures,
producers may use nose rings, which discourage forag-
ing. Huts used as shelter in the cold months must pro-
vide 1.3 m?/sow so that timid sows will enter the shelter.
Paddocks must provide shelter from wind and well-
drained soil. In Australia, outdoor housing is limited to
areas with few days over 30°C and limited rainfall. Sows
housed outdoors have a higher variation in back fat, a
longer outside claw length and a lower farrowing rate
(Barnett et al. 2001).

Access to Feed and Water

Onto the map of the facility, insert number and type of
feeders and waterers. Determine whether there are suffi-
cient feeders and waterers for the maximum number
and size of pig expected to live in the pen.

Pigs consume 10% of their own body weight in water
per day, and more in hot weather. One liter of water
weighs 1 kg. Therefore, a 100 kg pig will consume at least
10 liters of water per day (Table 1.4). This is important to
determine access to water and for water medication. For
more information on medication, see Chapter 71. Pigs
drink 80% of their water in conjunction to when they
feed. Also, pigs prefer to eat and drink at daybreak, and
then off and on throughout the day and the evening,
but spend the night sleeping. Nursery pigs eat more fre-
quently than grower pigs, which in turn eat more fre-
quently than finisher pigs. If water or feeder access is
limited, submissive pigs will be forced to eat and drink
during the night. When access to water is insufficient,
there is an increase in aggression (see Chapter 64),

Table 1.4. Recommended water requirements, water flow rate,
and feeder space per pig by phase of production.

Water Requirements Feeder
Space/Pig
1/day 1/minute mm (inches)

Restricted feed
Gestating sows 12-25 2 457-610 (18-24)
Lactating sow 10-30 2
Boar 20 2
Nursing 1 0.3
Nursery 2.8 1 254 (10)
Grower 7-20 1.4 260 (10)
Finish 10-20 1.7 330 (13)
Ad libitum
Nursery 2.8 1 60 (2.3)
Grower 7-20 1.4 65 (2.5)
Finish 10-20 1.7 76 (3)

Source: Adapted from Baxter (1984); Patience and Thacker
(1989); Swine Care Handbook, 2003; Muirhead and Alexander
(1997).



weight gain is decreased because feed intake is de-
creased, and there is an increase in the variation in pig
body weight by age (see Chapter 66). There should be no
more than 4 pigs for each feeder space in an ad libitum
feed management system. One water nipple can accom-
modate 10 to 15 pigs. The waterers and feeders must be
spaced adequately so that a pig drinking from one water
nipple cannot obstruct the ability of another pig to get
to a second water nipple. If water is provided in a trough,
there must be 300 mm per 20 finisher pigs or 15 sows
(Muirhead and Alexander 1997). Water bowls accom-
modate 17 to 20 pigs. Farrowing crates need to be
equipped with water nipples or bowls for both the sow
and the piglets.

Feeding dry sows three times per day is associated
with lower sow mortality than feeding twice a day,
which in turn was associated with lower mortality than
feeding once a day (Abiven et al. 1998). Farms feeding
dry meal or wet meal had lower mortality than those
feeding pelleted ration, likely due to the decreased oc-
currence of torsions. Dry sows are typically fed 1.5 times
their maintenance requirements which is approxi-
mately 0.6 of their ad libitum feed intake (Barnett et al.
2001).

Electronic feeders typically accommodate 40 sows
per unit (Barnett et al. 2001). Provided the feeder design
is appropriate to discourage vulva biting, these feeders
work well in stable groups of sows. In dynamic groups,
aggression may continue to be a problem because feed-
ing order cannot be established. This may reduce repro-
ductive performance. Group feeding sows in pens con-
tinues to provide an unfair advantage to dominant sows
who gain significantly more weight during gestation
than submissive sows (Bourns and Edwards 1994).

Temperature
Upper and lower critical temperature is dependent on
the floor type, amount of feed provided to pigs, live
weight, number of animals in the pen, drafts (or wind
speed for outdoor pigs), rain, ability to gain shelter,
and—for sows—stage of pregnancy (see Table 1.5).
Typically, dry sows are fed 1.5 times their maintenance
requirements. The lower critical limit is the temperature
below which a pig will use extra feed to maintain its
body temperature (Barnett et al. 2001). Pigs provided
with straw in the winter months will tolerate a lower
temperature. For every 5°C below the lower critical tem-
perature, sows will need to be fed an extra 250 g
feed/day. For every 1°C below the lower critical temper-
ature for grower/finisher pigs, each pig will have to con-
sume an extra 3.3 kg of feed to reach market weight.
Pigs held above the upper critical temperature will
experience decreased feed intake. For sows, this subse-
quently results in lower reproductive performance and
lower milk production. Boars and sows kept at 23-27°C
will have reduced fertility (English et al. 1982). Pigs held
above the upper critical temperature should be provided
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with drip coolers for indoor pigs and wallows for out-
door pigs. If straw is provided, the upper critical temper-
ature will be substantially lower than if pigs sleep on a
concrete floor.

Ideally, sows will be kept between 21 and 22°C.
Newborn pigs will have a creep area maintained at
28-30 °C. Newly weaned pigs should be kept at 26-28°C
depending on their age and size at weaning. Tempera-
ture is gradually reduced each week so that they are at
22°C when they are moved to the grower barn (Curtis
1983). Grower/finisher pigs prefer to be kept in 15-20°C.
Itis essential that temperature does not fluctuate rapidly
over time.

Begin the Herd Visit with History-Taking

Ask the manager/owner about his/her concerns. This
will ensure that these problem areas are addressed dur-
ing your discussion and as you walk through the barn.
Follow this with a complete history-taking, including
the topics covered in the following sections.

Herd Security. Were any animals brought onto the
farm recently? What are the quarantine and isolation
procedures for new stock? Are there one or more sources
of breeding stock, nursery, or grower pigs? What steps
are taken to control human and animal traffic? How are
animals loaded out of the farm? Are livestock trucks
clean on arrival? Take note of the biosecurity protocols
used for human traffic. (See Chapter 68 for a complete
description of biosecurity concerns.)

Table 1.5. Lower and upper critical temperatures (°C) by size of
pig based on feeding level and flooring type.

Maintenance Units of Feed?
1 2 3 1 2 3

Dry Concrete Straw
Temperature degrees celcius
LCT>  Sows 19 10 NA 14 5 NA
Nursing
Nursery 20 kg 26 21 16 23 17 1
Nursery 40 kg 24 18 13 20 13 7
Growers 60 kg 22 16 12 18 12 5
Finishers 80 kg 21 15 12 17 10 4
Dry Concrete Slatted Floor
Temperature degrees celcius
UCT®  Sows 32 27 NA 30 26 NA
Nursing 1 kg 37 36 36 35 33 31
Nursery 5 kg 37 35 34 34 32 30

Nursery 20 kg 36 35 33 35 32 29
Nursery 40 kg 36 34 32 34 32 29
Growers 60 kg 35 33 31 34 31 28
Finishers 80 kg 35 33 31 34 31 29

Source: Adapted from Bruce (1982), Baxter (1984), Patience
and Thacker (1989).

aFeed provided at 1, 2, or 3 times maintenance.

PLower critical temperature.

“Upper critical temperature.

NA = not available.
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Genetics

What is the genetic composition of the herd? What pro-
cedures are used to guarantee that proper matings will
take place? What selection criteria are used for boars,
gilts, and sows? Is there a family or breed relationship
between animals experiencing the disease?

Breeding Management. In units using natural mating,
what is the boar-to-sow ratio? How frequently are indi-
vidual boars used? Does mating occur in a pen or is hand
mating used? With hand mating, what sanitary precau-
tions are taken between boars? In units using artificial in-
semination, what percent of females are bred this way? Is
semen purchased or collected on farm? What are the
handling and storage procedures for the semen? How is
estrus detection done? How frequently and at what times
are sows and gilts mated? When and how is pregnancy
diagnosis done? What is the conception rate for sows
and gilts? What is the farrowing rate for sows and gilts?
How many females return to estrus 21 days after mating
and at other intervals? Have abortions been noted?

Farrowing Performance. Are sows washed prior to en-
tering the farrowing area? Are sows induced to farrow
and if so, what is the protocol? How frequently do sows
require assistance to farrow? What procedure is used for
cross-fostering? What are the size of litters and the total
born alive, mummies, and stillbirths? What do piglets
weigh at birth and weaning? What is the average and
range in lactation length? How often are sows weaned?

Mortality. What is the current state of mortality on the
tarm? If mortality was not fully described in the records,
ask questions relating to the historical pattern of mor-
tality. What is the average and range in mortality by
phase of production. Within each phase, when does the
mortality occur? Is there a seasonal pattern to mortal-
ity? What are the clinical observations in pigs just before
they die? What is the appearance of the dead pig? Have
these types of mortalities occurred previously? What
has been done, if anything, to determine the cause of
these mortalities?

Medications and Immunizations. What vaccines are
used routinely in the herd? What animals are vacci-
nated and at what time? Is there a routine worming pro-
gram for sows, boars, and growing pigs? How are exter-
nal parasites controlled? What medications are used in
the feed? Are drugs used at a growth-promoting or ther-
apeutic level? Is drug usage rotated? What injectable
treatments are given to sick pigs? Has the producer com-
pleted and maintained a quality assurance program? Are
there written standard vaccination and treatment pro-
tocols displayed as a reference for all employees?

Feed. Is feed grown on the farm or purchased? Where
and how is feed mixing done? What nutrient composi-

tion is intended for each class of pig? How is feed stored
and delivered to the pigs? What quantity of feed is given
to limit-fed pigs, and how is the feed measured?

Disease Outbreak. What was the progression of signs
within a pig? How old was the pig when signs started?
How long did illness persist? Is recovery complete or is
pig unthrifty? In the group affected, what is the mor-
bidity and mortality? Has treatment been used, and to
what effect? What is the course of disease within the
herd? Did the disease start with an explosive outbreak
or was it insidious? What animals were originally af-
fected? What animals has disease spread to? Did the ini-
tial disease picture differ from the later signs? Is disease
becoming more or less severe? Are any other animals
besides pigs affected? What is the distribution of af-
fected animals? Is disease sporadic or endemic? Are af-
fected animals grouped by litter, pen, or building? Is
one sex affected to a greater extent than the other?
Were any changes in management made prior to the
outbreak of the disease? Has this problem occurred be-
fore on this farm?

Disease Affecting Pigs in Litters. Are whole litters af-
fected, or is incidence sporadic within litters? Are the
biggest or smallest pigs affected? Are litters of gilts or of
sows more frequently or severely affected?

“Walk Through” the Barns

It is essential to walk through the barns to observe the
pigs for clinical signs of disease, abnormal behaviors,
availability of space, water, and feed and also to assess
the environment/ventilation. Visit all phases of produc-
tion even if the producer does not have specific con-
cerns in all areas.

Be sure to talk with all farm employees. Each person
will have his/her own concerns and observations. As the
veterinarian you can address these problems and en-
courage the employees to reach their potential. Em-
ployees will ask you to examine individual pigs showing
specific clinical problems. Although swine health man-
agement deals with the group of animals, many of these
individuals provide an excellent measurement of the
whole. These discussions provide an opportunity to re-
view treatment protocols and euthanasia decisions. The
welfare of specific pigs and the decisions about pigs in
the hospital pen will be discussed during the walk-
through. People working in the barn need to deal with
individual pigs to raise the welfare in the barn.

Details of clinical examination are outlined in the
systems chapters. Observe the body condition of the
sows and compare this to the descriptions in Table 1.6
and Figure 1.1. Normal values for temperature, respira-
tion, and heart rate are outlined in Table 1.7. Using Table
1.8 as a guide, determine the state of management and
the health of the pigs in the farrowing room with unde-
sirable physical problems. Discuss the treatment and



Table 1.6.

Body condition evaluation.

Numerical Pelvic Bones (Ilium, Inches (mm)
Score Ischium) Tail Head Loin Vertebrae Ribs of Backfat
1 Pelvic bones very Loin very narrow. Sharp Prominent and sharp Individual ribs very 0.5 (13) or less
prominent. Deep edge on transverse throughout the prominent.
cavity around the tail spinal process. Flank length of the back-
head. very hollow. bone.
2 Pelvic bones obvious Loin narrow. Only very ~ Prominent. Rib cage less apparent. 0.6 (15)
but some slight cover. slight cover to edge of Difficult to see indi-
Cavity around tail transverse spinal vidual ribs.
head. process. Flank rather
hollow.
3 Pelvic bones covered. Edge of transverse Visible over the shoul- Covered but can be felt. 0.7 (17)
spinal processes cov- der. Some cover far-
ered and rounded. ther back.
4 Pelvic bones only felt Edge of transverse Felt only with firm Rib cage not visible. 0.8 (20)
with firm pressure. spinal processes felt pressure. Very difficult to feel
No cavity around tail. only with firm pres- any ribs.
sure.
5 Pelvic bones impossible  Impossible to feel Impossible to feel verte-  Not possible to feel ribs. 0.9 (23)
to feel. Root of tail set bones. Flank full and brae.
deep in surrounding rounded.
fat.
6 Pelvic bones impossible ~ Thick fat cover. Midline appears as a Thick fat cover. 1.0 (25)
to feel. Folds of fat slight hollow be-
obscure the vulva in tween rolls of fat.
SOWS.
Table 1.7. Temperature and respiration and heart rate of pigs of different ages.
Rectal Temperature
(Range + 0.30°C, 0.5°F) .
Respiratory Rate Heart Rate
Age of Pig °C °F (Breaths/Min) (Beats/Min)
Newborn 39.0 102.2 50-60 200-250
1hr 36.8 98.3
12 hr 38.0 100.4
24 hr 38.6 101.5
Unweaned piglet 39.2 102.6
Weaned piglet (20-40 1b) (9-18 kg) 393 102.7 25-40 90-100
Growing pig (60-100 Ib) (27-45 kg) 39.0 102.3 30-40 80-90
Finishing pig (100-200 lb) (45-90 kg) 38.8 101.8 25-35 75-85
Sow in gestation 38.7 101.7 13-18 70-80
Sow
24 hr prepartum 38.7 101.7 35-45
12 hr prepartum 38.9 102.0 75-85
6 hr prepartum 39.0 102.2 95-105
Birth of first pig 39.4 102.9 35-45
12 hr postpartum 39.7 103.5 20-30
24 hr postpartum 40.0 104.0 15-22
1 week postpartum until weaning 39.3 102.7
1 day postweaning 38.6 101.5
Boar 38.4 101.1 13-18 70-80

prevention of these problems with the employees re-
sponsible for that area of the production unit. Examine
the nursery, grower, and finisher pigs. Specifically deter-
mine if they are managed in an all-in, all-out manner
and that the room or barn is properly cleaned and disin-
fected between groups and allowed to dry for a few days
before refilling. The pigs should not vary in body weight

by age by more than 10%. There should be no indica-
tions of clinical disease, such as skin lesions, diarrhea,
coughing, or sneezing. Pigs should not be exhibiting
vices and should be dunging in the appropriate area.
Commonly observed problems include high pig density
(refer to Table 1.3); large variation in body weight; runts
or poor-doing pigs; coughing, sneezing, or nasal dis-
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Table 1.8.

Examination of pigs in the farrowing area.

Characteristic

Desirable

Undesirable

Physical condition
Body condition
Cleanliness
Mammary glands

Vulval discharges
Skin

Feet and legs

Feed
Amount

Feeder condition
Water
Environment
Temperature
Floor design

Floor condition
Crate design

Light

Physical condition
Birth weight
Litter sizes

Weights within the litter
Skin

Locomotion
Infectious disease
Teeth
Tails
Feed
Feed
Water
Environment
Temperature

Drafts
Floor design

Floor condition

Flow

Building use

Farrowing schedule

Sanitation
Cleanliness

“Downtime”

Washing procedures

Sows

Normal weight.
Sows have been thoroughly washed.
At least 12 prominent, evenly spaced nipples.

Watery, clear-to-whitish fluid.
Unblemished. Pink in unpigmented areas.

Normal stance and movement.

4-61b (2-2.5 kg), plus 1 1b (0.5 kg) for each
pig in the litter.

Clean, large capacity, and easily accessible.

Unlimited supply of fresh water.

Between 60°F and 75°F (16-24°C).

Proper spacing between slats, good traction,
nonabrasive.

Clean and dry.

Right size for sow. Permits good exposure of
underline.

12-14 hr daily at 200 lux.

Baby Pigs

Average of 3 1b (1.3 kg) or greater.
Litters are matched to rearing capacity of sows.

Less than 1 1b (0.5 kg) difference between the
largest and smallest pigs.
Unblemished. Pink in unpigmented areas.

Normal gait and anatomy.

None.

Clipped on day-old pigs. Gums pink and healthy.
Clipped neatly or left long.

Fresh creep feed given daily.
Fresh water easily accessible to piglets.

Creep area provided with temperature of 85-90°F
(29-32°C).

Air evenly distributed throughout the building.

Good traction for pigs in the nursing area.
Uniform spacing of slats. Nonabrasive surface.

Clean, dry; bedded if appropriate.

Management
All-in/all-out animal flow.
All farrowings occur within a few days.
Pigs weaned at the same time.

Excess manure and afterbirth removed daily

Building is empty for a few days between
farrowing batches.

High-pressure washer is used to remove all organic
material. Porous surfaces sealed or disinfected.

Thin, fat, or obese.

Sows are dirty with caked mud and manure.

Inverted, juvenile, or overcrowded teats; glands
hot, red, swollen, painful; abnormal milk.

Purulent, bloody, or foul-smelling discharge.

Burns from the heat lamp. Abrasions or calluses.
Anemia. Hyperkeratinization.

Splaylegged, foot lesions, difficulty getting up or
lying down.

Less than the desired level.

Dirty, broken, containing old or moldy feed.
Fouled water, inadequate flow or inaccessible.

Too cold or too hot.

Slippery material. Sharp edges on slats, uneven
slats. Slots sized to trap teats and dewclaws.

Dirty, wet, cracked or broken.

Too large, allowing sows to flop over and crush
pigs. Bottom bar hinders nursing.

Too dark.

Average is less than 3 1b (1.3 kg).

Wide variation in litter size, with 20% or more
containing 8 or fewer pigs.

More than 1 1b (0.5 kg) difference between the
largest and smallest pigs.

Knee abrasions, facial lacerations, teat necrosis,
anemia, exudative epidermitis.

Splayleg, swollen joints, foot lesions, lameness.

Diarrhea, sneezing, unthriftiness.

Teeth not clipped. Infected gums.

Clipped tails are swollen, red, or infected.

None or stale feed offered.
None, inaccessible, or foul water.

Piling or lying next to the sow. Pigs too hot and
avoiding the heat lamp.

Incoming air moving directly onto litters of pigs.

Slippery flooring material. Slats laid so that slot
length is perpendicular to the sow.

Dirty, wet, cracked, broken, or exposed aggregate.

Continuous farrowing.
Farrowings are spread out over 1 or 2 weeks.
Pigs are weaned at various times and ages.

Accumulation of manure in the farrowing crates.
Wet bedding. Poor fly control.

New batch added the same day or the day after
the previous batch was weaned.

Manure left in cracks and corners. Accumulations
of dust and cobwebs.

10
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1.1. Sows just after weaning. Using the criteria in Table 1.6, from left to right their body condition scores are 1, 3, 4, and 6.

charge; anemia; skin abrasions; diarrhea; rectal prolapse
or stricture; hernias; hematomas of the ears; umbilical
sucking; and belly nosing. If the environment is not ad-
equate, some problems that may be observed include
bitten tails or ears, dunging in the eating or sleeping
areas, pigs piling if it is too cold, or pigs panting and
lying in the manure if it is too hot. Specific environmen-
tal problems include rough or abrasive floor surface or
broken slats, inadequate feeder space or plugged feeders,
inadequate waterers, plugged nipples, dirty water bowls,
inadequate cleaning, manure in the corners of the pen
and under the feeders, and cold and drafty barns.

Food Safety

Discuss the medications used in the feed and water, and
as injectables to ensure these are essential (see Chapter
71 for more specifics on medications). Arrange to update
the Quality Assurance program on the farm to ensure
the wholesomeness of the pork being produced. Set up a
drug recording and animal tracking system for the unit.
Create summaries of standardized treatment plans and
vaccination protocols that will be displayed in the farm
office. These ensure that all employees follow the same
protocols. If feed is mixed on the farm, create similar
protocols for all feed that is to be manufactured.

Disease Status

The disease status of the farm can be measured by
clinical signs, postmortem examination of dead pigs or
those that you cull during your visit, vaccination use,
slaughter-check examinations, and serological profil-
ing. Use all or some of these to understand the diseases
that are present and those that are causing problems on
the farm. Postmortem evaluations must be conducted
on at least three pigs during a disease outbreak to ensure
that the disease process affecting the group is identified.
Untreated pigs in the early phases of the disease provide
ideal samples. Live animals must be submitted to diag-

nose enteric illness. More details about disease investi-
gation can be found in other chapters.

Review the disease control measures being used, in-
cluding vaccinations, antibiotic use, early weaning,
multisite production and gilt introductions. Ensure that
all vaccinations and antibiotics are essential. Alter the
disease control measures if diseases are not being prop-
erly controlled.

Serial serological sampling helps determine the epi-
demiology of the disease within the herd. Blood sam-
ples can be taken from 10 pigs in each age category to
determine when passive immunity wanes and active im-
munity is present, or pigs can be individually ear-tagged
and then followed over time. Chapter 10 provides more
detail about interpretation of tests at the pig and herd
levels.

Biosecurity

Determine the biosecurity of the farm with respect to
the presence of birds, rodents, and other animal species.
Review the movement and access of the facility to peo-
ple, trucks, incoming feed and pig movement. Identify
where biosecurity can be improved, keeping in mind the
realistic risks of the current biosecurity system. For de-
tailed information on biosecurity, see Chapter 68.

Welfare

Has the producer enrolled in a welfare assurance pro-
gram? If there is a formal program in your area, such as
the Swine Welfare Assurance ProgramSM available, en-
courage the producer to participate in the program
(Johnson 2004). If such a program does not exist, deter-
mine the welfare of the farm and discuss areas for im-
provement. The specific areas of focus in the SWAPSM
program include herd health and nutrition, caretaker
training, animal observation, body condition scoring, eu-
thanasia, handling and movement, facilities, emergency
support, and continuing assessment and education.
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Goals

Set short-term goals to address the concerns of the per-
sonnel and to work on conditions of immediate eco-
nomic importance. Discuss long-term goals, including
the improvement of production parameters, herd dis-
ease status, and personnel issues.

Begin the collection of data for production parame-
ters of importance. Examples include mortality tallies,
movement of pigs in and out of barns, and weighing a
sample of pigs in and out of the barn.

In large facilities, it is worthwhile to conduct field tri-
als to determine the expected improvements to changes
in management or disease control prior to making the
change in the whole system.

Follow-up

Schedule a time for a return visit, plan what changes are
to be made between now and then, identify the specific
outcomes expected, and arrange for further sample col-
lection (i.e., slaughter check or submission of dead pigs
to postmortem). Provide a written report summarizing
both the successes and problems observed during the re-
view of the records and the herd visit. Outline the ex-
pected changes in the form of a checklist so that the pro-
ducer can refer to these easily. Review this letter prior to
the subsequent herd visit.

BLOOD SAMPLING

Blood collection in swine is difficult because of the inac-
cessibility of good veins and arteries. Many different
techniques using various sites have been described.
Some of these techniques have some role in experimen-
tal work with pigs, but if the practicing veterinarian is to
sample blood of a number of pigs with some degree of
speed and collect a reasonable volume, the technique of
sampling from the jugular vein or the anterior vena cava
must be mastered (Brown 1979; Muirhead 1981). Alter-
natively, some veterinarians prefer to use the orbital
sinus for routine blood collection. Appropriate blood
collection techniques for various sizes of pig are given in
Table 1.9.

Table 1.9. Blood collection in swine.

Anterior Vena Cava

Depending on the size of the pig, it is restrained either
standing by means of a hog snare (Figure 1.2) or manu-
ally by holding the front legs (Figure 1.3). The position
of the standing pig is important; the head should be
raised, the body straight, and the front legs well back. In
the standing pig, the jugular groove is traced to its cau-
dal limit just anterior to the thoracic inlet. The needle is
inserted at the caudal end of the jugular groove and di-
rected dorsally and somewhat caudomedially along an
imaginary line that passes through the top of the oppo-
site shoulder. The location of some of the major veins
are shown in Figure 1.4. When drawing blood samples
from either the anterior vena cava or the jugular vein,
the blood is taken from the right side, since the right
vagus nerve provides less innervation to the heart and
diaphragm than the left vagus. If the vagus nerve is ac-
cidentally punctured, the pig may show dyspnea,
cyanosis, and convulsive struggling.

Jugular Vein

The pigisrestrained in a standing position as for sampling
from the anterior vena cava. The needle is inserted in the
jugular groove about S cm cranial to the thoracic inlet.
The needle is directed dorsally and slightly medially.

Ear Veins

The ear veins are raised by slapping the ear and main-
tained by a rubber band around the base (Figure 1.5).
Venipuncture is done with a quick thrusting stab to pre-
vent the vein from rolling away from the needle. A sy-
ringe should be used, since vacutainer collection usually
results in collapse of the vein. Alternatively, the ventral
ear vein may be incised with a scalpel cut made into and
parallel to the vein and the blood collected in a tube as
it drips from the incision.

Tail Vessels

Collection from tail vessels is possible only in mature
pigs whose tails have not been docked. The tail is held
vertically and the needle directed toward the point of
junction of the tail with the body (Muirhead 1981).

Site Type of Pig Needle Size Quantity Comments
Anterior vena cava Up to 100 Ib (45 kg) 20 g. 1.5 in. (38 mm) Unlimited Danger of damaging the vagus nerve.
Vacutainer usable.

100-2501b (45-133 kg) 18 g. 2.5 in. (65 mm)

Adult 16 g. 3.5 in. (90 mm)
Jugular vein Any age 20 g. 1.5 in. (38 mm) Unlimited More difficult to do. Vacutainer usable.
Ear veins Adult pigs 20 g. 1in. (25 mm); 1-2mL Possible hematoma; possible contami-

scalpel blade nated sample.

Tail Adult pigs 20 g. 1in. (25 mm) 5-10 mL Requires practice. Vacutainer usable.
Orbital sinus Up to 40 1b (18 kg) 20 g. 1in. (25 mm) 5-10 mL Slow. Unaesthetic. Possible postcollection

40-1201b (18-54 kg)
120 Ib-adult (54+ kg)

16 g. 1.5 in. (38 mm)
14 g. 1.5 in. (38 mm)

orbital hemorrhage and pressure on the
globe.




1.2. Proper restraint for blood sampling from a standing pig. The lower
circle indicates the site for sampling from the anterior vena cana, the
upper circle indicates the site for sampling from the jugular vein.

1.3. Method of restraining pigs weighing less than 20 kg for blood
sampling from the anterior vena cava (circle). Location of the cephalic
vein is indicated by the dashed line.

Orbital Venous Sinus

Large pigs are restrained by snare and smaller ones held
manually, with care to restrain the snout securely. A nee-
dle is placed at the medial canthus of the eye just inside
the nictitating membrane and advanced medially and
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External

jugular vein
Internal

jugular vein

Cephalic vein
Anterior
vena cava

Median cubital vein

-—Accessory
cephalic vein

1.4. Location of some of the major veins in the pig in relation to the
skeleton.

1.5. Ear veins of a pig raised by rubber band placed at the base of
the ear.

slightly anterioventrally until it punctures the venous
sinus. Blood is allowed to drip out of the needle and is
collected in an open-top tube (Huhn et al. 1969).

Cephalic Vein

Blood may be withdrawn from the cephalic vein by re-
straining the pig on its back with the front legs stretched
backward and a little outward from the body. The vein is
visible under the skin (see Figure 1.4) and is raised with
digital pressure (Tumbleson et al. 1968; Sankari 1983).

Miscellaneous Methods

Cardiac puncture (Calvert et al. 1977) and femoral veni-
puncture techniques (Brown et al. 1978) have been
described.

Indwelling Catheters

Indwelling catheters have been used for research that re-
quires repeated blood sampling or minimal excitement
of the pig. Investigators have described techniques for
placing catheters in the femoral artery and vein (Wei-
rich et al. 1970; Jackson et al. 1972), subcutaneous ab-
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dominal vein and middle sacral artery (Witzel et al.
1973), ear vein (Griin et al. 1973; Brussow et al. 1981),
jugular vein (Brown et al. 1973; Wingfield et al. 1974;
Ford and Maurer 1978), and uterine vein (Rodriquez and
Kunavongkrit 1983).

SAMPLE COLLECTION

Feces are best collected directly from the rectum by
hand using a disposable glove. The sample can be keptin
the glove after inversion. Urine is collected by catching
a midstream sample. Females can be catheterized with
the aid of an otoscope or speculum. In barrows it is not
possible to exteriorize the penis because of adhesions
between the penis and sheath. Procedures for tonsilar
swabbing, biopsy, and scraping have been described by
Mengeling et al. (1992) and Brown et al. (1995). Briefly,
the pig is sedated using a drug with analgesic properties,
the jaw is held open with a speculum, and one person
provides illumination while another person takes the
tonsilar sample. Scraping is best accomplished with a
long-handled spoon that has had the bowl sharpened.
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Immune System

James A. Roth and Eileen L. Thacker

The immune system is comprised of a variety of compo-
nents that cooperate to defend the host against infec-
tious agents. These components generally can be di-
vided into innate (or nonspecific) immune defense
mechanisms and adaptive (or acquired) immune de-
fense mechanisms. The innate defense mechanisms are
not antigen specific. They are present in a normal ani-
mal and do not require previous exposure to antigen,
and they are capable of responding almost immediately
to an infectious agent. The major components of the in-
nate immune system are complement, antimicrobial
peptides, phagocytic cells (macrophages, neutrophils,
and eosinophils), natural killer (NK) cells, and some
types of interferon. These components are very impor-
tant in controlling an infection during the first few days
of an initial exposure to an agent. The innate immune
system controls infection until the adaptive immune
system can be activated and it is important in directing
the immune system to produce both antibody and cell-
mediated immune responses.

B and T lymphocytes and their products are the com-
ponents of the adaptive immune response system. This
antigen-driven system requires 2-3 weeks to reach opti-
mal functional capacity after the first exposure to anti-
gen. Upon second exposure to antigen, the specific im-
mune response system reaches optimal activity much
more rapidly due to the anamnestic, or memory, re-
sponse. A major mechanism by which B and T lympho-
cytes enhance resistance to disease is activating the in-
nate defense mechanisms (phagocytic cells, NK cells,
and complement) and increasing their efficiency.

Providing immunity at mucosal surfaces and to the
newborn piglet are especially difficult challenges for the
immune system and for the swine producer. The nature
of these special problems are discussed as well as gener-
alities about vaccination to improve immunity at mu-
cosal surfaces and in newborn pigs.

If an animal is immunosuppressed due to stress, a
preexisting viral infection, immunotoxicants, or nutri-
tional factors, the innate defense mechanisms may not

function optimally. In addition, an adaptive immune re-
sponse may be slow to develop, and have altered to de-
creased efficacy and thus be inadequate to control both
primary and secondary pathogens. This can result in
clinical disease due to an infectious agent that would
normally be controlled.

The immune system has potent mechanisms for pro-
tecting the pig from infectious and neoplastic diseases.
If the immune system is overstimulated or is not appro-
priately regulated, it may cause hypersensitivity reac-
tions. This can occur in response to infection, vaccina-
tion, environmental or dietary antigens, or even against
normal host tissues.

PHYSIOLOGY OF THE IMMUNE SYSTEM

Innate Defense Mechanisms

Physical, Chemical, and Microbial Barriers. Physical,
chemical, and microbial barriers to infection at body
surfaces are a very important part of resistance to dis-
ease. These factors include the epithelial cells, bacterici-
dal fatty acids, normal flora, the mucous layer and the
flow of mucus, low pH, bile, and numerous enzymes.
More detailed information on physical, chemical, and
microbial barriers to infection may be found in chapters
dealing with specific organ systems.

An important family of molecules that helps form a
chemical barrier to limit infection at epithelial surfaces
and attack invading bacteria are the antimicrobial pep-
tides. Over 750 antimicrobial peptides have been de-
scribed in eukaryotes. They are being actively investi-
gated as an alternative to antibiotics for clinical use in
antimicrobial therapy. At least 14 antimicrobial peptides
have been described in the pig (Brogden et al. 2003). The
antimicrobial peptides are relatively small cationic pep-
tides, which vary in structure and antimicrobial activity.
They are found predominantly at mucosal surfaces and
in phagocytic cells. Some are also found in other tissues.
Many have broad spectrum activity against gram-
negative bacteria, gram-positive bacteria, and fungal
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organisms. Some have a more limited spectrum of activ-
ity. The concentration of some of the antimicrobial pep-
tides increases in response to inflammation or microbial
infection (Brogden et al. 2003).

Complement. The complement system is an enzyme
cascade system similar to the coagulation system and is
composed of at least 20 serum proteins. In a cascade sys-
tem the first component is activated, which in turn acti-
vates the next component, which in turn activates the
next component, etc., until the reaction is completed.
Since the sequential steps involve enzymes, the system
is greatly amplified as it proceeds. The components of
the mammalian complement system can be divided
into the classical pathway, the alternative pathway, the
mannan-binding (MB) pathway, the membrane attack
complex, and regulatory proteins. The complement sys-
tem is very important in mediating the inflammatory
response and controlling bacterial infections. It also
plays a prominent role in allergic and hypersensitivity
reactions. The classical pathway is triggered primarily
by antigen-antibody complexes consisting of 1gG and
IgM. The alternative pathway may also be activated by
antigen-antibody complexes (IgA and IgE) and by cer-
tain bacterial products, such as endotoxin or proteases
released by tissue damage. The MB pathway recognizes
molecules on the surface of bacteria that differ from
those present on the host cells. All three pathways end
in the splitting of the third component of complement
(C3) and start the formation of the membrane attack
complex.

The complement system has many important bio-
logic activities. Activation of any of the three pathways
causes vasodilation and increased vascular permeability
resulting in serum components (including antibody
and complement) entering the tissues to help control
infection. Complement components produced during
activation are chemotactic and attract phagocytic cells
to the site of infection. They also coat or opsonize infec-
tious agents to increase their uptake by phagocytic cells.
A very important function of the membrane attack
pathway of complement is the destruction of cell mem-
branes including some bacterial cell membranes.

The complement system is important for mediating
inflammation and controlling bacterial infections.
However, since it is so potent it is also capable of causing
serious and even life-threatening damage if it is acti-
vated in an unregulated fashion. Therefore, there are
numerous regulators of complement present in the
serum. These regulators help control and stop the com-
plement reaction once it has started.

Toll-like Receptors. Toll-like receptors (TLRs) are a key
component of innate immunity (Check 2004; Cullor
1992). TLRs are a family of cell surface molecules that
bind to various molecules derived from microbes, such
as lipopolysaccharide, peptidoglycans, CpG rich un-

methylated oligonucleotides, and double-stranded
RNA. They are the primary method for early detection of
and response to microbial invasion. Binding of micro-
bial components to TLRs initiates an inflammatory re-
sponse that helps activate other aspects of innate immu-
nity and initiate the acquired immune response.
Bacterial derived vaccine adjuvants enhance immune
response to vaccines through binding to TLRs. At least
three TLRs have been described in swine and more are
likely to exist (Muneta et al. 2003; Shimosato et al.
2003).

Phagocytic Cells. Phagocytic cells are responsible for
engulfing, killing, and digesting invading bacteria. They
also play an important role in controlling viral and fun-
gal infections and in killing cancer cells. There are two
main types of phagocytic cells: the granulocytes or poly-
morphonuclear leukocytes, which include neutrophils
and eosinophils, and the mononuclear phagocytes,
which include the circulating monocytes in the blood
and the tissue macrophages. All these cell types are
phagocytic and are capable of all the reactions that are
described below for neutrophils. In addition, macro-
phages play an important role in processing antigens and
presenting them to lymphocytes to initiate and facilitate
the cell-mediated and humoral immune responses.

Granulocytes. Neutrophils are produced in the bone
marrow and are released into the blood. The half-life of
neutrophils in the blood stream is approximately 8
hours; they then enter the tissues. In the healthy indi-
vidual the neutrophils are eliminated from the intes-
tinal tract and lungs. Neutrophils migrate into the intes-
tinal tract rapidly in response to Escherichia coli infection
in the pig (Sellwood et al. 1986). Neutrophils in the cir-
culation tend to marginate in the capillaries by loosely
associating with the endothelial cells. In swine, neu-
trophils seem to have a high affinity for margination in
the capillaries of the lung (Ohgami et al. 1989).

The principal function of the neutrophil is the
phagocytosis and destruction of invading microorgan-
isms. The neutrophil is well-equipped to perform this
function and has several mechanisms for destroying mi-
croorganisms. To be effective, the neutrophil must first
come into the vicinity of the invading microorganism.
This is achieved by the chemotactic attraction of the
neutrophil to the site. Chemotactic factors may be pro-
duced directly by certain microorganisms, be generated
by the cleavage of certain complement components, or
be released by sensitized lymphocytes at the site of in-
fection or inflammation. The chemotactic factors will
diffuse away from the site to form a gradient. When the
chemotactic factors reach a capillary they cause the en-
dothelial cell membrane and the neutrophil membrane
to increase the expression of adhesion proteins. The
neutrophils then adhere to the endothelial cells and
leave the capillary by diapedesis. Once in the tissues, the



neutrophils will migrate along the chemotactic factor
gradient toward the source of the chemotactic factor
and will thus arrive at the site of infection; they may
begin to ingest the microorganisms if those agents are
susceptible to phagocytic activity. Most pathogenic mi-
croorganisms must be opsonized before they can be in-
gested; bacteria are opsonized by the attachment of spe-
cific antibody and/or complement to their surface. The
opsonization process facilitates ingestion. When a neu-
trophil comes into contact with an opsonized particle, it
will attempt to surround the particle with pseudopodia
and ingest it by the process of phagocytosis. The in-
gested particle will be within a membrane-bound vesicle
called a phagosome.

The neutrophil cytoplasm contains two main types
of membrane-bound lysosomes or granules: primary or
azurophilic granules and secondary or specific granules.
These lysosomes contain numerous hydrolytic enzymes
that have been quantitated in porcine neutrophils
(Chibber and Castle 1983) and at least six cationic anti-
bacterial peptides (Brogden et al. 2003; Kokryakov et al.
1993; Shi et al. 1994, Storici et al. 1994; Zanetti et al.
1994) that are important to the bactericidal activity of
the neutrophil. After a particle is ingested and is inside a
phagosome, the neutrophil will “degranulate”; some of
the lysosomes will fuse with the phagosome and release
their contents into the phagosome with the ingested
particle. The antibacterial peptides act by permeabiliz-
ing bacterial membranes. Neutrophils die after a short
time at sites of inflammation. The hydrolytic enzymes
are released and contribute to the inflammatory re-
sponse and tissue destruction.

In addition neutrophils have potent bactericidal
mechanisms that are due to the oxidative metabolism of
the neutrophil. When a neutrophil is stimulated by an
opsonized particle a burst of oxidative metabolism re-
sults in the production of hydrogen peroxide (H,0,), su-
peroxide anion (O,7), the hydroxyl radical (OH-), and
perhaps singlet oxygen (10,). All of these components
can damage microbial organisms. The H,O, formed
after phagocytosis may also react with halide ions in a
reaction catalyzed by a myeloperoxidase enzyme that is
released from the primary granules. This reaction is one
of the most potent bactericidal mechanisms of the neu-
trophil, and is also potentially fungicidal and virucidal.

Neutrophils also control certain viral infections via a
mechanism referred to as antibody-dependent cell-
mediated cytotoxicity (ADCC) in which antibodies
form a bridge between the neutrophil and the virus-
infected target cell. The neutrophil will then attempt to
destroy the target cell. The mechanism of this cell de-
struction is not known but is thought to involve a direct
membrane-to-membrane interaction. Porcine neutro-
phils are very active at ADCC, even in the fetus and new-
born (Yang and Schultz 1986; Zarkower et al. 1982).

The eosinophil is capable of the same phagocytic
and metabolic functions as the neutrophil, but to a dif-
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ferent extent. The eosinophil is not as active as the neu-
trophil in destroying bacteria but is important in the
host’s defense against the tissue phase of certain para-
sitic infections. The eosinophil is geared more toward
exocytosis than phagocytosis. That is, rather than in-
gesting and killing small particles like bacteria, it can ef-
ficiently attach to and kill migrating parasites that are
too large to be ingested. Eosinophils are also important
in helping to control certain types of allergic responses.

Mononuclear Phagocytes. The mononuclear phago-
cytic system is made up of circulating monocytes, fixed
macrophages, wandering macrophages (histiocytes),
and dendritic cells. Monocytes are produced in the bone
marrow and released into the blood stream where they
will circulate before migrating into the tissues to be-
come macrophages and dendritic cells. The fixed
macrophages are found lining the endothelium of capil-
laries (particularly in the lungs) and the sinuses of the
spleen, bone marrow, and lymph nodes. Tissue macro-
phages are important for trapping and removing foreign
antigens from the blood stream and lymph. Wandering
macrophages are derived from blood monocytes and are
found throughout the tissues of the body. In certain lo-
cations, they differentiate into specialized types of
macrophages, such as the glial cells in the nervous sys-
tem, Langerhans cells in the skin, and Kupffer cells in
the liver. Dendritic cells are specialized cells that origi-
nate from myeloid or lymphoid precursors and assist in
presenting antigens to lymphocytes, specifically T cells.
Immature dendritic cells are located in the various tis-
sues throughout the body. Upon activation, they mi-
grate to the peripheral lymphoid organs where they ma-
ture and become important cells in the activation and
differentiation of T lymphocytes (Bautista et al. 2002;
Carrasco et al. 2001; Johansson et al. 2003; Summerfield
et al. 2003).

Macrophages are capable of all the activities de-
scribed above for neutrophils. Macrophages are said to
be the second line of defense. They are slower to arrive at
sites of inflammation and are not as aggressive as neu-
trophils in the first few minutes of contact with micro-
organisms. However, macrophages are capable of much
more sustained activity against pathogens than are neu-
trophils. They are able to Kkill certain types of bacteria
that are resistant to killing by neutrophils because of
this sustained activity. This is especially true if the
macrophages have been activated by cytokines secreted
by T lymphocytes.

A very important function of macrophages and den-
dritic cells is the processing of antigen and presentation
of antigen to T lymphocytes. This is an essential step in
the initiation of a cell-mediated immune response and
for facilitating an efficient antibody response by B lym-
phocytes. The interaction of macrophages and dendritic
cells with antigen and T and B lymphocytes is described
later.
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Alveolar macrophages phagocytize inhaled particles,
including low numbers of bacteria that they may en-
counter (Chitko-McKown et al. 1991). After ingesting
the particles they leave the alveolus either through the
airways, where they move up the mucociliary escalator,
or by migrating out of the alveolus between alveolar ep-
ithelial cells and being carried through lymphatic
drainage to local lymph nodes. There, they present the
antigens they have captured to lymphocytes to initiate
an immune response.

Pulmonary intravascular macrophages are found ad-
hered to endothelial cells in the vasculature of the lung
(Chitko-McKown and Blecha 1992; Winkler 1988;
Winkler and Cheville 1987). They are prominent in pigs
and some other species. They are believed to be impor-
tant in removing infectious agents from the blood of
swine. Pulmonary intravascular macrophages are pri-
marily involved in defense against septicemia rather
than protection from respiratory disease. Pulmonary in-
travascular macrophages that are actively clearing bac-
teria from the bloodstream (especially gram-negative
bacteria or free endotoxin), may release cytokines and
arachidonic acid metabolites, which contribute signifi-
cantly to pulmonary inflammation (Bertram 1986;
Crocker et al. 1981a,b).

Natural Killer Cells. Natural killer (NK) cells are lym-
phoid cells of the innate immune system and can kill a
variety of nucleated cells without previous antigenic
stimulation. NK cells in most species are also called
large granular lymphocytes because of the presence of
granules in their cytoplasm. NK cells in most species are
part of the null cell population because they are dis-
tinct from B cells, T cells, and macrophages. In most
species NK cells have Fc receptors for IgG and can medi-
ate antibody-dependent cell-mediated cytotoxicity
(ADCC) against most antibody-coated mammalian
cells. When mediating ADCC these cells have been
called killer (K) cells.

Natural killer cells in the pig differ markedly from NK
cells found in other species. NK activity in swine is me-
diated by small granular lymphocytes that have the
CD2 T cell marker (Duncan et al. 1989; Ferguson et al.
1986) and are, therefore, not null cells (Duncan et al.
1989). Swine NK cells are slower in initiating the lytic
process against typical target cells (YAC-1 lymphoma or
K-562 myeloid leukemia cells) than cells responsible for
NK activity in other species (Ferguson et al. 1986). In
swine there is evidence that the NK cell activity and the
K cell activity are from two distinct populations of lym-
phocytes (Kim and Ichimura 1986; Yang and Schultz
1986). Swine NK cells are capable of lysing cells infected
with transmissible gastroenteritis virus and pseudora-
bies virus (Evans and Jaso-Friedmann 1993).

The activity of NK cells in many species is increased
in the presence of interferon gamma (IFN-v) and inter-
leukin (IL)-2. Swine NK cells have been shown to re-

spond to an interferon inducer (poly I:C), IL-2, human
interferon alpha, and human IL-1a with enhanced NK
activity (Evans and Jaso-Friedmann 1993; Knoblock and
Canning 1992; Lesnick and Derbyshire 1988). There-
fore, NK cells are an important part of the innate
defense mechanisms and also participate in a cell-
mediated immune response by enhanced activity
through cytokine activation.

Humoral and Cell-Mediated Immunity

Clonal Selection and Expansion. An important con-
cept that is basic to understanding the immune re-
sponse is the clonal selection process. Each mature T or
B lymphocyte in the body has receptors on its surface
that it uses to recognize antigens. All of the antigen re-
ceptors on one lymphocyte recognize exactly the same
antigen (or small group of antigens). All of the lympho-
cytes that recognize exactly the same antigen make up a
“clone” and they have all arisen from the same ancestor
cell. There are millions of clones of T and B lympho-
cytes. Each clone may contain from a few hundred to a
few million cells. The lymphocytes are in a resting stage
as they circulate through blood, enter the lymph nodes
through the postcapillary venules, percolate through
the lymph nodes and reenter the bloodstream. In the
lymph nodes (or other secondary lymphatic tissues) the
lymphocytes come in contact with antigens that have
arrived there through the afferent lymphatics and have
been trapped by macrophages or dendritic cells. Each
lymphocyte responds to only one specific antigen,
which it recognizes through its antigen receptor. There-
fore, the vast majority of lymphocytes that contact an
antigen in the lymph node cannot respond to it. In an
animal that never has been exposed to a particular infec-
tious agent before, there are relatively few lymphocytes
in each clone that can recognize a particular antigen.
The first step, in producing an effective primary im-
mune response is expansion of the clone of lympho-
cytes that recognize the antigen. The T and B lympho-
cytes that contact the antigen are stimulated to undergo
a series of cell divisions so that within a few days there
will be enough lymphocytes in the clone to mount an
effective humoral and/or cell-mediated immune re-
sponse. If the animal has been exposed to the antigen
previously, the clone of lymphocytes has already been
expanded, so fewer cycles of cell division are required to
produce enough lymphocytes to mount an immune re-
sponse. This can result in protection induced by vacci-
nation or previous exposure even if there is no remain-
ing detectable antibody. The cells present in the
expanded clone are called memory cells. If the previous
exposure has been relatively recent, there still will be cir-
culating antibody and effector T lymphocytes, which
can act immediately to control the infection.

Cellular Interactions in the Induction of the Immune
Response. The induction of clonal expansion and the



immune response requires a complex interaction of
macrophages, T lymphocytes, and B lymphocytes.
Macrophages attempt to phagocytize and destroy infec-
tious agents. After the infectious agent is partially de-
graded by the macrophage, antigenic fragments from it
appear bound to MHC class II molecules on the
macrophage surface where they contact T lymphocytes.
Macrophages (and other specialized antigen-presenting
cells) have a high density of class II MHC molecules on
their surface. T helper (Ty) cells are needed to help initi-
ate the immune response. They can only efficiently rec-
ognize foreign antigens that are on a cell surface bound
to a class I MHC molecule. Cytotoxic T (T,) cells are im-
portant for Kkilling cells infected with intracellular
pathogens and cancer cells. They can recognize only for-
eign antigens that have been processed intracellularly
and transported to a cell surface bound to an MHC class
I molecule. Therefore, Ty and T, cells cannot respond to
free soluble antigen or to whole bacteria or viruses.
Because the MHC class I and class Il molecules play a key
role in antigen presentation to T lymphocytes, they are
capable of having a significant influence on the nature
of the immune response. The MHC molecules in all
species are highly polymorphic or differ genetically be-
tween individuals. The MHC molecules in swine are
called the swine leukocyte antigen (SLA) complex mole-
cules. The type of SLA molecules that a pig inherits has
some influence on their immune response to pathogens
and their ability to resist some infectious diseases
(Lofstedt et al. 1983; Lunney 1994).

In addition to antigen and class II MHC molecule
contact, the Ty cell also requires the presence of cy-
tokines released by the antigen presenting cell or other
T cells and contact with co-stimulatory molecules on
the surface of the antigen presenting cell for complete
activation. Interleukin-1 (IL-1) is an important molecule
released by macrophages that are processing antigen.
IL-1 is a protein molecule that is a key mediator of the
host response to infection through its ability to induce
fever and neutrophilia, among other things. A very im-
portant function of macrophage-produced IL-1 is its
action on Ty cells to cause them to secrete IL-2, which
induces T cells to undergo mitosis and clonal expansion.
B cells are also capable of processing antigen and pre-
senting it to Ty cells on MHC II molecules. During sec-
ondary immune responses, B cells are thought to be the
main type of antigen-presenting cell.

It has been documented that the cytokines secreted
by macrophages, dendritic cells, and other T cells play a
crucial role in the initiation and maintenance of im-
mune responses against both viral and bacterial patho-
gens in pigs (Cho and Chae 2003; Thanawongnuwech
and Thacker 2003; Thanawongnuwech et al. 2001;
Zuckermann et al. 1998). Similar to other species, the
CD4* T cells differentiate into Ty cells (Fischer et al.
2000). The Ty cells differentiate into two cell types
known as Tyl and Ty2 that differ in function and are
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differentiated only by their cytokine profile. A Tyl cy-
tokine profile includes the production of IL-2 and inter-
feron gamma (IFN-v), which activate macrophages and
stimulate T. and B cell proliferation. In contrast, Ty2
cells, which inhibit macrophage activation and pro-
mote predominantly B cell activity, produce IL-4 and
IL-10. High concentrations of IL-10 are associated with
the induction of T regulatory cells or Ty 3 cells, which are
thought to mediate a form of “tolerance” (Groux 2001).
The Ty3 cells actively down-regulate pathological
antigen-specificimmune responses and are thought to be
important in regulation of mucosal immune responses
and respiratory tract homeostasis (Groux et al. 1998).

Ty cells are very important in initiating the B cell re-
sponse resulting in antibody production. B cells contact
antigen through immunoglobulins bound to their sur-
face, which act as receptors. Antigens do not have to be
presented on MHC class II molecules by macrophages
for a B cell to recognize them. An optimal B cell response
to antigen requires the help of soluble factors released
by Ty cells and contact with co-stimulatory molecules
on the Ty cell surface. This Ty cell help is needed for B
cell mitosis and clonal expansion and for switching the
class of antibody produced from IgM to IgG, IgA, or IgE.

Lymphocyte Subpopulations. Lymphocyte subpopu-
lations are defined by the presence of certain molecules
on their surface identified by a CD number that desig-
nates similar molecules in all species. CD stands for clus-
ter of differentiation. More than 29 CD molecules have
been identified on the surface of porcine leukocytes
(Haverson et al. 2001). Over 247 CD molecules have
been identified on human or mouse leukocytes, and
there are probably at least that many on porcine leuko-
cytes also.

Lymphocyte subpopulations in the blood of pigs dif-
fer markedly from other species. Young pigs have high
blood lymphocyte counts compared to most other
mammals (approximately 107/ml). Up to 50% of these
lymphocytes are null cells, which lack most surface
markers characteristic of B or classical T lymphocytes
(Duncan et al. 1989; Hirt et al. 1990; Saalmuller and
Bryant 1994). These null cells do not recirculate between
the blood and lymphatic tissues, and they differ from
null cells in other species in that they do not have NK
cell activity. The majority of null lymphocytes are
gamma delta (y3) T cells. The T cells which predominate
in the blood of man and mice and which recognize pep-
tide antigens presented on MHC molecules are called
alphabeta (ap) T cells. Their antigen receptor is made up
of an « and a B chain and they have either a CD4 or CD8
molecule to assist in their interactions with MHC mole-
cules. The antigen receptors on yd T cells are made up of
a+y and a d chain. The majority of porcine y3 T cells do
not have CD4 or CD8 molecules associated with them
because they recognize intact antigen molecules. Unlike
the af T cells, they do not require antigen processing
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and presentation on MHC molecules (Chien et al. 1996).
Pigs and other ungulates have a much higher popula-
tion of v8 T cells in the blood than other mammals that
have been studied. 8 T cells are located predominantly
along mucosal surfaces, especially as intraepithelial
lymphocytes in the intestine, and are thought to be im-
portant in protecting mucosal surfaces from infection
and perhaps in oral tolerance (Thielke et al. 2003). y3 T
cells proliferate in the intestine and actively recirculate
through the intestinal lymphatics to the blood stream
and back to the gut (Thielke et al. 2003). The role of the
thymus and intestinal epithelium in development of v
T cells is not understood. A subset of circulating porcine
vd T cells can act as antigen presenting cells and present
antigen to T helper cells via MHC II molecules (Taka-
matsu et al. 2002). Porcine y3 T cells are capable of pro-
ducing gamma interferon and proliferating in response
to recall antigens in vitro and can be cytotoxic (Lee et al.
2004; Takamatsu et al. 2002).

Swine T lymphocytes have at least three unusual
properties compared to other species (Lunney and
Pescovitz 1987):

* Approximately 25% of swine peripheral blood T cells
express both the CD4 and CDS8 antigens on their sur-
face. It has been suggested that many of these dual ex-
pressing T cells are memory cells; however, the func-
tional significance of having both CD4 and CD8 on
the same cells is not known (Pescovitz et al. 1994;
Zuckermann and Husmann 1996). Peanut agglutinin
has been shown to selectively bind to porcine mem-
ory CD4+*CD8" T cells and could therefore be used to
isolate these cells (Hernandez et al. 2002).

* The ratio of CD4* to CD8* T cells is normally approx-
imately 0.6 in pigs, which is reversed compared to
other species. A normal ratio of CD4*/CD8* in hu-
mans is 1.5-2.0.

* Resting CD8* cells in swine preferentially express class
II MHC antigens. The significance of these differences
between swine T lymphocytes and those of other
species is not completely understood.

Lymphocyte Circulation. The lymph node structure
and lymphocyte circulation are markedly different in
the pig compared to man or other domestic species
(Binns 1982). Recirculation of lymphocytes from blood
to lymphoid tissues is very important for bringing anti-
gen into contact with lymphocytes for recognition.
Circulation of B cells, o T cells, macrophages, and den-
dritic cells through lymph nodes is also important for
facilitating cellular interactions needed for the induc-
tion of the immune response as described above. Lym-
phocytes are produced in the bone marrow, but mature
in the thymus (ap T cells) and the secondary lymphoid
tissues (B cells) in the pig. T and B lymphocytes circulate
in the blood for approximately 30 minutes before enter-
ing the tissues. Porcine lymph nodes are structurally in-

verted compared to other domestic species. Lymphatics
enter the node through the hilus, and the lymph passes
through the node with the lymph leaving through the
periphery. The lymph node has a dense medulla, which
lacks sinuses and cords. The germinal centers are lo-
cated in the interior of the node. Other lymphoid or-
gans—such as the Peyer’s patches, tonsils, and spleen—
are similar to those found in other species (Binns et al.
1986; Pabst and Binns 1986). Lymphocytes in swine and
other species enter the lymph nodes through two
routes. Lymphocytes that leave the bloodstream and
enter the subcutaneous tissues are carried to the lymph
node in the afferent lymphatics. Lymphocytes may also
directly enter the lymph node by adhering to high en-
dothelial cells in the venules of the lymph node, and
then migrating into the node. In other species, the lym-
phocytes exit the lymph node in the efferent lymphatics
and are carried through the thoracic duct back to the
circulatory system. In swine, the efferent lymph con-
tains very few lymphocytes. The lymphocytes in the
lymph node directly reenter the blood in swine (Binns et
al. 1986). In addition to migrating from blood to lym-
phoid tissues, lymphocytes in swine migrate into most
other tissues as well (Binns et al. 1986). Lymphocyte sub-
populations in swine show a distinct preference for cir-
culation to either gut-associated lymphoid tissues or
surface nodes (Binns et al. 1986). For instance, mesen-
teric lymph node cells (both T and B lymphocytes) pref-
erentially home to the gut (Salmon 1986). In rodents the
majority of the lymphocytes found in the mammary
gland also come from gut-associated lymphoid tissue,
whereas in swine approximately equal numbers of
lymphocytes in the mammary gland come from gut-
associated lymphoid tissue and from peripheral lymph
nodes. The dual origin of mammary lymphocytes in
swine suggests that the local mammary immune re-
sponse may not depend solely on oral immunization
(Salmon 1986, 1987).

Acquired Immune Defense Mechanisms. An impor-
tant component of lymphocyte activity in host defense
is mediated by soluble products released by stimulated
lymphocytes. T lymphocytes are the predominant pop-
ulation of cells that secrete a variety of cytokines as well
as being cytolytic to abnormal cells. Antibodies pro-
duced by B cells are specific for the antigens to which
they are induced whereas cytokines are not. The cy-
tokines produced during an immune response play an
important role in orchestrating host defense against
pathogens partially through their direct activities and
partially by enhancing the activity of both the innate
immune system (i.e., complement, phagocytic cells,
and NK cells) and the adaptive immune response by Ty
cells as described eatrlier.

Cytotoxic T lymphocytes (T, cells) are an important
part of the cell-mediated immune response to virus in-
fection and tumors. T, cells have the CD8 marker on



their surface and recognize only antigen associated with
MHC class I molecules on a cell surface. MHC class I
molecules present peptide antigens derived from pro-
teins synthesized within the cell, such as viral proteins.
The T cells directly attack host cells that have foreign
antigen (e.g., viral antigen) presented on MHC class [
molecules on their surface. These cells do not attack free
bacteria or viruses. T cell activity specific for hog
cholera virus, African swine fever virus, and pseudora-
bies virus have been demonstrated in pigs that have re-
covered from infection (Martins et al. 1993; Pauly et al.
1995; Zuckermann et al. 1990). T cells kill target cells by
making direct contact, releasing granzymes onto the
cell surface, and inducing apoptosis (programmed cell
death) in the target cells. Production of cytokines, in-
cluding IL-12 and IFN-y, by Ty1 cells are required for the
activation of T¢ lymphocytes and the elimination of
cells infected with intracellular pathogens, especially
viruses.

Immunoglobulins

Production of Immunoglobulins. B lymphocytes from
clones that have never been stimulated by antigen have
monomeric IgM antibody molecules on their surface
that act as antigen receptors. All of the IgM molecules
on one B cell are specific for the same antigen. When a B
cell is stimulated by antigen and cytokines produced by
Ty cells it begins to undergo mitosis. This results in the
formation of many more B cells with IgM receptors that
also recognize the same antigen. Some of these newly
formed B cells differentiate into plasma cells that secrete
IgM. As the antigen-specific IgM antibody concentra-
tion begins to increase in the blood, activated Ty cells
produce the cytokines that signal the B cells to switch
from IgM production to IgG, IgA, or IgE production
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(Crawley and Wilkie 2003; Crawley et al. 2003). These B
cells then rearrange their genetic material to produce
antibody molecules with the same antigenic specificity
(i.e., the same light-chain structure and variable portion
of the heavy chain) but of a different antibody class (i.e.,
the constant heavy portion of the antibody molecule is
changed). Changing the antibody class gives the anti-
body molecules different properties. The class of anti-
body that the Ty cells cause the B cells to switch to de-
pends to a large extent upon the nature of the antigen
and the location in the body where the antigen was
trapped. Ty cells located in lymph nodes and the spleen
tend to induce B cells to switch to IgG production. Ty
cells located in Peyer’s patches or under other mucosal
surfaces tend to induce B cells to switch to IgA and/or
IgE production, depending on the nature of the antigen
and the genetic predisposition of the individual.
Antibody molecules have a variety of activities in
host defense, although they alone cannot kill infectious
agents. Antibody molecules can coat infectious agents
to prevent them from attaching to or penetrating host
cells, they can agglutinate infectious agents to reduce
their infectivity, and they can directly bind to and neu-
tralize toxins. A very important function of antibody is
that it marks infectious agents for destruction by com-
plement, phagocytic cells, and/or cytotoxic cells.

Classes of Immunoglobulins. Characteristics of the vari-
ous classes of porcine immunoglobulin were thor-
oughly reviewed in a previous edition of this book
(Porter 1986), and in a recent review article (Crawley
and Wilkie 2003).

IgG is the predominant Ig class in the serum of the
pig and other species. It accounts for more than 80% of
the Ig in serum and colostrum (Table 2.1). The two main

Table 2.1. Concentration of porcine immunoglobulins (mg/ml) in body fluids.

IgG IgG, IgM IgA

Adult sow serum 24.3+£0.94 14.1 £0.49 29+0.2 21+0.2
Colostrum 61.8+2.5 40.3+1.6 3.2+0.2 9.6+0.6
Milk (24 hours) 11.8 +4.8 8.0£3.2 1.8+£0.3 3.8+£1.0
Milk (48 hours) 8.2+3.2 5.0+1.8 1.8+0.4 2.7+0.6
Milk (3-7 days) 1.9+0.6 1.3+0.3 1.2+0.2 34+1.0
Milk (8-35 days) 1.40 £ 0.60 1.00+£0.45 0.90 £ 0.25 3.05+£0.74
Intestinal fluid

Piglet 0.002 0.065 0.033

Sow 0.001 0.001 0.091
Urinary tract 4.7 0.77
Follicle

Diestrus 18.1 0.7

Estrus 25.1 0.7
Uterine secretions

Diestrus 0.32 0.2

Estrus 0.34 0.12
Cervicovaginal mucus

Diestrus 6.7 0.6 1.1

Estrus 2.0 0.06 0.6

Used with permission from Veterinary Clinical Immunology, R.E.W. Halliwell and N.T. Gorman, editors. W.B. Saunders Company, 1989.
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subclasses of IgG are IgG; and IgG, (Metzger and
Fougereau 1968), with 1gG; predominating in serum
and colostrum. IgG3 and IgG, subclasses are found in
lesser concentrations.

An 18S Ig has been described that is antigenically
similar to IgG, and is found in low levels in normal
serum and colostrum (Kim et al. 1966). Newborn piglets
also possess a 5S IgG, which may not have light chains
and may not be functional (Franek and Riha 1964;
Stertzl et al. 1960).

IgM accounts for approximately 5-10% of the total Ig
in serum and colostrum (refer to Table 2.1). The IgM is a
pentamer held together by disulfide bonds and has a
sedimentation coefficient of 17.8S (Porter 1969).

The porcine immune system produces far more IgA
than any other class of antibody; however, most of the
IgA is found on mucosal surfaces, rather than in the
serum. IgA is present in swine serum as 6.4S monomers
and as 9.3S dimers, which are two monomers bound to-
gether with a J chain (Halpern and Koshland 1970;
Mestecky et al. 1971; Porter and Allen 1972). IgA at mu-
cosal surfaces is mostly dimeric IgA with a J chain and
associated secretory component (see the section on mu-
cosal immunity below).

Porcine IgE has been shown to have the same physic-
ochemical properties as in other species, including the
characteristic of losing biologic activity when serum is
heated to 56°C (Roe et al. 1993). A polyclonal antisera
for porcine IgE inhibited a passive cutaneous anaphy-
laxis reaction, identified a sparse population of plasma
cells in the lamina propria of the gut and mesenteric
lymph nodes of parasitized pigs, and reacted with
human IgE in Western blotting. Antibodies against
human IgE and bovine IgE have been shown to react
with a homocytotropic immunoglobulin in swine
serum (Barratt 1972; Nielsen 1977).

Polyclonal and Monoclonal Antibodies. Antibody pro-
duced by an animal in response to an infection or vacci-
nation is polyclonal and recognizes multiple antigens.
Infectious agents are complex antigens with many dif-
ferent antigenic specificities on their surface; therefore,
they stimulate many clones of B and T lymphocytes to
respond. This results in a heterogenous mixture of anti-
bodies that recognizes a wide variety of surface mole-
cules on the microorganism. This broad spectrum of an-
tibodies that are produced and are present in the serum
are most helpful to the animal in overcoming infection.
It is sometimes a disadvantage, however, if one wishes to
use the serum for developing diagnostic reagents. The
polyclonal antibodies produced in response to one in-
fectious agent may cross-react with another infectious
agent and thus interfere with the specificity of the assay.

Monoclonal antibodies are commonly produced in
research laboratories and often overcome many of the
disadvantages of polyclonal antisera for diagnostic and
(less commonly) therapeutic purposes. Monoclonal an-

tibodies are the result of expansion of one clone from a
single B lymphocyte and therefore are all identical. All
of the antibody molecules present in a monoclonal an-
tibody preparation are specific for the same antigenic
determinant. This helps reduce the problem of cross-
reactivity between microorganisms in diagnostic tests.
Monoclonal antibodies produced against a protective
antigen on a microorganism could possibly be used in
therapy or prevention of disease. Since they can be pro-
duced in very high concentrations and purity, a much
lower volume of monoclonal antibody compared to a
polyclonal antibody solution can be used to immunize
animals passively. This reduces the risk of serious reac-
tion to the passively administered antibody and its ex-
traneous protein.

Cytokines. Cytokines are small protein or glycoprotein
molecules that are secreted by cells and serve as intercel-
lular signaling molecules. All cells of the immune sys-
tem are capable of secreting and being influenced by cy-
tokines. Cytokine secretion is usually transient and
occurs in response to specific stimuli. The cytokines that
are secreted may act locally if they are secreted in low
concentrations, or they may have systemic effects if
they are secreted in higher concentrations. A cytokine
will act only on a cell that has specific receptors for it.
Regulation of cytokine receptor expression is an im-
portant mechanism for controlling the response to
cytokines.

Information regarding cytokine biology has in-
creased rapidly in recent years. Most of the new infor-
mation on cytokine biology was first developed in mice
or humans. However, because of the economic impor-
tance of pigs, and their importance in biomedical re-
search, considerable information has been published re-
cently regarding porcine cytokines (Murtaugh 1994;
Murtaugh and Foss 1997, 2002) . The porcine cytokines
that have been studied are generally similar to their ho-
mologue in man or mice. Over 30 porcine cytokines
have been described and partially characterized (Mur-
taugh 1994; Murtaugh and Foss 1997). A currently active
field of research studies the various cytokines produced
in response to disease (Darwich et al. 2003; Suradhat
and Thanawongnuwech 2003; Thanawongnuwech and
Thacker 2003). The information obtained from these
studies helps us understand both how pathogens cause
disease as well as how the immune system functions to
control disease.

Cytokines can generally be categorized into four
groups based on their functions (Abbas et al. 1994). One
group of cytokines is important in mediating innate im-
munity. This includes the type I interferons (alpha and
beta) and the proinflammatory cytokines that include
IL-1, IL-6, and tumor necrosis factor a (TNFa). Type I in-
terferon production occurs in response to viral infec-
tions by many cell types. Type I interferons can be de-
tected within a few hours of viral infection and make



cells resistant to virus infection, increase NK cell activ-
ity, and increase the MHC molecule expression on cell
surfaces, thus increasing antigen presentation to T cells.

The proinflammatory cytokines (IL-1, IL-6, and
TNFa) are produced primarily by macrophages in re-
sponse to bacterial infection and require no previous ex-
posure. They may also be produced in response to viral,
protozoal, or fungal infections, or tissue damage. The
proinflammatory cytokines stimulate the liver to pro-
duce acute phase proteins and stimulate the release of
amino acids from muscle tissue, and may induce
cachexia or wasting in chronic infections. In addition,
they induce fever, loss of appetite, and fatigue if present
in high-enough concentrations. In low levels, these cy-
tokines promote leukocyte adhesion to endothelial cells
and diapedesis of leukocytes into the tissues as well as
migration of macrophages and dendritic cells to the sec-
ondary lymph nodes, resulting in the activation of the
adaptive immune response. Their presence in small
amounts is required for an effective immune response.
However, in large quantities they can induce hypo-
volemic shock and death.

A second group of cytokines regulate lymphocyte ac-
tivation, growth, and differentiation. These are pro-
duced mainly by the Ty lymphocytes in response to
antigen recognition. Four important cytokines in this
group are IL-2, IL-4, IL-12 and transforming growth fac-
tor B (TGF-B). IL-2 stimulates T and B cells that have rec-
ognized antigen to proliferate. It also activates NK lym-
phocytes to have increased cytotoxic activity. IL-4 is
important for effective IgE-mast cell-eosinophil inflam-
matory reactions required to control some parasites and
may result in allergic symptoms to non-parasite anti-
gens. IL-12 activates NK lymphocytes and induces CD4*
cells to differentiate into Ty 1 cells and assists in the mat-
uration of CD8* cells into T cells. TGF-B is primarily a
negative regulator of the immune response. It inhibits
many activities of lymphocytes and may be a signal for
shutting off the immune response.

A third group of cytokines are those that regulate
immune-mediated inflammation. They are produced
mainly by Ty and T cells, and their primary function is
to activate or deactivate the cells of the innate immune
system. Interferon-gamma (IFN-y) causes cells to be
resistant to virus infection (similar to alpha and beta
interferon), and it is also a potent activator of macro-
phages, neutrophils, and NK cells. TNF-B often acts
synergistically with IFN-v to activate phagocytic cells.
TNF-B can also activate endothelial cells resulting in di-
apedesis of leukocytes into sites of inflammation. IL-5
is secreted by Ty cells and acts to increase eosinophil
production and to activate eosinophils resulting in an
increased ability to kill parasites. IL-10, secreted by T
cells and macrophages is important in suppressing
macrophage function and maintaining homeostasis of
the respiratory tract.

The fourth group of cytokines stimulate hemato-
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poiesis through the expansion and differentiation of
bone marrow progenitor cells. They are called colony
stimulating factors (CSFs). IL-3 is a CSF that stimulates
the production of all of the types of leukocytes.
Granulocyte-macrophage CSF (GM-CSF) stimulates the
production of granulocytes and macrophages. Granulo-
cyte CSF (G-CSF) stimulates the production of granulo-
cytes only. The CSFs also may enhance the antimicro-
bial activities of mature neutrophils and macrophages.

Mucosal Immunity

Providing immunity at mucosal surfaces is a difficult
problem due to frequent exposure to infectious agents.
The components of the immune system described previ-
ously may not function well in the microenvironment
on the mucosal surface, and their contribution to pro-
tective immunity varies with the mucosal surface. For
instance 1gG, complement, and phagocytic cells func-
tion efficiently in the lower respiratory tract and in the
uterus but not in the lumen of the gut.

An important component of immunity at mucosal
surfaces is the secretory IgA system, which responds to
antigens that enter the body through mucosal surfaces.
Specialized epithelial cells called dome cells or M cells are
found overlying aggregations of gut and bronchus asso-
ciated lymphoid tissues. These dome cells pinocytose
antigen and transport it across the epithelial layer. The
antigen may then be processed by antigen-presenting
cells and presented to T and B lymphocytes.

Lymphocytes in the bloodstream tend to segregate
into two populations: those that circulate between the
bloodstream and the systemic lymphoid tissues and
those that circulate between the bloodstream and lym-
phoid tissues associated with mucosal surfaces. Because
of the nature of the Ty cells, which home to mucosal
surfaces, antigens that enter through mucosal surfaces
tend to induce an IgA or IgE response. In some cases
antigens that enter through the intestinal tract may in-
duce oral tolerance, resulting in suppression of IgG anti-
body responses.

In the mucosal lymphoid tissues, B cells that have
been stimulated by antigen and induced by Ty cells to
switch to produce IgA will leave the submucosal lym-
phoid tissue and reenter the bloodstream. These lym-
phocytes will exit the bloodstream at submucosal sur-
faces and locate in the lamina propria where they will
differentiate into plasma cells that will secrete dimeric
IgA. Many of these cells will return to the same mucosal
surface from which they originated, but others will be
found at other mucosal surfaces throughout the body.
Therefore, oral immunization can result in the migra-
tion of IgA precursor cells to the bronchi and subse-
quent secretion of IgA onto the bronchial mucosa. Oral
immunization with live or inactivated Actinobacillus
pleuropneumoniae has also been shown to result in the
trafficking of T cells and IgG positive lymphocytes to
the bronchoalveolar space and production of IgA in the
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bronchoalveolar space (Delventhal et al. 1992; Hensel et
al. 1994; Pabst et al. 1995). There is a special affinity for
lymphocytes that have been sensitized in the gut of the
sow to migrate to the mammary gland to become
plasma cells and secrete IgA into the milk.

The dimeric IgA secreted by the plasma cells in the
lamina propria will bind to the polyimmunoglobulin re-
ceptor on the basal membrane of mucosal epithelial
cells. The dimeric IgA and polyimmunoglobulin recep-
tor are then transported to the mucosal surface of the
epithelial cell where the polyimmunoglobulin receptor
is cleaved. The cleavage product is called the secretory
component and remains bound to the dimeric IgA. The
secretory component is important for protecting the IgA
molecule from proteolytic enzymes and also serves to
anchor the IgA into the mucous layer so that it forms a
protective coating on the mucosal surface.

Secretory IgA plays an important role in immunity at
mucosal surfaces by agglutinating infectious agents,
preventing attachment of infectious agents to epithelial
cells, and neutralizing toxins. Other components of the
immune response may also be important in protection
against various types of infection at mucosal surfaces.
For example, neutrophils in the pig can migrate into
the intestinal lumen in large numbers in response to
antigen-antibody complexes. The recruitment of neu-
trophils into the intestinal lumen is dependent upon
the presence of antibody that may be circulating IgG an-
tibody (Bellamy and Nielsen 1974), colostral antibody
(Sellwood et al. 1986), or locally induced IgA class anti-
body (Bhogal et al. 1987). The immigration of neu-
trophils into the lumen of the gut and their subsequent
destruction has been shown to result in an increased
concentration of lactoferrin, lysozyme, and cationic
proteins. These substances may also contribute to im-
munity to bacterial infections in the gut.

T lymphocytes are important mediators of immunity
at mucosal surfaces (Dunkley et al. 1995). This is espe-
cially true for respiratory infections caused by faculta-
tive intracellular bacterial pathogens. T lymphocytes
also play a role in immunity in the intestinal tract. Pigs
have high numbers of intraepithelial lymphocytes,
which are predominantly y3 T cells and T cells (Salmon
1987; Thielke et al. 2003). The T cells in contact with
intestinal epithelial cells are likely to be important in de-
stroying virus-infected epithelial cells. The v8 T cells
proliferate in the intestine and recirculate through the
lymphatic and blood vessels back to the intestine. They
can produce IFN-y, be cytotoxic, and act as antigen-
presenting cells through MHC II molecules (Lee et al.
2004; Takamatsu et al. 2002).

More detailed information on the various aspects of
mucosal immunity may be found in chapters in this
book dealing with specific organ systems or specific
pathogens. The role for lymphocytes in the respiratory
immune system of the pig has been reviewed (Pabst and
Binns 1994).

Immunity in the Fetus and Neonate

All components of the native and acquired immune sys-
tems of the pig develop in utero and are functional at
birth. However, they are generally less efficient than in
the adult (Hammerberg et al. 1989). Since the normal
newborn piglet has not yet been exposed to antigen, hu-
moral and cell-mediated immune responses to infec-
tious agents have not yet been developed. After expo-
sure to infectious agents it will take 7-10 days for a
primary antibody or cell-mediated immune response to
develop. During this time resistance to infection de-
pends upon the actions of the innate defense mecha-
nisms and antibody, which is passively transferred from
the sow to the piglet. In the pig there is virtually no
transfer of antibody across the placenta. The epithelio-
chorial placentation of the sow has several tissue layers
between maternal and fetal circulation, which prevents
antibody transfer. In the sow, as in other large domestic
species, passive transfer of antibody from mother to
offspring occurs through the colostrum. The sow con-
centrates antibody in the colostrum during the last days
of gestation. This antibody is largely transferred intact
across the gut epithelial cells into the circulation of the
newborn piglet. The passive transfer of antibody from
sow to piglet in the colostrum and milk is very impor-
tant for neonatal survival and is discussed in more detail
below.

Innate Defense Mechanisms. The newborn piglet has
low levels of hemolytic complement activity at birth.
The level of hemolytic complement activity is related to
the birth weight, with heavier pigs having significantly
higher concentrations of complement in the serum
(Rice and L’Ecuyer 1963). In colostrum-deprived pigs the
hemolytic complement activity gradually increases dur-
ing the first 36 days of life. Piglets allowed to suckle
colostrum have higher titers of hemolytic complement
than colostrum-deprived piglets during the first 3 weeks
of life. This suggests that some of the complement com-
ponents that are present in limiting amounts are trans-
ferred through the colostrum to the piglet (Rice and
L’Ecuyer 1963).

The level of natural interferon alpha production by
porcine blood mononuclear cells was shown to be low at
birth and to gradually increase until adult age, with a
significant increase around puberty (Nowacki et al.
1993).

Phagocytic cells are present in newborn animals but
generally have reduced phagocytic activity as compared
to adult animals (Osburn et al. 1982). Alveolar macro-
phages from 1-day-old pigs had reduced oxidative
killing mechanisms compared to alveolar macrophages
from adult pigs. By 7 days of age, these aspects of alveo-
lar macrophage function had reached adult levels of ac-
tivity (Zeidler and Kim 1985). Neonatal pigs have low
numbers of pulmonary intravascular macrophages,
which can increase up to fourteenfold by 30 days of age



(Winkler and Cheville 1987). Since phagocytes depend
on complement and/or antibodies to opsonize many in-
fectious agents, the overall efficiency of phagocytosis
may be reduced due to inadequate levels of complement
and antibodies. Neutrophils from fetal pigs have been
shown to have antibody-dependent cell-mediated cyto-
toxicity activity against chicken red blood cells, which is
comparable to that of adult pigs. Neutrophils from
neonatal pigs have also been shown to rapidly emigrate
into the lumen of the gut in response to the presence of
E. coli and colostral antibody (Sellwood et al. 1986; Yang
and Schultz 1986).

Acquired Immune Mechanisms. The percentage of
CD2*, CD4*, and CD8* T lymphocytes increases with
age over the first several weeks of life in specific
pathogen-free pigs (Bianchi et al. 1992; Joling et al.
1994). The lymphocyte blastogenic responsiveness to
mitogens has been shown to be low after birth and to in-
crease by 4 weeks of age (Becker and Misfeldt 1993). The
mucosal lymphoid system is also less developed at birth
and matures over the next few weeks of life (Jericho
1970; Ramos et al. 1992).

Natural killer cell activity has been shown to be ab-
sent in the peripheral blood of fetal pigs and to be low in
pigs of less than 2 weeks of age (Yang and Schultz 1986).

Passive Transfer in the Neonate. Pigs are born with al-
most no serum antibody and absorb colostrum that is
enriched in IgG, IgG,, and IgA as compared to the serum
of sows. It has approximately the same concentration of
IgM as serum (refer to Table 2.1). When the pig suckles,
the colostrum is replaced with milk, which has much
lower immunoglobulin content. From 3 days of age
until the end of lactation, IgA is the predominant anti-
body found in sow milk. The percentage of immuno-
globulin in the mammary gland derived from serum
and locally produced in the mammary gland is different
in colostrum and milk and varies with the im-
munoglobulin class (Table 2.2).

All three major classes of Ig (IgG, IgA, and IgM) are
absorbed from the colostrum into the circulation of
newborn pigs (Curtis and Bourne 1971; Porter 1969).

Table 2.2. Origin of porcine colostral and milk
immunoglobulins (Stokes and Bourne 1989).

Percent Derived Percent Locally

from Plasma (%) Synthesized (%)

Colostrum

IgM 85 15

IgG 100 0

IgA 40 60
Milk

IgM 10 90

IgG 30 70

IgA 10 90
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IgA, however, is absorbed less efficiently than the other
classes of antibody (Hill and Porter 1974; Porter 1973).
This is apparently because much of the IgA in porcine
colostrum is dimeric IgA lacking secretory component
(Porter 1973). Neonatal colostrum-deprived piglets have
been shown to express secretory component in the gut,
which tends to localize in the mucus of the crypt areas
(Allen and Porter 1973). Because of the affinity of the
dimeric IgA and IgM for secretory component, it has
been suggested that IgA and IgM are bound in associa-
tion with secretory component and held in the mucus
of the crypt areas and are, therefore, less efficiently ab-
sorbed from the colostrum (Butler et al. 1981). The IgA
present in sow’s milk throughout the suckling period
may also bind to the secretory component in the crypt
areas and provide relatively continuous protection
against intestinal pathogens.

Intestinal absorption of immunoglobulin from the
colostrum normally ceases by 24-36 hours after birth. If
pigs suckle normally, the efficiency of absorption de-
creases with a half-life of about 3 hours (Speer et al.
1959). Lecce et al.(1961) found that the period of time
that the intestine could absorb antibodies was extended
up to 5 days in starved pigs, which were maintained by
parental administration of nutrients. Therefore, piglets
that have not had an opportunity to eat during the first
24-36 hours may still benefit from colostrum ingestion.

Neonatal pigs have been shown to absorb colostral
lymphocytes from their intestinal tract into the blood
stream (Tuboly et al. 1988; Williams 1993). By 24 hours
cells derived from colostrum were found in the liver,
lung, lymph nodes, spleen, and gastrointestinal tissue.
Pigs that had absorbed the colostral lymphocytes had
higher lymphocyte blastogenic responses to mitogens
than control pigs. It is not clear whether the passively
transferred lymphocytes also transfer clinically signifi-
cant cell-mediated or antigen-specific immunity from
the sow to the piglet.

HYPERSENSITIVITIES

Hypersensitivities are conditions in which there is an
excessive response to an antigen to which the animal
has previously been exposed. The clinical signs are due
to the immune response to the antigen rather than to a
direct action of the antigen or pathogens. Although hy-
persensitivity conditions can be divided into four types
based on their mechanism of action, it is not unusual for
clinical hypersensitivity conditions to involve more
than one of the four types of hypersensitivity.

Type I or immediate type hypersensitivity involves the
synthesis of specific IgE antibodies. The IgE molecules
preferentially bind to Fc receptors on the surface of tis-
sue mast cells. When the same antigen is encountered
subsequently it will bind to the IgE on the mast cell sur-
face (if there is a sufficiently high concentration of IgE
specific for the antigen) and cause the mast cell to re-



26 SECTION | PHYSICAL EXAMINATION, DIAGNOSIS, AND BODY SYSTEMS

lease numerous pharmacologically active substances,
which are responsible for the clinical signs (e.g., hista-
mine, serotonin, kinins, prostaglandins, and others).
Type I hypersensitivities may be localized to a particular
region or organ or may be systemic (anaphylaxis) (Eyre
1980). Information on naturally occurring localized
type I hypersensitivities in pigs is not readily available,
although it has been reproduced experimentally (Helm
et al. 2003; Roe et al. 1993). Acute systemic anaphylaxis
in pigs is due primarily to systemic and pulmonary hy-
pertension, leading to dyspnea and death. In some pigs
the intestinal tract may also be involved (Tizard 1987).

A type II hypersensitivity response (or cytotoxic type
hypersensitivity) involves the presence of antibodies di-
rected against cell membrane antigens. These may be
normal tissue antigens in the case of autoimmune dis-
eases or foreign antigens (e.g., drugs, viral antigens, or
bacterial antigens) that have adhered to the cell surface.
Type II hypersensitivities have been reported in pigs in
which autoantibodies have formed against erythro-
cytes, thrombocytes, or neutrophils. This results in a de-
pletion of the respective cell type and the associated
clinical signs that one would expect (anemia, bleeding
diathesis, or increased susceptibility to infection, re-
spectively). These autoantibodies may arise from blood
transfusions, from the use of vaccines that contain
blood products, or in multiparous sows that develop an-
tibody against the alloantigens shared by the sire and
the fetus. Thrombocytopenia purpura in baby pigs due
to passively transferred anti-platelet antibody seems to
be rather common. Pigs appear normal at birth, and
death usually occurs between 10-20 days of age. The
most striking pathologic feature is the presence of hem-
orrhages in the subcutaneous tissues and internal or-
gans. Castration during the period of thrombocytope-
nia may greatly increase the death rate.

Antibodies against erythrocytes, thrombocytes, and
neutrophils may be present in the same piglet. In one re-
port, 50% of the dams of litters affected with thrombo-
cytopenia purpura had erythrocyte iso-antibodies in
their serum (Linklater et al. 1973). Some of the anemia
associated with Mycoplasma haemosuis (formerly
Eperythrozoon suis) is due to the development of autoan-
tibodies against the red blood cells induced by the or-
ganism (Messick 2004).

A type Il hypersensitivity (or immune-complex type hy-
persensitivity) involves the presence of antigen-antibody
complexes in the circulation or tissue. These immune
complexes can fix complement and, therefore, may ini-
tiate an inflammatory response, attract neutrophils to
the site, and damage cell membranes. The immune
complex-mediated glomerulonephritis associated with
chronic hog cholera virus, African swine fever virus, and
possibly PCV2 infections are examples of this type of hy-
persensitivity. The immune complexes formed in re-
sponse to these diseases may also cause polyarteritis no-
dosa, a systemic vasculitis. Inmune complex deposition

in swine kidneys is apparently common. One study
evaluated 100 kidneys collected at slaughter with no ap-
parent macroscopic lesions. Ninety-seven of the kidneys
had IgG deposits and 98 had C3 deposits as demon-
strated by immunocytochemistry. The significance of
these immune complex deposits in the kidney is un-
known; however, the clinical diagnosis of glomerular
disease in swine is rare (Shirota et al. 1986).

A type IV hypersensitivity (or delayed-type hypersensi-
tivity) is mediated by sensitized T cells releasing cy-
tokines. It does not involve antibody. The tuberculin
skin test is a classic type IV hypersensitivity reaction.
Delayed-type hypersensitivity is believed to play a role
in some cases of food hypersensitivity in pigs. Very little
work has been reported on other clinical conditions in-
volving delayed-type hypersensitivity in pigs. Transfer
of delayed-type hypersensitivity between genetically
matched pigs by transfer of lymphocytes has been
demonstrated (Binns et al. 1996).

Food hypersensitivity is thought to be responsible
for some cases of post-weaning diarrhea and reduced
growth performance in piglets (Stokes et al. 1987; Stokes
and Bourne 1989; Li et al. 1990, 1991; Friesen et al.
1993). This apparently involves the formation of both
IgG antibodies and a type IV or delayed-type hypersen-
sitivity. Following the introduction of a new protein
antigen to the diet, a small proportion (<0.002%) of that
protein is absorbed intact inducing an antibody and/or
cell-mediated response. Normally, a systemic antibody
response (IgG) is suppressed (oral tolerance) and a local
mucosal antibody response persists. The local antibody
prevents further absorption of the intact protein. Oral
tolerance prevents an immune response to most of the
proteins that are absorbed. Therefore, following the in-
troduction of new dietary antigen, animals may pass
through a brief phase of hypersensitivity before the de-
velopment of a protected state of tolerance.

In pigs that were weaned abruptly and placed on a
soya-containing diet, soya protein was detected in the
sera of all animals for up to 20 days postweaning. A de-
layed-type hypersensitivity skin test reaction to soya
proteins was transiently present in the soya-fed group.
The changes in gut morphology (crypt hyperplasia and
villous atrophy) and the malabsorption associated with
early weaning suggested that these changes occur as a
result of a transient hypersensitivity to antigen in the
postweaning diet. These intestinal changes can facilitate
growth and disease production by E. coli. Feeding of
large amounts of soya prior to the withdrawal of milk
prevented the postweaning malabsorption and diarrhea
(Stokes et al. 1987).

IMMUNODEFICIENCY AND
IMMUNOSUPPRESSION

Primary or secondary immunodeficiencies increase the
susceptibility of animals to disease induced by typically



low to nonpathogenic microbes. A primary immuno-
deficiency is defined as a disorder of the immune system
with a genetic basis. A secondary immunodeficiency is a
disorder in which the animal is genetically capable of
normal immune function, but some secondary factor is
impairing resistance to disease.

Clinical findings that are associated with immuno-
deficiencies include:

1. Illness from organisms of normally low pathogenic-
ity or from an attenuated live vaccine

2. Recurrent illnesses that are unusually difficult to
control

3. Failure to respond adequately to vaccination

4. Unexplained neonatal illness and death affecting
more than one animal in a litter

5. A variety of disease syndromes occurring concur-
rently in a herd

Alarge number of primary immunodeficiencies have
been reported in humans; however, there are no reports
of primary immunodeficiencies in pigs. This is probably
due to the relatively low value of the individual piglet
and the expense and difficulty associated with diagnos-
ing a primary immunodeficiency. In addition, sows and
boars that produce nonvigorous litters are not kept in
the breeding herd.

A common cause of secondary immunodeficiency is
failure of passive transfer of adequate levels of maternal
antibody through the colostrum to the piglet. This has
been discussed earlier in this chapter. Other potential
causes of secondary immunodeficiency (or immuno-
suppression) include:

1. Physical or psychological distress

2. Immunosuppressive infectious agents
3. Inadequate nutrition

4. Immunotoxic substances

Physical and Psychological Distress. There is ample
evidence that both physical and psychological distress
can suppress immune function in animals, leading to an
increased incidence of infectious disease. Excess heat or
cold, crowding, mixing, weaning, limit-feeding, ship-
ping, noise, and restraint are stressors that are often as-
sociated with intensive animal production and have
been shown to influence immune function in various
species (Kelley 1985). Distress-induced alterations in im-
mune function are mediated by interactions between
the neuroendocrine and immune systems. The study of
these multisystem interactions initially focused on the
secretion and influence of glucocorticoids, which sup-
press several aspects of immune function. However, pigs
are more resistant to the immunosuppessive effects of
glucocorticoids compared to some other species (Flam-
ing et al. 1994). It is now recognized that there are many
mechanisms by which the neuroendocrine system can
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alter immune function; in addition, the immune system
is capable of altering the activity of the neuroendocrine
system (Breazile 1987; Dunn 1988; Kelley 1988).

Weaning is certainly a stressful event for domestic
animals. Piglets are usually separated from the sow, han-
dled, regrouped with unfamiliar pigs, and shifted from a
liquid to a solid diet. Weaning at 2, 3, or 4 weeks of age
(but not at 5 weeks of age) has been shown to decrease
the in vivo and in vitro response of porcine lymphocytes
to phytohemagglutinin (Blecha et al. 1983). This is con-
sidered to be a measure of the lymphocyte’s ability to
undergo clonal expansion to initiate an immune re-
sponse. These same parameters were suppressed in arti-
ficially reared neonatal piglets compared to their sow-
reared littermates (Blecha et al. 1986; Hennessy et al.
1987). Early weaning of pigs at 3 weeks of age suppressed
the ability of mesenteric lymph node cells to produce
IL-2 (Bailey et al. 1992). Weaning (at 5 weeks of age) 24
hours after the injection of sheep red blood cells (RBCs)
decreased the antibody response to the sheep RBCs.
Weaning 2 weeks prior to injecting the sheep RBCs did
not decrease the antibody response (Blecha and Kelley
1981). However, successful vaccination strategies at the
time of weaning are frequently reported in the field.

Regrouping of pigs at the time of weaning or at 2
weeks after weaning significantly increased their plasma
cortisol concentration. However, there were no measur-
able changes in lymphocyte blastogenesis or antibody
responses at the time of elevated plasma cortisol con-
centration (Blecha et al. 1985).

Crowding or restraint may also stress pigs sufficiently
to decrease their immune responsiveness. Housing 8
pigs (11.5-18 kg) per group in pens with 0.13 m? of floor
space per pig significantly reduced their phytohemag-
glutinin skin test response as compared to pigs given
twice as much space (Yen and Pond 1987). When young
pigs were restrained for 2 hours per day over a 3-day pe-
riod, they had a significantly elevated plasma cortisol
concentration, which correlated with a decrease in the
size of the thymus gland and with a reduction in the
phytohemagglutinin skin test response (Westly and
Kelley 1984). Another report indicated that tethering of
sows suppressed antibody synthesis to sheep RBCs. It
also resulted in a reduction in the amount of antibodies
that were transmitted through the colostrum into the
blood of the piglets (Kelley 1985).

Immunosuppressive Infectious Agents. Certain infec-
tious agents are capable of suppressing immune func-
tion, making the animal more susceptible to secondary
infections. For example, infection with Mycoplasma hy-
opneumoniae, A. pleuropneumoniae, virulent or vaccine
strains of hog cholera virus, porcine reproductive and
respiratory syndrome (PRRS) virus, or pseudorabies
virus increases the susceptibility of pigs to Pasteurella
multocida, increasing the severity of pneumonia (Chung
et al. 1993; Done and Paton 1995; Fuentes and Pijoan
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1986, 1987; Pijoan and Ochoa 1978; Smith et al. 1973).
The mechanism of the immunosuppression induced by
these agents has not been completely characterized. A
cytotoxin from A. pleuropneumoniae is toxic for alveolar
macrophages (Chung et al. 1993; Dom et al. 1992;
Tarigan et al. 1994). The pseudorabies virus has been
shown to replicate in monocytes and alveolar macro-
phages and to impair their bactericidal and cytotoxic
functions (Chinsakchai and Molitor 1992; Iglesias et al.
1989a, b; Iglesias et al. 1992). Porcine parvovirus repli-
cates in alveolar macrophages, as well as lymphocytes,
and has been shown to impair macrophage phagocyto-
sis and lymphocyte blastogenesis (Harding and Molitor
1988). Swine influenza virus and PRRS virus also repli-
cate in alveolar macrophages and PRRS virus is lytic to
infected macrophages (Bautista et al. 1993; Charley
1983).

PRRS virus and porcine circovirus type 2 (PCV2) both
appear to modulate the immune response at many lev-
els. Specific details about the pathogenesis of these two
viruses are covered elsewhere in this book. However, it is
important to recognize that much of their impact on
the swine industry is due to their ability to modulate or
alter the ability of the immune system to control other
pathogens. The mechanism used by these pathogens to
alter the immune response is currently unknown; how-
ever, studies have demonstrated that PRRS virus induc-
tion of cytokines that induce a Ty 2-type of response, as
characterized by increased IL-10 levels and decreased
IFN-y production, may play a role in the immunosup-
pression associated with infection (Thanawongnuwech
and Thacker 2003). Thus, although neither of these
viruses is classically immunosuppressive, their ability to
modulate the immune system allows persistence of the
viruses in the host.

In addition to modulation of the immune system by
viruses, bacteria including M. hyopneumoniae, Salmo-
nella typhimurium, and S. choleraesuis have each been
shown to alter porcine neutrophil function (Coe et al.
1992; DeBey et al. 1994; Roof et al. 1992a, b) In addition,
M. hyopneumoniae also appears to induce a preferential
Ty 2 type of response that may further decrease the abil-
ity to control respiratory pathogens (Thanawongnu-
wech and Thacker 2003; Thanawongnuwech et al.
2000).

Nutritional Influences on Immunity. Both malnutri-
tion and overfeeding may result in impairment of im-
mune function and increased susceptibility to disease
due to a deficiency or excess of proteins or calories, or a
relative imbalance in vitamin or trace mineral content.
Animals under intensive production conditions typi-
cally have a completely controlled diet. Therefore, it is
very important that the diet, especially the vitamin and
trace mineral content, be optimally formulated. Key vi-
tamins and minerals for optimal immune function in-
clude vitamins A, C, E, and the B complex vitamins;

copper (Cu); zinc (Zn); magnesium (Mg); manganese
(Mn); iron (Fe); and selenium (Se). The balance of these
constituents is especially important since an excess or
deficiency in one component may influence the avail-
ability or requirement for another (Tengerdy 1986).

It is difficult to predict the optimal diet for immune
function. There is very little research data in this area for
swine. The dietary requirements for optimal immune
function may differ from the requirements to avoid de-
ficiencies as judged by traditional methods. Relatively
small imbalances of a particular nutrient may suppress
immune function, whereas a more severe deficiency
must occur before the classical clinical evidence of defi-
ciency of that nutrient is recognized. In addition, stress
or the demands of rapid growth may change dietary re-
quirements for optimal immune function.

Dietary and injectable vitamin E and selenium have
been evaluated for their influence on antibody levels in
young pigs. Dietary vitamin E supplementation in-
creased the antibody response to E. coli (Ellis and
Vorhies 1976). Supplemental (dietary or injectable) vita-
min E and/or selenium treatment in pigs beginning at 4
to 5 weeks of age increased their antibody response to
sheep RBCs (Peplowski et al. 1981). Dietary vitamin E
and selenium also increased the proliferation response
of pig lymphocytes to phytohemagglutinin (Larsen and
Tollersrud 1981).

Immunotoxic Substances. In other species, various
compounds—including heavy metals, industrial chemi-
cals, pesticides, and mycotoxins—have been shown to
be immunosuppressive at very low levels. These com-
pounds may be detrimental to the immune system and
predispose animals to infectious diseases at levels that
do not cause other symptoms of toxicity (Koller 1979).
Very little immunotoxicology research has been con-
ducted in swine. Aflatoxins in the feed of young pigs has
been shown to impair immunity to erysipelas, to en-
hance the severity of clinical signs due to salmonellosis,
and to enhance susceptibility to an oral inoculation
with Brachyspira hyodysenteriae (Cysewski et al. 1978;
Joens et al. 1981; Miller et al. 1978).

GENERAL PRINCIPLES OF VACCINATION

For over 100 years scientists have known that animals
may develop immunity to diseases if exposed to either
the killed infectious agent or a live strain of the agent
that has been modified so it does not cause disease. This
approach led to the development of many successful
vaccines in the early 1900s. However, it soon became ap-
parent that for certain diseases this simple approach was
not effective. An animal, for example, might produce
antibody in response to vaccination, but still develop
the disease, demonstrating that circulating antibody
alone is not protective. The challenge of developing vac-
cines for these diseases is to understand the basis for suc-



cessful immunity, and then to develop vaccines that in-
duce this type of immunity. It is apparent that different
diseases require different types of immunity for protec-
tion and the type of vaccine (modified live versus
killed), route of administration, and type of adjuvant
make a difference in the type of immune response.

General principles regarding vaccine efficacy and
vaccine failure will be discussed here. It must be remem-
bered that there are exceptions to these general princi-
ples for specific vaccines and specific diseases. Informa-
tion regarding protective immunity and vaccination for
specific diseases may be found in other chapters of this
book.

Selective Induction of Different Types of
Immunity

It is relatively easy to develop a vaccine that will induce
the production of IgG and IgM antibodies in the blood-
stream. However, the vaccine may not induce antibod-
ies against the important antigens of the infectious
agent, and antibodies alone do not kill infectious
agents. Some disease-causing organisms are resistant to
control by circulating antibodies. These organisms must
be controlled by the cell-mediated immune system or
the secretory IgA system. It is more difficult to develop a
safe and effective vaccine that induces these types of
immunity.

The nature of the vaccine and the route of adminis-
tration are important for influencing the type of immu-
nity induced. Subcutaneous or intramuscular injection
of a killed vaccine will stimulate the immune system to
produce both IgM and IgG. However, there is very little
production of IgA to protect the mucosal surfaces. In ad-
dition, killed vaccines are generally less effective in in-
ducing cell-mediated immunity.

Optimal induction of cell-mediated immunity gen-
erally requires a modified live vaccine capable of repli-
cating in the animal or a killed vaccine with a highly ef-
fective adjuvant. Modified live vaccine viruses have
been attenuated to be of reduced virulence. The attenu-
ation must be shown to be stable; therefore, reversion to
virulence is a rare event. New adjuvants and other novel
vaccine technologies are being developed that show
promise for inducing cell-mediated immunity (Roth
and Henderson 2001; Spickler and Roth 2003). There are
killed vaccines that have been available for many years
and have been effective in controlling certain systemic-
type diseases. These are generally diseases that can be
controlled by the presence of IgG in the circulation. For
those diseases where T cell-mediated immunity is
needed for protection, it is important to characterize the
response of the various T cell subsets to the vaccine anti-
gens. Several methods exist for evaluating T cell re-
sponses to antigens in domestic species (Sandbulte and
Roth 2004).

Protecting the animal from infection at mucosal sur-
faces such as the intestinal tract, respiratory tract, mam-
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mary glands, and reproductive tract is especially diffi-
cult for the immune system. The antibodies responsible
for humoral immunity and the lymphocytes responsi-
ble for cell-mediated immunity are predominantly in
the blood stream and tissues and they are typically not
found on the mucosal surfaces. Therefore, although
lymphocytes assist in preventing systemic invasion
through the mucosal surface, they are often not very ef-
fective at controlling infection on the mucosal surface.
Even in the lung and the mammary gland, where IgG
and lymphocytes are found in relative abundance, they
are not able to function as effectively as in the tissues.
Protection on mucosal surfaces is due in large part to se-
cretory IgA, T cells, and 8 T cells, as discussed earlier.

The route of vaccine administration can be impor-
tant when attempting to induce mucosal immunity. To
induce secretory IgA production at mucosal surfaces, it
is best for the vaccine to enter the body via a mucosal
surface. This can be accomplished by feeding the vac-
cine to the animal, aerosolizing the vaccine so the ani-
mal will inhale it, or by intramammary exposure. If a
sow is exposed to an infectious agent in her intestinal
tract, she may respond by producing secretory IgA not
only in her own intestinal tract, but also in her mam-
mary gland. The sow passes the IgA against the infec-
tious agent to the piglet when it suckles, thus protecting
the piglet from infectious agents present in the sow’s in-
testine. This protection will last only as long as the piglet
continues to suckle. Enteric infections by many organ-
isms are not controlled by the presence of IgG and IgM
in the bloodstream or by a systemic cell-mediated im-
mune response. If a modified live vaccine is given by in-
jection, but goes to a mucosal surface to replicate, it may
also induce a secretory IgA response. In addition, killed
vaccines for some respiratory pathogens, such as M. hy-
opneumoniae and swine influenza virus, are capable of
stimulating an IgA response to challenge.

Vaccination Failure. There are many reasons why ani-
mals may develop disease even though they have been
vaccinated (Roth 1999). Potential reasons for vaccine
failure include:

1. Insufficient time occurred after vaccination to de-
velop immunity.

2. Something happened to the vaccine to make it in-
effective.

3. The physiologic status of the animal impaired the
response to the vaccine.

4. The animal was immunosuppressed at some point
after vaccination.

5. The animal was exposed to an overwhelming chal-
lenge dose.

6. The duration of immunity after vaccination was not
adequate.

7. Important antigenic differences exist between vac-
cine and field strains.
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8. Interference occurs when multiple vaccines are ad-
ministered concurrently.

By being aware of these factors, veterinarians and pro-
ducers can help minimize the occurrence of vaccine
failures.

Occurrence of Disease Shortly After Vaccination. The
host requires several days after vaccination before an ef-
fective immune response will develop. If the animal en-
counters an infectious agent prior to or near the time of
vaccination, the vaccine may not have time to induce
immunity. The animal may come down with clinical
disease resulting in an apparent vaccination failure. In
this situation, disease symptoms will appear shortly
after vaccination and may be mistakenly attributed to
vaccine agent causing the disease. Modified live vaccine
viruses consisting of attenuated virus may be capable of
producing disease in immunosuppressed animals.

Alterations in the Vaccine. Improperly handled and ad-
ministered vaccines may fail to induce the expected im-
mune response in normal, healthy animals. Modified
live bacterial and viral vaccines are effective only if the
agent in the vaccine is viable and able to replicate in the
vaccinated animal. Observing proper storage conditions
and proper methods of administration are very impor-
tant for maintaining vaccine viability. Failure to store
the vaccine at refrigerator temperatures or exposure to
light may inactivate the vaccine. Even when stored
under appropriate conditions, the vaccine loses viabil-
ity over time. Therefore, vaccines that are past their ex-
piration date should not be used. The use of chemical
disinfectants on syringes and needles can inactivate
modified live vaccines if there is any residual disinfec-
tant. The use of an improper diluent or the mixing of
vaccines in a single syringe may also inactivate modified
live vaccines. Diluent for lyophilized vaccines are for-
mulated specifically for each vaccine. A diluent which is
appropriate for one vaccine may inactivate a different
vaccine. Some vaccines and diluents contain preserva-
tives that may inactivate other modified live vaccines.
For these reasons, multiple vaccines should not be
mixed in a single syringe unless that particular combi-
nation has been adequately tested to insure there is no
interference.

Host Factors Contributing to Vaccine Failure. Vaccine
failures may occur because a vaccinated animal is not
able to respond appropriately to the vaccine. Vaccine
failure in young animals may be due to the presence of
maternal antibody, which prevents adequate response
to vaccination. It can also be due to immunosuppres-
sion from a variety of causes, as discussed previously.
Maternal antibodies derived from colostrum are a
well-known cause of vaccine failure. These antibodies in
the piglets’ circulation may neutralize or remove the

antigen before it can induce an immune response.
Typically, virulent infectious agents are capable of
breaking through maternal immunity earlier than mod-
ified live or killed vaccines. This means that even if
young animals are immunized frequently, there is still
often a period when they are vulnerable to infection.
Vulnerability occurs between the time that young ani-
mals lose their maternal antibody and before they de-
velop their own active immune response. This period
can be shortened by the use of less-attenuated modified
live vaccines or the use of killed vaccines with high anti-
genic mass. Overcrowding and poor sanitation exacer-
bate the problem of inducing immunity in young ani-
mals before they come down with clinical disease.

Because only one vaccination is commonly recom-
mended for large domestic animals, the timing of the
vaccination is important. If the vaccine is administered
too soon, it may be ineffective because of the presence
of maternal antibody. If the vaccine is administered
after all maternal antibodies are gone from animals in
the herd, there may be a prolonged period of vulnera-
bility before they develop their own immune response.
Most veterinarians and producers decide that because
of time and expense considerations it is impractical to
vaccinate young pigs frequently. However, frequent
vaccination may be justified in cases of unusually high
disease incidence.

Immunosuppression due to a variety of factors in-
cluding stress, malnutrition, concurrent infection, or
immaturity or senescence of the immune system may
also lead to vaccination failure. If the immunosuppres-
sion occurs at the time of vaccination, the vaccine may
fail to induce an adequate immune response. If the im-
munosuppression occurs sometime after vaccination,
disease may occur due to reduced immunity in spite of
an adequate response to the original vaccine. Therapy
with immunosuppressive drugs (e.g., glucocorticoids)
may also cause this to occur.

Another concern is that some modified live vac-
cines are capable of inducing disease in the immuno-
suppressed animal. Modified live vaccines are tested
for safety in normal, healthy animals. They are not rec-
ommended for use in animals with compromised im-
mune systems. Therefore, these vaccines should not be
used in animals that are immunosuppressed for any
reason. This includes animals in the first few weeks of
life unless the vaccine has been specifically tested in
animals this young. When it is necessary to vaccinate
animals under these conditions, killed vaccines should
be used.

Overwhelming Challenge Dose. Most vaccines do not
produce complete immunity to disease. They provide an
increased ability to resist challenge by infectious agents.
If a high challenge dose of organisms is present due to
overcrowding or poor sanitation, the immune system
may be overwhelmed, resulting in clinical disease.



Vaccine Efficacy. Vaccines that are licensed by the
United States Department of Agriculture have been
tested to determine that they are safe and effective.
However, “effective” is a relative term. It does not mean
that the vaccine must be able to induce complete immu-
nity under all conditions that may be found in the field.
This would not be realistic since the immune system is
not capable of such potent protection under adverse
conditions.

To be federally licensed, the vaccine must have been
tested under controlled experimental conditions. The
vaccinated group must have had significantly less dis-
ease than the nonvaccinated control group. This testing
is typically done on healthy, nonstressed animals under
good environmental conditions and with a controlled
exposure to a single infectious agent. Vaccines may be
much less effective when used in animals that are under
stress, incubating other infectious diseases, or exposed
to a high dose of infectious agents due to overcrowding
or poor sanitation.

It is important to remember that for most diseases
the relationship between the infectious agent and the
host is sufficiently complicated that vaccination cannot
be expected to provide complete protection. The vac-
cine can increase the animal’s resistance to disease, but
this resistance can be overwhelmed if good manage-
ment practices are not followed.

REFERENCES

Abbas AK, Lichtman AH, Pober JS. 1994. Cellular and Molecular
Immunology. Philadelphia: W.B. Saunders Co.

Allen WD, Porter P. 1973. Localisation by immunofluorescence of
secretory component and IgA in the intestinal mucosa of the
young pig. Immunol 24:365-374.

Bailey M, Clarke CJ, Wilson AD, Williams NA, Stokes CR. 1992.
Depressed potential for interleukin-2 production following early
weaning of piglets. Vet Inmunol Immunopathol 34:197-207.

Barratt ME. 1972. Immediate hypersensitivity to Metastrongylus
spp. infection in the pig. Immunology 22:601-623.

Bautista EM, Goyal SM, Yoon IJ, Joo SH, Collins JE. 1993.
Comparison of porcine alveolar macrophages and CL 2621 for
the detection of porcine reproductive and respiratory syn-
drome (PRRS) virus and anti-PRRS antibody. ] Vet Diagn Invest
5:163-165.

Bautista EM, Gregg D, Golde WT. 2002. Characterization and func-
tional analysis of skin-derived dendritic cells from swine with-
out a requirement for in vitro propagation. Vet Immunol
Immunopathol 88:131-148.

Becker BA, Misfeldt ML. 1993. Evaluation of the mitogen-induced
proliferation and cell surface differentiation anitgens of lym-
phocytes from pigs 1 to 30 days of age. ] Anim Sci 71:2073-2078.

Bellamy JEC, Nielsen NO. 1974. Immune-mediated emigration of
neutrophils into the lumen of the small intestine. Infect
Immun 9:615-619.

Bertram TA. 1986. Intravascular macrophages in lungs of pigs in-
fected with Haemophilus pleuropneumoniae. Vet Pathol
23:681-691.

Bhogal BS, Nagy LK, Walker PD. 1987. Neutrophil mediated and
IgA dependent antibacterial immunity against enteropatho-
genic Escherichia coli in the porcine intestinal mucosa. Vet
Immunol Immunopathol 14:23-44.

CHAPTER 2 IMMUNE SYSTEM 31

Bianchi ATJ, Zwart RJ, Jeurissen SHM, Moonen-Leusen HWM. 1992.
Development of the B- and T-cell compartments in porcine lym-
phoid organs from birth to adult life: An immunohistological
approach. Vet Immunol Immunopathol 33:201-221.

Binns RM. 1982. Organisation of the lymphoreticular system and
lymphocyte markers in the pig. Vet Immunol Immunopathol
3:95-146.

Binns RM, Licence ST, Whyte A. 1996. Transfer of T-cell-mediated,
antigen-specific delayed type hypersensitivity reactions to
naive recipient inbred pigs. Res Vet Sci 60:24-28.

Binns RM, Pabst R, Licence ST. 1986. The behavior of pig lympho-
cyte populations in vivo. Swine Biomed Res 3:1837-1853.

Blecha F, Kelley KW. 1981. Effects of cold and weaning stressors on
the antibody-mediated immune response of pigs. ] Anim Sci
53:439-447.

Blecha F, Pollmann DS, Nichols DA. 1983. Weaning pigs at an early
age decreases cellular immunity. ] Anim Sci 56:396-400.

—— 198S5. Immunologic reactions of pigs regrouped at or near
weaning. Am J Vet Res 46:1934-1937.

Blecha F, Pollmann DS, Kluber IEF. 1986. Decreased mononuclear
cell response to mitogens in artifically reared neonatal pigs.
Can J Vet Res 50:522-525.

Breazile JE. 1987. Physiologic basis and consequences of distress in
animals. ] Am Vet Med Assoc 191:1212-1215.

Brogden KA, Ackermann M, McCray PBJr, Tack BF. 2003.
Antimicrobial peptides in animals and their role in host de-
fence. Int ] Antimicrob Agents 22:465-478.

Butler JE, Klobasa F, Werhahn E. 1981. The differential localisations
of IgA, IgM, and IgG in the gut of suckled neonatal piglets. Vet
Immunol Immunopathol 2:53-65.

Carrasco CP, Rigden RC, Schaffner R, Gerber H, Neuhaus V,
Inumaru S, Takamatsu H, Bertoni G, McCullough KC, Summer-
field A. 2001. Porcine dendritic cells generated in vitro: Mor-
phological, phenotypic and functional properties. Immunol-
ogy 104:175-184.

Charley B. 1983. Interaction of influenza virus with swine alveolar
macrophages: Influence of anti-virus antibodies and cytocha-
lasin B. Ann Virol 134:51-59.

Check W. 2004. Innate immunity depends on toll-like receptors.
Am Soc Microbiol News 70:317-322.

Chibber R, Castle AG. 1983. Biochemical characterisation of porcine
polymorphonuclear leucocytes: Comparison with human poly-
morphonuclear leucocytes. Comp Biochem Physiol 75B:335-340.

Chien Y, Jores R, Crowly MP. 1996. Recognition by gamma/delta T
cells. In WE Paul, CG Fathman, H Metzger, eds. Annual Review
of Immunology. Palo Alto: Annual Reviews Inc., pp. 511-532.

Chinsakchai S, Molitor TW. 1992. Replication and immunosup-
pressive effects of Pseudorabies virus on swine peripheral blood
mononuclear cells. Vet Inmunol Immunopathol 30:247-260.

Chitko-McKown CG, Blecha F. 1992. Pulmonary intravascular
macrophages: A review of immune properties and functions.
Ann Rech Vet 23:201-214.

Chitko-McKown CG, Chapes SK, Brown RE, Phillips RM, McKown
RD, Blecha F. 1991. Porcine alveolar and pulmonary intravascu-
lar macrophages: Comparison of immune functions. J Leukoc
Biol 50:364-372.

Cho WS, Chae C. 2003. Expression of inflammatory cytokines
(TNF-alpha, IL-1, IL-6 and IL-8) in colon of pigs naturally in-
fected with Salmonella typhimurium and S. choleraesuis. ] Vet
Med A Physiol Pathol Clin Med 50:484-487.

Chung WB, Backstrom L, McDonald J, Collins MT. 1993.
Actinobacillus pleuropneumoniae culture supernatants interfere
with killing of Pasteurella multocida by swine pulmonary alveo-
lar macrophages. Can J Vet Res 57:190-197.

Coe NE, Frank DE, Wood RL, Roth JA. 1992. Alteration of neu-
trophil function in BCG-treated and nontreated swine after
exposure to Salmonella typhimurium. Vet Immunol Immuno-
pathol 33:37-50.



32 SECTION | PHYSICAL EXAMINATION, DIAGNOSIS, AND BODY SYSTEMS

Crawley A, Wilkie BN. 2003. Porcine Ig isotypes: Function and mo-
lecular characteristics. Vaccine 21:2911-2922.

Crawley A, Raymond C, Wilkie BN. 2003. Control of immunoglob-
ulin isotype production by porcine B-cells cultured with cy-
tokines. Vet Immunol Immunopathol 91:141-154.

Crocker SH, Eddy DO, Obenauf RN, Wismar BL, Lowery BD. 1981a.
Bacteremia: Host-specific lung clearance and pulmonary fail-
ure. J Trauma 21:215-220.

Crocker SH, Lowery BD, Eddy DO, Wismar BL, Buesching W],
Obenauf RN. 1981b. Pulmonary clearance of blood-borne bac-
teria. Surg Gynecol Obstet 153:845-851.

Cullor JS. 1992. Shock attributable to bacteremia and endotoxemia
in cattle: Clinical and experimental findings. ] Vet Med Assoc
200:1894-1902.

Curtis J, Bourne FJ. 1971. Immunoglobulin quantitation in sow
serum, colostrum and milk and the serum of young pigs.
Biochem Biophys Acta 236:319-332.

Cysewski SJ, Wood RL, Pier AC, Baetz AL. 1978. Effects of aflatoxin
on the development of acquired immunity to swine erysipelas.
Am ] Vet Res 39:445-448.

Darwich L, Balasch M, Plana-Duran J, Segales J, Domingo M,
Mateu E. 2003. Cytokine profiles of peripheral blood mononu-
clear cells from pigs with postweaning multisystemic wasting
syndrome in response to mitogen, superantigen or recall viral
antigens. ] Gen Virol 84:3453-3457.

DeBey MC, Roth JA, Ross RF. 1994. Enhancement of the increase
in intracellular calcium concentration in stimulated neu-
trophils in Mycoplasma hyopneumoniae. Vet Res Commun
17:249-257.

Delventhal S, Hensel A, Petzoldt K, Pabst R. 1992. Cellular changes
in the bronchoalveolar lavage (BAL) of pigs, following immu-
nization by the enteral or respiratory route. Clin Exp Immunol
90:223-227.

Dom P, Haesebrouck F, De Baetselier P. 1992. Stimulation and sup-
pression of the oxygenation activity of porcine pulmonary
alveolar macrophages by Actinobacillus pleuropneumoniae and
its metabolites. Am J Vet Res 53:1113-1118.

Done SH, Paton DJ. 1995. Porcine reproductive and respiratory
syndrome: Clinical disease, pathology and immunosuppres-
sion. Vet Rec 136:32-35.

Duncan IA, Binns RM, Duffus WPH. 1989. The null T cell in pig
blood is not an NK cell. Immunology 68:392-395.

Dunkley M, Pabst R, Cripps A. 1995. An important role for intesti-
nally derived T cells in respiratory defence. Immunol Today
16:231-236.

Dunn AJ. 1988. Nervous system-immune system interactions: An
overview. ] Recept Res 8:589-607.

Ellis RP, Vorhies MW. 1976. Effect of supplemental dietary vitamin
E on the serologic response of swine to an Escherichia coli bac-
terin. ] Am Vet Med Assoc 168:231-232.

Evans DL, Jaso-Friedmann L. 1993. Natural killer (NK) cells in do-
mestic animals: Phenotype, target cell specificity and cytokine
regulation. Vet Res Commun 17:429-447.

Eyre P. 1980. Pharmacological aspects of hypersensitivity in do-
mestic animals: A review. Vet Res Commun 4:83-98.

Ferguson FG, Pinto AJ, Confer FL, Botticelli G. 1986. Char-
acteristics of Yorkshire swine natural killer cells. Swine Biomed
Res 3:1915-1924.

Fischer T, Buttner M, Rziha HJ. 2000. T helper 1-type cytokine tran-
scription in peripheral blood mononuclear cells of pseudora-
bies virus (Suid herpesvirus 1) primed swine indicates efficient
immunization. Immunology 101:378-387.

Flaming KP, Goff BL, Frank DE, Roth JA. 1994. Pigs are relatively re-
sistant to dexamethasone induced immunosuppression. Comp
Haematol Int 4:218-225.

Franek F, Riha I. 1964. Purification and structural characterisation
of 5§ gamma globulin in newborn pigs. Immunochemistry
1:49.

Friesen G, Goodband RD, Nelssen JL, Blecha F, Reddy DN, Reddy
PG, Kats LJ. 1993. The effect of pre- and postweaning exposure
to soybean meal on growth performance and on the immune
response in the early-weaned pig. ] Anim Sci 71:2089-2098.

Fuentes M, Pijoan C. 1986. Phagocytosis and intracellular killing of
Pasteurella multocida by porcine alveolar macrophages after in-
fection with pseudorabies virus. Vet Immunol Immunopathol
13:165-172.

——. 1987. Pneumonia in pigs induced by intranasal challenge ex-
posure with pseudorabies virus and Pasteurella multocida. Am ]
Vet Res 48:1446-1448.

Groux H. 2001. An overview of regulatory T cells. Microbes Infect
3:883-889.

Groux H, Bigler M, de Vries JE, Roncarolo MG. 1998. Inhibitory
and stimulatory effects of IL-10 on human CD8* T cells. J
Immunol 160:3188-3193.

Halliwell REW, Gorman NT. 1989. Veterinary Clinical Immu-
nology. Philadephia: W.B. Saunders Company.

Halpern MS, Koshland ME. 1970. Novel subunit in secretory IgA.
Nature 228:1276.

Hammerberg C, Schurig GG, Ochs DL. 1989. Immunodeficiency in
young pigs. Am J Vet Res 50:868-874.

Harding MJ, Molitor TW. 1988. Porcine parvovirus: Replication in
and inhibition of selected cellular functions of swine alveolar
macrophages and peripheral blood lymphocytes. Arch Virol
101:105-117.

Haverson K, Saalmuller A, Alvarez B, Alonso F, Bailey M, Bianchi
AT, Boersma W], Chen Z, Davis WC, Dominguez J, Engelhardt
H, Ezquerra A, Grosmaire LS, Hamilton MJ, Hollemweguer E,
Huang CA, Khanna KV, Kuebart G, Lackovic G, Ledbetter JA,
Lee R, Llanes D, Lunney JK, McCullough KC, Molitor T, Nielsen
J, Niewold TA, Pescovitz MD, de la Lastra JM, Rehakova Z,
Salmon H, Schnitzlein WM, Seebach ], Simon A, Sinkora ]J,
Sinkora M, Stokes CR, Summerfield A, Sver L, Thacker E,
Valpotic I, Yang H, Zuckermann FA, Zwart R. 2001. Overview of
the third international workshop on swine leukocyte differen-
tiation antigens. Vet Immunol Immunopathol 80:5-23.

Helm RM, Ermel RW, Frick OL. 2003. Nonmurine animal models
of food allergy. Environ Health Perspect 111(2):239-244.

Hennessy KJ, Blecha F, Pollmann DS, Kluber EF. 1987. Isoprinosine
and levamisole immunomodulation in artificially reared
neonatal pigs. Am ] Vet Res 48:477-480.

Hensel A, Pabst R, Petzoldt K, Petzoldt B. 1994. Oral and aerosol im-
munization with viable or inactivated Actinobacillus pleuropneu-
moniae bacteria: Antibody response to capsular polysaccharides
in bronchoalveolar lavage fluids (BALF) and sera of pigs. Clin
Exp Immunol 96:91-97.

Hernandez J, Garfias Y, Reyes-Leyva J, Chavez R, Lascurain R,
Vargas J, Zenteno E. 2002. Peanut and Amaranthus leucocarpus
lectins discriminate between memory and naive/quiescent
porcine lymphocytes. Vet Inmunol Immunopathol 84:71-82.

Hill IR, Porter P. 1974. Studies of bactericidal activity to Escherichia
coli of porcine serum and colostral immunoglobulins and the
role of lysozyme with secretory IgA. Immunology 26:1239-1250.

Hirt W, Saalmuller A, Reddehase MJ. 1990. Distinct gamma/delta T
cell receptors define two subsets of circulating porcine CD2~
CD4~ CD8~ T lymphocytes. Eur ] Immunol 20:265-269.

Iglesias G, Pijoan C, Molitor T. 1989a. Interactions of pseudorabies
virus with swine alveolar macrophages I: Virus replication.
Arch Virol 104:107-115.

——. 1989b. Interactions of pseudorabies virus with swine alveolar
macrophages: Effects of virus infection on cell functions. J
Leukoc Biol 45:410-415.

——. 1992. Effects of pseudorabies virus infection upon cytotoxic-
ity and antiviral activities of porcine alveolar macrophages.
Comp Microbiol Infect Dis 15:249-259.

Jericho KWF. 1970. Intrapulmonary lymphoid tissue of healthy
pigs. Res Vet Sci 2:548-552.



Joens LA, Pier AC, Cutlip RC. 1981. Effects of aflatoxin consump-
tion on the clinical course of swine dysentery. Am J Vet Res
42:1170-1172.

Johansson E, Domeika K, Berg M, Alm GV, Fossum C. 2003.
Characterisation of porcine monocyte-derived dendritic cells
according to their cytokine profile. Vet Immunol Immuno-
pathol 91:183-197.

Joling P, Bianchi ATJ, Kappe AL, Zwart RJ. 1994. Distribution of
lymphocyte subpopulations in thymus, spleen, and peripheral
blood of specific pathogen free pigs from 1 to 40 weeks of age.
Vet Inmunol Immunopathol 40:105-117.

Kelley KW. 1985. Immunological consequences of changing envi-
ronmental stimuli. In Animal Stress. GP Moberg, ed. Bethesda,
MD: American Physiological Society, pp. 193-223.

——. 1988. Cross-talk between the immune and endocrine sys-
tems. ] Anim Sci 66:2095-2108.

Kim YB, Ichimura O. 1986. Porcine natural Killer (NK)/killer (K) cell
system. Swine Biomed Res 3:1811-1819.

Kim YB, Bradley SG, Watson DW. 1966. Ontogeny of the immune
response. I. Development of immunoglobulins in germfree and
conventional colostrum-deprived piglets. ] Immunol 97:52-63.

Knoblock KF, Canning PC. 1992. Modulation of in vitro porcine
natural killer cell activity by recombinant interleukin-1a,
interleukin-2 and interleukin-4. Immunology 76:299-304.

Kokryakov VN, Harwig SSL, Panyutich EA, Shevchenko AA,
Aleshina GM, Shamova OV, Korneva HA, Lehrer RI. 1993.
Protegrins: Leukocyte antimicrobial peptides that combine fea-
tures of corticostatic defensins and tachyplesins. FEBS Lett
327:231-236.

Koller LD. 1979. Effects of environmental contaminants on the im-
mune system. Adv Vet Sci Comp Med 23:267-295.

Larsen HJ, Tollersrud S. 1981. Effect of dietary vitamin E and sele-
nium on the phytohaemagglutinin response of pig lympho-
cytes. Res Vet Sci 31:301-305.

Lecce ]G, Matrone G, Morgan DO. 1961. Porcine neonatal nutri-
tion: Absorption of unaltered porcine proteins and polyvinyl
pyrrolidone from the gut of piglets. ] Nutr 73:158.

Lee ], Choi K, Olin MR, Cho SN, Molitor TW. 2004. Gamma delta T
cells in immunity induced by Mycobacterium bovis bacillus
Calmette-Guerin vaccination. Infect Immun 72:1504-1511.

Lesnick CE, Derbyshire JB. 1988. Activation of natural killer cells in
newborn piglets by interferon induction. Vet Immunol Immu-
nopathol 18:109-117.

Li DF, Nelssen JL, Reddy PG, Blecha F, Hancock JD, Allee GL,
Goodband RD, Klemm RD. 1990. Transient hypersensitivity to
soybean meal in the early-weaned pig. ] Anim Sci 68:1790-1799.

Li DF, Nelssen JL, Reddy PG, Blecha F, Klemm R, Goodband RD.
1991. Interrelationship between hypersensitivity to soybean
proteins and growth performance in early-weaned pigs. ] Anim
Sci 69:4062-4069.

Linklater KA, McTaggart HS, Imlah P. 1973. Haemolytic disease of
the newborn, thrombocytopenic purpura and neutropenia oc-
curring concurrently in a litter of piglets. Br Vet ] 129:36-46.

Lofstedt J, Roth JA, Ross RF, Wagner WC. 1983. Depression of poly-
morphonuclear leukocyte function associated with experimen-
tally induced Escherichia coli mastitis in sows. Am ] Vet Res
44:1224-1228.

Lunney JK. 1994. Current status of the swine leukocyte antigen
complex. Vet Immunol Immunopathol 43:19-28.

Lunney JK, Pescovitz MD. 1987. Phenotypic and functional charac-
terization of pig lymphocyte populations. Vet Immunol
Immunopathol 17:135-144.

Martins CLV, Lawman MJP, Scholl T, Mebus CA, Lunney JK. 1993.
African swine fever virus specific porcine cytotoxic T cell activ-
ity. Arch Virol 129:211-225.

Messick JB. 2004. Hemotrophic mycoplasmas (hemoplasmas): A
review and new insights into pathogenic potential. Vet Clin
Pathol 33:2-13.

CHAPTER 2 IMMUNE SYSTEM 33

Mestecky J, Zikan ], Butler WT. 1971. Immunoglobulin M and se-
cretory immunoglobulin A: Presence of a common polypeptide
chain different from light chains. Science 171:1163.

Metzger JJ, Fougereau M. 1968. Caractérisations biochimiques des
immunoglobulines gamma-G et gamma-M porcines. Vet Res
Commun 1:37.

Miller DM, Stuart BP, Crowell WA. 1978. Aflatoxicosis in swine: Its
effect on immunity and relationship to salmonellosis. Proc
Annu Meet Am Assoc Vet Lab Diagn. pp. 135-146.

Muneta Y, Uenishi H, Kikuma R, Yoshihara K, Shimoji Y,
Yamamoto R, Hamashima N, Yokomizo Y, Mori Y. 2003.
Porcine TLR2 and TLR6: Identification and their involvement
in Mycoplasma hyopneumoniae infection. J Interferon Cytokine
Res 23:583-590.

Murtaugh MP. 1994. Porcine cytokines. Vet Immunol Immuno-
pathol 43:37-44.

Murtaugh MP, Foss DL. 1997. Porcine cytokines and interferons.
Handbook of Vertebrate Immunology. London: Academic
Press.

——. 2002. Inflammatory cytokines and antigen presenting cell
activation. Vet Immunol Immunopathol 87:109-121.

Nielsen KH. 1977. Bovine reaginic antibody III. Cross-reaction of
antihuman IgE and antibovine reaginic immunoglobulin anti-
sera with sera from several species of mammals. Can ] Comp
Med 41:345-348.

Nowacki W, Cederblad B, Renard C, La Bonnardiere C, Charley B.
1993. Age-related increase of porcine natural interferon a pro-
ducing cell frequency and of interferon yield per cell. Vet
Immunol Immunopathol 37:113-122.

Ohgami M, Doerschuk CM, English D, Dodek PM, Hogg JC. 1989.
Kinetics of radiolabeled neutrophils in swine. J Appl Physiol
66:1881-1885.

Osburn BI, MacLachlan NJ, Terrell TG. 1982. Ontogeny of the im-
mune system. ] Am Vet Med Assoc 181:1049-1052.

Pabst R, Binns RM. 1986. Comparison of lymphocyte production
and migration in pig lymph nodes, tonsils, spleen, bone mar-
row and thymus. Swine Biomed Res 3:1865-1871.

——.1994. The immune system of the respiratory tract in pigs. Vet
Immunol Immunopathol 43:151-156.

Pabst R, Delventhal S, Hensel A, Petzoldt B. 1995. Immunization by
the enteral and respiratory route with viable and inactivated
bacteria results in a differential increase in lymphocyte subsets
in the bronchoalveolar space. Adv Mucosal Immunol
371:1459-1461.

Pauly T, Elbers K, Konig M, Lengsfeld T, Saalmuller A, Thiel H-J.
1995. Classical swine fever virus-specific cytotoxic T lympho-
cytes and identification of a T cell epitope. ] Gen Virol
76:3039-3049.

Peplowski MA, Mahan DC, Murray FA, Moxon AL, Cantor AH,
Ekstrom KE. 1981. Effect of dietary and injectable vitamin E and
selenium in weanling swine antigenically challenged with
sheep red blood cells. ] Anim Sci 51:344-351.

Pescovitz MD, Sakopoulos AG, Gaddy JA, Husmann RJ, Zucker-
mann FA. 1994. Porcine peripheral blood CD4*/CD8* dual ex-
pressing T-cells. Vet Immunol Immunopathol 42:53-62.

Pijoan C, Ochoa G. 1978. Interaction between a hog cholera vac-
cine strain and Pasteurella multocida in the production of
porcine pneumonia. ] Comp Pathol 88:167-170.

Porter P. 1969. Transfer of immunoglobulins IgG, IgA and IgM to
lacteal secretions in the parturient sow and their absorption by
the neonatal piglet. Biochem Biophys Acta 181:381-392.

——. 1973. Studies of porcine secretory IgA and its component
chains in relation to intestinal absorption of colostral
immunoglobulins by the neonatal pig. Immunology
24:163-176.

——. 1986. Immune system. In Diseases of Swine. AD Leman, BE
Straw, RD Glock, WL Mengeling, RHC Penny, E Scholl, eds.
Ames: Iowa State Univ Press, pp. 44-57.



34 SECTION | PHYSICAL EXAMINATION, DIAGNOSIS, AND BODY SYSTEMS

Porter P, Allen WD. 1972. Classes of immunoglobulins related to
immunity in the pig. ] Am Vet Med Assoc 160:511.

Ramos JA, Ramis AJ, Marco A, Domingo M, Rabanal R, Ferrer L.
1992. Histochemical and immunohistochemical study of the
mucosal lymphoid system in swine. Am J Vet Res 53:1418-1426.

Rice CE, L'Ecuyer C. 1963. Complement titres of naturally and arti-
ficially raised piglets. Can ] Comp Med Vet Sci 27:157-161.

Roe JM, Patel D, Morgan KL. 1993. Isolation of porcine IgE, and
preparation of polyclonal antisera. Vet Immunol Immuno-
pathol 37:83-97.

Roof MB, Kramer TT, Kunesh JP, Roth JA. 1992a. In vivo isolation of
Salmonella choleraesuis from porcine neutrophils. Am J Vet Res
53:1333-1336.

Roof MB, Roth JA, Kramer TT. 1992b. Porcine salmonellosis:
Characterization, immunity and potential vaccines. Compend
Contin Ed Vet Pract 14:411-424.

Roth JA. 1999. Mechanistic bases for adverse vaccine reactions and
vaccine failures. Adv Vet Med 41:681-700.

Roth JA, Henderson LM. 2001. New technology for improved vac-
cine safety and efficacy. Vet Clin North Am Food Anim Pract
17:585-597.

Saalmuller A, Bryant J. 1994. Characteristics of porcine T lympho-
cytes and T-cell lines. Vet Immunol Immunopathol 43:45-52.

Salmon H. 1986. Surface markers of swine lymphocytes:
Application to the study of local immune system of mammary
gland and transplanted gut. Swine Biomed Res 3:1855-1864.

——. 1987. The intestinal and mammary immune system in pigs.
Vet Immunol Immunopathol 17:367-388.

Sandbulte MR, Roth JA. 2004. Methods for analysis of cell-
mediated immunity in domestic animal species. ] Am Vet Med
Assoc 225(4):522-530.

Sellwood R, Hall G, Anger H. 1986. Emigration of polymorphonu-
clear leucocytes into the intestinal lumen of the neonatal piglet
in response to challenge with K88-positive Escherichia coli. Res
Vet Sci 40:128-135.

Shi J, Ross CR, Chengappa MM, Blecha F. 1994. Identification of a
proline-arginine-rich antibacterial peptide from neutrophils
that is analogous to PR-39, an antibacterial peptide from the
small intestine. ] Leukoc Biol 56:807-811.

Shimosato T, Kitazawa H, Katoh S, Tomioka Y, Karima R, Ueha S,
Kawai Y, Hishinuma T, Matsushima K, Saito T. 2003. Swine toll-
like receptor 9(1) recognizes CpG motifs of human cell stimu-
lant. Biochem Biophys Acta 1627:56-61.

Shirota K, Koyama R, Nomura Y. 1986. Glomerulopathy in swine:
Microscopic lesions and IgG or C3 deposition in 100 pigs. Jpn J
Vet Sci 48:15-21.

Smith IM, Hodges RT, Betts AO, Hayward AHS. 1973. Experimental
infections of gnotobiotic piglets with Pasteurella septica (sero-
group A) alone or with Mycoplasma hyopneumoniae. ] Comp
Pathol 83:307-321.

Speer VC, Brown H, Quinn L, Catron DV. 1959. The cessation of an-
tibody absorption in the young pig. Immunology 83:632.

Spickler AR, Roth JA. 2003. Adjuvants in veterinary vaccines: Modes
of action and adverse effects. ] Vet Intern Med 17:273-281.

Stertzl J, Kostka J, Riha I, Mandel 1. 1960. Attempts to determine
the formation and character of globulin and of natural and im-
mune antibodies in young pigs reared without colostrum. Folia
Microbiol 5:29.

Stokes C, Bourne JF. 1989. Mucosal immunity. In Veterinary
Clinical Immunology. REW Halliwell, NT Gorman, eds.
Philadelphia: W.B. Saunders Company, pp. 164-192.

Stokes CR, Miller BG, Bailey M, Wilson AD, Bourne FJ. 1987. The
immune response to dietary antigens and its influence on dis-
ease susceptibility in farm animals. Vet Immunol Immuno-
pathol 17:413-423.

Storici P, Scocchi M, Tossi A, Gennaro R, Zanetti M. 1994. Chemical
synthesis and biological activity of a novel antibacterial peptide
deduced from a pig myeloid cDNA. FEBS Lett 337:303-307.

Summerfield A, Guzylack-Piriou L, Schaub A, Carrasco CP, Tache
V, Charley B, McCullough KC. 2003. Porcine peripheral blood
dendritic cells and natural interferon-producing cells. Immu-
nology 110:440-449.

Suradhat S, Thanawongnuwech R. 2003. Upregulation of
interleukin-10 gene expression in the leukocytes of pigs in-
fected with porcine reproductive and respiratory syndrome
virus. ] Gen Virol 84:2755-2760.

Tabel H. 1998. Immunology of Mustelidae. In Handbook of
Vertebrate Immunology. PP Pastoret, P Griebel, M Bazin, A
Govaerts, eds. London: Academic Press, pp. 337-342.

Takamatsu HH, Denyer MS, Wileman TE. 2002. A sub-population
of circulating porcine gamma delta T cells can act as profes-
sional antigen presenting cells. Vet Immunol Immunopathol
87:223-224.

Tarigan S, Slocombe RF, Browning GF, Kimpton W. 1994.
Functional and structural changes of porcine alveolar macro-
phages induced by sublytic doses of a heat-labile, hemolytic,
cytotoxic substance produced by Actinobacillus pleuropneumo-
niae. Am J Vet Res 55:1548-1557.

Tengerdy RP. 1986. Nutrition, immunity and disease resistance. In
Proc 6th Int Conf Prod Dis Farm Anim, pp. 175-182.

Thanawongnuwech R, Thacker B, Thacker E. 2000. Cytokine pro-
files following M. hyopneumoniae and PRRSV co-infection using
semiquantitative RT-PCR measurement. In Proc 16th Int Pig Vet
Soc Cong, p. 173.

Thanawongnuwech R, Young TF, Thacker BJ, Thacker EL. 2001.
Differential production of proinflammatory cytokines: In vitro
PRRSV and Mycoplasma hyopneumoniae co-infection model. Vet
Immunol Immunopathol 79:115-127.

Thanawongnuwech R, Thacker EL. 2003. Interleukin-10,
interleukin-12, and interferon-gamma levels in the respiratory
tract following Mycoplasma hypopneumoniae and PRRSV infec-
tion in pigs. Viral Immunol 16:357-367.

Thielke KH, Hoffmann-Moujahid A, Weisser C, Waldkirch E, Pabst
R, Holtmeier W, Rothkotter HJ. 2003. Proliferating intestinal
gamma/delta T cells recirculate rapidly and are a major source
of the gamma/delta T cell pool in the peripheral blood. Eur J
Immunol 33:1649-1656.

Tizard 1. 1987. Veterinary Immunology: An Introduction. 3 ed.
Philadelphia: W.B. Saunders Company.

Tuboly S, Bernath S, Glavits R, Medveczky I. 1988. Intestinal ab-
sorption of colostral lymphoid cells in newborn piglets. Vet
Immunol Immunopathol 20:75-85.

Westly HJ, Kelley KW. 1984. Physiologic concentrations of cortisol
suppress cell-mediated immune events in the domestic pig.
Proc Soc Exp Biol Med 177:156-164.

Williams PP. 1993. Immunomodulating effects of intestinal ab-
sorbed maternal colostral leukocytes by neonatal pigs. Can J
Vet Res 57:1-8.

Winkler GC. 1988. Pulmonary intravascular macrophages in do-
mestic animal species: Review of structural and functional
properties. Am J Anat 181:217-234.

Winkler GC, Cheville NF. 1987. Postnatal colonization of porcine
lung capillaries by intravascular macrophages: An ultrastruc-
tural morphometric analysis. Microvasc Res 33:224-232.

Yang WC, Schultz RD. 1986. Ontogeny of natural killer cell activity
and antibody dependent cell mediated cytotoxicity in pigs. Dev
Comp Immunol 10:405-418.

Yen JT, Pond WG. 1987. Effect of dietary supplementation with vi-
tamin C or carbadox on weanling pigs subjected to crowding
stress. ] Anim Sci 64:1672-168]1.

Zanetti M, Storici P, Tossi A, Scocchi M, Gennaro R. 1994. Molecular
cloning and chemical synthesis of a novel antibacterial peptide
derived from pig myeloid cells. ] Biol Chem 269:7855-7858.

Zarkower A, Eskew ML, Scheuchenzuber W], Ferguson FG, Confer
F. 1982. Antibody-dependent cell-mediated cytotoxicity in
pigs. Am J Vet Res 43:1590-1593.



CHAPTER 2 IMMUNE SYSTEM 35

Zeidler RB, Kim HD. 1985. Phagocytosis, chemiluminescence, and murine and swine virus-specific cytotoxic T lymphocytes. ]
cell volume of alveolar macrophages from neonatal and adult Virol 64:802-812.
pigs. J Leukoc Biol 37:29-43. Zuckermann FA, Husmann RJ, Schwartz R, Brandt J, Mateu de
Zuckermann FA, Husmann R]. 1996. Functional and phenotypic Antonio E, Martin S. 1998. Interleukin-12 enhances the virus-
analysis of porcine peripheral blood CD4/CD8 double-positive specific interferon gamma response of pigs to an inactivated
T cells. Immunology 87:500-512. pseudorabies virus vaccine. Vet Immunol Immunopathol
Zuckermann FA, Zsak L, Mettenleiter TC, Ben-Porat T. 1990. 63:57-67.

Pseudorabies virus glycoprotein glII is a major target antigen for






Diseases of the Digestive

System

Jill R. Thomson

Diseases of the gastrointestinal tract that affect pigs be-
tween neonatal and finishing stages continue to be
some of the greatest factors that limit the efficiency and
profitability of pig production globally. Advances in ef-
fective disease control measures such as development of
new vaccines and antimicrobial products have provided
new approaches to disease control. However, this is
countered by increasing awareness of other issues such
as development of antimicrobial resistance, the ban or
limitation of the use of antimicrobial growth promoters
in some countries, and increasing public awareness and
expectation of food safety—particularly in relation to
salmonellosis and food residues. Salmonellae surveil-
lance and control have become a major objective in
many countries following the schemes initiated in Scan-
dinavia. This has demanded new standards of hygiene
and care involving a whole-chain approach to disease
control. However, there is also increasing public con-
cern over intensive farming systems and consumer de-
mands for more natural and welfare-friendly methods
of farming that allow pigs to express normal rooting be-
havior through availability of substrate. To these ends,
legislation has been introduced in some countries and
this is likely to increase, thus presenting new challenges
for pig producers and veterinarians in relation to effec-
tive control of enteric infections. Organic product is in-
creasing in popularity and requires alternative ap-
proaches to enteric disease prevention.

In parallel with these practical issues, there has been
substantial ongoing research into the enteric physiol-
ogy and immunology in the pig. This work provides the
foundation for future practical advances in enteric dis-
ease control and is briefly reviewed in the following sec-
tions. Thereafter there is an overview of enteric diseases
(which are covered in depth in other chapters).

ANATOMIC AND HISTOLOGIC FEATURES

The conformation and growth efficiency of the pig has
changed dramatically over the years as the result of ge-

netic selection and production of suitable hybrids. How-
ever, the gut morphology is apparently unchanged and
an area of little focus or attention. The exception is the de-
velopment of genotypes resistant to F18 and F4 (K88)
Escherichia coli infections in which pigs do not possess the
required receptor for these organisms to cause disease.

Gut maturation occurs rapidly after birth in response
to factors such as oxygenation; enteral nutrient presen-
tation; and hormones, particularly cortisol (Sangild
2001). Neonatal hypoxia is associated with intestinal
dysfunction and an increased incidence in neonatal en-
terocolitis (Cohen et al. 1991; Powell et al. 1999). At
birth the sudden increase in blood arterial oxygen is a
vital factor in gut development. Common occurrences
such as delayed parturition or congenital pneumonic
infections could be initiating factors for neonatal diar-
rhea. After birth the small intestine undergoes a rapid
growth in response to enteral presentation of nutrients
(Burrin et al. 2000). This is stimulated by a wide range of
factors such as hormones and growth factors (Sangild
2001). Good intake of milk in the early stages of life is
important for rapid gut growth as well as promoting
piglet vigor and provision of colostral immunity.

During the first 3-4 weeks of life fetal enterocytes
which have high endocytotic activity are gradually re-
placed by adult type enterocytes devoid of such activity.
The process occurs in a proximal-to-distal direction in
the intestine and is an important part of intestinal mat-
uration (Baintner 1986). Changes in enterocyte genera-
tion influence the expression of brush border enzymes.
Lactose activity is high in the newborn pig and steadily
decreases to become minimal after weaning, whereas su-
crase and maltase activities are low in the newborn but
increase after weaning (Pluske et al. 1997). Intestinal
maturation can be hastened in the unweaned pig by
feeding kidney bean lectin (Phaseolus vulgaris) (Pusztai
et al. 1999; Biernat et al. 2001; Radberg et al. 2001). This
dietary means of promoting rapid gut maturation could
be of value in reducing or preventing postweaning diar-
rhea problems in pigs in the future.
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Weaning is associated with adverse effects, such as
abrupt withdrawal of sow’s milk, low and variable feed
intake, growth stasis, and compromised integrity of the
small intestinal epithelium. Changes in gut morphol-
ogy at weaning include reduced villus height and in-
creased crypt depth (Hampson 1986; Kelly et al. 1991).
These adverse effects can be diet-dependent and diet-
independent (McCracken et al. 1995). Villus length re-
duces by 30-40% at days 4 to 7 postweaning but in-
creases back to 94% of original length at 14 days post-
weaning (Verdonk et al. 200la). Additionally, a
reduction in the length of microvilli occurs at 3-7 days
after weaning (Cera et al. 1988). There is a significant re-
lationship between voluntary feed intake and mucosal
architecture (Makkink et al. 1994; Pluske et al. 1996b).
Low feed intakes or a period of starvation postweaning
reduces the villus height throughout the small intestine
particularly in the proximal jejunum. To minimize the
changes, diets high in milk products, cooked cereals,
and low levels of antigenicity are utilized. Raw cereals
have a significant adverse effect on gut mucosa as
compared with cooked cereals, which are thought to im-
prove postweaning growth (Lawlor et al. 2001). Ano-
rexia at weaning might contribute to local inflamma-
tion in the piglet’s small intestine (McCracken et al.
1999). With low nutrient intake paracellular transport is
higher and this increases over the first 4 days after wean-
ing (Verdonk et al. 2001b). Therefore it would appear
that the integrity of the gut mucosa is worse in piglets
with low intake levels postweaning due to higher per-
meability of the tight junctions between cells (paracel-
lular transport route), but permeability of the mucosa
cells is not affected. The dietary changes at weaning and
the resultant villus atrophy and crypt hyperplasia leads
to decreased digestive and absorptive capacities in the
intestine (Pluske et al. 1997, Radberg et al. 2001). Other
factors of importance are poor feed consumption, in-
flammation in response to bacterial metabolites, ro-
tavirus, and hypersensitivity to antigenic components
of the diet (Kenworthy 1976; Hampson and Kidder 1986;
Kelly 1990). These physiological changes can result in
alterations in the number and balance of the enteric
bacterial flora often allowing enteropathogenic bacteria
to proliferate, resulting in serious postweaning en-
teropathies such as colibacillosis. The morphological
and functional changes in the small intestine of the
newly weaned pig have been reviewed by Pluske (2001).

Transport associated stress of pigs has been shown to
lower the intestinal pH and result in increased intestinal
permeability. Permeability is the highest immediately
after transportation and decreases after 2-3 hours of rest
(van der Meulen et al. 2001). Translocation of bacteria
and/or endotoxins from the gut into the systemic circu-
lation is possible due to increased permeability (Zucker
and Kriiger 1998; Berg 1999). This might explain the in-
crease in disease problems seen after transportation
(Berends et al. 1996).

PHYSIOLOGY AND NUTRITION

The intestinal mucosa receives nutrients from 2
sources—the diet (brush border membrane) and the sys-
temic circulation (baso-lateral membrane). The gut tis-
sues have their own particular nutrient requirements for
growth and function. The gastrointestinal tissues in the
young growing pig utilize nearly 50% of the dietary
amino acid intake and 30-50% of the dietary lysine,
leucine, and phenylalanine plus 85% of threonine
(Burrin et al. 2001). A substantial proportion of the es-
sential amino acid needs and glucose needs are derived
from the arterial circulation rather than from direct di-
etary sources. The amino acids are utilized in many
ways, such as the formation of secretary mucins (Stoll et
al. 1998), biosynthesis of other amino acids (Stoll et al.
1999), glutathione (Reeds et al. 1997) and nucleic acids
(Perez and Reeds 1998). Nutrient supply for the neonate
is derived solely from colostrum and milk. Additionally,
colostrum and milk contain a large number of biologi-
cally active peptides that have important functions in
regulating growth and differentiation of intestinal tis-
sues. Targeted expression of key genes for production of
milk peptides holds potential for the future (Kelly and
Coutts 1997). On low protein diets, the lysine require-
ments of the gut remain relatively high and are prefer-
entially met, which limits the systemic availability of ly-
sine for lean tissue growth (Ebner et al. 1994). Exposure
to microbial antigens (both pathogenic and nonpatho-
genic) stimulates a proinflammatory acute-phase re-
sponse (MacRae 1993; Johnson 1997), which results in
the loss of dietary amino acids and reduced deposition
of body protein (e.g., reduced growth rate). The use of
in-feed antibiotic growth promoters enhances growth
rates by limiting this process.

Dietary carbohydrates are comprised of sugars,
oligosaccharides, starch, and nonstarch polysaccha-
rides. The enzyme activity responsible for carbohydrate
degradation adapts according to the age of the pig and
dietary composition. In the young pig there is efficient
prececal digestion of lactose during suckling, and su-
crose and starch after weaning. Carbohydrates that do
not get digested in the small intestine are fermented in
the large intestine by a diverse population of anaerobic
bacteria. These are mostly nonstarch polysaccharides
(NSPs).

Increasing the amount of fermentable carbohydrates
and straw in the diet increases the total gastrointestinal
tract weight by approximately 8% and 7%, respectively.
With fermentable carbohydrates the main weight in-
crease occurs in the colon, whereas with straw it occurs
in the stomach and colon (Rijnen et al. 2001).

Most of the starches used in pig diets are highly di-
gestible, with up to 98% of digestion occurring in the
small intestine (Glitsg et al. 1998; Bach Knudson and
Canibe 2000). Nonstarch polysaccharides (fiber) are
present in cereals such as barley, wheat, oats, and rye.



Although there is some digestion of NSPs in the small
intestine, the major site of NSP degradation is in the
large intestine. Passage of ingesta through the large in-
testine generally takes from 20-40 hours, allowing time
for bacterial degradation. The most common bacterial
isolates are Streptococcus sp., Lactobacillus, Fusobacterium,
Eubacterium, Bacteroides, and Peptostreptococcus (Moore
et al. 1987). Fermentation of carbohydrates and NSPs in
the large intestine results in the production of short
chain fatty acids, mainly acetate, proprionate and bu-
tyrate, and the gases H,, CO,, and CHy. Increasing the
level of NSP entering the large intestine results in higher
activity of microflora (Bach Knudson et al. 1991; Jensen
and Jorgensen 1994), increased production of short
chain fatty acids (Giusi-Perier et al. 1989), and increased
production of gases (Jensen and Jorgensen 1994). Short
chain fatty acids are rapidly absorbed from the large in-
testine and may provide up to 24% of the maintenance
energy requirements for growing pigs (Yen et al. 1991)
and potentially even more for adults. The total tract di-
gestibility of NSPs is influenced by a number of complex
factors, such as the source of NSPs, the level of inclusion
in the diet, the solubility, the degree of lignification, the
age and weight of the animal, the transit time, and the
microbial composition (Bach Knudson and Jorgensen
2001). Adult animals are more capable of degrading
fiber than growing pigs due to the greater intestinal vol-
ume and slower transit times. Adaptation to dietary
changes in terms of digestibility of NSP residues is con-
sidered to take 3-5 weeks (Longland et al. 1993).

In weaner pigs the use of enzyme combinations has
been found to increase the apparent ileal digestibility of
feeds based on hulless barley, which have high beta-
glucan concentrations (Yin et al. 2001). Due to the im-
proved apparent ileal digestibility there was also a reduc-
tion in hind gut fermentation. Similarly, the addition of
certain enzymes to wheat-based diets of growing pigs
has been found to have beneficial effects (Hazzledine
and Partridge 1996). There is increasing interest in the
role of dietary factors, especially NSP and feed process-
ing methods in so-called nonspecific colitis of pigs
(Strachan et al. 2002, Thomson et al. 2004). This condi-
tion is thought to be an important precursor to other
forms of colitis in pigs although the pathogenesis of this
diet-associated form of colitis is poorly understood.

IMMUNOLOGY

For the first 24-48 hours of life the pig intestine is capa-
ble of absorbing macromolecules including immuno-
globulins by pinocytosis, providing the neonate with
passive immunity from colostrum (Westrom et al.
1984). Although this process commences prepartum,
the major absorptive function occurs postnatally (San-
gild et al. 1999). This is a specific maturational process
that is timed to maximize immunoglobulin uptake
shortly after birth. Piglets born prematurely have a
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lower capacity for protein absorption than piglets born
at full term (Sangild et al. 1997). Therefore fetal maturity
is an important factor in successful immunoglobulin
uptake from the colostrum.

The intestinal immune system of the young pig is
very immature and its slow development may result in
increased susceptibility to disease (Stokes et al. 2001).
Intestinal lymphoid tissue is present in the form of
mesenteric lymph nodes, intestinal Peyer’s patches, and
lymphocytes distributed through the mucosal lamina
propria and intraepithelial sites. In the jejunum there
are between 11-26 discrete Peyer’s patches containing
multiple lymphoid follicles (B lymphocytes) separated
by T cells. Plasma cells containing IgM, 1gG, and IgA are
present in the subepithelial lymphoid dome and be-
tween the follicles (Brown and Bourne 1976). The dome
region contains dendritic-type cells that express high
levels of MHC II antigens. Microfold cells (M cells) that
are thought to absorb luminal antigens occur in the
overlying lymphoepithelium (Gebert et al. 1994). In the
mature pig the intestinal lamina propria is heavily pop-
ulated with lymphocytes. Plasma cells and B cells pre-
dominate in the crypt area, whereas T cells are found
mainly in the villi, CD8* cells occur in the subepithelial
sites, and CD4* occur in association with capillary
plexuses in the lamina propria (Vega-Lopez et al. 1993).
The majority of intraepithelial lymphocytes express
CD2, but in mature pigs a high proportion also express
CDS (Stokes et al. 2001).

Functionally the intestinal immune mechanisms
play a complex role in preventing and controlling harm-
ful intestinal infections while tolerating many dietary
antigens and nonharmful antigens from the intestinal
flora. The surface epithelium serves as an effective bar-
rier, providing it remains intact. IgA antibodies play an
important defensive role. Significant quantities of di-
etary protein are absorbed across the intestinal mucosa
(Wilson et al. 1989; Telemo et al. 1991). So-called “intes-
tinal tolerance” to dietary proteins has been demon-
strated in the pig, where immune responses to the di-
etary proteins are regulated to prevent inflammatory
reaction and tissue damage associated with foreign pro-
tein absorption (Bailey et al. 1993). The interaction be-
tween the different components of the intestinal im-
mune system is complex, and the basis of inflammation
and apoptosis versus down regulation of immune re-
sponses is the subject of ongoing research.

Development of the pig’s intestinal immune system
occurs in response to antigen exposure. Full develop-
ment of lymphoid tissue can take 7-9 weeks and can be
delayed by early weaning at 3-4 weeks of age, as carried
out in most modern pig-producing countries (Vega-
Lopez et al. 1995). This, among many other factors, pre-
disposes to postweaning diarrhea associated with en-
terotoxigenic E. coli or other pathogens. There is also
increasing interest in the role of glutamine in intestinal
immune function. Glutamine is an important nitrogen
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source for enterocytes and plays a key role in maintain-
ing mucosal cell integrity and gut barrier function (den
Hond et al. 1999). Key functions of lymphocytes are de-
pendent on glutamine provision (Graham et al. 2000).
Glutamine depletion results in immunosuppression,
whereas glutamine administration has been found to
have significant beneficial effects on the gut mucosal
structure and intestinal immune function of piglets
after weaning (Pierzynowski et al. 2001). Other studies
on enhancing intestinal immune function of piglets at
weaning have included feeding nucleotides for 2-4
weeks after weaning. This was found to have an immune
enhancing effect on piglets through improving T-
cell-mediated responses (Cameron et al. 2001). This
is an important area of research because finding cost-
effective methods of enhancing immune responses in
the young weaner would bring significant benefits to
the pig industry.

GUT FLORA

The intestinal flora of the pig is extremely complex and
diverse making it difficult to study quantitatively and
qualitatively. However this is an area of increasing inter-
est in relation to maintenance of gut health and optimal
function. The intestinal microflora of the large intestine
has been studied and reviewed by Robinson et al. (1981,
1984).

Marked changes occur in the gut environment (for
example, pH and organic acids) and microbial activity
along the gastrointestinal tract of pigs (Bach Knudson et
al. 1991, 1993). Differences in the diet composition can
impose further changes and could affect the diversity of
the gut microflora. In an experiment involving diets
containing different levels of soluble and insoluble NSP,
a medium to high content of NSP resulted in higher mi-
crobial diversity in the small intestine (Hogberg et al.
2001). The presence of fermentable carbohydrates in the
diet stimulates gut microbial activity resulting in the
production of organic acids.

The potential value of prebiotics (compounds, other
than dietary nutrients, that act as substrates for pop-
ulations of beneficial microbial organisms in the gut)
and probiotics (preparations containing beneficial
bacteria) has been the subject of many studies in rela-
tion to gut health and prevention of enteric infections.
Prebiotics achieve their beneficial effects in two ways.
First, compounds such as fructooligosaccharides can
be fermented by favorable bacteria (e.g., Bifidobacteria
and Lactobacilli) giving them competitive advant-
age (Houdjik 1998; Nemcova et al. 1999). Second,
mannose-containing compounds added to the diet re-
sult in binding with pathogenic bacteria that have
mannose-specific lectins in fimbriae—for example, E.
coli and Salmonella. This reduces attachment of patho-
genic bacteria to receptor sites on gut mucosal cells
(McDonald et al. 2002). Inulin is a natural polymer of

fructose extracted from chicory that is considered to
have prebiotic properties (Gibson and Roberfroid 1995;
Roberfroid et al. 1998). Digestion of inulin in weaned
pigs is mainly microbial and takes place in the large in-
testine. There, it modifies the profile of fermentation
metabolites resulting in an increase in N-valerate and
propionate and a decrease in acetate and ammonia
(Rossi et al. 1997). Using an in vitro adhesion assay for
E. coli, 5% inulin was found to partially inhibit adhe-
sion of F4 positive E. coli to the small intestinal villi.
The study also suggested that inulin might have im-
munomodulatory effects by boosting IgA and IgM anti-
bodies in pigs exposed to foreign proteins (Rossi et al.
2001). In newly weaned pigs, addition of fructoo-
ligosaccharide and/or sugar beet pulp to the diet tended
to increase the number of intestinal Bifidobacterium
species and reduce the level of E. coli, although there
was little difference in the incidence of diarrhea
(Kleingebbink et al. 2001). The population of Bifido-
bacterium species is variable in piglets and constitutes
less than 1% of the total bacterial population (Mikkel-
sen and Jensen 2001). Certain plant metabolites may
interact with short chain fatty acids to create inhibitory
conditions for pathogens such as E. coli 0157 (Duncan
et al. 1998). The use of prebiotic is likely to be an area of
growing scientific interest in the future.

Probiotics work on the principle of competitive ex-
clusion of pathogenic bacteria and have been used suc-
cessfully, for example, to control Yersinia infection in
pigs (Asplund et al. 1996). Feeding probiotic bacteria,
especially Lactobacillus species and Bifidobacterium
species, may help with controlling enteric infections
postweaning when the resident microflora are not yet
stable. However, probiotics may also inhibit adherence
of enteropathogenic E. coli and other gram-negative
bacteria to enterocytes through occupying receptor sites
(Spencer and Chesson 1994; Mack et al. 1999). This has
potential for improved control of a wide range of enteric
infections, particularly those of zoonotic importance
such as Salmonella species and Campylobacter species.
Salmonella infections in pigs are common resulting in
clinical salmonellosis or subclinical disease (Lax et al.
1995). Up to 30% of finisher pigs might shed Salmonella,
thereby presenting risk of carcass contamination at
slaughter (Berends et al. 1996). Campylobacter is one of
the most common causes of human enteric disease and
has been isolated from a wide range of raw meats, in-
cluding pork (Stern et al. 1985; Fricker and Park 1989;
Zanetti et al. 1996). The predominant species in pigs is
Campylobacter coli (Stern et al. 1985; Weitjnes et al. 1993,
1997; Young et al. 2000); however, some pig farms can
also have a high prevalence of Campylobacter jejuni
(Harvey et al. 1999). Contact with the sow during the
suckling period results in a high prevalence of Campylo-
bacter in piglets, whereas piglets removed from the sow
after 24 hours and reared in isolation units have signifi-
cantly less Campylobacter (Harvey et al. 2001).



CONTROL OF ENTERIC INFECTIONS
THROUGH DIETARY INTERVENTIONS

Following the European Union ban on the use of the
majority of antibiotic growth promoters, alternative
measures to control the number and activity of intes-
tinal bacteria have been explored. These include
changes in management practices, feeding, hygiene,
and the use of products such as probiotics, prebiotics,
enzymes, herbs and plant extracts, prefermented feeds,
and organic acids (Thomke and Elwinger 1998). Ad-
ditionally, selective breeding for resistance; improving
the pig’s immune response through the use of vaccines,
cytokines, and other immunomodulatory agents; or-
ganic acids; inorganic chemicals—for example, zinc
oxide; and use of specific bacteriophages or bacteriocins
are also possible (Hampson et al. 2001). The mecha-
nisms by which antimicrobial agents enhance growth
and feed efficiency are poorly understood (Commission
on Antimicrobial Feed Additives 1997; Anderson et al.
1999). Two of the suggested mechanisms are inhibition
of subclinical bacterial infection and less translocation
of pathogens, and changing the small intestinal mu-
cosal structure, mainly by increasing villus height pro-
moting uptake of nutrients from the digesta. Finding ef-
fective non-antimicrobial alternatives requires a good
understanding of the mechanisms that promote the
beneficial effects in different age groups of pigs.

Dietary Fiber and Cereals

Different forms of fiber in the diet can influence the
composition and metabolic activity of the large intes-
tinal microflora in pigs (Varel et al. 1982; Varel and Pond
1985; Bach Knudson et al. 1991; Jensen and Jergenson
1994; Reid and Hillman 1999). However, little is known
about the ways in which the commensal colonic mi-
croflora interacts with pathogenic bacteria; therefore,
the basis of dietary control of infectious enteric diseases
is not understood. Other ways in which diet could influ-
ence pathogenic enteric infections include changing
the amount or balance of substrates available for the
organism at particular sites, influencing the viscosity,
accessibility to receptor sites, and/or intestinal motility.
For example, different cereal types and particle sizes
have been shown to alter epithelial cell proliferation
and lectin binding patterns of the epithelium of the
large intestine of pigs (Brunsgaard 1998). The diet can
also influence intestinal function. Components in
boiled rice inhibit secretion in the small intestine and
therefore reduce the magnitude of secretory diarrhea
due to pathogens such as enterotoxigenic E. coli
(Mathews et al. 1999).

One of the most well-recognized examples of dietary
effects on enteric pathology is gastric ulceration, in
which ulceration of the pars oesophagea occurs particu-
larly in growing and finishing pigs. Such lesions can be
associated with reduced growth rates (Ayles et al. 1996)
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but more importantly can be a cause of gastric hemor-
rhage and perforation leading to acute illness and death
(Friendship 1999). Many studies have demonstrated a
strong association between finely ground high wheat
diet and gastric ulceration (Accioly et al. 1998). The role
of bacteria in the pathogenesis is unclear. The spiral bac-
terium Helicobacter heilmannii has been associated with
gastric ulceration in some studies (Barbosa et al. 1995,
Queiroz et al. 1996), whereas in other studies, the associ-
ation was weak or equivocal (Phillips 1999). Experi-
mental inoculation of gnotobiotic pigs with H. heilman-
nii failed to produce lesions of gastric ulceration in pigs
fed on a carbohydrate-enriched liquid diet (Krakowa et
al. 1998). However inoculation of pigs with Lactobacillus
sp. and Bacillus sp. when fed the same diet did produce
ulcers, possibly due to fermentation by these bacteria in
the presence of readily available dietary substrate. It is
possible that production of short chain fatty acids pro-
duced through the fermentation process resulted in ul-
ceration (Krakowa et al. 1998).

Early studies on the influence of diet in postweaning
colibacillosis have shown that high concentrations of
dietary protein (21%) predispose to the condition
(Prohaszka and Baron 1980), whereas highly digestible
milk-based weaner diets were associated with reduced
postweaning diarrhea (English 1981). Conversely, inclu-
sion of fiber sources was suggested to reduce the severity
and incidence of postweaning diarrhea (Bertschinger et
al. 1978, Bolduan et al. 1988). Later studies compared
the effects of feeding different postweaning diets in ex-
perimental E. coli challenge model. Diets included a
highly digestible cooked rice/animal protein diet with
or without the addition of guar gum or 50% pearl barley
as sources of additional soluble NSP and a commercial
wheat/lupin-based diet (McDonald et al. 1997, 1999,
2001). Significantly more E. coli were isolated from the
small intestines of piglets fed the soluble NSP supple-
mented diet and the wheat/lupin-based diet than the
highly digestible rice/animal protein diet alone. The rea-
son for the increased E. coli numbers in piglets fed the
“provocative” diets is uncertain, but factors involving
the amount of substrate in the small intestine, the vis-
cosity of the ingesta, the rate of intestinal motility, and
different fermentation processes within the small intes-
tine were all potentially significant.

Most work has been done on the influence of diet on
swine dysentery. Whereas a cooked rice diet was found
to be protective in some studies (Siba et al. 1996) it was
not in others (Kirtkwood et al. 2000, Lindecrona et al.
2003). Feeding the cooked rice diet to pigs already af-
fected with swine dysentery did not reduce the duration
or severity of disease (Durmic et al. 2000). In a study of
different cereal types, feeding steam-flaked maize or
sorghum reduced the incidence of the disease (Pluske et
al. 1996a). Soluble NSP and resistant starch were identi-
fied as important factors promoting large intestinal fer-
mentation and bacterial colonization, whereas with the
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addition of a source of mainly insoluble NSP (oat chaff)
the diet remained protective (Pluske et al. 1998).
Addition of enzymes to wheat-based diets or the use of
heat extrusion to increase digestibility of starch in the
small intestine were tested in terms of their potential
protective effects in swine dysentery but neither
processes prevented colonization (Durmic et al. 2000).
Likewise the use of a sorghum-based diet was tested as
sorghum is inherently low in soluble NSPs but this diet
was not protective against swine dysentery (Durmic
2000). However, the grind size of diets was important,
with significantly more pigs developing swine dysen-
tery with coarsely ground wheat or sorghum than with
these grains finely ground (Hampson et al. 2001). In
porcine colonic spirochetosis, pigs on the cooked rice
diet developed infection later and to a lesser extent than
pigs on wheat-based diet (Hampson et al. 2000; Linde-
crona et al. 2004).

Carriage of Oesophagostomum dentatum in pigs is en-
hanced by diets rich in insoluble fiber (Petkevicius et al.
1997).

Organic Acids and their Salts, Inorganic
Compounds, and Fatty Acids

Alternatives to antibiotic inclusion in weaner diets have
included the use of organic acids and their salts such as
potassium diformate (Roth et al. 1998). Addition of 1.8%
potassium diformate to a piglet starter ration decreased
the counts of total anaerobic bacteria, lactic acid bacte-
ria, yeasts, and coliforms in the digesta from the stom-
ach, distal small intestine, cecum, and midcolon over a
period of 4 weeks after weaning (Canibe et al. 2001). The
apparent antimicrobial effects were attributed to the
protons and anions formed from formic acid after pass-
ing through the bacterial cell wall. These have a disrup-
tive effect on protein synthesis and inhibit bacterial en-
zymes, thereby reducing bacterial replication (Partenen
and Mroz 1999). Other studies agree that coliform
counts in the stomach and proximal colon decrease
when levels of formic acid increase (Kirchgessner et al.
1992, Gabert et al. 1995), or when potassium diformate
is used (Février et al. 2001). Supplementation of weaner
diet with organic acids or other salts have been shown to
reduce the incidence of postweaning diarrhea and im-
prove growth performance of piglets (Sutton et al. 1991).
When the coliform inhibitory effects of various organic
acids were compared, the results going from most effec-
tive to least effective were benzoic, fumaric, lactic, bu-
tyric, formic, and proprionic acid.

Feed supplemented with 2500 ppm zinc oxide has
been shown to reduce postweaning diarrhea and has
been widely used in commercial pig production, but
the mechanism of action is unclear (Holm 1998). In a
study of the effects of zinc oxide on the enteric flora, no
differences were recorded between the zinc oxide-
supplemented group and control group, in terms of the
number of coliforms, enterococci, or Clostridium perfrin-

gens excreted per gram of feces. However, there was an
overall reduction in the diversity of the fecal coliform
flora in the zinc oxide-treated pigs. In the second week
postweaning zinc oxide treated pigs showed significant
increases in growth rate over controls (Melin et al.
2001). However recent European Union (EU) legislation
limits the maximum permissible level of zinc inclusion
in pig diets to 150 ppm in EU member states (EU regula-
tion No 1334/2003).

Fermented Liquid Feeds

Liquid feeding can improve the feed intake, growth, feed
conversion, and health of weaner piglets (Brooks et al.
1996). However, steeping feed in water promotes bacter-
ial proliferation in the feed, which reduces the quality of
the feed and presents health risks. Feeding fermented
liquid feed has been used as a means of controlling en-
teric infections through acidification. As part of the diet
for newly weaned pigs, fermented liquid feed had
beneficial effects on the villus height and ratio of villus
height to crypt depth in the proximal jejunum (Schol-
ten et al. 1999), as compared with the diet without fer-
mented liquid wheat. The mechanism is uncertain but
it could have been due to a lower pH, increased levels of
organic acids, and an altered microbiological status. The
use of fermented liquid feed in newly weaned piglets
caused a significant reduction in the coliform popula-
tion in the terminal ileum, cecum, and colon compared
with piglets fed dried feed (Jensen and Mikkelsen 1998;
Moran et al. 2001). Feed was prepared by inoculating the
diet with lactic acid bacteria (Lactobacillus plantarum)
and steeping it for 5 days at 25°C before feeding. Fer-
mentation prevents bacterial colonization and spoilage
of the liquid diet by enteropathogens and other spoilage
bacteria. The fermentation temperature is important in
relation to bacterial survival. E. coli was eliminated more
effectively at 37°C than 20°C (Beal et al. 2001). There
were also strain differences in terms of E. coli survival in
fermented liquid feed, with F4 (K88) being the most re-
sistant to killing by fermentation than others (Beal et al.
2001). The effect of temperature has implications for the
management of fermented liquid feed systems. Cold-
shock proteins help E. coli survive at lower temperature
(Phadtare et al. 1999). Prefermented diets not only lower
the acidity of the diet but also reduce the soluble NSP
content of the diet (Hampson et al. 2001).

Piglets showed a significant preference for freshly
prepared liquid feed over fermented liquid feed when
given the choice (Demeckova et al. 2001). To prevent
spoilage, chlorine dioxide added at 300 ppm was found
to eliminate coliforms from liquid feeds for young
piglets without adversely affecting palatability or
growth performance (Demeckova et al. 2001). Chlorine
dioxide is a strong oxidizing and phonatizing agent
with broad antimicrobial spectrum, being active against
bacteria and viruses (Junli et al. 1997). Addition of chlo-
rine dioxide to freshly prepared wet feed did not signifi-



cantly alter the intake, as compared with nonsanitized
freshly prepared wet feed. Chlorine dioxide is reported
to kill E. coli through loss of permeability control of the
outer bacterial cell membrane (Berg et al. 1986).

REHYDRATION OF DIARRHEIC PIGLETS

Oral rehydration fluids are used in piglets with acute di-
arrhea especially during outbreaks of enterotoxigenic E.
coli (ETEC) and rotavirus infections. Studies in rats and
clinical studies in children have shown that reducing
the osmolality of oral rehydration solutions has benefi-
cial effects on the course of diarrhea and the clinical out-
come (Thillainayagam et al. 1998). Using an experimen-
tal pig model Kiers et al. (2001a) demonstrated that
solutions with low osmolality promoted intestinal fluid
absorption, although ETEC infection resulted in a de-
crease in net fluid absorption independent of osmolal-
ity, as compared with that of unaffected tissue.

In an experimental model mold-fermented soya
bean products were found to be beneficial in maintain-
ing fluid balance during postweaning ETEC infection
through preventing fluid loss (Kiers et al. 2001b). The
mechanism is uncertain. It might interfere with the at-
tachment of E. coli to epithelial cells or modulate the ef-
fects of toxin in the intestine.

REGIONAL DISEASES AND PATHOLOGY OF
THE DIGESTIVE SYSTEM

The Oral Cavity

There are several recognized congenital defects affecting
the oral cavity. Cleft palate and palatoschisis are both
multifactorial developmental abnormalities. Cleft
palate in piglets has occurred with feeding poisonous
plants such as poison hemlock (Conium maculatum) or
wild tree tobacco (Nicotiana glauca) to sows or gilts in
early pregnancy (Keeler and Crowe 1983; Panter et al.
1985). Likewise, accidental contamination of sow feed
with seeds of Crotalaria retusa during pregnancy has re-
sulted in palatoschisis in piglets (Hooper and Scanlan
1977). Brachygnathia superior (shortness of maxillae) is
an inherited condition that is progressive and may be
confused with progressive atrophic rhinitis. Hyper-
trophy of the tongue is a rare congenital anomaly in pigs
that interfers with normal suckling behavior. Epithe-
liogenesis imperfecta affects gingiva and tongue and can
be seen as irregular, well-demarcated red areas that are
devoid of epithelial tissue.

Oral lesions arising from traumatic damage are rela-
tively common. Gingivitis and periodontal inflamma-
tion is usually associated with poor teeth clipping tech-
nique resulting in damage to the gingival epithelium.
Stomatitis and tooth root abscesses may follow. Fusobac-
terium necrophorum is a common isolate from such le-
sions. Pigs have a diverticulum of the pharynx in the
posterior wall immediately above the esophagus. Barley
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awns and other fibrous materials can lodge there and
penetrate the pharynx causing pharyngeal cellulitis.
This is usually seen only in young pigs. Stomatitis can
also be caused by irritant chemicals, such as caustic or
toxic compounds, and by physical burns. Blistering and
erosion of the snout epithelium can arise due to sun-
burn.

A number of important infectious diseases show le-
sions on the snout and oral tissues. These are primarily
the viral vesicular diseases, including foot and mouth
disease, swine vesicular disease, and vesicular stomatitis.
Lesions include blanching of the epithelium, vesicles,
erosions, and epithelial flaps. Sunburn and occasionally
parvovirus infection can cause lesions on the snout re-
sembling vesicular diseases. Ulcerative glossitis and
stomatitis have been reported in piglets with exudative
epidermitis. Piglets may also develop ulcers on the dor-
sum of the tongue and occasionally on the hard palate
associated with Staphylococcus hyicus infection (Andrews
1979). Oral erosions and ulcers can also be seen in
piglets with congenital swine pox. Actinobacillus lig-
nieresi can cause swelling and inflammation of the
tongue, with nodule and ulcer formation. Soft tissues of
the pharynx and neck can also be affected. Of the para-
sitic infections, Trichinella spiralis can affect the tongue
and muscles of mastication. Gongylonema species has
been found in the mucosa of the tongue in grazing pigs
where they cause mild, localized inflammation (Zinter
and Migaki 1970).

The tonsils have a strategic role in immune surveil-
lance of the oropharynx. A host of bacterial agents, in-
cluding Streptococcus suis and Pasteurellae, are fre-
quently carried in the tonsils. Crypt inflammation and
lymphoid hyperplasia are associated with bacterial in-
fections. Necrotizing tonsillitis occurs in Aujeszky’s dis-
ease; the tonsils being the site of primary virus replica-
tion (Terpstra and Wensvoort 1988). Tonsillitis is also a
feature of swine vesicular disease. Hemorrhagic necro-
tizing tonsillitis can occur in pigs with anthrax.

There are few reported problems concerning the sali-
vary glands in pigs, but sialoadenitis occurs in vitamin A
deficiency (Barker et al. 1993). The interlobular ducts of
the salivary glands undergo squamous metaplasia lead-
ing to salivary stasis, secondary infection, and purulent
inflammation. This results in pronounced swelling of
salivary glands. Epithelial degeneration of salivary ducts
is seen in swine vesicular disease.

The Esophagus

Conditions affecting the esophagus are uncommon but
include hyperkeratosis, parakeratosis, mycotic infec-
tion, obstructions, and traumatic lesions. Hyperkera-
tosis and thickening of the epithelium are associated
with vitamin A deficiency or chlorinated naphthalene
toxicity. Parakeratosis of the esophagus occurs in pigs
with cutaneous parakeratosis due to zinc deficiency.
Parakeratotic thickening of the epithelium of the distal
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esophagus, with basal hyperplasia of the epithelium is
commonly seen in pigs with ulceration of the pars
esophagea of the stomach. Reflux esophagitis is recog-
nized in some pigs with ulceration of the pars oe-
sophagea. The gastric secretion has corrosive effects on
the squamous epithelium resulting in mucosal erosion,
ulceration, and inflammation.

Mycotic esophagitis caused by Candida albicans can
occur in suckling piglets and weaners that are immuno-
compromised and have been given repeated antibiotic
treatment or in piglets in which the mucosal flora has
been significantly disrupted for some reason.

Obstruction and/or perforation of the esophagus are
associated with ingestion of large objects such as stones,
potatoes, apples, or corncobs. Perforation can result
from ingestion of sharp objects such as fence wire or
nails. Inflammation and subsequent stricture are seque-
lae that affect the esophagus at the site of perforation.
Such conditions lead to dysphagia and distension of the
esophagus cranial to the site of obstruction or stricture.
Encephalitis affecting the medulla oblongata and/or
the nuclei or tracts of the cranial nerves involved in
swallowing (V, IX, X, XII) also results in dysphagia. Such
conditions are very rare in the pig. Nematode parasites
(Gongylonema species) occasionally occur in the esoph-
ageal mucosa leaving serpentine-shaped tracts. How-
ever, these parasites do not appear to have any adverse
effects in pigs.

The Stomach

Conditions affecting the stomach are mainly physical or
functional in nature, the most important being gastroe-
sophageal ulceration affecting the pars oesophagea. The
prevalence in growing and finishing pigs varies between
farms but it can be high under modern conditions of pig
husbandry. The majority of lesions are subclinical, and
most studies indicate that mild lesions have little impact
on growth or production. Severe ulceration of the pars
oesophagea is associated with clinical illness and death.
Pigs become anorexic, pale, with intermittent melena,
and they die suddenly due to gastric hemorrhage. In
such cases, ulcers are substantial lesions. The cause is
unclear, but repeated studies have shown that finely
ground rations and a high wheat component in the diet
are significant factors. Clinically, hemorrhage from gas-
tric ulcers should be differentiated from other causes of
melena including proliferative hemorrhagic entero-
pathy, swine dysentery, and intestinal torsion. This con-
dition is described in more depth in the chapter specifi-
cally relating to gastric ulceration (Chapter 54).

Gastric overdistension can occur in adult pigs espe-
cially in sows but the cause is uncertain. It is thought to
be associated with excessive intake of finely ground
grain and water, resulting in excessive fermentation and
gaseous distension. Gastric volvulus is thought to be due
to rapid intake of large quantities of feed and water fol-
lowed by physical activity in a competitive group situa-

tion. Clockwise torsion is apparently most common, al-
though torsion can occur in either direction about the
long axis of the stomach. The spleen is often involved
and becomes extremely enlarged due to blood engorge-
ment (Morin et al. 1984). The stomach becomes mas-
sively distended with gas and fluid, and intense mucosal
congestion develops. This condition is rapidly fatal.
Gastric foreign bodies such as stones are frequently
found in stomachs of outdoor sows that are maintained
on stony ground. Stone chewing is a regular activity and
swallowing of the stones is thought to be accidental.
Large quantities of gastric stones have been recorded in
some sows, limiting the capacity of feed intake and re-
sulting in loss of body condition.

Gastric venous infarction occurs in pigs, usually in
association with severe bacterial infections or toxemia.
The lesion can also be seen in classical swine fever. The
mucosa in the fundic area becomes reddish black in
color and caseous mucosal necrosis may be evident.
Thrombosis of capillaries and venules in the mucosa
and submucosa with fibrin-plugging is the cause of in-
farction. Multifocal areas of gastric infarction have also
been recorded in cases of porcine dermatitis and
nephropathy syndrome (PDNS), due to fibrinoid vas-
culitis of capillaries. Edema of the stomach wall is a
characteristic change in edema disease caused by spe-
cific strains of E. coli. Edema affects the submucosa, par-
ticularly on the greater curvature of the stomach. Other
conditions causing gastric edema include hypoproteine-
mia, arsenic toxicity, and portal hypertension. In these
conditions, edematous changes are less pronounced
than those of “edema disease.”

Gastritis in pigs is most commonly associated with
ulceration of the pars oesophagea and the inflamma-
tory sequelae affecting tissue in the cardiac zone of the
stomach, as previously mentioned. Candidiasis of the
pars oesophagea may occur in association with preulcer-
ative epithelial hyperplasia and parakeratosis. Gastritis
could occur due to accidental intake of toxic com-
pounds-such as arsenic, thallium, formalin, bronopol,
and phosphatic fertilizers-and by the toxic principles in
bitterweed (Hymenoxon odorata) or the blister beetle
(Epicanta sp.). In commercial farming, such conditions
are very rare and should be easy to exclude. Mycotic gas-
tritis is occasionally seen in piglets, usually in associa-
tion with repeated use of antibiotics. Lesions present as
multifocal yellowish plaques on the gastric mucosa,
with intense congestion of the peripheral gastric mu-
cosa. Fungal hyphae colonize the mucosa and invade
tissue and capillaries resulting in thrombosis. Agents are
usually zygomycetes such as Rhizopus, Absidia or Mucor
species. Aspergillus species involvement is rare (Mahanta
and Chaudhury 1985).

Parasitic gastritis is now rare in commercial pig
farms. Of the parasites that can cause gastritis, Hyostron-
8ylus rubidus is of most importance because it is associ-
ated with poor growth rates or loss of body condition in



adult pigs. Other parasites that can cause mild gastritis
in heavy infections include Ascarops sp., Simondsia sp.,
and Physocephalus sp. The parasite Gnathostoma sp. in-
vades the mucosa and undergoes development within
inflammatory cysts in the submucosa. In heavy infesta-
tions this parasite can cause thickening of the stomach
wall.

The Intestinal Tract
Atresia ani is the most common congenital defect of the
intestinal tract of pigs and it is believed to be hereditary
(Norrish and Rennie 1968). It arises due to failure of per-
foration of the membrane separating endodermal
hindgut from ectodermal anal membrane. Evident at
birth, the defect can be corrected by minor surgery un-
less atresia of the rectum is also present. Persistent
Meckel’s diverticulum is a rare anomaly in which there
is persistence of the omphalomesenteric duct. It pres-
ents as a tube of intestinal tissue similar to ileum that
branches from the intestine to the umbilicus. Occa-
sionally, it can be involved in abdominal catastrophes
such as intestinal strangulation.

Intestinal displacement and obstruction is common
in pigs, and a number of different conditions arise.

Rectal prolapse is relatively common in growing pigs
and is associated with a number of factors resulting in
an increase in intraabdominal pressure. These include
persistent coughing, straining associated with enteritis
and diarrhea, excessive huddling of pigs kept in cold
conditions, pigs gorging on liquid feeding, and feeding
of flatulent diets. Feeds high in zearalenone have also
been associated with rectal prolapse. Some prolapses re-
solve spontaneously, but more commonly the tissue be-
comes traumatized or removed by penmates followed by
scar formation as part of the healing process. This results
in rectal stricture and progressive obstruction leading to
marked distension of the colon (Figure 3.1). Such pigs
fail to thrive and die unless corrective action is taken.
Rectal stricture can also be a sequel to ulcerative procti-
tis of ischemic origin caused by Salmonella enterica
Typhimurium infection. Occasionally, severe intestinal
prolapse can accompany vaginal prolapse, via laceration
to the vaginal fornix. Intestinal impaction and obstruc-
tion can occur in a variety of situations—for example,
deaths have occurred in piglets maintained on wood-
shavings or other fibrous materials such as peat due to
impaction of the ileum or colon with such materials
(Figure 3.2). On occasions, heavy infestations of Ascaris
suum have been found to cause small intestinal im-
paction in piglets. Herniation of the intestine is most
commonly associated with a patent umbilicus. Small le-
sions are of little consequence, but large pendulous le-
sions become traumatized, with increased risk of intes-
tinal strangulation within the hernia, unless the defect
is corrected surgically.

Torsion of the long axis of the mesentery is a com-
mon condition in pigs and leads to rapid death. The tor-
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3.1. Marked distension of the colon in a 2-month-old pig due to recto-
anal stricture.

3.2. Obstruction of the colon in a 10-day-old piglet due to impaction
with wood shavings.

sion may involve small intestine or both small and large
intestine (Figure 3.3). Rotation is usually anticlock-
wise when viewed from the ventrocaudal aspect.
Torsion is associated with pigs making sudden unpre-
dictable movements, such as sudden deceleration com-
bined with abrupt changes in direction, particularly
when the gut is filled—for example, after feeding or
drinking a large volume of water, or when the intestines
are gas-filled due to pigs being on a highly fermentable
ration. Once torsion occurs, pigs rapidly develop disten-
sion of the abdomen. The intestinal loops become very
turgid and reddish black in color. The mesenteric vascu-
lature is extremely engorged due to obstruction to the
venous return. Other forms of intestinal catastrophe,
such as volvulus of a short length of small intestine fol-
lowed by strangulation of the affected portion, occur
more rarely.

Many forms of inflammatory and degenerative
changes can affect small and large intestine. In its sim-
plest form, loss of surface enterocytes occurs with en-
teropathogenic E. coli and viral infections, including ro-
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3.3. Torsion of the small intestine around the root of the mesentery
in a 5-month-old pig. Above: Distended, hemorrhagic loops of small
intestine containing sanguineous fluid. Below: Root of the mesentery
showing the site of the 360° torsion.

tavirus and coronaviruses. Fluid exudation is a conse-
quence of this epithelial loss and results in watery diar-
rhea and dehydration. Villous atrophy is particularly as-
sociated with coronavirus and rotavirus infections.
Intestinal erosion and necrotizing enteritis in young
pigs is often associated with C. perfringens type C infec-
tion. Cryptosporidium (C. parvum) infection in neonatal
piglets causes villous atrophy, stunting and fusion of
villi, with diarrhea due to malabsorption. Intestinal ul-
ceration is associated with salmonellosis and ulcerative
typhlocolitis, with swine dysentery. So-called “button
ulcers” alert concerns of classical swine fever, but they
are also associated with Salmonella choleraesuis infection
and porcine dermatitis and nephropathy syndrome
(Figure 3.4). Similar lesions have also been recorded in
pigs infected with bovine viral diarrhea virus (Terpstra
and Wensvoort 1988). Degeneration of intestinal crypt
epithelium is associated with coccidial infection and
bovine viral diarrhea virus infection. In coccidiosis due
to Isospora suis damage caused by coccidial development
in the villous and crypt epithelium will result in villous
atrophy, intestinal erosions, and fibrinonecrotic enteri-
tis, mainly affecting the distal jejunum and ileum.
Hyperplasia of crypt epithelium is the major feature of

3.4. Multifocal ulcers in the colonic mucosa of a 4-month-old pig with
porcine dermatitis and nephropathy syndrome.

Lawsonia intracellularis infection and leads to thickening
of the mucosa in the ileum and/or colon (Figure 3.5).
Inflammatory cell infiltration occurs in response to any
cause of disruption to the epithelial barrier as well as en-
teropathogenic infections. Mucosal microabscesses are
a feature of yersiniosis; both Yersinia enterocolitica and Y.
pseudotuberculosis affect pigs.

Diseases affecting the intestinal tract are among the
most important economic problems affecting pig pro-
duction. The prevalence of diseases in pigs varies be-
tween countries, farming systems and units with differ-
ent health status. Within farms the disease situation is
dynamic and the prevalence can alter quite dramatically
between batches for no apparent reason. Multiple en-
teric infections can occur concurrently, giving rise to
complex clinical disease patterns and difficulties in ar-
riving at successful control measures. The major diseases
are mentioned only briefly here; detailed descriptions of
all are given in other chapters.

In neonatal piglets, enterotoxigenic E. coli remains
the most important disease, with C. perfringens type C
causing problems in certain units, most notably in out-
door farming systems (Figure 3.6). Both diseases can be
controlled by vaccination of breeding stock provided
piglets receive adequate colostrum intake within hours
of birth, prior to intestinal “closure.” The availability of
breeding stock that is genetically resistant to E. coli F4
(K88) strains heralds a new and exciting era in the con-
trol of enteric disease through genetic selection. Other
infections that are commonly reported in the young un-
weaned pig include rotavirus and coccidiosis (I. suis),
with cryptosporidia also being implicated in some
units. It is rare for Salmonella infection to cause signifi-
cant enteric disease in unweaned pigs though subclini-
cal infection, and shedding can occur as a result of con-
tact with sow feces. The viral diseases transmissible
gastroenteritis (TGE) and porcine epidemic diarrhea
(PED) cause severe morbidity and mortality in suscepti-
ble piglets. Vomiting and wasting disease caused by



3.5. lleum from a 2-month-old pig with porcine proliferative entero-
pathy (PPE) compared with that of a normal age-matched pig. Above:
Ileum from a case of PPE showing thickening of the mucosa. Below:
Ileum from the unaffected pig showing the normal appearance of the
mucosa.

hemagglutinating encephalomyelitis virus is associated
with vomiting and wasting in suckling piglets, but it ap-
pears to have reduced in prevalence globally over the
last 10-15 years. Porcine adenovirus infection is usually
asymptomatic but occasionally is associated with diar-
rhea and vomiting, with reduced growth rates in piglets
from 2-7 weeks of age. Bovine viral diarrhea virus,
though a known pathogen of pigs, is rarely reported.
Clostridium difficile is a recognized cause of necrotizing
colitis in suckling piglets and it is also of zoonotic im-
portance. However it appears to be a rare or rarely re-
ported infection of pigs. Strongyloides sp. can affect pigs
ranging from 10 days of age up to 3 months old.
Parasites colonize the anterior half of the small intestine
and cause villous atrophy and granulomatous enteritis,
resulting in diarrhea and ill thrift.

A number of these preweaning infections are also ca-
pable of causing disease in young weaners. Postweaning
E. coli continues to be a major cause of postweaning
diarrhea and mortality, and diseases such as rotavirus,
coccidiosis, and cryptosporidiosis can rarely affect
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3.6. Hemorrhagic enteritis in three 10-day-old piglets associated with
Clostridium perfringens type C.

piglets up to 6 weeks of age. The disease patterns in units
change dramatically when immunosuppression is a fea-
ture. The emergence of postweaning multisystemic
wasting syndrome (PMWS), which has occurred in
many countries, has dramatically altered patterns of en-
teric disease. The generalized lymphoid depletion that
occurs in weaners with PMWS includes depletion of in-
testinal Peyer’s patches and mesenteric lymph nodes. In
units with PMWS, the age range of susceptibility to dis-
eases such as rotavirus, cryptosporidiosis, and coccidio-
sis increases up to 4-6 weeks, and these enteric diseases
play a significant role in the general ill-thrift problems
suffered by pigs.

Diarrhea is a feature of PMWS outbreaks and in many
instances no enteropathogenic agents are isolated or de-
tected. Histologically the jejunum and ileum may show
a viral-type enteropathy, primarily villous atrophy.
Whether this is directly related to the disease pathogen-
esis or whether it is caused by one or more opportunist
viruses that are unrecognized as yet remains unknown.
Another equally important feature associated with
PMWS is mild bacterial-type colitis. Often bacterial cul-
tures fail to show any recognized bacterial pathogen but
yield a mixed growth of commensal-type organisms.
Histology of the colon shows mixed bacterial infection
of crypts and surface epithelium, accompanied by crypt
inflammation and goblet cell hyperplasia in chronic
cases. This suggests that there is an opportunistic bacte-
rial overgrowth or dysbacteriosis in the colon of affected
pigs, possibly associated with altered enteric immune
processes.

Through growing and finishing periods the most im-
portant economic-limiting diseases continue to be
swine dysentery, porcine proliferative enteropathy
(PPE), and porcine colonic spirochetosis. In PPE, signifi-
cant progress has been made with the development of
serological tests that can be used for herd profiling and
more recently, development of an orally administered
vaccine that has proved successful in controlling PPE in
commercial units. In contrast, there are no commer-
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3.7. Colitis in a 10-week-old pig associated with combined Brachy-
spira pilosicoli and Lawsonia intracellularis infections. Most crypts
contain spirochaetes (S. pilosicoli) and have normal height of crypt
epithelium. One crypt shows hyperplasia of epithelial cells with intra-
cellular curved bacteria (L. intracellularis) at the apical pole of the
cells.

cially available serological tests for swine dysentery or
porcine colonic spirochetosis, and to date, vaccine stud-
ies have proved unsuccessful. The prevalence of Brachy-
spira pilosicoli varies between countries. This infection is
becoming increasingly recognized as a cause of diarrhea
and reduced growth rates. The infection may also be
mild or subclinical. Mixed infections involving Brachy-
spira hyodysenteriae, Brachyspira pilosicoli, L. intracellu-
laris, Salmonella sp., and Yersinia sp. are common in
grow-finish herds with diarrhea and colitis (Figure 3.7).
Achieving the correct diagnosis and finding effective
control measures pose significant challenges for the
swine veterinarian.

The prevalence of parasitic infections varies consid-
erably between units. Many units have achieved total
freedom of enteric parasites, such as Ascaris suum,
Oesophagostomum sp., Trichuris sp., and Hyostrongylus sp.
However “white spot liver” is commonly reported on
abattoir surveys indicating that A. suum infection is still
a notable health problem in some units (Figure 3.8).
Trichuris suis and Oesophagostomum sp. can be causes of
colitis that are often overlooked until nonresponse to
antibiotic agents results in further investigation. Rarely,
coccidiosis (I. suis) can cause acute enteritis and colitis
in naive young adult pigs that are introduced into a
heavily infected environment. Similarly, the hemor-
rhagic enteropathy form of PPE can cause acute hemor-
rhagic diarrhea and deaths in naive young adult pigs in-
troduced into an infected environment. Eimeria sp.
affect older pigs when exposed to yards and pasture con-
taminated with oocysts. Some Eimeria sp. are considered
to be potentially pathogenic, causing villous atrophy
and enteritis. Balantidium coli is commonly present in
the large intestine of pigs. It is a commensal organism
but commonly invades the mucosa if other degenera-
tive or necrotizing lesions are present.

3.8. Small intestine of a 7-week-old piglet heavily infested with Ascaris
suum.

In addition to the common endemic diseases already
mentioned, the serious epidemic diseases classical swine
fever (CSF) and African swine fever (ASF) have an impor-
tant enteric component. Suspected outbreaks should be
reported and investigated appropriately in order to con-
trol the outbreak and limit the spread of infection. TGE
and PED can cause severe diarrhea in all age groups of
pigs in addition to the serious morbidity and mortality
that occur in suckling piglets in particular. In Aujeszky’s
disease, necrotizing enteritis can affect the distal small
intestine in addition to the more commonly recognized
lesions of necrotizing rhinitis and tonsillitis. Control of
TGE, CSF, ASF, and Aujeszky’s disease by vaccination is
the best method of control in some countries where dis-
ease eradication is not possible due to geographic, social,
or political reasons or where there is a constant and un-
controllable threat from wildlife vectors.

The Liver

Congenital anomalies affecting the pig liver are rare.
One recognized condition is a cystic anomaly affecting
bile ducts. The liver is enlarged and shows numerous
fluctuating cystic lesions containing bile. The enlarged
liver causes abdominal distension and piglets have poor
viability.

Traumatic conditions affecting the liver are impor-
tant. In neonatal piglets, rupture of the liver and fatal
hemorrhage is a consequence of trauma, usually in-
flicted accidentally by the sow. Torsion of one or more
liver lobes can affect pigs of any age. It usually affects the
left lateral lobe and results in infarction of the lobe.
Death occurs due to shock or hepatic rupture and hem-
orrhage. Hepatosis dietetica is a diet-associated condi-
tion in which there is massive hepatic necrosis. Experi-
mentally, concurrent deficiencies of sulphur-containing
amino acids, tocopherols, and selenium are required for
development of hepatosis dietetica. The pathogenesis is
not fully understood but it is thought to be associated
with formation of free radicals and their subsequent
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adverse effects. It affects rapidly growing pigs and causes
sudden death.

Many systemic diseases cause nonspecific changes in
the liver, including congestion and inflammatory cell
infiltration. Hemorrhages are a feature of septicemia, for
example, salmonellosis, especially S. choleraesuis infec-
tion. Multifocal white nodules, so-called “paratyphoid
nodules,” are associated with chronic S. choleraesuis in-
fection. Parasitism is undoubtedly the most common
condition affecting the liver. Migrating Ascaris suum
larvae cause mechanical damage in the form of hemor-
rhagic tracts that initiate intense inflammation. Re-
active changes, both repair of tissue and hypersen-
sitivity reaction to excretory and secretory products of
larvae, cause eosinophil infiltration and fibrosis. “White
spot” livers are an economic loss to the farmer (Figure
3.9). In heavy infestations, adult ascarids can migrate up
the bile duct or pancreatic duct causing obstruction,
jaundice, and cholangitis (Figure 3.10). Other parasitic
infections affecting the liver include Cysticercus tenicol-
lis, the metacestode of the tapeworm Taenia hydatigena
(of dogs). Cysts can sometimes be found in the pig peri-
toneal cavity, often attached to the liver. Immature cys-
ticerci migrate through the liver causing tortuous hem-
orrhagic tracts before emerging to encyst. Stephanurus
dentatus infection results in migratory tracts and hepati-
tis. Portal phlebitis with thrombus formation in the por-
tal vein are additional features following oral infection.

Toxicities affecting the liver can be acute or chronic
in nature. Cresol toxicity is caused by exposure to tar
compounds that might have been used in construction
of piggery buildings, accidental environmental spillage,
or “clay pigeons” used as shooting targets. Lesions in-
clude severe hepatocellular necrosis leading to sudden
death. Chronic cresol toxicity results in jaundice, as-
cites, and anemia on account of chronic, progressive de-
struction of hepatic tissue. Iron toxicity occurs occa-
sionally in neonatal piglets, with deaths occurring
within 24 hours of iron-dextran administration. Toxi-
city is associated with marginal or deficient vitamin E
and selenium status. Iron-catalyzed lipoperoxidation
occurs in liver and muscle resulting in hepatic necrosis
and hepatic hemorrhages. Aflatoxicosis is caused by the
use of cereals contaminated with Aspergillus species or
Penicillium puberulum. Lesion development is a chronic
process in which there is liver hypertrophy and progres-
sive fibrosis. The condition results in reduced growth
rates and liver condemnations.

The Pancreas

There has been little focus on pancreatic conditions in
pigs. Pancreatic hypoplasia is rare and associated with
poor growth in individual weaner pigs. The pancreatic
duct can be invaded by Ascaris suum in piglets with
heavy infestations. This can lead to obstruction of the
pancreatic duct resulting in pancreatic necrosis and
acute pancreatitis.

CHAPTER 3 DISEASES OF THE DIGESTIVE SYSTEM 51

3.9. “White spot” liver in a 5-month-old pig, associated with Ascaris
suum larval migration.

3.10. Ascaris suum in the common bile duct of a 6-week-old piglet
that was heavily infested.
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Diseases of the Mammary

Glands

Christian Klopfenstein, Chantal Farmer, and Guy-Pierre Martineau

Inadequate sow milk production leads to reduced piglet
growth and, in certain cases, to increased mortality in
the litter. The first section of this chapter focus on a
good understanding of the normal physiologic proc-
esses involved in the initiation and maintenance of sow
lactation and on how these processes relate to piglet
growth and mortality. Factors affecting the milk produc-
tion of sows are numerous but they can be synthesized
in three major groups:

1. The number of lactocytes (or epithelial cells) produc-
ing the milk (see mammary gland)

2. The intensity of milk synthesis by lactocyte (see
physiology)

3. The capacity of the other organs and systems to sup-
ply the nutrients needed by the mammary gland (see
homeorhesis)

The second section of this chapter covers some strate-
gies to increase overall milk production of sows (see ma-
nipulating milk production) and the possible etiologies
of early lactational problems (see infectious and nonin-
fectious causes of postpartum dysgalactia syndrome) as
well as treatment and prevention procedures.

MILK PRODUCTION OF SOWS

Measuring Milk Production

Measuring milk production in the sow is more compli-
cated than in other farm animals. The small teats and
the large number of functional mammary glands
(12-14) make hand or mechanical milking difficult.
Moreover, since milk is not available continually after
the colostral phase, milk ejection must be stimulated
and sows would have to be milked more than 24 times a
day to mimic the piglets (Hernandez et al. 1987). Conse-
quently, sow milk production is usually estimated by
taking a number of measurements during the day and
extrapolating to the whole day. Seven to eight measure-
ments over a 24-hour period are reported to provide a

good estimate of daily milk production (Salmon
Legagneur 1965; Mahan et al. 1971). After the colostral
phase, milk letdown has to be initiated with exogenous
oxytocin (see oxytocin in the treatment section).

Best results are obtained by methods using the
piglets to estimate sow milk output. However, in the first
part of lactation, when milk production aptitude is
greater than the ingestion capacity of the piglets, these
methods underestimate the milk production capacity of
the mammary gland. In the second part of lactation,
when milk supply is a limiting factor for piglet growth,
these methods should give a good estimation of the
milk production capacity of the sow.

Milking the Sow. Sows can either be hand-milked,
which requires a lot of manual labor, or milked with a
milking machine. The first sow milking machine was
developed following the discovery of the role of oxy-
tocin for milk ejection (Salmon Legagneur 1959). More
recently, milking machines have been used to compare
milk production between teats (Fraser et al. 1985) and
breeds (Grun et al. 1993a). The use of a milking machine
has been reported to give much more repeatable esti-
mates of sow milk production than those obtained by
hand milking (Fraser et al. 19835); yet, these are not avail-
able commercially.

Sow Weight Loss During Suckling Periods. Weighing
the sow before and after a suckling period is another rec-
ognized but seldom used approach for measuring milk
production. Its greatest drawback is a major lack of pre-
cision because the weight ratio between milk ejected
during each nursing period and sow body weight is ap-
proximately 1:1000 (Salmon Legagneur 1956).

Weigh-Suckle-Weigh. The weigh-suckle-weigh (WSW)
method has been used extensively during the past years
and involves repeated weighing of piglets, preceding
and following nursing, for a certain number of suck-
lings. Apart from the suckling periods, the piglets do not
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have access to the teats. The general approach is to re-
move the piglets from the sow 1 hour prior to the first
suckling period. The following nursing periods occur at
fixed intervals varying between 45 and 60 minutes, and
last on average 4-5 minutes. Before each suckling pe-
riod, the piglets are placed on a cold or wet surface to in-
duce urination and defecation. The piglets can be
weighed individually, as half the litter, or as a litter
(Barber et al. 1955; Salmon Legagneur 1956; Mahan et al.
1971; Lewis et al. 1978; Noblet and Etienne 1989). The
first two estimations should generally be discarded be-
cause of their great variability (Speer and Cox 1984).
One of the main problems with this technique is to ad-
just for piglet urinary, fecal, and metabolic losses.

Piglet Growth. Although conceptually simple, measur-
ing piglet growth has not generally been considered suf-
ficiently precise for lactation studies. The first studies re-
ported that piglet growth was a poor predictor of sow
milk production (R?<0.50) (Salmon Legagneur 1956;
Lewis et al. 1978). These low predictions were likely due
to the difficulty in adequately estimating sow milk pro-
duction. Indeed, recent work demonstrated that milk
production over different parts of lactation can be ade-
quately predicted by using piglet growth (R? between
0.84 and 0.96) (Noblet and Etienne 1989). Based on
these equations and other observations, a conversion

efficiency of approximately 4.5 g of milk per gram of
growth has been estimated (Lewis et al. 1978; Noblet and
Etienne 1989).

Body Water Turnover. Milk production can also be esti-
mated by measuring water turnover in the piglet. This
method measures the dilution of endogenous water by
water absorbed from nursing (MacFarlane et al. 1969).
Each piglet receives a known quantity of deuterium-
labeled water by parenteral injection, prior to nursing.
The difference in isotope concentration preceding and
following nursing represents the dilution effect of milk
absorption and is directly related to sow milk produc-
tion. A correlation of 0.96 was found between the esti-
mated and the actual milk intake of artificially reared
piglets using this technique (Prawirodigdo et al. 1987).

Pattern of Milk Production
Sow milk production is usually described in four phases:
the colostral, ascending, plateau, and descending
phases. Sows in modern production units usually do not
reach the descending phase because they are weaned
during the plateau phase at less than 28 days of lactation.
Typical sow milk production curves are presented in
Figure 4.1 (Toner et al. 1996); they are similar to those
presented by others (Noblet and Etienne 1986; Shoen-
herr et al. 1989; Grun et al. 1993b). In the latter publica-
tions, the end of the ascending phase was around day 14
postpartum, whereas it was reported to occur later
(22-28 days) in some other publications (Elsley 1971;
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4.1. Pattern of milk production (kg/day) of first-litter sows nursing
litters of different sizes (from Toner et al. 1996, reprinted with
permission).

Harkins et al. 1989). This discrepancy may be related
to differences in breeds, nutrition, and parities of the
sows and in the methodology used to estimate milk
production.

Colostral Phase. The term colostrum describes the
mammary secretions obtained during the few days be-
fore and/or after parturition. Colostrum usually con-
tains more proteins, mainly immunoglobulins; less fat;
and less sugar than the milk produced after initiation of
lactation (Dorland 1985). Mammary secretions contain
157, 130, 9, and 6 grams of protein per liter at O, 6, 12,
and more than 12 hours after the first suckling, respec-
tively (Klobasa et al. 1987). Consequently, the colostral
phase probably ends between 12 and 24 hours after the
first suckling.

Mammary secretions obtained during the first 12
hours postpartum contain large amounts of im-
munoglobulins (60-80 g/L) (Klobasa et al. 1987). During
this short period of time, mammary secretions are con-
tinuously available to the piglets, whereas after the
colostral phase, milk availability becomes cyclical (de
Passillé and Rushen 1989a). Within 48-72 hours post-
partum, piglets establish a teat order in which each
piglet consistently sucks from one or two specific teats
(Fraser 1976; de Passillé et al. 1988; Roychoudhury et al.
1995). Within 48 hours after parturition, any unsuckled
mammary gland goes through involution and becomes
nonfunctional (Atwood and Hartmann 1993). Conse-
quently, daily milk production and total milk produc-
tion during lactation are proportional to the number of
suckled mammary glands or to the number of piglets in
the litter (R >0.95) (Auldist et al. 1998).

Ascending Phase. The ascending phase of lactation
(approximately day O to 10) is explained by an increase
in nursing frequency as well as an increase in the vol-
ume of milk obtained at each nursing. Nursing fre-



quency doubled between day 2 and day 10 of lactation
(17 vs. 35 nursings/day) (Jensen et al. 1991) and the
quantity of milk obtained at each nursing is reported to
increase from 29 to 53 g between the first and the third
week of lactation (Campbell and Dunkin 1982).

During the ascending phase, sow milk production is
adjusted to the needs of the piglets. Indeed, between
days 4 and 8, litters of heavier piglets (4.45 kg at day 4)
consume more milk (9.1 vs. 7.6 L/day) than litters of
lighter piglets (1.92 kg) (King et al. 1997). It is well
known that most piglets do not consume much creep
feed before they are at least 10 days old (Aumaitre and
Salmon Legagneur 1961). During the first 2 weeks of lac-
tation, the heavier piglets at birth (1.39 kg) ingest more
milk than their lighter littermates (0.89 kg); however,
the milk consumption relative to body weight (g/kg of
live weight) is similar for all piglets (Campbell and
Dunkin 1982). The larger consumption observed among
the heavier piglets was explained by a larger volume in-
gested at each nursing. It appears that during the as-
cending phase of lactation, the dynamic equilibrium
state between the piglets needs and sow milk nutrient
output is so well harmonized that litter size (8 vs. 11) has
very little effect on piglet weight before day 7 of lacta-
tion (Klopfenstein et al. 1999) (Table 4.1).

Plateau Phase. After day 10 of lactation, milk produc-
tion is maximal (Figure 4.1) (King et al. 1997); therefore,
piglet growth may be inhibited by insufficient milk sup-
ply during the later part of lactation, and this inhibition
will be greater with longer lactation and in larger litters
(Table 4.1). The weight difference between suckling
piglets supplemented or not with cow’s milk between
days 7 and 28 of lactation was 140 g on day 14, 756 g on
day 21, and 1761 g on day 28 (Reale 1987). Supplementa-
tion with milk replacer from day 3 to weaning also in-
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creased average piglet weight by 120 g on day 7, 340 g on
day 14, and 910 g on day 21 (Wolter et al. 2002). It was
also reported that, in a 21-day lactation, the growth lim-
itation of suckling piglets could be more than 2 kg per
pig (Harrell et al. 1993). When piglets are weaned at an
early age (14-16 days), which is part of a new manage-
ment procedure in the swine industry, the limiting ef-
fect is likely to be smaller.

Composition of Sow Milk

Sow milk is a complex water solution containing more
than 100 different chemical components. The major com-
ponents are lactose, proteins (casein, alpha-lactalbumin,
beta-globulins, serum albumins, immunoglobulins G
and A), lipids, lactocytes, leucocytes (neutrophils,
eosinophils, lymphocytes, and macrophages), bivalent
ions (calcium, phosphorus, and magnesium) and elec-
trolytes (sodium, potassium, and chloride). The relative
concentrations of these components vary according to
the stage of lactation (Table 4.2). During the colostral
phase protein content decreases rapidly mainly because
of the fall in the concentrations of immunoglobulins.

Table 4.1. Least-square means of piglet weight (kg) at different
ages from randomly chosen litters of different sizes after correc-
tion for birth weight (these litters had no mortality for the 28-day
lactation period).

Age of the Piglets (Days)

Litter Size n 3 7 14 21 28
8 15 1.87 2.82 4.62 6.42 8.21
9 15 1.85 2.78 4.38 6.18 7.91
10 15 1.87 2.72 4.40 6.18 7.89
11 14 1.88 2.72 4.21 5.60 7.10

Source: Data from a data base of 2000 piglet weights from the
Agriculture Canada Research Station, Lennoxville, Quebec.

Table 4.2. Variation of sow milk composition (mean =* std) between the first days (day 1-2) and the plateau phase (day 10-15) of

lactation.

Milk Components Day 1-2 Day 10-15 Difference Source

Lactose (mmol/L) 160 £ 10 190 £ 10 +30 (Konar et al. 1971)

Sodium (mmol/L) 25+5 185 -7 (Konar et al. 1971)
Potassium (mmol/L) 755 505 -25 (Konar et al. 1971)
Chloride (mmol/L) 255 18+5 -7 (Konar et al. 1971)

Calcium (mmol/L) 12+3 50+3 +38 (Perrin 1955)

Phosphate (mmol/L) 12+1 14+1 +2 (Perrin 1955)

Magnesium (mmol/L) 4+1 4+1 0 (Perrin 1955)

Total protein (g/L) 646 515 -13 (Klobasa et al. 1987)

Lipids (g/L) 6515 6515 0 (Klobasa et al. 1987)
Somatic cells (k¢/ml)? 1060 = 790 2012 £ 990 +952 (Schollenberger et al. 1986)
Leucocytes (k¢/ml)1:2 748 + 509 886 + 519 +138 (Schollenberger et al. 1986)
Lactocytes (k¢/ml)1,2 152 £ 103 503 £ 315 +351 (Schollenberger et al. 1986)
Anucleate cells (k¢/ml)? 147 £ 160 727 £ 63 +580 (Schollenberger et al. 1986)
% de leucocytes 70 44 -26 (Schollenberger et al. 1986)

Source: adapted from Klopfenstein 2003.

k¢ = 1000 cells.

2Somatic cells found in the first colostrum (<12 hours) contains many more cells than milk obtained at day 1-2 (>8000 k¢/ml, 98%

leucocytes) (Evans et al. 1982; Magnusson et al. 1991).

3Leucocyctes are the sum of neutrophils, eosinophils, lymphocytes, and macrophages.
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Somatic Cells of Normal Milk. The somatic cell content
of mammary secretions from healthy sows is much
greater than that in milk of healthy cows: between 1 and
4 million cells per milliliter (M¢/ml) in sows (Evans et al.
1982; Schollenberger et al. 1986; Hurley and Grieve
1988; Magnusson et al. 1991; Drendel and Wendt 1993a;
Klopfenstein 2003) compared to less than 1 million cells
in cows (Paape et al. 1963). The first mammary secre-
tions obtained at parturition contain many more so-
matic cells (>8 M¢/ml) than milk obtained later in lacta-
tion (Evans et al. 1982; Magnusson et al. 1991). These
somatic cells are mainly composed of epithelial cells
and leucocytes. The relative concentrations of the vari-
ous cell types vary with the stage of lactation. In milk
collected during the colostral phase, most cells are leu-
cocytes (>98%), whereas during the rest of lactation
(days 7, 14, and 28), the cells are predominantly epithe-
lial cells (Evans et al. 1982; Schollenberger et al. 1986;
Magnusson et al. 1991).

Somatic Cells of Mastitic Milk. Somatic cells content
found in the milk of infected mammary glands is simi-
lar (12-35 M¢/ml) to those observed during the
colostral phase or during involution (Drendel and
Wendt 1993b). Somatic cells found in the milk of in-
tfected glands are mainly (>75%) leucocytes. Therefore,
during sow lactation, a cellular content over 12 M¢/ml
with a increased proportion of leucocytes is an indica-
tion of mammary gland alteration. However, during the
colostral phase, we cannot, solely based on milk cellular
content, discriminate between mammary gland infec-
tion and retarded lactogenesis (Drendel and Wendt
1993b).

MAMMARY GLAND

Anatomy
External Structure. The mammary glands of swine are
located in two parallel rows along the ventral body wall,
from the thoracic region to the inguinal area. In com-
mercial breeds, their number varies generally between
12 and 18 per animal (Labroue et al. 2001) whereas pigs
of the Meishan breed can have up to 22 mammary
glands (personal communication, L. Maignel, Canadian
Center of Swine Improvement, www.ccsi.ca). As sug-
gested by Muirhead (1991), boars and gilts should be re-
tained for breeding only if they have 14 well-placed nor-
mal nipples. The rows of teats should be parallel because
when the teats diverge from a straight line just before
and after the umbilicus, the sows have poor teat presen-
tation therefore limiting accessibility of the teats to the
piglets. Sows with poor teat presentation usually have
large girth widths, which tends to spread the teat rows
apart. Poor teat placement could be a major reason for
failure of sows to rear 11 or 12 piglets (Muirhead 1991).
The glands are attached to the ventral body wall by
adipose and connective tissue arising from the abdomi-

nal fascia. Each mammary gland normally has one teat,
or nipple, with two separate teat canals. When the teat
sphincter is not visible (inverted teat) it has a 50%
chance of remaining blind. Functional supernumerary
smaller teats can also be found. Paired vestigial non-
functional accessory teats, not connected to glandular
tissue, may also occur (Molenat and Thibeault 1977;
Labroue et al. 2001).

Internal Structure. The microscopic and macroscopic
anatomy of the porcine mammary gland has been de-
scribed by Barone (1978), Schummer et al. (1981), and
Calhoun and Stinson (1987). In the nulliparous sow, the
mammary gland consists of cell buds distributed among
fat and connective tissue, whereas in the lactating
gland, the connective tissue is largely displaced by glan-
dular parenchyma. The mammary glands of the lactat-
ing sow are composed of a compound tubuloalveolar tis-
sue with the secretory units arranged in lobules. The
lobules are lined by epithelial cells, generally described
as lactocytes, which synthesize milk. These secreting
units are connected by a nonsecreting duct system to an
ostium found on the teat. There are usually two com-
plete gland systems within each mammary gland of the
pig. The glandular tissue of one system usually interdig-
itates with the other, although the components of the
two systems are independent. Usually, each teat has two
openings, one for each glandular system, but sometimes
a third ostium can be seen. In these animals, one ostium
ends blindly and has no glandular tissue.

The arterial, venous, and lymphatic circulation of
the mammary glands in swine is provided on each side
of the ventral midline by a network that extends longi-
tudinally from the axillary to the inguinal regions
(Barone 1978; Schummer et al. 1981; Lignereux et al.
1996) (Figure 4.2). Moreover, in swine there is a venous
anastomosis between the right and left mammary gland
of each pair of glands.

Nerve supply to the cranial mammary glands differs
from that to the inguinal glands. Cranial mammary
glands receive their innervation from the last eight or
nine thoracic nerves while inguinal mammary glands
receive their innervation mainly from the pudendal
nerve (Gandhi and Getty 1969a,b; Ghoshal 1975). A
more complete anatomical and histological description
of the porcine mammary gland can be found in the sev-
enth edition of Diseases of Swine (Smith et al. 1992).

Mammogenesis
The extent of mammary growth is largely related to the
number of lactocytes present and has a determinant im-
pact on milk capacity of the sow. Mammary growth
starts at the fetal stage but occurs mainly postnatally
and, to a greater extent, at the end of gestation; yet it
still takes place during lactation.

The mammary glands of newborn piglets have a
poorly developed duct system and are largely composed
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4.2. Mammary veins of the sow (from Dejean 1971, as modified by Lignereux et al. 1996, reprinted with permission).

of subcutaneous stromal tissue (Hughes and Varley
1980). Accumulation of mammary tissue and mammary
DNA (which is indicative of cell number) is slow until 90
days of age, at which time the rate of accretion of mam-
mary tissue and DNA increases four- to sixfold (Sorensen
et al. 2002a). By the time the gilt is mated, the mam-
mary gland is still very small but it consists of an exten-
sive duct system with various budlike outgrowths
(Turner 1952).

In pregnant gilts, quantitative development of the
mammary glands is slow in the first two-thirds of preg-
nancy, while almost all accumulation of mammary tis-
sue and DNA takes place in the last third of gestation
(Hacker and Hill 1972; Kensinger et al. 1982; Sorensen et
al. 2002a). The mammary glands undergo major histo-
logical changes as the adipose and stromal tissues are re-
placed by lobuloalveolar tissue to become the milk se-
cretory apparatus (Hacker and Hill 1972; Kensinger et al.
1982). Both histological changes and differences in DNA
concentrations in mammary tissues from gilts indicate
increased tissue differentiation between days 75 and 90
of gestation, with maximum cell concentrations present
by day 90 (Kensinger et al. 1982).

Allometric mammary gland development occurs
mainly during the last 10 days of gestation and contin-
ues during lactation (Hurley 2001). Average mammary
gland wet weight of gilts was reported to remain fairly
stable (approximately 100 g) up to day 110 of gestation
and to increase up to 373 g by day 112 (Sorensen et al.
2002a). Average mammary weight of the suckled glands
then increased linearly from 381 g on day 5 of lactation
up to 593 g on day 21 (57% increase) (Kim et al. 1999).
Another study showed that mammary gland wet weight
increased by 70, 20, and 30% between day 113 of gesta-
tion and day 26 of lactation, for sows of parity 1, 2, and
3, respectively (Beyer et al. 1994). The increase in mam-
mary volume during lactation is mainly the conse-

quence of mammary gland cellular hyperplasia, rather
than hypertrophy, as demonstrated by DNA analysis
(Kim et al. 1999).

Factors Affecting Mammary Gland
Development

Hormones. Estrogens are important for mammogenesis
(Kensinger et al. 1986) and the shift in the rate of mam-
mary development occurring at approximately 90 days
of age is likely linked to the onset of ovarian activity
(Sorensen et al. 2002a). The finding that mammary de-
velopment is enhanced with the onset of puberty in gilts
corroborates this and even suggests that early onset of
puberty may be beneficial for mammogenesis in swine
(Farmer et al. 2004b). Prolactin was recently shown to
have a great impact on the mammary development tak-
ing place before puberty. When injected to gilts for a pe-
riod of 28 days, starting at 75 kg body weight, porcine
prolactin stimulates mammary development through an
increase in the number of milk secretory cells (Palin and
Farmer 2004). The impact of such a treatment on future
sow milk yield still needs to be determined.

During pregnancy, the formation of lobuloalveolar
cells is related to increases in estrogen and progesterone
concentrations in the maternal circulation (Ash and
Heap 1975), while concentrations of prolactin remain
low (Dusza and Krzymowska 1981). After day 105 of
pregnancy, decreasing progesterone and increasing es-
trogen concentrations are related to a tremendous in-
crease in metabolic activity of the mammary gland
(Robertson and King 1974; Knight et al. 1977; Kensinger
et al. 1986). The mechanism by which estrogens affect
the mammary epithelium is not known; it is possible
that they induce prolactin receptors in the mammary
gland. There is also a positive association between pro-
lactin levels and mammary wet weight at day 110 of ges-
tation, which may be due to the effect of prolactin on
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water movement into the gland (Kensinger et al. 1986).
Prolactin was recently shown to play an essential role for
mammogenesis in pregnant swine. Inhibition of pro-
lactin in the last third of pregnancy drastically decreases
mammary development in gilts (Farmer et al. 2000) and
the timing of its necessary action for mammogenesis
was more specifically identified as being from days 90 to
109 of gestation (Farmer and Petitclerc 2003).

Buttle (1988) reported that ovariectomy, but not re-
moval of the corpora lutea, of gilts at day 60 of gestation
delays the onset of lobuloalveolar development in the
mammary glands, suggesting that the ovarian stroma or
follicles produce a factor stimulating the onset of lobu-
loalveolar development. Later, Hurley et al. (1991) de-
monstrated that relaxin replacement therapy after
ovariectomy restores mammary parenchymal develop-
ment. Therefore relaxin plays a major role in promoting
mammogenesis in gilts during the last third of preg-
nancy. Relaxin increases growth of parenchyma and de-
creases mammary fat pad while having no effect on the
cellular composition of mammary parenchyma. The
mechanism of action of relaxin on mammary develop-
ment is unknown, yet it seems likely that it requires es-
trogen priming as well as interaction with other mam-
motropic hormones, such as prolactin (Hurley et al.
1991).

Nutrition. Feeding of gilts or sows in the two periods of
rapid mammary development (i.e., from 90 days of age
until puberty and during the last third of gestation) can
have a major impact on the extent of this development.
Sorensen et al. (2002b) suggested that a period of ad libi-
tum feeding before puberty is needed to maximize
mammary growth in gilts. In accordance, Lyvers-Peffer
and Rozeboom (2001) showed that decreasing energy
intake of gilts at specific periods between 9 and 25 weeks
of age reduces weight of parenchymal tissue and tends
to lower mammary DNA at the end of gestation. Farmer
et al. (2004Db) also demonstrated that a 20% feed restric-
tion, starting at 90 days of age, decreases mammary
parenchymal tissue mass by 26% at 210 days of age in
gilts. On the other hand, feeding a lower protein diet
(14.4% vs. 18.7% crude protein) during that same period
of time does not hinder mammary development of gilts,
as long as feed intakes of 2.5 and 3.3 kg/day are main-
tained from 90 to 150 days and from 151 to 200 days of
age, respectively.

The last month of pregnancy is critical for the devel-
opment of milk-secreting tissue. Various studies were
conducted to examine the influence of increased energy
and protein intakes in this period on mammary devel-
opment; however, results are controversial. Weldon et
al. (1991) reported that increased dietary protein be-
tween day 75 and 105 of gestation did not benefit mam-
mary development. Howard et al. (1994) saw no effect of
elevated energy intake and fat accretion in gestation on
mammary development of pregnant gilts. Kusina et al.

(1995) also reported that even though protein intake in
gestation favorably affected milk yield, this increase was
not due to an improvement in mammary development.
On the other hand, when manipulating the body com-
position of gilts by changing their protein and energy
intakes during pregnancy, it was found that fat gilts pro-
duce less milk than lean gilts (7.0 vs. 9.0 L/day) at the
same body weight (Head and Williams 1991). When fos-
tering 2-week-old piglets onto gilts that were either fat
or lean at the beginning of lactation, lean gilts had a
much greater milk output than fat gilts, thereby suggest-
ing that the number of secretory cells at the beginning
of lactation can have a very strong effect on the amount
of milk produced (Pluske et al. 1995a).

Mammary Gland Involution

Suckled mammary glands of sows undergo dramatic
changes during the initial 7 days after weaning, with
significant changes occurring even as early as 2 days
after weaning (Ford et al. 2003). Mammary gland wet
weight decreases from 485.9 g on the day of weaning (at
22 days postpartum) to 151.5 g by 7 days after weaning;
mammary DNA also decreases from 838.8 mg to 278.4
mg for this same period of time. These changes in gland
wet weight and DNA during the period of mammary
gland involution in the sow represent losses of over two-
thirds of the parenchymal mass and nearly two-thirds of
the cells that were present on the day of weaning (Ford
et al. 2003). Mammary gland involution in the sow is a
rapid process, which is probably irreversible within 2 or
3 days postweaning, but it is a process that also occurs in
early lactation. Indeed, once teat order is established,
mammary glands that are not regularly suckled begin to
regress through involution. This regression occurs rap-
idly during the first 7 to 10 days postpartum and seems
to be affected by dietary nutrient levels (Kim et al. 2001).
Mammary glands that are not suckled during lactation
undergo no further reduction in parenchymal tissue
during the first 7 days after weaning (Ford et al. 2003). It
is of interest to mention that mammary glands that are
suckled during lactation are larger than the nonsuckled
glands at the end of involution. This may suggest more
mammary tissue being available for redevelopment dur-
ing the subsequent pregnancy and, therefore, greater
productivity in the next lactation (Ford et al. 2003). On
the other hand, a Norwegian study showed that inactive
mammary glands for one or two lactation may have full
milk yield in the subsequent lactation (Gut-a Porta et al.
2004).

The abrupt cessation of lactation in sows when milk
production is at a maximum (3 to 4 weeks) brings about
drastic changes in metabolic activity of the mammary
glands and endocrine status. There is a decrease in milk
lactose, a transient decrease followed by an increase in
milk glucose and increases in plasma lactose and glucose
(Atwood and Hartmann 1995), which is due to alter-
ations in the status of the tight junctions between mam-



mary epithelial cells (Figure 4.3). In the week following
weaning, the mammary alveoli regress (Hacker 1970)
and the secretory glandular mass is replaced by adipose
tissue in which a new alveolar system develops in the
following pregnancy (Delouis 1986). The absence of
stimulation of the mammary glands stops the regular se-
cretion of prolactin (Benjaminsen 1981b) while the con-
centrations of gonadotropic hormones start to increase,
allowing ovarian cycles to resume (Stevenson et al.
1981). It was recently hypothesized that estrogens could
affect the mammary involution process; however, the
administration of estrogens during the postweaning pe-
riod did not enhance overall rate of mammary involu-
tion in sows when litters were weaned at 21 days of lac-
tation (Ford et al. 2003).

PHYSIOLOGY OF MILK PRODUCTION

Milk Synthesis

Lactocytes are highly specialized cells that have the ca-
pacity to synthesize sugars, proteins, and lipids (Akers
2002). One gram of mammary tissue has the potential
to produce 1.67 ml of milk per day (Akers 2002). Lacto-
cytes are rich in mitochondria, rough endoplasmic reti-
culum (RER), and RNA (ribosomal, messenger and trans-
port), and they have a large Golgi apparatus that allows
protein and lactose synthesis (Mepham 1987). The cel-
lular concentration of these functional organelles can
be used as indicators of intensity of milk component
synthesis.

Proteins. Sow milk proteins (50-70 g/L) are mainly
constituted of caseins (25-30 g/L), beta-globulins (ap-
proximately 5 g/L), IgA (S g/L), alpha-lactalbumins (ap-
proximately 3 g/L) and smaller amounts of other pro-
teins (IgG, IgM, serum albumins, etc.) (Klobasa and
Butler 1987; Dodd et al. 1994). Most of these proteins are
synthesized from amino acids present in the serum and
excreted from the Golgi in the alveoli with lactose,
water, and electrolytes (Mepham 1983, 1987; Trottier et
al. 1997). The uptake of amino acids by mammary gland
tissue was recently studied and reported (Hurley et al.
2000; Jackson et al. 2000; Bryson et al. 2001).

The intensity of protein synthesis by the mammary
gland is often estimated by the RNA/DNA ratio. In sows,
this ratio is less than 1 at 90 days of gestation, equal to 2
at parturition, and higher than 2.5 on day 4 of lactation
(Kensinger et al. 1982). These findings therefore support
the idea that the intensity of protein synthesis increases
between the end of gestation and parturition but also
continues to change at least during the first days of
lactation.

Lactose. Lactose is the most predominant molecule in
milk and is synthesized in the Golgi apparatus from glu-
cose molecules. The Golgi apparatus is a cellular compo-
nent that is permeable to glucose and nonpermeable to
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lactose (Leong et al. 1990). This physical characteristic is
one of the fundamental mechanisms allowing the cre-
ation of an osmotic gradient essential to milk secretion
(Peaker 1978). In sows’ milk, the concentration of lactose
increases from 89 mmol/L up to 175 mmol/L between
parturition and day 7 of lactation, and then remains sta-
ble up to day 28 (Klobasa et al. 1987). This supports the
idea that the intensity of milk synthesis by lactocytes in-
creases up to day 7 of lactation; however, the extent of
protein and of lactose synthesis (milk volume) are not
necessarily similar. Indeed, the concentration of milk
protein goes down whereas that of lactose increases as
lactation proceeds (Klopfenstein 2003) (Table 4.2).

Lipids. The lipids present in sow milk are mainly
triglycerides (>95%) and they vary in length because
they originate from three different sources: from fatty
acids obtained from the digestive tract, from those ob-
tained by tissue lipolysis, or synthesized de novo from
glucose and organic acids (Mepham 1987; Migdal 1991).

Minerals. Milk contains many mineral substances (ap-
proximately 7 g/L) (Noblet and Etienne 1986). The most
common minerals (5-75 mmol/L) are sodium, potas-
sium, chloride, calcium, phosphorus, and magnesium
(Park et al. 1994) (Table 4.2). Traces (<1 mmol/L) of sul-
fur, zinc, boron, copper, aluminum, molybdenum, and
manganese can also be found (Park et al. 1994). These
minerals are either free in solution or bound to proteins.

Lactogenesis

The initiation of the capacity of the mammary gland to
synthesize unique milk components such as lactose, ca-
sein, and lipids is termed lactogenesis and is often de-
scribed as a two-phase process. Lactogenesis phase I
refers to preparation of the mammary tissue for the syn-
thesis of milk components, and lactogenesis phase II,
generally occurring around parturition, describes the
start of important milk synthesis and secretion (Hart-
mann et al. 1995).

Abundant quantities of milk components appear in
the alveoli between days 90 and 105 of gestation, thereby
indicating the beginning of the lactogenic process
(Kensinger et al. 1982). However, hardly any secretion
can be obtained from the teats until parturition, and
then suddenly, around the time of farrowing, copious
mammary secretion can be easily extracted from the
glands. This could be related to serum transudation
(Figure 4.3) occurring because of the major vascular reor-
ganization taking place at farrowing. Indeed, serum vol-
ume increases by more than 20% prior to parturition to
supply the uterus (Matte and Girard 1996) and as farrow-
ing proceeds, the excess serum needs to be eliminated
and could very well be excreted through the mammary
glands. At the end of gestation and during the colostral
phase, the junctions between epithelial cells surround-
ing the alveoli are not tight and allow serum transudate
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4.3. Origins of mammary output during the colostral and lacteal
phases of lactation in the sow.

to leak from the bloodstream into the mammary secre-
tions and milk components to leak from the mammary
gland alveoli back to the bloodstream (Figure 4.3).
Although serum transudation may contribute to the vol-
ume of colostrum obtained by the piglets, its contribu-
tion is most likely very short in duration.

During the colostral phase, lactose is present in high
concentrations in the plasma of sows (>200 mmol/L)
(Hartmann et al. 1984), and all the immunoglobulins G
found in mammary secretions originate from the
plasma (Bourne and Curtis 1973). On the other hand,
during lactation, plasma lactose concentrations are low
(<100 mmol/L) (Hartmann et al. 1984), and most of the
immunoglobulins present in the mammary secretions
are synthesized locally (Bourne and Curtis 1973).
Similar patterns were found for the plasmatic concen-
trations of milk whey proteins during the colostral and
lactation phases in swine (Dodd et al. 1994).

The onset of milk component synthesis is closely re-
lated to the decline in serum progesterone concentra-
tions seen during farrowing (Robertson and King 1974;
Hartmann et al. 1984). Moreover, exogenous proges-
terone administration during late pregnancy delays the
beginning of copious milk synthesis in the sow (Whitely
et al. 1990). Progesterone withdrawal is therefore con-
sidered to be the hormonal signal for the initiation of
copious milk synthesis in swine. It is likely that the de-
crease in progesterone has the function of priming the
gland, whereas withdrawal of colostrum from the
glands would trigger the initiation of copious milk se-
cretion (Hartmann et al. 1995). Prolactin is also a key
hormone for the onset of lactation in sows, as in various
other species (Tucker 1985). In the pregnant sow, sup-
pression of the prepartum peak of prolactin inhibits
subsequent milk production (Whitacre and Threlfall
1981; Taverne et al. 1982).

Milk Ejection

During the colostral phase, and particularly during par-
turition and the first hours afterward, colostrum ejec-
tion is elicited with ease. At parturition, distension of
the cervix for the passage of the piglets and movements
of the sow are enough to lead to colostrum ejection
(Fraser 1984). Moreover, a sow can cause milk to spurt
from the teats by pressing them with her back leg during
an attempt to rise (Castren et al. 1989). Colostrum ejec-
tions are often as frequent as every 10-20 minutes, and
the period of high intramammary pressure, permitting
colostrum withdrawal, may be sustained for a minute or
more. However, once 50-100 ml of colostrum have been
removed, the intramammary pressure is reduced to the
point that further withdrawal is more difficult (Fraser
1984).

After the colostral phase, and for the rest of lactation,
milk ejection is cyclical, with approximately 24 cycles
per day (Whittemore and Fraser 1974; Lewis and Hurnik
1985; Castren et al. 1993). The removal of milk from the
alveoli and ductal system of the porcine mammary
glands requires a neuroendocrine milk ejection reflex
elicited by piglets massaging the udder (Fraser 1980).
This reflex consists of an afferent neural pathway and an
efferent pathway involving the release of oxytocin and
the ejection of milk (Hartmann and Holmes 1989). The
activation of neural receptors within the teats of the
mammary gland by the nuzzling and suckling of piglets
stimulates the release of oxytocin from the posterior pi-
tuitary. Oxytocin then stimulates the contraction of
myoepithelial cells surrounding the alveolar lumen,
thereby forcing milk through the ductal system to the
teats (Ellendorf et al. 1982). The amount of oxytocin re-
leased during sucklings is not dependent on the massag-
ing time or the number of piglets massaging the udder,
but a certain amount of udder stimulation is needed to
trigger oxytocin release (Algers et al. 1990). On the other
hand, growth rate of piglets is not affected by the peak
amplitude in intramammary pressure (Kent et al. 2003),
which is linked to oxytocin levels. The increase in circu-
lating oxytocin concentrations can occur up to 30 sec-
onds before milk ejection (Ellendorf et al. 1982), which
is very short in duration and lasts only 10-20 seconds
(Fraser 1980). Whitely et al. (1985) observed acute
episodic releases of relaxin in the blood of sows, both
when piglets suckled and after the administration of
oxytocin. These authors suggested that relaxin could
oppose the action of oxytocin and/or provide a negative
feedback on the hypothalamus for the suppression of
oxytocin secretion.

During sow lactation not all nursings are successful.
Two types of unsuccessful sucklings can be distin-
guished: those affecting some piglets of a litter and
those affecting the whole litter. Among the latter, one
must distinguish between sucklings terminated by the
piglets and those terminated by the sow (Illmann and
Madlafousek 1995). Unsuccessful sucklings affecting the



whole litter become more frequent after the colostral
phase, both in a natural environment (Castren 1993)
and in confinement (Fraser 1977). They are character-
ized by an absence in rise in intramammary pressure, as-
sociated with a lack of increase in plasma oxytocin
(Ellendorf et al. 1982). During the first 10 days of lacta-
tion the proportion of unsuccessful sucklings is re-
ported to be between 20% and 40% (Fraser 1977; Jensen
etal. 1991). Although frequent and requiring a lot of en-
ergy from the piglets, ejection failures may be a func-
tional part of nursing in pigs and may play a role in
maintaining lactation (Algers 1993). This is supported
by the fact that plasma concentrations of lactogenic
hormones tend to rise after an unsuccessful nursing
(Rushen et al. 1993). On the other hand, an external
stress can lead to failed milk ejections; for example, plac-
ing sows in a novel environment increases the chance
that the subsequent nursing attempt will fail to lead to
milk ejection (Rushen et al. 1995). This stress-induced
inhibition of milk ejection is not due to increased con-
centrations of cortisol or adrenocorticotropic hormone
(ACTH) but is likely caused by an opioid-mediated inhi-
bition of oxytocin (Rushen et al. 19935). It is of interest to
note that even if it increases the chances of unsuccessful
sucklings, the stress of a novel environment does not
lead to a general increase in the threshold of stimulation
of the mammary gland that is required for oxytocin re-
lease (Rushen et al. 1995).

Control of Milk Production

Milk Removal. Removal of milk from the mammary
glands is of utmost importance in order to maintain
milk secretion. Indeed, suckling and milk removal are
the major stimulators of mammary growth during lacta-
tion in the sow and mammary glands that are underde-
veloped at parturition can still grow rapidly in response
to suckling (Hurley 2001). As milk is secreted from the
mammary epithelial cells into the alveolar lumen, milk
components accumulate in the lumen. One of these
components is an autocrine factor, termed feedback in-
hibitor of lactation or FIL (Peaker and Wilde 1987), which
is known to feed back and inhibit further milk secretion
from alveolar epithelial cells. Indeed, milk stasis in alve-
olar spaces is known to be the primary stimulus for the
end of lactation and involution of alveoli in swine (Boyd
et al. 1995). Removal of milk therefore removes FIL and
allows for continued milk secretion. Milk accumulation
in the gland also causes an increase in intramammary
pressure, which reduces blood flow to the tissue (Hurley
2001). Furthermore, the stimulus of suckling or massag-
ing the mammary glands by the piglets brings about in-
creases in circulating prolactin concentrations in the
sow (Spinka et al. 1999), which is a known galactopoi-
etic hormone (Farmer 2001). The importance of milk re-
moval may also be shown by the fact that a drastic in-
crease in nursing stimulus increases milk energy output
(Sauber et al. 1994). Moreover, on days 7 and 8 of lacta-
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tion, nursing frequency plays a crucial role in adjusting
total daily milk output (Spinka et al. 1997). Piglet behav-
ior is therefore important in modulating sow milk pro-
duction, but the effect of nursing behaviors could be
due either to more complete milk removal or to modi-
fied hormonal release (Ellendorf et al. 1982).

Nursing Frequency. As described earlier, the increase
in nursing frequency is one of the major factors explain-
ing the observed increasing milk production during the
ascending phase of milk production. Nursing frequency
is approximately 17 per day at parturition, it increases
up to 35 per day at the peak of lactation (day 8 to 10),
and then it tends to decrease slightly (20 to 30 per day)
up to weaning (Jensen et al. 1991; Spinka et al. 1997;
Puppe and Tuchscherer 2000; Farmer et al. 2001; Fisette
et al. 2004; van den Brand et al. 2004). The slight de-
crease in nursing frequency in late lactation is indicative
of a lower maternal investment.

Nursing frequency seems to be similar between day
and night on day 10 of lactation, whereas it decreases
during the night on day 17 (van den Brand et al. 2004).
Nursing frequency also tends to be greater in sows on a
low feeding level. This could easily be explained by the
fact that piglets suckled by sows fed a low feeding level
have a greater feeding motivation due to the lower milk
yield. On the other hand, it is also possible that sows
with a low feed intake terminate nursings more often
due to their greater restlessness (van den Brand et al.
2004).

Hormonal Control. The activation of neural receptors
within the mammary glands by the nuzzling and suck-
ling of piglets stimulates not only the release of oxytocin
from the posterior pituitary but also the release of pro-
lactin, growth hormone (GH), ACTH, and thyroid-
stimulating hormone from the anterior pituitary.
Hormones from the anterior pituitary have the function
of maintaining the synthesis of milk from the mam-
mary epithelial cells (Delouis 1986).

The role of GH for milk production can be either di-
rect or indirect (Flint 1995). Its direct role is via its impli-
cation as a regulator of nutrient partitioning for milk
component synthesis. Its indirect role is via an increase
in the concentrations of insulin-like growth factor I
(IGF-I), which acts upon the mammary epithelial cells.
When circulating levels of GH and IGF-I were reduced in
lactation by immunizing sows against GH-releasing fac-
tor, milk yield (measured by the WSW method) was sig-
nificantly decreased yet the growth rate of the piglets
was unaltered (Armstrong et al. 1994). It was concluded
that GH may have a facilitative, rather than an essential,
role in support of lactation in sows.

Until recently, the role of prolactin once lactation is
initiated was not clear. It was originally thought that
prolactin might be important in the prefarrowing pe-
riod (Smith and Wagner 1980) but was not essential for
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milk synthesis in later lactation (Benjaminsen 1981a;
Bevers et al. 1983; Mattioli and Seren 1985). Yet, in a re-
cent study where the secretion of prolactin was system-
atically inhibited at various stages of lactation, the
weight gain of piglets was suppressed in the week during
which prolactin secretion was suppressed (Farmer et al.
1997). These results therefore clearly demonstrate that
prolactin is essential for both the initiation and the
maintenance of milk production in sows. This is in
agreement with results of Plaut et al. (1989), who
showed that the binding of prolactin to its receptor is a
major effector of milk production in sows.

Thyroid hormones are required for various meta-
bolic functions, such as oxygen consumption and pro-
tein synthesis by the mammary gland, that are closely
related to milk production (Tucker 1985). The tripep-
tide thyrotropin-releasing factor (TRF) also stimulates
the release of thyroid hormones and of prolactin in the
circulation of sows (Dubreuil et al. 1990), which could
lead to a possible involvement in the control of milk
production.

HOMEORHESIS

The gestation and lactation periods are two complex
physiological processes that imply dynamic changes in
behavior and body composition. These dynamic
changes are related to modifications in energy, protein,
water, and mineral metabolisms, and they are particu-
larly important around the time of farrowing. The dy-
namic equilibrium between all different characteristics
needed to carry through gestation and lactation has
been described by the Greek term homeorhesis (Bauman
and Currie 1980). Although the change from gestation
to lactation has an impact on almost all systems of
the sow, the present chapter will cover only those that
are most crucial for the initiation and maintenance of
lactation.

Sow Behavior

Four behavioral changes have been observed between
the end of gestation and the beginning of lactation in
sows maintained under natural conditions:

1. Approximately 24 hours before parturition, the sow
becomes hyperactive and leaves her group in order to
build a nest.

2. On the day of parturition and the following day, the
sow spends most of her time in or within a few meters
of the nest, mainly resting and nursing her piglets.
She leaves the nest only to drink or urinate.

3. During the next days (3-10), the sow extends her for-
aging excursions in time and in distance, while the
piglets remain in the nest.

4. After day 10, the sow leaves the nest with her piglets,
and the whole family joins the herd (Jensen 1986;
Stangel and Jensen 1991; Jensen et al. 1993).

Sows maintained in farrowing crates tend to have simi-
lar behaviors (Meunier Salaun et al. 1991; Cronin et al.
1994, 1996; Klopfenstein 2003) (Figure 4.4). The day be-
fore farrowing, the number of position changes, the
proportion of time spent standing and water intake in-
crease substantially compared to the preceding days
(Figure 4.4). After farrowing, sows are very lethargic
(95% in lateral recumbency) in their crates and they
stand up mainly for feeding. After day 3, sows gradually
decrease their time in lateral recumbency to attain less
than 50% at day 21.

The nursing behavior of sows changes over the lacta-
tion period and is probably related to the milk supply.
During the first days after parturition, when milk pro-
duction is greater than the piglets’ needs, most (>85%)
of the sucklings are initiated by the sow and are termi-
nated by the piglets. After the fourth week of lactation,
when the milk supply becomes limited for the needs of
the piglets, most sucklings are initiated by the piglets
and terminated by the sow (Jensen 1988; Jensen et al.
1991). Results during the period of midlactation are not
as clear. According to the work of Boe (1991), on day 10,
80% of the sucklings are still initiated by the sow, but ac-
cording to the observations of Jensen et al. (1991), this
proportion might be only 55%. The sow terminates the
sucklings by leaving the piglets or by rolling over on her
belly and hiding her udder to limit access (de Passillé
and Rushen 1989a).

Energy Metabolism

The heat excreted by each sow almost doubles between
the end of gestation and the beginning of lactation (18
vs. 35 MJ per day) (Noblet and Close 1980; Noblet and
Etienne 1987). This increased heat production is the
consequence of the intensity of the metabolic activity
necessary to sustain milk production. This extra heat
production has an impact on rectal temperature and
heat stress management during lactation.

Rectal Temperature. The normal rectal temperature of
healthy gestating sows is reported to be between 38.3°C
and 38.5°C (King et al. 1972; Elmore et al. 1979; Messias
de Braganca et al. 1997; Klopfenstein et al. 1997; Klop-
fenstein 2003), with little variation between studies.
After parturition and during lactation, the rectal tem-
perature of sows in crates is reported to increase by 1°C
(King et al. 1972; Elmore et al. 1979). Healthy lactating
sows have difficulty maintaining stable rectal tempera-
tures, values as low as 38.4°C (Cornette 1950; Ringarp
1960) and as high as 40.5°C (Messias de Braganca et al.
1997) have been reported. These wide variations are
most likely the consequence of the heat stress induced
by increased internal heat production and high envi-
ronmental temperatures in farrowing rooms. Conse-
quently, feed intake, room temperature, and type of
housing affect the capacity of lactating sows to main-
tain their body temperature. Restricted-fed sows have



lower rectal temperatures than sows fed ad libitum
(Moser et al. 1987; Persson et al. 1989; Messias de
Braganca et al. 1997). Similarly, GH supplementation,
which alters sow metabolism, increased rectal tempera-
ture (estimated weekly from days 14 to 35) from 39.1°C
to 39.8°C (Toner et al. 1996).

Finally, the expected rectal temperature of lactating
primiparous sows is higher than that of multiparous
sows (39.6 vs. 39.3°C) (Klopfenstein 2003). This in-
creased rectal temperature observed in lactating sows
must be considered as physiological hyperthermia and
should not be confused with fever. All these observa-
tions suggest that lactating sows housed in confinement
are more likely to suffer from heat stress because they are
fed ad libitum with high-energy diets, their environ-
ment is kept warm for the piglets, and the sows have no
access to a cool floor to dissipate the excess heat.

Heat Stress. Lactating sows are extremely vulnerable
to heat stress due to their large body size, high metabolic
rate (Lynch 1977) and lack of functional sweat glands
which prevents dissipation of heat via transpiration
(Marzulli and Callahan 1957). They are often exposed to
ambient temperatures higher than their upper critical
temperature, being in the range of 20-25°C. High tem-
peratures during lactation decrease sow voluntary feed
intake (Messias de Braganca et al. 1997; Quiniou and
Noblet 1999), increase weight loss, decrease milk pro-
duction, and hence decrease litter growth rates (Messias
de Braganca et al. 1997; Prunier et al. 1997), and also
delay the return to estrus of weaned sows (see review by
Prunier et al. 1996). Furthermore, sow mortality (and
loss of litter) is also associated with high ambient tem-
peratures (D’Allaire et al. 1996) and is largely due to car-
diovascular failure.

Fever or Hyperthermia? Fever is defined as an increase
in central temperature as a consequence of an increase
in the thermoregulatory setpoint (Robinson 1997).
Fever is the normal response to systemic infections or to
the action of some pyrogenic substances (e.g., endotox-
ins, interleukins, etc.) (Robinson 1997). Hyperthermia
on the other hand, is usually defined as the increase in
body temperature observed when the heat production
exceeds the heat output capacity (Robinson 1997).

In the lactating sow, there is a lot of confusion on the
expected sow normal rectal temperature after farrowing.
According to some authors the expected rectal tempera-
ture of the healthy lactating sow is 39.5°C (see rectal
temperature); others consider that the puerperal sow
with a rectal temperature higher or equal to 39.3°C is
diseased (see sow rectal temperature and PPDS).

Nutrient Availability

The nutrients required by mammary tissue for milk syn-
thesis come from the diet and from body reserves.
Mammary glands are the primary users of absorbed nu-
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trients in lactating sows and virtually dictate the dietary
nutritional needs (Boyd et al. 1995). Indeed, it was
shown that 65-70% of the total energy requirement of a
lactating sow is to support milk production (Aherne and
Williams 1992). Of the total uptake of plasma metabo-
lites by mammary tissue, glucose accounts for approxi-
mately 61%, amino acids 24%, triglyceride fatty acids
(TGFA) 12%, and acetate 1% (Spincer et al. 1969). Ap-
proximately 53% of the glucose taken up by the mam-
mary gland is partitioned to lactose and 34% is oxidized.
The other 13% is used for the synthesis of triglyceride-
glycerol, milk fatty acids, and amino acids (Linzell et al.
1969). It is of interest to note that in the presence of
both acetate and glucose, sow mammary tissue will pref-
erentially utilize acetate for fatty acid synthesis (Bau-
man et al. 1970). Therefore it is conceivable that more
glucose could be made available for mammary metabo-
lism by raising TGFA levels in the diet (Boyd et al. 1995).

Mammary tissue of lactating sows is very active with
respect to transport and metabolism of amino acids.
Boyd et al. (1995) ranked each amino acid on the basis of
relative uptake by mammary tissue. The order of amino
acids was almost identical for mammary uptake and
milk composition, but it was also reported that the
mammary uptake of branched-chain amino acids (va-
line, leucine) and arginine may be greater than sug-
gested by the milk amino acid pattern (Boyd et al. 1995;
Trottier et al. 1997). Milk production is ultimately
energy-dependent, so that the need in amino acid for
milk synthesis depends on the amount of dietary energy
available (Tokach et al. 1992), thereby reinforcing the
importance of glucose sources and of a right balance of
nutrients in sow feeding management.

Sow milk contains large amounts of calcium, phos-
phorus, and magnesium. These bivalent ions found in
the milk are transferred from the digestive tract and
from bone reserves. Apparent digestive bioavailability of
these bivalent ions is known to be low (3-50%)
(National Research Council 1998). Intestinal absorption
and renal absorption of these minerals is closely regu-
lated by a hormonal system (parathormone, calcitriol,
calcitonine), whereas active absorption from the diges-
tive tract requires the synthesis of a transport protein
(Greco and Stabenfeldt 1997). After parturition, the
availability of bivalent ions may affect initiation of lac-
tation. This problem is well known in cows (Goff 2000)
and is often suspected in sows.

Water Availability

Water intake patterns observed between the end of ges-
tation and the beginning of lactation are presented in
Figure 4.4. Hourly water intake increases from approxi-
mately 1 L/hour at the end of gestation to attain 2.6
L/hour 12 hours before the end of parturition (Klop-
fenstein 2003). Water intake can be very low in some
sows during the first 24 hours following parturition (less
than 10 L/day). After this period of transition, water in-



68 SECTION | PHYSICAL EXAMINATION, DIAGNOSIS, AND BODY SYSTEMS

take increases gradually to attain 20 to 35 L per day dur-
ing lactation. The increased water intake just prior to
farrowing can be due to the occurrence of nesting be-
havior but is also the consequence of greater water
needs. Indeed, during the hours preceding parturition,
there is a rapid increase in the water content of the re-
productive system to allow the process of parturition
(Dobson 1988).

PIGLET GROWTH, MORTALITY, IMMUNITY,
AND BEHAVIOR

The newborn piglet is totally dependent on sow’s
colostrum and milk as a source of protein for growth,
energy to maintain body temperature, and im-
munoglobulins for protection against diseases. Sow milk
and colostrum provide the best nutrients for the nutri-
tional needs of the piglets. The biological value of milk
protein in swine is very close to 1 (Williams 1995) and
the amino acid balance in sow’s milk is very similar to
that in the lean tissue of pigs (King et al. 1993a).

Piglet Growth

From birth to weaning, piglets from larger litters tend to
be lighter than piglets from smaller litters (Dyck and
Swierstra 1987; Van der Lende and de Jager 1991; Le
Dividich et al. 2004). This difference is the consequence
of lower piglet birth weight and, in some cases, of lower
milk supply per piglet in large litters. Average piglet
birth weight is reported to decrease by approximately
30-40 g for each additional piglet in the litter (Van der
Lende and de Jager 1991; Le Dividich et al. 2004).
Although average piglet weight decreases with litter size,
selection of hyperprolific sows over 10 years had no ef-
fect on average piglet weight (Tribout et al. 2003) be-
cause it also increased the expected weight of piglets of
similar litter sizes. The expected mean birth weight of
Large White piglets has not changed (1.45 kg) between
1977 and 1988 although litter size increased from 10.2 to
11.2 piglets. Interestingly, the expected average piglet
birth weight for a litter size of 10.7 piglets increased
from 1.37 kg to 1.46 kg over the same decade (Tribout et
al. 2003).

Growth rate, usually measured as average daily gain
(ADG), is related to individual piglet weight at birth
(Tyler et al. 1990; Castren et al. 1991; Le Dividich et al.
2004). The expected maximal ADG of a newborn piglet
weighing 1.3 kg is lower than that of a piglet with a birth
weight of 2.3 kg. It is therefore necessary to take into ac-
count initial weight when comparing ADG between
piglets. When piglet weights are mathematically cor-
rected for a standard birth weight (1.4 kg), the effect of
litter size is absent on day 3, is small on day 7, and be-
comes greater as lactation proceeds (Table 4.1). These
data show that milk production becomes a limiting fac-
tor for piglet growth when the sow has attained her
maximal milk production capacity (day 10 to 15).

Piglet Mortality

Although swine production is becoming more sophisti-
cated, piglet losses between birth and weaning remain a
serious problem for the industry. Preweaning mortali-
ties are often higher than 10% of liveborn piglets and
most of these occur during the first week after parturi-
tion (English and Morrison 1984; Dyck and Swierstra
1987; de Passillé and Rushen 1989b; Le Cozler et al.
2004). These losses can be explained by litter and piglet
characteristics or by inadequate sow milk production.

The effect of litter size on mortality is quadratic.
Piglet losses increase only in the largest litters (Guthrie
etal. 1987; Fahmy and Bernard 1971; Dyck and Swierstra
1987) and are probably related to an insufficient number
of functional mammary glands to supply milk for all the
piglets (Chertkov 1986; Bilkei et al. 1994).

The main causes (>75%) of mortality are emaciation
and piglet crushing by the sow (English and Morrison
1984; Fraser 1990; Le Cozler et al. 2004). Piglets losses
due to emaciation occur mainly on days 4 and 5 after
birth as a result of poor nutrition during the first days
postpartum (Dyck and Swierstra 1987). Piglets crushed
by the sow often had poor gains during the first postna-
tal days (Dyck and Swierstra 1987). Piglet mortalities are
not uniformly distributed between litters. Most of them
occur among a few litters (see problem litters) with
poorer growth rates during the first days after birth
(Pettigrew et al. 1986; Dyck and Swierstra 1987; Thomp-
son and Fraser 1988; de Passillé and Rushen 1989a,b;
Fraser and Phillips 1989; Klopfenstein et al. 1995, 1997;
Klopfenstein 2003). Most of these problem litters are
thought to be the consequence of some inadequate
mammary function during the initiation of lactation.

Immune Protection of the Piglet

Newborn piglets rely on colostrum for passive transfer of
immunity (Bourne 1976) because there is little or no pla-
cental transfer of antibodies in the pig (Rapacz and
Hasler Rapacz 1982). The absorption of immunoglobu-
lins from the sow’s colostrum causes closure of the intes-
tine for the passage of these large proteins (Klobasa et al.
1991), suggesting that absorption is possible only dur-
ing the first feedings after birth. Twenty-four hours post-
natally, artificially reared piglets receiving 6 hourly feed-
ings of 25 ml of sow colostrum followed by hourly
feedings of cow’s milk had plasmatic immunoglobulins
concentrations similar to those of naturally fed piglets
(Klobasa et al. 1991). Increasing the number of hourly
feedings of colostrum from 6 to 12, 18, or 24 did not in-
crease the concentrations of plasma immunoglobulins
in piglets. On the other hand, allowing the piglets to fast
for periods of up to 24 hours after birth before giving
them access to their first colostrum intake did not de-
crease serum immunoglobulins concentrations 12 and
18 hours after feeding (Klobasa et al. 1990). Therefore,
closure of the gut system for the passage of immunoglo-
bulins is dependent on the quantity of colostrum in-



gested rather than on time since birth. Six feedings of
colostrum should be sufficient to give adequate im-
mune protection to the piglets.

Passive immunity transfer from the sow to the piglet
is essential for protection against diseases. The quantity
of IgG ingested by each piglet is affected by birth order
due to the rapid changes in colostrum composition tak-
ing place between onset of farrowing and birth of the
last piglet (Klobasa et al. 2004; Le Dividich et al. 2004).
Piglets dying before weaning are reported to have lower
plasmatic immunoglobulin concentrations after partu-
rition (Hendrix et al. 1978; Tyler et al. 1990); yet this as-
sociation disappears when birth weight is used as a co-
variate (Tyler et al. 1990). Moreover, the probability of
dying is not increased among last-born piglets, even
though they obtain less immunoglobulins than first-
born piglets (Le Dividich et al. 2004). These results, al-
though surprising, can be explained by the fact that
most mortalities are the consequence of inadequate nu-
trition rather than diseases.

Piglet Behavior
The nursing behavior of piglets changes over the lacta-
tion period. During the colostral phase, newborn piglets
move from teat to teat in a “teat-sampling” process
(Hartsock and Graves 1976), enabling them to receive a
“free meal” of colostrum (de Passillé and Rushen 1989a;
Fraser and Rushen 1992). Udder massaging by the
piglets, although frequent during the rest of lactation, is
rare during the colostral phase (Castren et al. 1989). The
interval between birth and first suckling does not
change greatly with birth order (Rohde Parfet and
Gonyou 1988).

After the colostral phase, nursing becomes cyclical
and the suckling behavior of piglets can then be charac-
terized by four phases (Fraser 1980):

1. Piglets start by vigorously massaging the sow’s udder,
which is necessary for triggering the oxytocin release.
During this phase, piglets often fight and are very
noisy. After 1-3 minutes of udder massaging, which
is one of the longest periods among mammals, the
sow increases her grunting rate, which coincides
with the release of oxytocin (Algers et al. 1990).

2. When piglets hear the signal, they become very
quiet, keeping the teats in their mouths and waiting
for their meal.

3. As soon as milk ejection occurs, the piglets drink the
milk with rapid jaw movements.

4. After milk ejection, which lasts only for 10-20 sec-
onds, the piglets continue to massage the udder for a
short period of time.

No milk can be obtained by the piglets during either the
pre- or postejection massaging phases. Therefore, even if
piglets are often seen at the mammary gland, milk is
available for only a very short period of time—less than
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10 minutes per day (10-20 seconds per milk ejection,
17-30 ejections per day). Failure of milk ejection is indi-
cated by the absence of rapid grunting from the sow and
of rapid-mouth movement from the piglets as well as no
change in intramammary pressure. Milk ejection failure
is due to a lack of pulsatile release of oxytocin during the
massaging phase (Ellendorf et al. 1982), which can be
brought about by undue stress to the sow.

During the first 8 hours after birth, newborn piglets
suckle an average of seven different teats and are often
involved in fights (de Passillé and Rushen 1989a). The
frequency of teat disputes is not affected by litter size,
but piglets suckling many teats are involved in more dis-
putes. Regardless of teat position, the piglet with a teat
in its mouth at the beginning of a dispute has a higher
probability of winning (de Passillé and Rushen 1989a).
Within 48-72 hours postpartum, piglets establish a teat
order in which each piglet consistently sucks from one
or two specific teats (Roychoudhury et al. 1995). Piglets
prefer the anterior teats (Vales et al. 1992), most likely
because sows are more responsive to stimulation of
these teats than they are to stimulation of the inguinal
teats (Fraser 1976). This increased responsiveness could
be due to the different nerve supply between front and
rear teats (see the section on anatomy). The anatomical
and physiological differences between front and rear
teats could induce different milk yields. Indeed, piglets
suckling the front teats were reported to be heavier at
weaning than piglets suckling the caudal teats
(Kornblum et al. 1993; Hoy et al. 1995).

MANIPULATING MILK PRODUCTION

Insufficient milk production to meet piglet needs usu-
ally occurs when the maximal milk production capacity
is attained (7-15 days). This is usually considered a phys-
iological limitation because it affects all sows sooner or
later during lactation. Many management strategies
have been studied to overcome this physiological limita-
tion and they are discussed in this section.

Feeding Strategies

Milk production requires a great supply of substrates,
which come from two sources: the lactation diet and the
sow’s body reserves. The relative importance of nutrient
intake seems to change as lactation progresses. Body re-
serves might be sufficient in early lactation compared
with late lactation to compensate for inadequate nutri-
ent intake (Pettigrew 1995). Accordingly, severe restric-
tion of feed intake during lactation has no impact on lit-
ter growth in the first week postpartum, whereas it
markedly decreases litter growth during the fourth week
of lactation. The size of this reduction depends on the
amount of body reserves at farrowing; gilts with lower
body reserves being affected most (Mullan and Williams
1989). A survey of 25,000 lactating sows (Koketsu 1994,
as reported by Pettigrew 1995) showed that the impact
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of lactating sows feed intake on litter weight becomes
larger as lactation progresses.

The intake of protein/amino acids by lactating sows
is critical for their overall lactation performance because
of the great nutrient requirements to maintain milk pro-
duction. Lysine is typically the first limiting amino acid
for lactating sows and it was established that 26 g of di-
etary lysine is needed per kg of litter growth/day (Sohn
and Maxwell 1999). When looking at nitrogen balance
of lactating sows, Dourmad et al. (1998) demonstrated
that, in order to achieve a zero protein balance, 45-55
g/day of crude lysine are required for normal- to high-
yielding sows, respectively. Among the branched chain
amino acids, both valine and isoleucine, but not
leucine, appear to increase milk production as indicated
by increased litter weight gain (Kerr 1997, as cited by
Sohn et al. 1999). These amino acids can be metabolized
to succinyl-CoA and can therefore potentially serve as a
source of energy for the mammary gland (Sohn and
Maxwell 1999). Indeed, McNamara and Pettigrew (2002)
showed that sows can mobilize amino acids from mus-
cle to support mammary growth and milk production,
yet they also demonstrated that an increased energy in-
take can partially relieve the effects of decreased protein
intake on milk production.

From various studies designed to determine the rela-
tion between milk production and dietary energy,
Williams (1995) noted that each suckling piglet grows
an extra 1 g/day for each M] of metabolizable energy
consumed by the sow. In recent studies, sows were fed
through a stomach cannula in order to override the nor-
mal mechanisms that limit feed intake. Matzat et al.
(1990) showed a linear relationship between milk out-
put and energy intake of sows, whereas Pluske et al.
(1995b) demonstrated a ceiling to milk production from
gilts, whereby piglet growth did not respond beyond 75
M] of metabolizable energy. It therefore seems that gilts
and sows might partition energy differently during lac-
tation, and this partitioning is most likely under hor-
monal regulation. Such a ceiling for lactational per-
formance was also observed in first-parity sows offered
increasing amounts of protein (King et al. 1993b).

When attempting to increase sow milk yield, one
must keep in mind that as the milk production capacity
of a sow is increased, her nutrient requirements for milk
synthesis are also elevated. It is therefore important to
ensure that lactational feed intake of sows is maximized
and that lean-tissue gain during pregnancy is sufficient
so that the sows’ milk production capacity is not com-
promised. Various feeding management systems have
been used in an attempt to increase sow feed intake.
Increasing feed consumption of sows by 8% through
wet-feeding had no impact on average daily gains of
piglets over an 18-day lactation period (Genest and
D’Allaire 1995). Similarly, the use of a bulky diet in ges-
tation increased average lactational feed intake of sows
by 8% without improving mean litter weight (Farmer et

al. 1996). Increasing daily feeding frequency from 2 to 3
(Genest and D’Allaire 1995) or 2 to 4 (Farmer et al. 1996)
during lactation also had no effect on feed intake. The
addition of fat to the sow’s diet in order to increase
energy density, and energy intake, of sows during lacta-
tion was also studied. However, it did not lead to a less-
negative energy balance in the sows but resulted in fat-
ter piglets when sows were fed at a high feeding level
(van den Brand et al. 2000).

Nursing Interval

Refilling of the mammary glands with milk was re-
ported to be almost complete within 35 minutes after a
suckling bout (Spinka et al. 1997), and the frequency of
gland emptying was found to play a major role in regu-
lating milk secretion and mammary gland development
(Auldist et al. 2000). These last authors increased suck-
ling frequency via cross-suckling, using piglets from an-
other litter, which could not be done commercially.
However, it is known that sows within a farrowing room
will synchronize their nursings (Wechsler and Brod-
mann 1996), and this is likely due to the auditory stim-
ulus from the other animals. Experiments were there-
fore carried out in which the typical sow suckling grunts
were recorded and played back to sows and their litters
during lactation in an attempt to stimulate nursing fre-
quency. These playbacks can indeed stimulate nursings
(Stone et al. 1974). However, the results on piglet growth
are variable between studies, with no effect to an 8% in-
crease when a recording of sow suckling grunts was
played at 35-42 minute intervals (Cronin et al. 2001;
Fisette et al. 2004). On the other hand, playbacks at 35-
minute intervals increased mammary parenchymal cell
number in sows at the end of lactation (Farmer et al.
2004a). Present results suggest that use of this manage-
ment practice throughout lactation is not optimal and
further work is needed to establish such things as the
ideal time in lactation to play these recordings, the opti-
mal interval to be used, and whether there is a habitua-
tion effect. It is evident, however, that efforts should be
made to encourage greater suckling frequency and to
minimize disruption of suckling behavior in farrowing
houses in order to maximize sow milk yield.

Exogenous Hormones

The important endocrine control of sow milk yield sug-
gests that exogenous hormones could be used to stimu-
late milk production. Studies were therefore performed
to determine the possible impacts of various peptidic
hormones on sow milk yield and piglet performance.
Growth hormone (GH) or GH-releasing factor (GHRF)
received considerable attention since greater concentra-
tions of GH could allow more nutrients to be utilized for
milk synthesis (Farmer 1995). Early studies reported an
important increase in milk yield (15-22%), leading to
improved piglet growth rates (Harkins et al. 1989). But
those results could not be reproduced in further trials



(Smith et al. 1991). Furthermore, Michelchen and Ender
(1991) stated that the effect of GH on milk yield is not
greater in sows having large litters (13 vs. 8 piglets). The
effects of GH on milk composition are also contradic-
tory, whereas reduced voluntary feed intake during lac-
tation and greater body weight and backfat losses of
sows receiving GH during lactation are consistent find-
ings in all studies.

The decreased feed intake likely limits the lactation
response to GH and leads to an increased use of body re-
serves to maintain milk production. The addition of 8%
fat in the lactation diet could not prevent these losses of
backfat in GH-treated sows (Cromvell et al. 1992).
Exogenous GH may also have detrimental consequences
on sow health (Smith et al. 1991; Cromvell et al. 1992),
with some animals dying of bleeding stomach ulcers
(Smith et al. 1991) or of apparent heat stress in the peri-
partal period. It is suggested that sows may be more sen-
sitive to exogenous GH than growing pigs and that the
adverse effects of GH in lactating sows may be dose-
dependent (Smith et al. 1991). It is apparent that GH
does play a role in the regulation of milk yield, but
whether this role is an essential or a facilitative one is
not known (Armstrong et al. 1994).

The secretion of GH is under the dual control of a
GHREF (Guillemin et al. 1982) and a GH-inhibiting factor
named somatotropin-release inhibitory factor (SRIF)
(Brazeau et al. 1973). Active immunization against SRIF
was used as a tool to increase concentrations of GH in
sows, but the great variability in animal response to this
treatment makes it an unreliable method (Farmer et al.
1990, 1991). The use of GHRF, on the other hand, con-
sistently increases GH concentrations, with sows show-
ing an increased responsiveness to chronic injections
(Dubreuil et al. 1987). However, massive doses of GHRF
(12 mg thrice daily) did not affect sow milk yield, milk
composition, or piglet performance, but decreased
weight, backfat thickness, and feed intake of sows on
the fourth week of lactation (Farmer et al. 1992).
Nevertheless, blood urea was reduced indicating that
GHRF-injected sows utilized proteins more efficiently,
thereby enabling them to maintain their milk produc-
tion and litter performance in spite of a decreased feed
intake. When combining administration of GHRF with
a feeding management designed to optimize feed intake
of lactating sows (Farmer et al. 1996), there was only a
tendency for piglet weights to be greater. However, the
increase in sow feed intake was not as large as expected
and was mostly seen in early lactation. It is therefore
likely that a management system having a greater effect
on sow feed intake is needed for GHRF to exert its maxi-
mal effects on milk yield and piglet growth.

Daily intramuscular injections of 50 or 100 mg/sow
of thyrotropin-releasing factor (TRF) increased the aver-
age daily weight gain of piglets (Wung et al. 1977), but
subcutaneous injections of 9 pg/kg given twice daily
during lactation had no effect on piglet growth (Dub-
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reuil et al. 1990). Due to its small size, TRF can be ab-
sorbed intact by the digestive tract and when 200 mg of
TRF were added daily to the feed of sows, piglet weight
was increased by 0.7 and 1.1 kg on days 20 and 27 of lac-
tation, respectively, but the weaning to estrus interval
went from 4.8 to 36.9 days, making such a treatment to-
tally inadequate for swine producers (Cabell and
Esbenshade 1990).

Sows showing spontaneous lactation failure harbor
abnormally low concentrations of prolactin (Whitacre
and Threlfall 1981). This may explain the 8% increase in
litter weight gain observed in gilts (but not sows) receiv-
ing a single injection of porcine prolactin on day 1 of
lactation (Dusza et al. 1991). Two studies were carried
out to determine the effects of chronic injections of pro-
lactin from day 107 of gestation and during lactation,
on milk production of sows (Crenshaw et al. 1989; King
et al. 1996). Neither of these showed any effect on milk
yield and it was postulated that since injections were
started before there were any piglets to remove milk
from the mammary glands, premature involution of the
secretory units of the mammary glands might have
taken place (Boyd et al. 1995). In a later study where pro-
lactin was injected to sows from days 2 to 23 of lacta-
tion, sow and piglet performances were still unaffected
(Farmer et al. 1999). These results also indicated that vir-
tually all prolactin receptors are generally saturated in
lactating sows, thereby preventing any beneficial effects
of further increasing prolactin concentrations. Studies
on the control of prolactin receptor numbers and affin-
ity in lactating sows are therefore needed.

POSTPARTUM DYSGALACTIA SYNDROME

Inadequate and insufficient colostrum and milk pro-
duction occurs in some sows during the puerperal pe-
riod usually lasting up to 72 hours after birth of the first
piglet. Historically, puerperal lactation problems have
been considered to be a cause or a consequence of a
pathological condition named as the mastitis-metritis
and agalactia syndrome (MMA). As discussed in the first
part of this chapter, poor lactation performance can also
be explained by three major physiological factors:

1. Inadequate or insufficient mammary gland develop-
ment

2. Inadequate or insufficient milk synthesis

3. Inadequate adaptation to lactation homeorhesis.

Therefore, postpartum sow lactation problems are more
adequately described as postpartum dysgalactia syn-
drome (PPDS), which is preferred by the authors over
the more traditionally used MMA syndrome. Indeed,
the latter term has created a lot of confusion because it
is assumed that all three symptoms are present in the
case of early lactation problems, which is not necessarily
the case.
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Clinical Signs of PPDS

The primary clinical signs of a sow’s inability to produce
a sufficient amount of milk and colostrum are piglet
growth retardation and increased mortalities. In this
chapter, litters with high mortalities and low growth
rates during the first days after parturition will be called
problem litters. They remain a frequent observation in
modern farrowing units, and veterinarians are often
consulted to reduce their incidence. Unfortunately,
they can be identified with certainty only when the
piglets show retarded growth and high mortality, be-
cause litter characteristics at birth are poor predictors of
future performances. Close observation of the piglets’
behavior is one of the best methods for early detection
of problem litters (Whittemore and Fraser 1974). These
piglets fight more and for longer periods, lose weight,
and remain close to the sow between sucklings (Algers
and de Passillé 1991).

Early detection of sows with postpartum lactation
problems is difficult because most of them do not show
any clear clinical signs (Klopfenstein 2003). Temporal
variation of sow behavior (Figure 4.4) and body condi-
tion were similar among sows nursing litters with poor
(=77 g/kg/day—problem litters) and normal (>77
g/kg/day—normal litters) growth rates between the end
of parturition (time 0) and 132 h postpartum (Klop-
fenstein 2003). In the last study, the major differences
between sows nursing problem and normal litters were
related to milk composition (Table 4.3). Also, sows nurs-
ing problem litters drank less water (—0.36 L/h) and had
lower skin temperature (—0.64°C) (Figure 4.4), higher
serum phosphate (+0.10 mmol/L), and higher calcium
(+0.05 mmol/L) concentrations at hours 36 and 60 of
lactation. Rectal temperatures of sows nursing problem
litters were similar to those of the others sows at the end
of gestation (—96 h) and at the beginning of lactation
(12 h, 36 h, 60 h) but were slightly higher at 132 h (39.6
vs. 39.4°C) postpartum. The latter study confirmed that
milk production of sows nursing problem litters is dif-
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ferent compared to the other sows but showed that
there is no easy way for the farmer to identify these sows
early after parturition. Moreover, in the later study, only
2 sows among the 29 sows nursing problem litters were
diseased in the postpartum period. This is a good repre-
sentation of what is seen in many herds. A few sows pre-
senting PPDS are diseased but many more are appar-
ently normal.

Prevalence of PPDS

Although PPDS is observed in some herds, there is a lot
of confusion on the prevalence of postpartum lactation
problems due to the subjectivity related to some of the
criteria used to identify the affected sows. Indeed the
most common criterion used to identify sows affected
by lactation problems is based on postpartum rectal
temperature. The use of the rectal temperature criteria
to classify sows as diseased or normal is adding confu-
sion to our understanding of the pathogenesis of PPDS.

Sow Rectal Temperature and PPDS

For some historical reasons, there seems to be a general
consensus that postpartum rectal temperatures higher
than 39.3 or 39.5°C categorize sows as being affected by
PPDS (Hermansson et al. 1978b; Goransson 1989b;
Persson et al. 1989; Madec and Leon 1992; Hoy 2004).
However, as discussed previously, this criterion should
be seriously questioned because the proposed thresh-
olds are equal or even below the expected rectal temper-
ature of lactating primiparous and multiparous sows
(see fever or hyperthermia?).

The use of rectal temperature to classify sows as dis-
eased or normal has led to the publication of paradoxi-
cal results. In some instances, litters from sows identi-
fied as being “severely affected by early lactation
problems (MMA)” because of high rectal temperature
(>39.5°C) had better growth rate and lower mortality
than litters from nonaffected sows (Furniss 1987;
Persson et al. 1989). Moreover, the proposed cut-off to

Table 4.3. Temporal variation of some milk components (least square means) of sows nursing litters with slow (= 77 g/kg/day—
Problem litters—PL) and normal (>77 g/kg/day—Normal litters—NL ) growth rates between the end of parturition (time 0) and 132 hours

postpartum (PP).

36 Hours PP 60 Hours PP 132 Hours PP
Milk Components NL PL NL PL NL PL
Lactose (mmol/L) 120 120 130 121* 147 141*
Sodium (mmol/L) 23 23 19 23* 16 19*
Potassium (mmol/L) 39 39 36 35 30 30
Chloride (mmol/L) 34 34 33 38* 26 31*
Total protein (g/L) 60 60 56 59* 49 49
Lipids (g/L) 76 76 78 85* 71 71
Leucocytes (k¢/ml) 275 359 319 551* 292 520*
Lactocytes (k¢/ml) 55 75 119 193* 172 298*
% of leucocytes 83 83 73 74 62 64

Source: adapted from Klopfenstein 2003.
*Significant difference between NL and PL (p <0.05)
ke = 1000 cells.



classify sows was never adjusted for parity even though
the expected rectal temperature of primiparous sows is
higher (approximately 0.3°C) than that of multiparous
sows (Klopfenstein 2003). Accordingly, it was reported
that 43% of gilts and 29% of multiparous sows have
postpartum rectal temperatures higher than 39.3°C and
it was assumed that all these sows were affected by MMA
(Hoy 2003). The belief that higher rectal temperature
identifies sows with PPDS is so generally accepted that
many researchers use this criterion to identify diseased
animals without estimating piglet growth and prewean-
ing mortalities. Many published results on the MMA
syndrome where piglet growth and/or litter mortality
were not estimated are not included in this chapter since
itis very difficult to assess whether the sows classified as
“diseased” did in fact have lactation problems.

INFECTIOUS CAUSES OF PPDS

Sows with Clinical Signs of Disease
A number of postpartum lactation problems (<72 hours)
are certainly the consequence of some inflammatory
process related to localized or systemic infections.
Localized tissue infection usually translates into meas-
urable clinical signs such as pain, inflammation (heat),
reddening and edema (Cotran et al. 1999). A localized
infection can eventually affect the whole animal. Major
clinical signs of a diseased sow in the postpartum period
are fever (>40°C), lethargy, anorexia and eventually con-
stipation. The main diseases affecting postpartum and
lactating sows are urinary tract infections, endometritis,
and mastitis. Moreover, severe milk production prob-
lems were reported with the porcine respiratory and re-
production syndrome (PRRS) (see Chapter 24). Gross
and microscopic pathological evaluation of the repro-
ductive systems of diseased and normal sows in the
postpartum period suggest that endometritis is rare
(Ringarp 1960; Jones 1976; Middleton-Williams et al.
1977) whereas lactation problems seem to be more fre-
quent in sows with renal infections (Berner 1984, 1988).
Sows that were diseased in the peripartum period
have increased circulating serum concentrations of
acute phase proteins (haptoglobin-HPT and alpha 1-
acid glycoprotein—AGP) and serum cortisol during lac-
tation (Mirko and Bilkei 2004). The concentration of
HPT was increased on days 1, 5, and 10 and normal on
days 15 and 20 of lactation; AGP was normal on days 1
and S and increased on days 10, 15, and 20; serum corti-
sol concentration was elevated during the whole lacta-
tion. Litter performance of the diseased sows of the pre-
vious study was very poor (22% mortality) and is
certainly related to the incapacity of these sows to pro-
duce sufficient amounts of milk.

Mastitis
Mastitis is a clear pathological entity observed in some
lactating sows (Ringarp 1960; Middleton-Williams et al.
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1977; Hermansson et al. 1978b; Halgaard 1983). The dis-
eased mammary glands are warm to the touch and
swollen, with a blotched appearance (Jones 1971).
When many glands are involved, the sows often go off
feed and have high rectal temperatures (>40°C)
(Middleton-Williams et al. 1977; Halgaard 1983). The
bacteria isolated from infected glands are mainly col-
iforms (Escherichia coli, Klebsiella sp, Enterobacter and
Citrobacter) and bacteria of the genera Staphylococcus sp.
and Streptococcus sp. (Armstrong et al. 1968; Ross et al.
1981; Persson et al. 1996).

In acute and severe mastitis, necrotic and purulent
lesions are present in the mammary glands (Middleton-
Williams et al. 1977), milk synthesis is altered and, when
many glands are affected, piglet growth is decreased.
The suppuration starting at the beginning of the infec-
tious process can become a permanent granuloma that
can be observed in culled sows. In one survey in
Germany, 23% of 1000 culled sows had granulomatous
lesions on some mammary glands (Bollwahn and Meer-
meier 1989). In another survey in Sweden, the preva-
lence of granulomatous mastitis in sows from different
farms varied from O to 50% (mean 16% at weaning).
Most affected sows (76%) had only one mammary gland
with macroscopic lesions (Hulten et al. 2003). These
data show that mastitis can affect many sows but that
most of the time severe lesions are found only in a few
glands.

In some studies on the importance of mastitis as a
pathological entity, it is not always clear whether the
sows were selected for the presence of mastitis or be-
cause the litter had retarded growth and high mortality.
When sows were selected for necropsy on the basis of
poor piglet performance, no macroscopic lesions consis-
tent with mastitis were found (Nachreiner et al. 1971).
Instead, mammary tissue from sows with problem litters
appeared nonfunctional because it did not contain
abundant quantities of milk (Martin et al. 1967; Nach-
reiner et al. 1971). Moreover, the higher cellular content
found in the milk of sows nursing problem litters (Table
4.3) was considered to be the consequence of a concen-
tration effect related to lower milk production rather
than an indication of mastitis because the proportion of
leucocytes (leucocytes/total cells) was similar in the
milk of sows nursing problem and normal litters
(Klopfenstein 2003). Therefore, we must consider that
some problem litters are the consequence of sow masti-
tis but that many others are likely unrelated to it.

Endotoxemia

The absorption of endotoxins from gram-negative bac-
teria was proposed as an explanation for early lactation
problems. Indeed, some sows (<33%) with problem lit-
ters are positive for circulating endotoxins (Morkog et al.
1983; Pejsak and Tarasiuk 1989). Exogenous administra-
tion of gram-negative endotoxins also suppresses serum
prolactin concentrations and increases sow rectal tem-
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perature and respiratory rate (Nachreiner and Ginther
1974; Elmore et al. 1978; Smith and Wagner 1984, 1985b;
Tarasiuk and Pejsak 1986; de Ruijter et al. 1988).
However, the effects of injection of endotoxins are of
short duration, with sows fully recovering within 8
hours of injection (de Ruijter et al. 1988). Even though a
continuous infusion of endotoxins causes severe piglet
growth retardation (Ferguson et al. 1984), a single mas-
sive dose only retards piglet growth during the 5-8
hours after the injection (Smith and Wagner 1985b).
The origin of endotoxins remains unclear, but may be
urinary tract inflammation, mastitis, uterine infection,
or the intestine.

Sows with Subclinical Forms of Disease
Lactation problems of some sows could be the conse-
quence of a subclinical form of the diseases aforemen-
tioned. This hypothesis is very popular because it can
explain the disproportion between the number of sows
showing clinical signs of disease (rare) and those nurs-
ing problem litters (more frequent). This theory is often
used as a justification for the common practice of a sys-
tematic use of antibiotics and antiinflammatory drugs
for the postpartum sow.

NONINFECTIOUS CAUSES FOR PPDS

Mammary Gland Development

Allometric mammary gland development occurs
mainly during the last third of gestation and continues
during lactation (see mammogenesis). Mammary gland
development varies between sows and could certainly
explain some lactation problems related to PPDS.

The number of piglets in the litter should always be
adjusted to the number of functional mammary glands.
Teat malformation, inverted nipples can prevent the
piglets from nursing (Labroue et al. 2001). Sows with an
insufficient number of functional mammary glands
should be culled.

Intensity of Milk Synthesis

Concentrations of milk lactose increase during the first
days of lactation (Table 4.3) and this increase is slower
among sows affected by PPDS during the first 72 hours
after parturition (Klopfenstein 2003). Factors explain-
ing the slower increase in milk synthesis among sows
nursing problem litters are not known but could be the
consequence of retarded lactogenesis or insufficient
mammary gland development at parturition.

Homeorhesis

Sow Behavior. Some sows are aggressive and attempt to
bite or crush their piglets soon after parturition, while
others refuse mammary access to the piglets. These
problems are more characteristic of first-parity sows,
and chemical tranquilization is usually sufficient to
cause the sow to relax and nursing to proceed normally.

Energy Balance. A recent study showed that serum
concentrations of nonesterified fatty acids (NEFA) and
glucose are lower in sows nursing litter with high
preweaning mortalities (more than 1 piglet dying
(Valros et al. 2003). This in conjunction with the well-
known detrimental effects of heat stress on sow lacta-
tion performance indicates that the capacity of the sow
to manage her energy balance is certainly a critical
point. Problems of energy balance adjustments after
parturition are well documented in cows (Drackley
1999) but have not yet been extensively studied in
SOWS.

Water Balance. Water management around parturi-
tion can certainly explain some lactation problems re-
lated to PPDS. The shape of the temporal variation in
water intake around parturition (Figure 4.4) indeed sug-
gests that water availability prior to parturition is a crit-
ical point that needs to be considered in the farrowing
room. Postpartum constipation observed in some sows
affected by PPDS could be due to insufficient water in-
take before parturition.

Bivalent lons Balance. Problems related to metabolic
balance adjustment of bivalent ions (calcium, phospho-
rous and magnesium) are well-described in cows (Goff
2000) and are often suspected in sows. Hermansson et
al. (1978a) reported that sows affected by agalactia prob-
lems had lower circulating calcium and magnesium
concentrations. Klopfenstein (2003) observed higher
serum phosphorus and calcium concentrations in sows
nursing litters with lower growth rates. Moreover,
DeRouchey et al. (2003) were able to increase piglet sur-
vivability up to day 10 by feeding sows a diet with a low
electrolyte balance from day 109 of gestation and during
lactation. This strategy is often used in dairy cows and is
known for its beneficial impact on calcium and phos-
phorus balance in the postpartum cow. The later obser-
vations suggest that inadequate adjustment of bivalent
ions balance after parturition might explain some lacta-
tion problems related to PPDS of sows.

Hormonal Balance. As early as 1967, an endocrine role
in the pathogenesis of agalactia was suggested (Martin
et al. 1967). Agalactic sows had smaller ovaries and thy-
roid glands and larger adrenal glands than control sows.
In a later study, there was no difference in the size of
these three glands but thyroid function was depressed
in agalactic sows (Wagner 1972). More recently, it was
shown that the hormonal status of first-litter sows with
hypogalactia or agalactia differs from that of healthy
sows. Concentrations of cortisol both before and after
farrowing and prepartum levels of glucose were lower in
hypogalactic sows (Samanc et al. 1992). Finally, de
Passillé et al. (1993) noted a relationship between poor
piglet performance and high concentrations of proges-
terone in the blood of sows after parturition.
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4.4. Peripartum temporal variation of some behavioral traits and skin temperature of sows nursing litters with slow (=77 g/kg/day—thin line—
Problem litters) and normal growth rates (>77 g/kg/day—thick line—Normal litters). NS = non significant difference, ** = significant difference at

p <0.05. Adapted from Klopfenstein 2003.

Feed Toxicity. Grain contamination with ergot by-
products produced by Claviceps purpurea has been re-
ported to cause lactation failure in sows (Penny 1970;
Anderson and Werdin 1977). Ergot derivates are known to
suppress prolactin release (Whitacre and Threlfall 1981;
Bevers et al. 1983; Smith and Wagner 1985a), which could
in turn inhibit mammary growth and lactation.
Diagnosis is based on a history of grain changes and sud-
den appearance of a great number of affected sows with
flaccid mammary glands and carpal erosions but normal
rectal temperature. However this condition is rare.

TREATMENT

Every producer wants to maintain the health of the
sows and prevent poor litter performance. Veterinarians
are placed in a delicate situation when they are called
upon to propose treatment for a poorly defined problem
for which overtreatment is certainly leading to in-
creased costs of production and unjustified medication
overuse. A good strategy to reduce the consequences of
PPDS should be based on three levels of intervention:

1. Defining a treatment for the truly diseased postpar-
tum sows

2. Rapidly identifying the problem litters of sows with-
out clinical manifestations and determining a treat-
ment for those sows and piglets

3. Reducing the incidence of problem litters in the herd
by addressing the risk factors

The Diseased Sow
The treatment of choice for the diseased sows is antibi-
otic and/or antiinflammatory treatment to help cure

the disease. Moreover, sow treatment must also ensure
adequate mammary gland function to sustain piglet
growth. In the worst cases, the best strategy is to foster
the piglets of the diseased sow to another healthy sow.
Systematic treatment of all sows after farrowing with
an antibiotic and sometimes with nonsteroidal antiin-
flammatory drugs (NSAID) is a common practice in
modern farrowing houses. Different strategies for the
systematic administration of antibiotics were proposed:

1. Adding antibiotics to the feed from 7 days prepartum
to 7 days postpartum, which could decrease piglet
mortality by 43% (7.34% vs. 4.18%) and increase
weaning weights by 8% (Tabjara et al. 1992)

2. Daily injections of antibiotics for the first 2 days post-
partum (Rose et al. 1996)

3. In-feed medication and one injection of antibiotics on
the day of parturition (Schoning and Plonait 1990)

Although all these strategies can be used when a whole
herd is severely affected by PPDS, systematic treatment
of all sows should be only short-term to avoid medica-
tion overuse.

Antibiotics. The selection of an antibiotic should be
based on its spectrum of activity against bacterial organ-
isms identified in postpartum diseased sows and thought
to be related to PPDS. Unfortunately, identifying the
most common bacterium related to the diseased sows is
often difficult due to the diversity of the clinical signs.

Nonsteroidal Antiinflammatory Drug (NSAID). NSAID
treatments seem to have a beneficial effect on health of
atfected sows. Treatment strategies usually consist of one
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treatment on the day of parturition and sometimes a sec-
ond treatment the next day. Drugs that have been pro-
posed are: flunixin (2 mg/kg) (Cerne et al. 1984), tolfe-
namic acid (2-4 mg/kg) (Rose et al. 1996), meloxicam
(0.4 mg/kg) (Hirsch et al. 2003; Hoy and Friton 2004).

Stimulating Milk Production

One of the objectives of the treatment strategy is to
stimulate milk flow as rapidly as possible to minimize
the consequence of PPDS. Repeated use of oxytocin is
certainly the most frequent treatment administered to
sows to stimulate milk production.

Oxytocin. Parenteral administration of synthetic oxy-
tocin is a very efficient way to trigger milk ejection. The
manufacturers’ recommended dose for sows varies from
30 to 50 IU intramuscularly (Canadian Animal Health
Institute 2001). In our experience, intramuscular injec-
tions of oxytocin do not always trigger the milk ejection
process and more predictable results are obtained with
intravenous injections of 10 IU. The variable response
with intramuscular injections might be related to the
product being deposited between muscles or in the fat
pad and to the very short half-life of oxytocin. In fact,
the short half-life (6-7 minutes) of oxytocin is the rea-
son why it can be administered safely at hourly intervals
for at least 6 hours (Knaggs 1967).

Although efficient and considered as safe, repeated
use of oxytocin might have some detrimental effects on
sows. Indeed, its use was reported to be related to poorer
herd performance in some epidemiological studies
(Bilkei Papp 1994; Ravel et al. 1996). Moreover, somatic
cell counts in sow’s milk were found to increase with
oxytocin administration, and this was more apparent
when oxytocin was injected intramuscularly than intra-
venously (Garst et al. 1999).

Prolactin Stimulators. Prolactin and prolactin-stimula-
tors were suggested as methods to stimulate milk syn-
thesis of sows affected with PPDS. Purified porcine pro-
lactin is commercially available only in minute
quantities. Therefore, most research on PPDS treatment
with prolactin has focused on stimulating prolactin re-
lease. Administration of various phenothiazine and bu-
tyrophenone tranquilizers (e.g., chlorpromazine, ace-
tylpromazine, haloperidol, and azaperone) significantly
increases prolactin concentrations in various species;
however, they have generally not been effective in stim-
ulating prolactin release in the pig (Smith and Wagner
1985a). Thyroid-stimulating hormone was shown to be
effective in increasing prolactin concentrations in swine
but for such short duration (<45 minutes) that it is un-
likely to be clinically useful (Smith and Wagner 1985a).

Vaccinations
Sow mammary glands initially infected with coliform bac-
teria do not appear to develop resistance to subsequent in-

fections (Bertschinger and Buhlmann 1990), thereby sug-
gesting that the development of a vaccine for the preven-
tion of coliform mastitis is unlikely. On the other hand,
vaccination against urinary tract infections at 4 and 2
weeks before parturition was reported to increase the over-
all lactation performance of sows (Pejsak et al. 1988).

Supportive Treatment for Piglets

Once problem litters are identified, the main objectives
are to avoid piglet dehydration and provide an alterna-
tive source of energy. Observations suggest that piglets
will drink appreciable amounts of tap water on the first
day following birth, particularly if milk supply is limited
(Fraser et al. 1988). Water intake is further increased
when using a specially designed water dispenser with air
bubbles (Phillips and Fraser 1991). It was speculated that
under low milk intake conditions, water intake may
help prevent dehydration and promote survival of the
piglets. Low-birth-weight piglets suckling a sow affected
with PPDS need to be transferred rapidly to another sow
with good milking capacity. The lower milk production
of affected sows will be less detrimental to piglets of
heavy birth weight, and most of them may still reach ac-
ceptable weaning weights. Moreover, piglets can be effi-
ciently raised with a combination of milk replacers and
highly digestible adapted feed.

PREVENTION AND RISK FACTORS

One of the keys in reducing the incidence of problem lit-
ters in a herd is the identification and correction of spe-
cific risk factors. Factors related to mammary gland de-
velopment, milk synthesis, and inadequate lactation
homeorhesis are certainly crucial. However, because of
the complexity of the underlying causes of PPDS, other
specific risk factors associated with a high prevalence of
problem litters have been described. These factors are
not necessarily of an etiologic nature; however, the in-
terplay between some of them will increase the inci-
dence of PPDS. The identified risk factors are mainly
related to sow body condition at farrowing, sow consti-
pation, housing and environment.

Sow Body Condition

Maintaining optimal body condition of all sows in the
herd is important to reduce the prevalence of PPDS. This
is not always easy, because a small error in the amount
of feed distributed over the whole gestation period can
lead to overweight or underweight sows at the time of
parturition (Martineau and Klopfenstein 1996). Sows
maintained in pens have more variable body weights,
the most aggressive often being overweight while sub-
missive animals are underweight (Martineau 1990;
Marchant 1997). Fat sows are also more likely to take
longer to farrow (Bilkei 1992; Madec et al. 1992) and to
have more stillborn piglets (Zaleski and Hacker 1993;
Bilkei Papp 1994).



Sow Constipation

Postpartum constipation was observed in some sows
nursing problem litters (Ringarp 1960; Hermansson et
al. 1978b). Feeding high-fiber diets in late gestation was
therefore proposed and has been widely used in order to
decrease the incidence of early lactation problems
(Ringarp 1960; Wallace et al. 1974). When fibers are sim-
ply added to a diet, the concentrations of the other com-
ponents are decreased accordingly (Sandstedt et al.
1979; Jensen 1981; Sandstedt and Sjogren 1982; Gor-
ansson 1989a,b). As previously discussed, sow water
availability is certainly a crucial factor to consider be-
cause insufficient water intake just before farrowing can
certainly enhance postpartum constipation. Moreover,
low postpartum water intake and low activity level of
the sows were also proposed as risk factors for early lac-
tation problems (Fraser and Phillips 1989).

Housing and Environment

Housing and general herd management can affect the
prevalence of sows affected by PPDS. In one study, there
were more litters with starving piglets in herds where
the sows farrowed in confinement than when they far-
rowed on the pasture (Backstrom et al. 1982). Sows are
exposed to many changes when they are moved from
the gestating room to the farrowing room. Research re-
sults, however, do not suggest that these changes are
harmful to sows. Indeed, allowing sows to adapt to the
new environment for more than a week, rather than
only a few days, before parturition was not associated
with a lower prevalence of problem litters (Klopfenstein
et al. 1995). Stray voltage in the farrowing unit was also
suspected as a source of lactation problems (Gillepsie
1984); yet, recent research did not support this hypoth-
esis (Robert et al. 1996). Regular washing of the farrow-
ing unit was reported to be associated with lower pre-
weaning mortality (Ravel et al. 1996).

Sow and piglet management around parturition, al-
though difficult to assess, is known to be extremely im-
portant. Supervision and attendance at farrowing time
is reported to decrease the number of stillborn piglets
and preweaning mortality (Holyoake et al. 1995). Care
must be taken to ensure that the sow and piglets are able
to drink from the watering system in the farrowing
room. Attention must be given to the quality of the en-
vironment. Slippery floors are one of the main causes of
low activity of lactating sows and may lead to many
health problems, including PPDS, and to reduced feed
and water intakes. On the other hand, more interven-
tions at farrowing are not always a good practice.
Indeed, obstetric aid by either herd managers or veteri-
narians results in a fourfold increase in the sow’s risk of
acquiring early lactation problems (Jorsal 1986) and in-
creases the incidence of postfarrowing vulvar discharges
and endometritis (Bara and Cameron 1996).

Temperature control in the farrowing room is cer-
tainly a crucial factor affecting sow lactation perform-
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ances (see heat stress). It is essential to provide a local-
ized warm environment for newborn piglets but the
temperature requirement of the sow must also be taken
into consideration since her zone of thermoneutrality is
much lower than that of piglets. In modern swine units,
where farrowings are managed as all-in/all-out on a
room basis, it is much easier to adjust the temperature
according to the physiological state of the sow and her
piglets. We generally recommend that room tempera-
ture be maintained warm (20-22°C) for the 2-3 days
after farrowing to favor piglet survival. However, after
this crucial period, room temperature can be gradually
decreased to attain 18°C or even 15°C on day 10 of lacta-
tion (Farmer et al. 1998). Indeed, when an adequate
draft-free heat zone is provided for the piglets, the ambi-
ent temperature can be decreased to 15°C on day 8 of
lactation with no detrimental effects on sow and litter
performances. It is important that the extra heat pro-
vided is directed away from the sow and her udder and
that it be rapidly removed, when not needed, to favor
the sow’s well-being and maximize her milk production.
One must also keep in mind that position of the heat
lamps has an impact on the spatial behavior of neonatal
pigs (Titterington and Fraser 1975).

Others

Feeding Strategy. It was hypothesized that a reduced
feed consumption in first days of lactation decreases the
incidence of lactation failure. However, gradually in-
creasing feed consumption of sows in the first week
postpartum instead of feeding ad libitum within 16
hours of farrowing also showed no advantage for litter
performance or occurrences of lactation failure (Moser
et al. 1987).

Prostaglandins on the Farrowing Day. Prostaglandins
are luteolytic agents causing a prepartum decline in prog-
esterone and the release of relaxin from the corpora lutea.
They are widely used for the induction of farrowing
(Ehnvall et al. 1977), resulting in an immediate and sharp
increase in prolactin concentrations lasting approxi-
mately 6 hours (Hansen 1979). In some herds with a sig-
nificant percentage of gilts and sows showing PPDS, in-
duction of parturition with the F series of prostaglandins
has proven effective in reducing the incidence of PPDS
(Cerne and Jochle 1981; Holtz et al. 1983), whereas it had
no effect in other herds (Ehnvall et al. 1977; Hansen
1979). Prostaglandins could be effective in treating PPDS
caused by retarded lactogenesis since incomplete luteoly-
sis of corpora lutea can lead to high progesterone concen-
trations, which inhibit lactogenesis. Moreover, postpar-
tum administration of prostaglandins can have a
beneficial effect on uterine involution and prevention of
severe clinical endometritis (Waldmann and Heide 1996).

Vitamin E. Some research has suggested a relationship
between diets deficient in selenium and vitamin E, and
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sow lactational problems (Trapp et al. 1970; Whitehair
and Miller 1986). The exact mode of action has not been
established, but these microelements may give some
protection against endotoxins because they both play a
role in the maintenance of cellular integrity and in
leukocyte function (Elmore and Martin 1986). On the
other hand, primary deficiencies are uncommon since
vitamin E and selenium are generally supplemented in
feed. In fact, increasing dietary levels of vitamin E from
30 to 60 IU did not decrease the prevalence of MMA di-
agnosed subjectively at parturition based on udder
hardness and vulvar discharge (Mahan et al. 2000). In
another study, injections of vitamin E (400 IU) and sele-
nium (3 mg) to sows three times during gestation, while
they were fed normal levels of these nutrients, increased
the survival rate of piglets but did not affect litter
weights at weaning (Chavez and Patton 1986).
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Diseases of the Nervous and
Locomotor Systems

Catherine E. Dewey

Clinical signs of lameness and neurological problems
are common in swine herds. Lameness is the second
most important cause of culling in breeding-stock ani-
mals and hence results in lost opportunity in reproduc-
tive performance. Preweaning and postweaning poly-
serositis and meningitis cause decreases in production.
Although cases of nutritional deficiencies and poison-
ings are rare, they are nonetheless extremely important
to diagnose. To diagnose a lameness or neurological
problem, begin with a thorough herd evaluation fol-
lowed by clinical examinations of individual animals.
Determine whether the clinical signs are primarily due
to the musculoskeletal system or the neurological sys-
tem to narrow the list of differentials and to focus the
clinical examination.

LOCOMOTOR PROBLEMS

Clinical Approach to a Lameness Problem in
a Herd

The objectives of the herd examination for a lameness
problem include determining the age group(s) affected,
the most prominent clinical signs, and the onset and
prevalence of the clinical signs. It is essential to examine
the affected animals as well as their environment.

To evaluate lameness in the breeding herd, begin by
examining the sows in farrowing crates and gestation
stalls while they are prone. Record the number of sows
that have hoof cracks, hoof wall damage, sole lesions,
foot rot, long lateral toes, dewclaw damage, and soft-
tissue damage. Most sows will remain prone if you han-
dle their feet gently. Next, encourage all sows to stand.
Note the number of sows with clinical lameness, the
severity of the lameness, whether the clinical signs in-
volve one or more than one leg, if it is predominantly a
forelimb or hindlimb lameness, and the parity and
stage of gestation of the sows affected. Palpate joints
and soft tissue of the clinically affected legs and lift the
leg to examine the foot to determine the primary
source of the lameness. Take the sows out of the crates

to observe their gait. Describe the severity of the lame-
ness using the following terms: stiffness, weight bear-
ing, resting the leg on the ground or carrying the leg
while standing still, weight bearing or carrying the leg
during ambulation, and ability to stand and walk with-
out assistance.

Once the stalled animals are observed, examine the
sows housed in pens. Note whether the lameness is asso-
ciated with a specific housing type. Examine the feet of
the sows that are lying down, watch the sows move
about, and determine the prevalence and severity of the
lameness in this group of animals. Specifically look for
reluctance to move, degree of difficulty in standing,
stiffness, stance with legs under the body, and weight
bearing on all limbs.

Depending on the extent of the problem, you may
wish to cull a representative group of sows to conduct a
complete examination of all joints, feet, and vertebral
column. Examine all putative causes of the lameness
such as nutrition; relocation of the sows during gesta-
tion; and housing conditions, especially floors, includ-
ing solid versus slatted, slipperiness, roughness, and
wetness.

For growing animals, determine the range in severity
of clinical signs and whether one or more legs are in-
volved per animal. Examine animals that are acutely
and chronically affected, observe their movement, pal-
pate the joints and then each leg looking for heat,
swelling, and response to pain. Examine all age groups
of animals on the farm, not just those with the most se-
vere signs. The causative factors may be in the environ-
ment of younger animals. If the producer has treated
pigs, discuss the response to treatment. Finally, select a
representative sample of nontreated pigs for a post-
mortem examination.

Preweaning Pigs

The most common conditions affecting the locomotor
system of preweaning pigs will be covered in this sec-
tion; others can be found in Table 5.1.
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Table 5.1. Lameness in preweaned pigs.

PHYSICAL EXAMINATION, DIAGNOSIS, AND BODY SYSTEMS

Cause

Clinical Signs

Epidemiology

Pathology

Abrasions of carpi and
hooves

Lameness and swollen joints due
to abraded skin at carpi and

Common, trauma to skin from
concrete floors during suckling

Abraded skin

coronary band, and abraded
horn at toe

Listlessness, dyspnea, lameness
develops later; pigs may be
found dead

Actinobacillus suis

Arthritis Reluctant to stand or move, lame-
ness, one or more joints hot
and painful, skin abrasions,
poor growth

Distal legs thick, firm, red, taut

skin; stilted gait; fatal

Hyperostosis

Acute septicemia

Widespread, common, sporadic
with occasional outbreaks

Rare, widespread, sporadic, in-
herited

Petechia on kidneys, pleural effu-
sion, pleuritis, pneumonia,
purulent arthritis, omphaloph-
lebitis

Synovitis with excessive normal-
to-purulent fluid

Subcutaneous edema, fibrous
tissue, and thickened leg bones

Splayleg. Splayleg is a congenital abnormality causing
paresis in newborn pigs. This problem of hindlimb ad-
duction affects approximately 0.4% of live births (Ward
1978). The annual rate in pigs born to German Landrace
boars between 1982 and 2000 ranged from 0.26% to
0.69% but did not decrease over time due to selection
(Beissner et al. 2003). An examination of 47,323 litters
born to German Landrace boars from artificial insemi-
nation units showed that the frequency of splayleg was
not reduced by selection over a 14-year period (Beissner
et al. 2003). The problem is widespread, common, and
typically affects only 1-4 pigs per litter and just a few
litters at a time. Usually individual herd prevalence is
less than 1%; however, sporadic increases occur when
the prevalence reaches 8% or higher (Ward and Bradley
1980).

The condition has been associated with low birth
weight, slippery floors, Fusarium toxicity, choline or
methionine deficiency in sow diets, Large White and
Landrace pigs, and short gestation lengths (Ward 1978).
Farrowing induction may result in a higher prevalence of
splayleg especially if producers do not first determine the
normal gestation length in their herd. Some studies have
suggested that one cause of splayleg was a deficiency in
the sow’s diet of choline and methionine which are es-
sential for normal myelin production (Cunha 1968;
Kornegay and Meacham 1973). The study by Cunha
(1968) did not mention the use of controls. However,
others have refuted this suggestion (Dobson 1971). In
clinical trials on two farms, Dobson (1971) showed that
adding 3 g choline and 5 g methionine to the sows’ daily
ration had no effect on the occurrence of splayleg.

Although some researchers describe muscle hy-
poplasia as the cause of the clinical signs, myofibrillar
hypoplasia is normal in all newborn pigs. At one day of
age, myofibrils do not fill the muscle cells completely in
splayleg or in normal pigs (Ward and Bradley 1980).
Also, the vasculature, nervous supply, neuromuscular
bundles, and the myelination of the intramuscular
nerves are the same between healthy and affected pigs.

Clinically 3-day-old pigs show improved movement and
the myofibrils increase in size, reducing the extra-
myofibrillar space. By 6 days of age, the splaylegged pigs
do not differ from normal pigs clinically or in the histol-
ogy of the muscles. In all pigs, myofibrils and nuclei
continue to increase in size.

Splayleg is caused by a reduction in the axonal diam-
eter and myelin sheath thickness of the fibers that in-
nervate the hindlimb adductors (Szalay et al. 2001). The
pathways from the upper to the lower motor neurons,
specifically the lumbar spinal motor neurons are im-
paired. In affected pigs, nerves at the level of L6 regions
near the surface of the spinal cord are somewhat myeli-
nated, whereas deeper areas are unmyelinated. This is
particularly obvious in the ventral and lateral funiculi.
These areas are responsible for innervation of the
hindlimb. Myelination is required for normal impulses
to be conducted along nerve fibers. The oligodendroglia
form the myelin sheath as the final step in the forma-
tion and maturation of the neural pathways. Typically,
the lumbar region is myelinated earlier than more ros-
tral sections. It is not known why this problem with
myelination occurs in these splaylegged pigs.

Myelin is produced by the fetus’ oligodendrocytes.
This production appears to occur in two phases. The first
peak occurs 2 weeks prior to birth and the second 3
weeks after birth. If pigs live past the first couple of
weeks, the myelin sheath is properly developed during
this second phase.

Clinically pigs show extreme abduction of the limbs
with an inability to stand. Splayleg affects the hindlimb
adductors and in severe cases, the forelegs are also in-
volved (Szalay et al. 2001). Clinically signs are similar in
the high prevalence periods. Typically half of the af-
fected pigs die due to starvation and overlying, because
the pigs have a hard time reaching the udder, retaining
hold of the nipple, competing with their littermates and
moving out of the sow’s lying space. Affected pigs can be
kept alive if they are fed artificially, provided with sup-
plemental colostrum and heat, assisted to nurse, cross-
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fostered to reduce competition, and have their limbs
taped in a natural standing pose. Pigs that live past the
first week of life will recover completely.

Polyarthritis. Polyarthritis is a common problem in
preweaned pigs and affects approximately 18% of litters
and 3.3% of pigs after 4 days of age (Nielsen et al. 1975).
Mortality due to polyarthritis is about 1.4% and is high-
est in the winter. Most affected pigs will die by 3 weeks
of age, but 32% of the pigs do not die until 4-5 weeks of
age. There is a lower incidence of polyarthritis in female
pigs and in pigs from multiparous sows, small litters,
closed herds, and herds that do not have their pigs’ teeth
clipped or tails docked (Nielsen et al. 1975; Smith and
Mitchell 1976). Pigs with polyarthritis are more likely to
have necrotizing gingivitis than healthy pigs. Different
instruments should be used for the teeth and the tails at
processing. Instruments should be disinfected between
piglets, and the tail and navel sprayed with a disinfec-
tant (Nielsen et al. 1975).

Haemolytic streptococci cause 65% of the cases but
staphylococci and Escherichia coli are also frequent
causes (Nielsen et al. 1975; Smith and Mitchell 1976).
The joint lesions include increased synovial fluid, hy-
peremia of synovial membranes, fibrinous periarthritis,
and joint swelling due to exudate and abscesses. The
carpal, elbow, hock, and hip joints are most frequently
affected. Often the meninges and brain are congested,
and there is turbid cerebrospinal fluid, concurrent
pneumonia, endocarditis, and gingivitis (Nielsen et al.
1975). The pathogenesis involves the individual pig’s
ability to eliminate pyogenic organisms before they
multiply in the joints (Nielsen et al. 1975). Early treat-
ment with antibiotics will reduce the duration of illness
and mortality. Pigs need to be examined carefully for
signs of lameness, particularly at 10 and 18 days of age
(Nielsen et al. 1975).

Skin Abrasions. Skin abrasions occurring bilaterally
on hindlegs and forelegs are evident within a few hours
of birth. Rough floor surfaces increase the chance of
skin abrasions and therefore the opportunity for the in-
vasion of microorganisms. Although 98% of 3-day-old
pigs have skin abrasions, only 11% of pigs are severely af-
fected and most lesions heal within 2-3 weeks of life
(Svendsen et al. 1979; Furniss et al. 1986). The incidence
of skin abrasions is highest on old cement floors, inter-
mediate on punch metal and new cement floors, and
lowest on plastic-coated woven wire. The incidence in-
creases if the size and shape of the slot is large compared
to the piglet’s foot size and in litters suckling sows with
hypogalactia (Smith and Mitchell 1976). The slot width
in farrowing crate floors should not exceed 10 mm.

Postweaning Lameness
Infectious Arthritis. Infectious arthritis causes slaugh-
ter condemnations equivalent to 2 whole carcasses and

49.6 partial carcasses per 10,000 pigs slaughtered (Evans
and Pratt 1978). Pigs condemned due to arthritis are
more likely to have erysipelas or pneumonia than pigs
not condemned (Evans and Pratt 1978).

Erysipelothrix  rhusiopathiae. Erysipelothrix rhu-
siopathiae atfects nursery to adult pigs. It is a widespread
but uncommon disease affecting up to 75% of pigs in a
pen, with 10% mortality (Buddle 1987). Chronic erysi-
pelas results in a progressively increasing lameness and
weight loss over 2-3 weeks, with palpably normal joints.
It causes a theumatoid-like proliferative arthritis in the
joints of the long bones, spondylitis, and spondylarthri-
tis. The polyarthritis develops in four stages: hyper-
trophic villous synovitis, pannus formation and articular
surface degeneration, fibrous ankylosis, and bony anky-
losis. The disease may stop at one of these stages and the
animal will undergo remission; otherwise the disease be-
comes chronic and the animal becomes unthrifty.

Clinically, the animals shift their weight from leg to
leg and may have periods of remission. Early in the dis-
ease the joints are swollen, warm, and slightly painful,
but in the later stages, joints become firm and nodular,
with palpable periarticular enlargements and restricted
joint movement (Vaughan 1969). Pigs with erysipelas
prefer to lie down and have a stilted gait and poor growth
rate (Grabell et al. 1962). Animals support themselves on
the tips of their digits and have flexed carpi; hocks are to-
gether and feet are under the body, with the back arched.
There is no palpable fluid or purulent matter in the
joints.

There is moderate improvement after treatment with
penicillin. Although it is difficult to isolate E. rhusio-
pathiae from chronic cases, it can be isolated from 65%
of lame grower-finisher pigs and it causes large abattoir
losses due to polyarthritis.

Mycoplasma hyosynoviae. Mycoplasma hyosynoviae is
relatively rare and affects up to 10% of the animals, al-
though in some herds 50% of the animals are involved
(Buddle 1987). Clinically 3- to 6-month-old pigs experi-
ence a sudden onset of lameness over 3-10 days. The or-
ganism lives in the respiratory tract and is spread via in-
halation (Burch 1986). Mycoplasma hyosynoviae causes
severe lameness with minimal swelling of stifle, shoul-
der, elbow, and tarsus joints. Pigs show a shifting lame-
ness, stiff or staggering gait, kneeling, or dog-sitting.
Approximately 10-20% will become chronic and
progress to recumbency. Pathologic features include fib-
rinous arthritis, edematous, hyperemic, hypertrophied
synovial membrane, and serosanguineous synovial
fluid. Treatment with either tiamulin or lincomycin at
10 mg/kg daily for 3 days reduces lameness and im-
proves daily gain (Burch and Goodwin 1984).

Polyserositis. Polyserositis occurs most commonly in
4- to 12-week-old pigs, and more frequently in autumn
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and winter than in spring and summer (Miniats et al.
1986). Haemophilus parasuis is isolated most frequently
(36%), followed by M. hyorhinis (18%) and then Strepto-
coccus suis and Pasteurella multocida. These pigs experi-
ence peracute death or lameness, inability to rise,
swollen joints, and respiratory distress.

Mycoplasma hyorhinis. Mycoplasma hyorhinis typi-
cally affects pigs at 7 weeks of age and is associated with
the decline of passive immunity (Ross and Spear 1973).
This is a widespread disease but uncommon and spo-
radic and results in low morbidity (5-15%) and mortal-
ity (<10%) (Buddle 1987). Clinically affected animals
carry affected legs because of acute, severe pain. Several
joints are moderately hot and swollen, especially car-
pus, shoulder, tarsus, and stifle (Buddle 1987). There is
also polyserositis, causing abdominal breathing and re-
luctance to move. Occasionally the lesions will sponta-
neously resolve but more typically pigs experience
chronic ill thrift. The gross postmortem lesions include
distension of the joint capsule, hyperemia, edema, and
tibrin deposits of the synovial membrane (Roberts et al.
1963). The chronic lesions include hyperemia, hyper-
trophy and yellow discoloration of the synovial mem-
brane, and bone atrophy. The tonsils and mucous
membranes of the respiratory tract of sows provide the
reservoir for M. hyorhinis (Ross and Spear 1973).
Typically the organism is introduced with new breed-
ing stock. A synergistic effect of other conditions, such
as concurrent E. coli infections or poor management, is
required to initiate clinical signs (Frus and Feenstra
1994).

Haemophilus parasuis (Glasser’'s Disease). Haemo-
philus parasuis (Glasser’s disease) causes a severe pera-
cute and acute lameness, depression, fever, dyspnea, hot
swollen joints, reluctance to stand or move, tremor,
paralysis, and sudden death (Nielsen and Danielsen
1975; Smart et al. 1986; Hoefling 1994). Pigs recovering
from the acute phase may have chronic arthritis.
Experimentally infected pigs will be reluctant to move
36 hours post infection. By 60 hours, they have swollen
joints and exhibit lateral recumbence (Vahle et al. 1997).

Haemophilus parasuis is a commensal organism living
in the upper respiratory tract of pigs. It can be isolated
from the nasal and oral cavities and trachea (Oliveira
and Pijoan 2004). H. parasuis can cause acute suppura-
tive rhinitis with loss of cilia in the nasal and tracheal
mucosa (Vahle et al. 1997). This may be the portal of
entry. When H. parasuis causes acute septicemia and
sudden death, this is due to disseminated intravascular
coagulation in response to the bacteria’s endotoxin.

The disease is widespread and relatively common.
Outbreaks occur due to regrouping pigs, at 1-2 weeks
postweaning, and when naive breeding stock are moved
to an endemically infected herd.

The prevalence of clinical disease due to H. parasuis

in nursery pigs appears to have increased since the
1980s. The change may be due to either the use of off-
site early weaning facilities, porcine reproductive and
respiratory syndrome virus (PRRSV), or porcine cir-
covirus type 2 (PCV2). Maternal immunity wanes at 6 to
8 weeks of life. Most pigs have not been colonized by the
H. parasuis bacteria before they are weaned. As maternal
immunity wanes, the whole population of nursery pigs
is susceptible to infection, which enables outbreaks in
these nursery barns (Oliveira et al. 2001). In nurseries af-
fected with PRRSV, pigs often exhibit polyarthritis as
well as clinical signs involving other organ systems. In
these herds, lameness can affect as many as 80% of the
pigs and typically is the result of multiple etiologies, in-
cluding H. parasuis, S. suis, M. hyorhinis, and E. rhu-
siopathiae (Kern 1994).

If pigs are infected with PRRSV a week before the H.
parasuis infection, the alveolar macrophages have a
marked decrease in their ability to kill the bacteria
(Solano et al. 1998). In vitro research conducted by the
same laboratory found different results (Segales et al.
1998). One-third of the pigs affected by postweaning
multisystemic wasting syndrome in Korea were dually
infected by porcine circovirus type 2 and H. parasuis
(Kim et al. 2002).

Clinical H. parasuis is diagnosed by clinical signs;
presence of lesions such as fibrinopurulent exudates in
the peritoneal, pericardial, and pleural cavities; menin-
gitis; arthritis; and bacterial culture of the organism
(Vahle et al. 1997). The bacteria are fastidious and there-
fore, PCR assays may be used to improve the sensitivity
of identifying the bacteria in clinical cases (Oliveira et
al. 2003). However, the positive PCR test must be fol-
lowed by culture for further characterization prior to
implementing a control program.

Conventional pig farms typically have multiple
strains of H. parasuis (Smart et al. 1988). The strains iso-
lated from nasal swabs are often not the same strains iso-
lated from systemically infected pigs from the same
farm (Smart et al. 1993). A new indirect hemagglutina-
tion test used on 300 isolates from North American sub-
missions to diagnostic laboratories showed that serovars
4, 5, 7, and 13 were the most prevalent (Tadjine et al.
2004). Oliveira et al. (2003) found serovar 4 and non-
typable isolates to be the most prevalent in U.S. herds.

If treated early, affected pigs will respond to systemi-
cally administered penicillin (Desrosiers et al. 1986).
Both commercially available and autogenous vaccines
have been used prior to the introduction of breeding
stock to reduce incidence of clinical signs (Smart et al.
1986, 1993; Miniats and Smart 1988).

Often H. parasuis problems in nursery and grower
pigs can be controlled by the use of commercial or auto-
genous vaccines. However, consistent control of H. para-
suis has been difficult because of the serovar diversity
and the lack of cross protection between strains
(Oliveira and Pijoan 2004).
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Table 5.2. Lameness in postweaned pigs and adults.
Disease Clinical Signs Epidemiology Pathology
Apophysiolysis Gradual onset, hind feet slide for- May be end stage of leg weakness Separation of ischial tuba

Asymmetrical hindquarter
syndrome
Back-muscle necrosis

Epiphysiolysis capitis
femoris

Foot-and-mouth disease

Mastitis, metritis, agalactia

Melioidosis

Osteodystrophia fibrosa

Trauma

ward, difficulty in standing,
arched back, dog-sitting; pro-
gresses to lateral recumbency,
crepitation of ischial tuberosity

Reduced muscle mass in hip or
thigh; normal gait

Occurs in 5- to 12-month-old
pigs; difficult movement due to
swollen, hot, uni- or bilateral
lesion of back; chronic muscle
atrophy

Sudden onset of severe lameness
in one or both hindlegs; reluc-
tance or inability to stand, dog-
sitting, squealing, crepitation
and pain over hip, muscle
wasting

Reluctance to stand or move; de-
pression; fever; small vesicles
on snout, coronary band, and
teats and between claws; vesicle
ruptures leaving hemorrhagic,
granular, eroded surfaces; un-
derrunning of hoof horn

Lameness, heat, front feet painful,
digital pulse in fetlock region,
stiff gait, reluctance to move

Usually subclinical; occasionally
acute septicemia, anorexia,
nasal discharge, cough, poste-
rior paresis, death

Signs range from mild, shifting
lameness to inability to stand;
shortened, curved long bones,
enlarged joints and facial bones

Slight to severe lameness due to
sprains and bruising; hoof
cracks and cuts

syndrome or may occur inde-
pendently

Rare

Rare, sporadic, sudden onset; part
of porcine stress syndrome

Part of leg weakness syndrome,
often seen in newly weaned
gilts

Reportable disease; all ages, rapid
spread, high morbidity, 5%
mortality

Widespread, common, sporadic,
lameness uncommon

Zoonotic disease; uncommon,
sporadic

Absolute or relative calcium defi-
ciency, morbidity up to 100%;
secondary hyperthyroidism in
grain-fed pigs due to high phos-
phorus and low calcium

Widespread, common, affects all
ages

Reduced muscle mass in hip or
thigh

Pale, soft, exudative necrosis and
hemorrhage of back muscles

Separation of femoral head at
epiphyseal plate

Acute deaths in piglets, irregular
grayish foci on myocardium

Laminitis

Multiple abscesses with caseous,
green, purulent matter in sub-
cutis, lymph nodes, lung,
spleen, and liver

Distorted bones; bone and mar-
row replaced with fibrous tissue

Referable to clinical signs

Lameness in Growing Pigs and Breeding
Animals

The differential diagnosis of lameness in growing and
breeding animals includes mainly foot rot, leg injuries,
epiphysiolysis, apophysiolysis, osteochondrosis, arthro-
sis, osteomalacia, fractures, and arthritis (Penny 1979;
Wells 1984) (Table 5.2). Leg weakness is a term used to
describe lameness due to osteochondrosis, arthrosis,
epiphysiolysis, and apophysiolysis. In several studies,
osteochondrosis, which is a generalized dyschondropla-
sia, was found to be the most common cause of lame-
ness in breeding-age animals (Grondalen 1974a; Reiland
1975; Hill et al. 1984; Dewey et al. 1993). The second
most important cause of lameness was foot lesions, ei-
ther foot rot, overgrown claws, or torn dewclaws (Dewey
et al. 1993). However, outbreaks of foot problems occur

in breeding herds, where up to 100% of the sows are af-
fected (Penny 1979).

Culling Due to Lameness. Lameness is the second most
common cause of culling in breeding animals, represent-
ing 10-20% of all culled sows (Walker et al. 1966; Reiland
1975; Dagorn and Aumaitre 1978; Karlberg 1979;
Friendship et al. 1986; Dewey et al. 1992). In a compara-
tive study of Landrace sows, 