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Introduction

In dairy cows, the dry period is necessary to replace

senescent mammary epithelial cells (MEC) and to

maximize milk production in the ensuing lactation

(Hurley, 1989; Capuco et al., 1997). An 8-week dry

period has been a management constant for most dairy

farms since World War II (Bachman and Schairer,

2003). Recently, the length of the dry period was re-

evaluated (Grummer and Rastani, 2004). Prominent

among the reasons to change dry period length (DPL)

is the high milk production of our modern dairy cows

compared with the production of cows upon which

conclusions regarding DPL were initially based.
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Summary

The dry period is necessary to facilitate cell turnover in the bovine

mammary gland and to optimize milk production in the next lactation.

An 8-week dry period has long been the golden standard of manage-

ment for dairy cows. Genetic improvements and new management

technologies have led to higher milk production and a need for

re-evaluation of the dry period length. Over the last decade, dry period

length has been proposed to be shortened or eliminated mainly from an

economic point of view. However, the influence of modified dry period

length on the immune defence of the bovine mammary gland and the

occurrence of new intramammary infections has not yet been appreci-

ated. The objective of this review is to discuss the bovine mammary

gland biology, defence and systemic health when the dry period length

is modified. Shortening or eliminating the dry period may minimize or

remove the impact of milk accumulation at dry off, thereby lessening

the immunodeficiency of the dam that is characteristic of this period.

Composition of mammary secretions may change and the extent of

tissue remodelling may be reduced when the dry period is reduced or

eliminated. Additionally, impact of the dry period length on energy and

nutritional status, and on hormonal and local regulatory factors, lead us

to hypothesize that changing the dry period length might also affect the

response to intramammary infection. It is concluded that there is a need

to integrate mammary gland biology and defence mechanisms in studies

dealing with modified dry period lengths.
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Although shortening the dry period has been reported

to cause negligible milk production loss (Gulay et al.,

2003; Schairer, 2001; Bachman, 2002; Annen et al.,

2004a), the majority of recent studies have been con-

sistent with past research and shown that milk yield is

reduced in cows with short dry periods (SDP) (Madsen

et al., 2004; Gulay et al., 2005; Kuhn et al., 2005,

2007; Rastani et al., 2005; Kuhn et al., 2006; Pezeshki

et al., 2007, 2008; Church et al., 2008; Gallo et al.,

2008; Watters et al., 2008). Completely eliminating

the dry period resulted in reduced milk production in

the subsequent lactation (Annen et al., 2004b, 2007;

Andersen et al., 2005; Rastani et al., 2005; Fitzgerald

et al., 2007). Mammary involution and growth occur

during the dry period. These physiological phenom-

ena, together with the animal’s energy status, are gen-

erally accepted to be important factors for milk

production efficiency during subsequent lactation.

However, mammary gland involution and growth

during dry period in SDP cows is poorly understood.

The first half of this review will focus on mammary

gland involution and energy balance of modern dairy

cows with modified DPL during the dry period.

The dry period is also an important time to control

intramammary infections (IMI): (i) at drying off

antibiotics are intramammarily infused to protect the

gland, (ii) there is the physiological clearing of many

bacteria during the mid dry period (after drying off),

(iii) for management reasons the dry period is an

ideal period to treat IMI, and (iv) it is known that

many clinical coliform mastitis cases that occur

during early lactation originate from new IMI at the

end of the dry period (colostrogenesis) (Smith et al.,

1985b). These few examples emphasize the need to

consider the impact of DPL, not only on mammo-

genesis and future milk production, but also on

udder health (Annen et al., 2004a). Curiously, these

phenomena have been studied by lactation physiolo-

gists and mastitis workers, respectively, and have not

been linked. For example, studies conducted during

the last decade for re-evaluation of DPL did not

evaluate the impact of shortened or eliminated dry

periods on mammary and systemic health.

However, experimental evidence suggests that

mammary defence may be affected by modifying the

DPL: (i) Poorer quality of colostrum for calves of

continuous milking (CM) cows has been reported in

some studies and it indicates that the colostrogenesis

period is not sufficient for gamma globulin accu-

mulation in these cows (Remond et al., 1997a).

(ii) Bovine mammary glands are markedly protected

to IMI during mid dry period when fluid volume is

considerably reduced (Neave et al., 1950). On the

other hand, the incidence of new IMI is increased

when milk accumulates in the glands, i.e. during very

early (dry off) and late (colostrogenesis) phases of the

dry period. During this period there is a decline in the

efficacy of lactoferrin and phagocytic activity is

impaired by the accumulation of milk components

(Burvenich et al., 2007) and accumulated casein and

milk can promote microbial growth. (iii) DPL impacts

the amount of milk accumulated in the gland at dry

off and this is inversely related to mastitis resistance.

The mammary gland reduces its capacity to secrete

milk in response to IMI (Harmon, 1994) and we sug-

gest that down-regulation of genes involved in milk

secretion is a well-conserved evolutionary auto-

defence mechanism that enables the lactating animal

to combat invading pathogens more efficiently

(Rinaldi et al., 2009). (iv) Reversible pharmacological

cessation of milk secretion (e.g. by use of colchicine or

endotoxin) can improve the cure rate of IMI by has-

tening the drying off (Patton, 1974; Burvenich and

Peeters, 1980; Oliver and Smith, 1982a,b). (v) The

increased yield at drying off has been associated with

an increased risk of new IMI in the dry period and

calving, mainly because of increased risk of leaking

milk and intramammary pressure, and level of milk

components (Huxley et al., 2002; Bradley and Green,

2004; Rajala-Schultz et al., 2005). The amount of milk

accumulation and its resorption are influenced by

DPL. The slow transition from drying off to the mid

dry period delays the protective characteristics of this

period while milk components level remains high

interfering with leucocyte functions (Sordillo and

Nickerson, 1988). Because DPL influences the kinetics

of involution and the volume and composition of

mammary secretions, it may significantly impact

susceptibility to new IMI during the dry period.

During colostrogenesis, calving and early lactation,

dairy cows experience many endocrine, nutritional

and metabolic changes (Goff and Horst, 1997; Goff

et al., 2002). During this transition period, factors

that are known to influence immune function could

be affected by DPL (Pezeshki et al., 2007). The pur-

pose of this review is to discuss mammary gland

biology and defence when DPL is modified in the

light of indirect findings from the previous research.

Impact of the dry period on milk production in

dairy cows: hypothesis

Four hypotheses have been proposed to explain the

need for a non-lactating period between successive

lactations in dairy cows (Swanson, 1965; Smith

et al., 1967; Swanson et al., 1967; Capuco et al.,

Dry period length and bovine mammary defence A. Pezeshki et al.
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1997). The first hypothesis is nutritionally based,

and suggests that a dry period is required for cows to

have sufficient body reserves before calving to

support optimal milk production in the subsequent

lactation. Determination of DPL based on productiv-

ity and body condition first was proposed by Wood-

ward and Dawson in 1926 [cited by Arnold and

Becker (1936)]. Afterwards, Dickerson and Chapman

(1939) reported that a pronounced reduction in milk

yield was observed in undernourished cows with

SDP. This hypothesis was subsequently disproven

based upon results of between cow and within cow

(within udder) studies. Even if cows exhibited

improved body weight, lower milk production was

observed with zero or 30-day DPL compared with

60-day DPL (Swanson, 1965; Lotan and Alder,

1976). Furthermore, in a half-udder study, reduced

milk yield for CM quarters was observed despite

equal nutrient availability to all quarters (Smith

et al., 1967). The second hypothesis is hormonally

based, and proposes that reduced milk production in

cows with short or no dry periods is resulting from

continuous influence of galactopoietic hormones.

This hypothesis was disproved by Smith et al. (1967)

who, utilizing a within-udder design, demonstrated

reduced milk yield in CM quarters compared with

control quarters, despite exposure of all quarters to

the same endocrine milieu. The third hypothesis was

based on cell number, suggesting reduced MEC

number as a cause for depressed milk yield in cows

with modified DPL. This was invalidated (Swanson

et al., 1967; Capuco et al., 1997), as no differences

in dry fat-free tissue weight, DNA concentration,

total DNA content, or the number of alveoli per

tissue section was observed in quarters with 6-week

differences in DPL. These authors, therefore,

suggested that reduced milk in CM quarters can be

attributed to decreased secretory activity per unit

of mammary secretory tissue and physiological

factors affecting the cells during lactogenesis, rather

than systemic hormonal regulation or MEC

numbers. Using [3H]-thymidine incorporation to

evaluate mammary cell proliferation, Capuco et al.

(1997) demonstrated 80% greater incorporation in

mammary tissue from control (60-day dry) cows

compared with CM cows. They also reported that

total mammary DNA content increased twofold from

53 to 7 days prepartum but was not affected by

lactation status. Therefore, a fourth hypothesis was

proposed, suggesting that a dry period of appropriate

length was necessary for promoting cell turnover

and replacement of senescent MEC during late gesta-

tion (Capuco et al., 1997).

Historical studies and current re-evaluations of dry

period length

A dry period has been used on dairy farms as a man-

agement practice since the 1800 (Arnold and Becker,

1936). At that time, the optimum length of the dry

period was a controversial subject among farmers

(Annen and Collier, 2005). However, in the early

1900s the complete cessation of milking in the

seventh month of pregnancy was adapted as a com-

mon practice for maximizing milk production in the

ensuing lactation (Arnold and Becker, 1936). The DPL

ranging from 4 to 10 weeks was recommended by

many widely used textbooks in dairy husbandry

between 1911 and 1930 (Arnold and Becker, 1936).

Depending on the physical condition of the cow, a

6- to 8-week DPL favoured in the majority of the

texts. The standard practice of drying off the cows,

60 days before parturition, was developed from

dairymen experience. Spurred by the shortage of food

during World War II, a 305-day lactation and 60-day

dry period first was adopted in the United Kingdom

(Knight, 1998) and then in the Unites States (Annen

et al., 2004b). Bachman and Schairer (2003) summa-

rized the results of studies on DPL between 1936 and

1996. They reported that best milk yield in the next

lactation was obtained when DPL was 40–60 days

(e.g. Coppock et al., 1974; Dias and Allaire, 1982;

Funk et al., 1987; Rémond et al., 1992; Makuza and

McDaniel, 1996).

In recent years, it has been considered important

to re-evaluate DPL primarily for the following rea-

sons: (i) most historic studies involved retrospective

analysis of farm data (e.g. DHI) in which milk

yield was regressed against days dry, rather than

utilizing designed animal experiments (Bachman

and Schairer, 2003; Grummer and Rastani, 2004,

2005; Kuhn and Hutchison, 2005), (ii) DPL in older

studies was confounded by reproduction and man-

agement issues. Cows that had been exposed to SDP

were frequently in that category because of early

calving for a variety of reasons (e.g. carrying twins,

spontaneous abortions, missed breeding or dry off

dates), none of which has a positive impact on milk

production in the next lactation (Bachman and

Schairer, 2003), (iii) cow numbers used in older

designed studies were frequently insufficient to

detect small changes in milk yield, (iv) there was

limited information regarding the impact of DPL for

today’s high-producing dairy cows. Modern dairy

cows produce much more milk throughout lactation

and at dry-off than cows from 30 years ago, (v)

Widespread use of new management technologies
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and practices, such as bovine somatotropin (ST),

increased milking frequency, total mixed ration, and

photoperiod management may impact the efficacy of

shortened or omitted dry periods. In contrast to rat

and mouse, which initiate significant mammary

involution within 24 h of forced weaning, bovine

mammary involution is slower and partially revers-

ible after 11 days of milk stasis (Noble and Hurley,

1999). Because mammary involution in dairy cows

is complete by Day 25 of the dry period and signifi-

cant proliferation occurs by this time (Capuco et al.,

1997), a 30-day dry period may be adequate time

for involution and tissue regeneration under appro-

priate circumstances. Therefore, length of the dry

period has become an active area of research and

shortening the dry period to <60 days or eliminating

the dry period have been promoted (e.g. Remond

et al., 1997b; Bachman, 2002; Annen et al., 2004a,

2007; Andersen et al., 2005; Rastani et al., 2005;

Fitzgerald et al., 2007; Pezeshki et al., 2007, 2008).

Bovine mammary gland involution and dry period

length

Mammary gland involution during the dry period

Mammary involution can be induced at any stage of

lactation by terminating milk removal. It appears

that the response to induced involution in ruminant

mammary tissue is slower than that in rodents. For

example, within 24 h of litter removal, mRNA abun-

dance of a-, b- and c-casein was observed to fall by

up to 95% in rat mammary tissue (Travers et al.,

1996). Abundance of casein and a-lactalbumin

mRNA was also reduced in bovine mammary tissue

3 days after cessation of milk removal, but to a lesser

extent than in rodents (Goodman and Schanbacher,

1991). However, after 7 days, aS1-casein and a-lact-

albumin mRNA was reduced by 85% and 99%

respectively (Wilde et al., 1997). The morphological

changes in mammary tissue during the dry period in

dairy animals are less pronounced and distinctly dif-

ferent compared with those seen during mammary

involution in non-pregnant rodents. Morphological

changes during the dry period in dairy cows more

strictly reflect a change in the secretory state of the

mammary gland rather than characteristics of cell

loss and tissue regression. Alveolar structure of

bovine mammary tissue generally remains intact

throughout a typical dry period (Holst et al., 1987;

Wilde et al., 1997). Luminal area in mammary tissue

reaches a minimum on Day 25 of dry period,

whereas stromal area is maximum at the same time

in dairy cows (Capuco et al., 1997). It has been

shown that MEC in ruminants do not regress to the

same extent as occurs in rodents mammary gland

and apparently some synthetic and secretory activity

of these cells are maintained throughout the dry per-

iod (Holst et al., 1987; Sordillo, 1987; Sordillo and

Nickerson, 1988). Sloughing of apoptotic epithelial

cells into the alveolar lumen and detachment from

the basement membrane observed during first

2 weeks of involution in rat and mice is not detect-

able during dry period in dairy cows (Sordillo and

Nickerson, 1988; Hurley, 1989; Capuco et al., 1997).

It has been reported that indices of both proliferation

and apoptosis are increased within the first 10 days

of the dry period (Capuco et al., 2006). Apoptosis

occurs in the bovine mammary gland after milk ces-

sation (Quarrie et al., 1996; Wilde et al., 1997). In

dairy cows, apoptosis increases to a peak during the

first 72 h after dry-off (Annen and Collier, 2005)

and continues throughout late gestation and into

early lactation, reaching a second peak during the

first week after parturition (Annen et al., 2007).

Mammary epithelial cell proliferation increases at or

shortly after the initial increase in apoptosis (Annen

and Collier, 2005). Similarly, proliferation of MEC

increased in non-suckled glands 5–7 days after cessa-

tion of suckling in beef cows (Capuco and Akers,

1990). Although mammary cell loss does not occur

extensively during a standard dry period, tissue

remodelling including changes in cell populations,

alveolar structure and syntheses of extracellular

matrix occur extensively (Holst et al., 1987; Hurley,

1989; Capuco et al., 1997). As a conclusion, exten-

sive cell turnover occurs during the dry period and

the number of epithelial cells rapidly increases dur-

ing the last 2 months of gestation (Capuco et al.,

1997).

With normal management of dairy cows there is

an overlap of lactation and pregnancy. These ani-

mals are also pregnant at cessation of milk removal.

Most likely, increased mammary cell turnover dur-

ing dry period is a consequence of concomitant preg-

nancy and milk removal (Capuco et al., 2006).

Mammogenic and lactogenic stimulation of preg-

nancy tends to counterbalance the apoptotic effects

of accumulated milk at dry off by enhancing cell

proliferation and inhibiting apoptosis (Capuco et al.,

2006). Consequently, concomitant pregnancy

opposes stimuli for mammary involution during dry

period. Similarly, simultaneous pregnancy retards

mammary gland involution after forced weaning

in mice (Capuco et al., 2002). Conversely, the

mammary gland of non-pregnant dairy cows may

undergo extensive destruction of the lobular–alveolar

Dry period length and bovine mammary defence A. Pezeshki et al.
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structure after dry-off, as expected in stage II of

involution (Leitner et al., 2007). Forced weaning of

sheep at 5 days of lactation induced involution

which was complete after 30 days (Tatarczuch et al.,

1977). In species that are not pregnant at cessation

of milk removal, extensive and rapid cell loss occurs

in the mammary gland, followed by gland remodel-

ling to structural similarity to a virgin gland (Capuco

and Akers, 1999; Capuco et al., 2002). Conse-

quently, the process of cell renewal and tissue

remodelling that occurs following dry-off with con-

comitant pregnancy, has been descriptively termed

‘regenerative involution’ (Capuco et al., 2003).

Mammary epithelial cell proliferation and apopto-

sis are controlled by systemic and local factors after

cessation of milk removal. Yet there is a general lack

of research on specific factors involved in local

regulation of bovine mammary gland apoptosis and

involution. Based on data obtained in rodents, the

major systemic effects are exerted by the galactopoi-

etic and lactogenic hormones, prolactin, growth

hormone, insulin-like growth factors (Wilde et al.,

1999) and by systemic glucocorticoid and progester-

one, which can inhibit stage II involution (Ongsakul

et al., 1985; Feng et al., 1995). The level of systemic

lactogenic hormones drops immediately after milking

cessation in vivo (Lamote et al., 2004b). Importance

of the absence of prolactin and ST for mammary

gland involution has been shown in rodents (Marti

et al., 1999). This has also been demonstrated for

cows in vitro (Accorsi et al., 2002). It is known that

in ruminants prolactin only plays a role in the

induction of lactation, while the galactopoiesis in

this species is controlled by ST [119]. However, in

other species like rodents and humans the dominant

role for galactopoiesis and lactogenesis is played by

prolactin rather than ST (Lamote et al., 2004b). It

has been demonstrated that reduction in circulating

concentration of prolactin accelerates the mammary

involution (Wilde et al., 1999). The expression of

Insulin-like growth-factor binding protein 5 (IGFBP-

5), which antagonizes the survival effects of IGF-I, is

repressed in the presence of prolactin, growth hor-

mone and IGF-I (Wilde et al., 1999). IGFBP-5, which

impacts the availability of IGF-I to target tissues, is

secreted locally by MEC. Prolactin reduction caused

by cessation of milk removal reduces its inhibition of

IGFBP-5 expression by epithelial cells and promotes

apoptosis by decreasing the survival activity of IGF-I

(Wilde et al., 1997). Additionally, IGF-I stimulates

MEC proliferation in vitro (McGrath et al., 1991) and

in vivo (Collier et al., 1993). The role of ST is thought

to be managed through elevation of IGF-I (Annen

et al., 2004b). It should be noted that this informa-

tion regarding systemic control of mammary gland

involution and apoptosis is based on findings in

rodents. Apoptosis can be induced by milk stasis in

rodent mammary tissue (Quarrie et al., 1996). Local

control of the MEC apoptosis occurs following accu-

mulation of the local factors in stored milk and/or

MEC and because of physical distension on the

mammary epithelium after milk stasis (Wilde et al.,

1999). IGFBP-5 and transforming growth factor-b1

(TGF-b1) are among the known local factors which

are elevated in stored milk after milk cessation

(Wilde et al., 1999). The role of TGF-b1 is not very

well understood, but it is upregulated when apopto-

sis occurs both in vitro and in vivo (Wilde et al.,

1999). It was beyond the scope of this review to

discuss the mechanisms of survival and apoptosis

in the mammary gland by local growth factors

[reviewed by Lamote et al. (2004b)]. Apoptosis may

be stimulated by physical distension through disrupt-

ing cell shape. It appears that perturbation of mam-

mary cell shape in culture changes intramammary

composition, intracellular free-calcium content and

expression of genes with a role in cell fate and

morphological development in some embryonic

and adult tissue (Huguet et al., 1995; Wilde et al.,

1999). Local control of apoptosis can overcome

the anti-apoptotic effects of galactopoietic hormones.

In addition to interruption of systemic lactogenic

hormones, immediately after cessation of milking

there is also a decrease in galactopoietic hormone

levels (Vangroenweghe et al., 2005). It is suggested

that this interruption in hormonal secretions

can lead to a rapid decline in milk secretion or

down-regulation of differentiated gene expression in

rodents (Vangroenweghe et al., 2005). Thus,

systemic hormones, local factors, pregnancy and

stage of lactation are factors that can affect the rate

of mammary gland involution (Capuco et al., 2002).

Mammary gland involution in cows with modified

dry period lengths

Although some recent studies have demonstrated

small (3.6%) or no decrease in milk production

following SDP with or without bovine ST supple-

mentation in dairy cow (Schairer, 2001; Bachman,

2002; Gulay et al., 2003, 2004), most recent studies,

support previous demonstration of milk yield depres-

sion in cows with SDP (Madsen et al., 2004; Gulay

et al., 2005; Kuhn et al., 2005, 2007; Rastani et al.,

2005; Pezeshki et al., 2007, 2008; Church et al.,

2008; Gallo et al., 2008; Watters et al., 2008).

A. Pezeshki et al. Dry period length and bovine mammary defence

Journal of Animal Physiology and Animal Nutrition. ª 2010 Blackwell Verlag GmbH e11



Discrepancies between the studies reporting an effect

of SDP on subsequent milk production may arise

from a multitude of factors such as, differences in

management schemes, genetic potential of milk pro-

duction, breed, experimental models (between-cow,

within-cow or half-udder model) and the number of

cows used in a specific study (statistical power).

Mammary involution and growth occur during the

dry period and the rate of this process is an impor-

tant factor for milk production efficiency in the next

lactation. The previous literature, either between or

within cow studies, has only compared mammary

gland involution of cows provided a normal dry per-

iod or no dry period. To the best of our knowledge,

there are no data concerning MEC turnover in cows

given SDP. Observed substantial milk production loss

during early lactation rather than other stages of lac-

tation (Lotan and Alder, 1976; Gulay et al., 2005;

Pezeshki et al., 2008) and reduced half udder size

(Gulay et al., 2005) for cows given SDP compared

with control animals can provide evidence for less

developed mammary glands in these animals. Early

events of involution may be inhibited in cows with

SDP (Fig. 1). Lower milk production at dry-off of

cows with SDP can influence early involution

through reduced milk accumulation and induction

of local factors (Fig. 1). As previously described, the

role of local effects in mammary gland involution

can be caused by accumulation of pro-apoptotic fac-

tors in the stored milk and physical distention of the

mammary epithelium during milk stasis (Wilde

et al., 1999) (Fig. 1). Moreover, factors influencing

apoptosis and proliferation may be influenced by

increasing effects of pregnancy as calving approaches

(Fig. 1). Drying off close to parturition to accommo-

date SDP may result in a greater impact of lactogenic

and mammogenic hormones of pregnancy and thus

alter the involution and proliferation profile within

the mammary gland relative to cows with standard

dry periods (Fig. 1).

Although omitting the dry period completly did

not affect the milk production of the next lactation

either without using bovine ST in dairy cows

(Remond and Bonnefoy, 1997) or using bovine ST

in multiparous cow (Annen et al., 2004a), in most

experiments it has resulted in production losses of

10–40% in the subsequent lactation (Sanders, 1928;

Swanson, 1965; Smith et al., 1967; Rémond et al.,

1992; Remond et al., 1997a; Annen et al., 2004a,

2007; Andersen et al., 2005; Fitzgerald et al., 2007).

We have hypothesized that CM does not allow

replacement of senescent and progenitor cells, which

could be an explanation for reduced milk yield for

these animals in the ensuing lactation (Capuco et al.,

1997, 2006). Progenitor cells are responsible for

expanding and maintaining the number of mam-

mary secretory cells (Capuco and Akers, 1999).

Mammary epithelial cell proliferation is higher in

glands that are permitted to have typical dry period

than in those continuously milked prepartum

(Capuco et al., 1997; Annen et al., 2007). Mammary

epithelial cell proliferation is reduced in CM cows

throughout the last 35 days of gestation; however,

net mammary growth in these animals was not

impaired (Capuco et al., 1997). The temporal pattern

of apoptosis is different between CM and control

glands during the dry period and the apoptotic index

is greater in control glands than CM glands during

Physical 
Distension 

Mammogenic 
factors Local factors

Lactogenic 
factors 

Reduced  
accumulated milk 

at dry-off 

Enhanced pregnancy 
effect at dry-off 

Reduced  
milk 

production 

  

SDP 

- + 

Inhibition of early involution

Fig. 1 It is hypothesized that shortening the

length of dry period in dairy cows may inhibit

early events of involution after milk removal

cessation, causing to milk production loss in

the subsequent lactation. Early involution may

be inhibited through reduced milk accumula-

tion and enhanced pregnancy effect at dry-off

in cows subjected to short dry periods (SDP).

Pregnancy may inhibit apoptosis and promote

proliferation by enhancing the mammogenic

and lactogenic stimulations on mammary gland

at dry-off. Apoptosis may be inhibited as a

result of reduced milk accumulation and stored

proapoptotic factors, as well as decreased

physical distension of the mammary epithelium

at dry off in cows with SDP.
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early lactation (Annen et al., 2007). Increased apop-

tosis during early lactation may provide a mecha-

nism for removal of senescent cells and may reflect

the number of new MEC generated during late

gestation (Capuco et al., 2006). Reduced apoptosis

in CM cows or quarters is most likely attributable to

a lack of milk accumulation that provides a local

pro-apoptotic stimulus. A reduction in proliferation

accompanied by a reduction in apoptosis reduces cell

turnover in CM glands and increases carry-over of

senescent mammary cells into the ensuing lactation

(Capuco et al., 1997). Senescent MEC in the follow-

ing lactation would have reduced functionality, i.e.

less secretory ability and less proliferative capability,

and cause reduced milk yield in CM cows or quar-

ters (Capuco and Akers, 1999; Annen et al., 2004b,

2007). Reduced secretory activity per unit of mam-

mary tissue in CM cows was also reported in an

early study (Swanson et al., 1967).

Energy status of cows with modified dry period

lengths

Changes in diet and grouping of cows during the dry

period may lead to increased stress, reduced feed

intake and increased metabolic complications post-

partum (Grummer and Rastani, 2005). Typical feed-

ing management of cows with a traditional dry

period (�60 days) involves two diet changes: far-off

and close up diets (Grummer and Rastani, 2005)

(Fig. 2). The far-off diet with low-energy density is

designed to maintain body condition of the cow and

is delivered during first 5 weeks of the dry period

(Goff and Horst, 1997) (Fig. 2). Subsequently, the

close up diet with moderate-energy density is deliv-

ered during the final 3 weeks of the dry period

(Grummer and Rastani, 2005) (Fig. 2). It is designed

for adaptation of cow and rumen micro-organisms to

the high-energy lactation diet provided immediately

after parturition. Feeding a single diet throughout

the dry period may help reduce the likelihood of

stress and its impact on key physiological parameters

during the dry period and subsequent lactation.

Cows may be over-conditioned and run into

increased incidence of metabolic disorders if fed a

moderate-energy diet for an 8-week dry period

(Rukkwamsuk et al., 1999). Although feeding a

low-energy diet during the 8 weeks can be success-

ful, questions persist about the impact of a sudden

change from low-energy diet to high-energy diet on

fresh cows and the adaptation of rumen micro-

organism (Grummer and Rastani, 2005). Feeding

high-fibre diets increases the population of cellulytic

and methane-producing bacteria, which decreases

the efficiency of utilizing dietary energy (Johnson

and Johnson, 1995). Additionally, length of papillae

and the absorptive capacity of the rumen mucosa

are reduced on low-energy diets, with as much as

50% of the absorptive area lost during the first

7 weeks of the dry period (Dirksen et al., 1985; Goff

and Horst, 1997). Shortening or eliminating the dry

period can permit a single, relatively high-energy

diet to be fed during late gestation (Grummer and

Rastani, 2005) (Fig. 2). Improved dry matter intake,

metabolic profiles, body condition score, body

weight and mean negative energy balance has been

suggested in cows with short (Gulay et al., 2003,

Lotan and Alder, 1976; Gulay et al., 2005; Pezeshki

et al., 2007, 2008; Watters et al., 2008) or omitted

dry periods (Rémond et al., 1992; Andersen et al.,

2005; Rastani et al., 2005). Therefore, shortening

or eliminating the dry period improves the energy

Fig. 2 The schematic illustrates two possible

feeding scenarios for minimizing the stress

caused by dietary changes during dry period.

Feeding the animals with moderate-energy

(scenario I) or low-energy diets (scenario II)

throughout the dry period may cause to milk

production loss in the subsequent lactation.

Shortening the length of dry period can be an

appropriate management strategy for decreas-

ing the negative energy balance at peripartum

minimizing the frequency of dietary changes

and feeding relatively high-energy diets; DPL,

dry period length.
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balance during the final week of gestation and early

lactation, removing the nutritional stress of diet

change, easing the transition to lactation, and reduc-

ing risk of metabolic disease (Pezeshki et al., 2007,

2008) (Fig. 2). However, as mentioned above, most

recent literature supports the results of historic stud-

ies suggesting that milk production is maximal for

cows with 56-day DPL. This further suggests that

milk loss in cows with SDP is most likely related to

incomplete involution rather than metabolic factors.

Does dry period length affect mammary defence?

Dry period length, composition of secretion and new

infections

The importance of the dry period in the dynamics of

IMI in dairy cattle has been studied over many

years. The dry period is an important focus for mas-

titis control strategies in dairy herds (Neave et al.,

1950; Smith et al., 1985a; Oliver and Sordillo, 1988;

Burvenich et al., 2003), because many IMI that

occur during the dry period carry into the next lacta-

tion and cause clinical mastitis (Hogan and Smith,

2003; Sordillo, 2005). We have recently started

developing methods to investigate new aspects of

bovine mammary gland defence with analytical

techniques during the dry period (De Spiegeleer

et al., 2008; Pezeshki et al., 2009). The rate of IMI is

not constant across the dry period (Smith et al.,

1985a; Bradley and Green, 2004). Clinical and

experimental data support the concept that

bovine mammary glands are more susceptible to

new IMI during the early (drying off) and late

(colostrogenesis) dry period than during the remain-

der of the dry period or lactation (Kehrli and Shus-

ter, 1994; Burvenich et al., 2000, 2007; Sordillo and

Streicher, 2002). Increased rates of IMI during tran-

sition periods (drying off and near calving) may be

attributable to changes in natural protective factors

and antibacterial factors, the anatomy and physiol-

ogy of the teat end, and the extent of exposure to

mastitis pathogens (Comalli et al., 1984; Oliver and

Sordillo, 1989). To our knowledge, there are no data

about composition of mammary secretions during

the dry period for cows with SDP, evidence is indi-

rect. Along with changes in mammary histology

during the dry period, dramatic changes occur in

the composition of mammary secretions (Breau and

Oliver, 1985; Bushe and Oliver, 1987; Sordillo and

Nickerson, 1988; Athie et al., 1996). Significant

changes in cellular and chemical composition of

mammary secretions occur during early, mid and

late dry period and we hypothesize that modifica-

tions of DPL may influence the occurrence of new

IMI by altering the composition of mammary secre-

tions during late gestation (Fig. 3).

The secretion of components of both the innate

and acquired immune system is elicited immediately

after milk removal cessation (Clarkson et al., 2004;

Stein et al., 2004). Cell concentrations in milk secre-

tion rise for the first 2 weeks after cessation of milk

removal, and then decrease to become stable during

much of the period (Jensen and Eberhart, 1981;

McDonald and Anderson, 1981a; Miller et al., 1990).

In general, numbers of polymorphonuclear (PMN)

leucocyte (although there is a difference between

Metabolic factors Hormonal/Local factors Nutritional factors

Milk  accumulation 

Natural protective
factors

Intramammary
pressure

Flushing effect End-gestation
disinfection

Composition of
mammary secretions

Short dry period Continious milking

Immune
system

Mammary 
defence

Milk components

Fig. 3 The schematic summarizes the hypoth-

esis that prepartum cellular immune function

and mammary defence may be influenced in

cows with short dry period and in continuously

milked cows.
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PMN and neutrophils, in this review the abbrevia-

tion of PMN is used as equivalent for neutrophils),

macrophages and lymphocytes, and concentrations

of immunoglobulins in mammary secretions remain

low during this period (Craven and Williams, 1985;

Breau and Oliver, 1986; Hurley and Rejman, 1986).

There are some contradictory reports regarding the

major cell types in mammary secretions during the

early dry period. In one report, macrophages were

the major cell type during the early dry period, with

PMN being the predominant cell type 2 days after

termination of milking, followed by macrophages

(McDonald and Anderson, 1981a). In another study,

equal frequency of macrophages, PMN and lympho-

cytes at dry-off were reported, and PMN became the

primary cell type 9 days after dry off (Hirsch, 1987).

In yet another study, macrophages were the

predominant immune cells in secretions from unin-

fected quarters during first 4 weeks of the dry

period, whereas PMN were the major cell type in

infected quarters (Jensen and Eberhart, 1981).

Concentrations of fat, casein, lactose, citrate, a-lactal-

bumin and the citrate to lactoferrin molar ratio

decrease during the first week of dry period (Akers

et al., 1986; Hurley, 1987, 1989; Wilde et al., 1997).

Abundance of b-lactoglobulin mRNA in bovine

mammary tissue remains unchanged 3 days after

cessation of milking (Goodman and Schanbacher,

1991). The concentration of lactose and citrate as

the major regulators of osmolarity in mammary

secretions undergo major reduction during early

dry period in comparison with other components

(Hurley and Rejman, 1986; Hurley, 1987). By

contrast, there are small and inconsistent changes in

concentrations of fat, casein, b-lactoglobulin and

a-lactalbumin in mammary gland secretions. The

concentrations of proteins in mammary secretions,

e.g. serum albumin, and immunoglobulins that

are derived from blood, generally increase while

there is a reduction in mammary fluid volume

during the dry period (Hurley and Rejman, 1986;

Hurley, 1987). This is because of relatively increased

permeability of MEC tight junctions in this period,

permitting passive diffusion of serum proteins into

the alveolar lumen. Immunoglobulins in mammary

secretions originate locally from cells of the lympho-

cyte plasma cell series or they are of humoral origin

(Lavau et al., 1978). The concentration of all

immunoglobulin classes, i.e. IgG1, IgG2, IgA and

IgM, increase markedly by the first week of the dry

period (Watson et al., 1972).

The composition of mammary secretions and mor-

phology of bovine mammary tissue remains

relatively constant during the mid dry period (Oliver

and Bushe, 1987; Sordillo, 1987). In general, consid-

erable changes in mammary gland structure and

function do not occur until parturition (Sordillo,

1987; Sordillo and Nickerson, 1988). Because of

markedly reduced fluid volume and accompanying

changes in mammary secretion (the major constitu-

ents of milk are minimal), the mammary gland is

highly resistant to new IMI during the mid dry

period (Burvenich et al., 2007), especially to Gram-

negative bacteria (Oliver and Mitchell, 1983; Breau

and Oliver, 1986). Lactoferrin, the major protein

found in mammary secretions during this period, is

an important inhibitory component against coliforms

(Oliver and Bushe, 1987; Rejman et al., 1989; Goff

and Horst, 1997; Burvenich et al., 2007). Addition-

ally, reduced citrate and increased bicarbonate

concentrations support the iron-chelating properties

of lactoferrin (Rainard and Riollet, 2006). Bicarbon-

ate is required for the binding of iron by lactoferrin

and can overcome the deleterious effects of citrate

on IMI (discussed later). Citrate is absorbed from the

udder to blood, while bicarbonate diffuses from

blood to the udder (Reiter et al., 1975; Griffith and

Humphrey, 2004). Similarly, immunoglobulin con-

centrations are elevated during this period, but more

moderately than during the early dry period. Lym-

phocytes appear to be the predominant cell type in

uninfected quarters of an involuted udder; however,

large quantities of macrophages are also present. The

number of PMN generally remains lower than lym-

phocytes and macrophages during mid dry period.

Selective transport and accumulation of immuno-

globulins and the onset of copious secretion of pro-

teins, fat, and carbohydrates, and accumulation of

colostrum are main characteristics of lactogenesis–

colostrogenesis (Breau and Oliver, 1986; Sordillo

and Nickerson, 1988). Because of colostrum accu-

mulation, the intramammary pressure increases. This

period most likely begins 15–20 days before parturi-

tion (Sordillo and Nickerson, 1988). Colostrogenesis

occurs in two stages that can be characterized by

both morphological and biochemical changes (Fleet

et al., 1975; Oliver and Sordillo, 1988). In the first

stage, the volume of precolostral fluid in the mam-

mary gland cistern increases slowly over the last

2 weeks of the dry period. In the second stage which

begins immediately prior to parturition, copious

colostral secretion occurs (Fleet et al., 1975). The

permeability of tight junctions is decreased and

synthetic ability of secretory epithelia is increased

during the last 2 weeks of gestation (Oliver and

Sordillo, 1988). The lower permeability of tight
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junctions at calving results in inhibition of paracellu-

lar transfer of serum proteins and ions into milk

(Nguyen and Neville, 1998). Instead, most transport

is via the trans-cellular pathway (Kishimoto et al.,

1989; Nguyen and Neville, 1998). Low concentra-

tions of antibacterial components (phagocytes and

lactoferrin), somatic cells and serum albumin but

high concentrations of casein, lactose, and citrate are

characteristic of mammary secretions at this stage

(Nonnecke and Smith, 1984; Breau and Oliver,

1986; Oliver and Sordillo, 1988). Immunoglobulin

concentration reaches its maximum level in mam-

mary secretions during colostrogenesis, at 5–10 days

before calving (Sordillo and Streicher, 2002). Most

of the IgG in mammary secretions is of humoral

origin, whereas IgA and IgM are produced locally

(Lascelles, 1979). Approximately, 90% of all colostral

immunoglobulins that are transferred to calves is

IgG1 and IgG2. Although the concentration of IgG1

and IgG2 in the bovine blood is roughly identical

(924.3 and 1330.4 mg/dl respectively; Burton et al.,

1991a), IgG1 appears in colostrum in much higher

concentration than IgG2 (50–90 and 1.5–2 g/l

respectively; Elfstrand et al., 2002) and the high

concentration of IgG1 is a unique property of colos-

trum. The IgG class, and IgG1 in particular, is selec-

tively transported from the maternal plasma across

the blood–milk barrier into the colostrum as parturi-

tion approaches, and this process is controlled locally

by MEC (Brandon and Lascelles, 1975; Guy et al.,

1994). Most likely, the neonatal Fc receptor on the

acinar epithelial cell plays an important role in the

IgG transport during colostrogenesis in ruminants

(Mayer et al., 2005). An important role of IgG2

for opsonophagocytosis of bacteria by PMN and

antibody-dependent PMN cytotoxicity has been sug-

gested (Butler, 1983; Detilleux et al., 1994). An early

production of IgM plays a crucial role in resistance

to bacterial and protozoal parasites, in complement

binding activity and efficient bacterial agglutination

reactions (Butler, 1983; Detilleux et al., 1994). The

concentration of immunoglobulins falls with the

onset of copious secretion and accumulation of

secretions in the gland. The lower opsonic activity

(which is associated with IgG2, IgM and complement

components in the presence of complement) of

mammary secretions during the last week of gesta-

tion can be a possible reason for reduced phagocytic

capacity of macrophages and PMN and decreased

effectiveness of mammary secretions as inhibitors of

IMI (Craven and Williams, 1985; Smith et al.,

1985a). Moreover, as a result of indiscriminate

ingestion of fat and casein, phagocytosis and

intracellular bacteriolysis by PMN are likely to

be inhibited during the period of colostrogenesis

(Russell and Reiter, 1975; Russell et al., 1976; Paape

and Guidry, 1977). The molar ratio of citrate:Lf

increases by approximately 100-fold over the last

few days prepartum. Dramatic increase in concentra-

tion of citrate is highly correlated with rapid increase

in fluid volume and onset of copious secretion (Pea-

ker and Linzell, 1975). The number of cells in mam-

mary secretions of uninfected quarters gradually

decreases during the last 2 weeks of gestation. In

contrast to the mid dry period when lymphocytes

are the predominant cells (Miller et al., 1990; Rai-

nard and Riollet, 2006), lymphocyte number

declines during the periparturient period and macro-

phages appear to be the most prevalent cell type

during the late dry period (Jensen and Eberhart,

1981; McDonald and Anderson, 1981b).

Shortening the DPL can result in reduced milk

production at drying off. Therefore, concentrations

of fat, casein, lactose, and citrate which are high at

dry off and interfere with natural defence (Craven

and Williams, 1985; Breau and Oliver, 1986; Hurley

and Rejman, 1986), may be reduced during this

period for SDP cows (Fig. 3). Phagocytes start ingest-

ing milk fat, casein, and cell debris after diapedesis,

which decreases their phagocytic function and

induces apoptosis (Burvenich et al., 2007). Degraded

epithelial cells and accumulated fat and casein are

thought to be heterophagocytosed by macrophages,

which enter the mammary tissue and secretion in

large numbers during early involution. It appears

that there are other factors than fat and casein pres-

ent in the secretion of the involuting gland that may

reduce the phagocytic capabilities of the macrophage

and PMN. These factors may also reduce the respon-

siveness of lymphocytes to antigen stimulation.

There is an effective competition between citrate

and lactoferrin for iron binding and the resulting

iron-citrate complex can be utilized by bacteria

(Schanbacher et al., 1993). Additionally, excessive

milk volume in the udder at dry-off provides an

excellent medium for bacterial growth, which can

utilize casein and lactose (Smith et al., 1985c; Breau

and Oliver, 1986). There also appear to be secretion

components that are either increased in concentra-

tion or are produced during the process of involu-

tion, which can act as growth stimulants for certain

bacteria. Because lower concentrations of natural

protective factors are present in mammary secretions

from glands producing large quantities of milk

during late lactation (Smith et al., 1985c; Breau and

Oliver, 1986), shortening the dry period may
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increase the concentration of these naturally protec-

tive factors via reduced milk production when cows

are dried off (Fig. 3). Moreover, increased intramam-

mary pressure caused by accumulation of a large

volume of milk, which may cause leakage of milk

from the teats and facilitate bacterial penetration of

the streak canal, can be minimized by shortening

DPL (Cousins et al., 1980; Burvenich et al., 2007)

(Fig. 3). A positive correlation between the quantity

of milk produced during late lactation and suscepti-

bility to new IMI has been reported by others

(Oliver et al., 1956).

We hypothesize that shortening or eliminating the

dry period will lessen the occurrence of new IMI.

Milking cows until parturition removes the immuno-

deficiency brought about by milk accumulation

when drying off to initiate a dry period (Fig. 3). The

literature dealing with the effect of CM on IgG and

protein content of colostrum are controversial. A

few authors claim that CM negatively impacts IgG

and protein content of colostrum (Brandon and

Lascelles, 1975; Remond et al., 1997b; Rastani et al.,

2005). However, Annen et al. (2004a) did not see

any effect of CM on IgG content. Colostrogenesis, in

terms of changes in cellular and fluid composition,

is not affected by shortening the dry period

(Remond et al., 1997b; Annen et al., 2004a; Gulay

et al., 2005; Rastani et al., 2005; Watters et al.,

2008). The bacterial flushing effect of milking con-

tinues uninterrupted when cows are given no dry

period (Fig. 3). This is important for removing bacte-

rial invaders colonizing the streak canal, teat cistern,

or gland cistern and/or compromised PMN (Paape

et al., 1995). Continuous milking may improve the

efficiency of the immune system and improve teat

end disinfection during late gestation (Fig. 3). The

change in number and activity of macrophages,

lymphocytes and PMN, the molar ratio of citrate :

lactoferrin, the concentration of soluble components

such as a-lactalbumn, b-lactoglobulin, albumin,

immunoglobulins, proteins, peptides, fat, lactose and

caseins during the prepartum period requires

additional study in cows with short or omitted dry

periods because of the potential impact on IMI.

Dry period length and function of circulating immune

cells

We are unaware of data pertaining to the immune

status of cows given short or no dry periods before

parturition. Research directed at understanding the

status of the innate and acquired immune factors

during the prepartum period for cows given short or

no dry periods may provide important data concern-

ing the interaction of DPL and immune function of

dairy cows. Dairy cows experience many endocrine

(Burvenich et al., 1999; Paape et al., 2002) and

sudden metabolic changes during the periparturient

period (Goff and Horst, 1997; Goff et al., 2002).

Acute deficiencies of nutritional factors that are

necessary for maintenance of the immune system

occur when parturition approaches and this can last

from a few days to several weeks (Goff and Horst,

1997). It seems logical that modifications of DPL

may influence the cellular immune status of cows by

altering the metabolic, hormonal/local or nutritional

status at prepartum (Fig. 3).

Modulation of leucocyte function by metabolic factors

It appears that the prepartum metabolic profile is

altered in cows with modified DPL. Low glucose,

ketosis, fatty liver, and elevated non-esterified fatty

acids (NEFA) are known to have negative effects on

immune function in cattle (Targowski and Klucinski,

1983; Hoeben et al., 1997, 2000; Kaneene et al.,

1997; Wentink et al., 1997; Sartorelli et al., 1999;

Lacetera et al., 2001, 2005; Burvenich et al., 2007).

Lower concentrations of NEFA periparturiently have

been reported for cows with SDP or omitted dry

periods (Andersen et al., 2005; Rastani et al., 2005;

Pezeshki et al., 2007; Watters et al., 2008). Beta-

hydroxy butyrate (BHBA) and glucose concentra-

tions remain unchanged periparturiently between

cows with standard and shortened or eliminated dry

periods (Rastani et al., 2005; Pezeshki et al., 2007).

However, lower concentrations of BHBA in early

lactation and higher concentrations of glucose at

peripartum have also been reported in CM cows

(Andersen et al., 2005). We demonstrated that

serum concentrations of triglycerides do not differ

between SDP and control cows (Pezeshki et al.,

2007). Concentrations of liver triglycerides and liver

glycogen in CM and SDP cows do not differ from

those of cows on standard dry periods at prepartum

but may have lower liver triglycerides than controls

during the subsequent lactation (Andersen et al.,

2005; Rastani et al., 2005).

Lymphocyte function and number are reduced by

a negative energy balance. Blood T-cell populations

decrease as parturition approaches and reach a nadir

at calving (Kimura et al., 1999a). Impaired lympho-

cyte function and response to mitogens around

parturition have been demonstrated (Kehrli et al.,

1989b; Saad et al., 1989; Lacetera et al., 2005). The

CD4:CD8 T cells ratio in bovine blood varies depend-

ing on the lactation stage, and this ratio is 3:1
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around calving (Hurley et al., 1990; Park et al.,

1992; Shafer-Weaver et al., 1996; Lacey-VanKampen

and Mallard, 1998). In general, lymphocyte and

granulocyte function may be inhibited by increased

levels of ketone bodies and/or NEFA, and by

decreased levels of glucose and/or insulin (Kremer

et al., 1993; Wentink et al., 1997; Sartorelli et al.,

2000; Lacetera et al., 2002, 2004). Ketosis and fatty

liver have also been associated with leucopenia (Reid

et al., 1986; Franklin et al., 1991). This is because

glucose provides the major energy supply for leuco-

cytes (Weisdorf et al., 1982), whereas ketone bodies

are highly diffusible and less metabolizable by leuco-

cytes (Lavau et al., 1978; Lean et al., 1992). Body

condition score reflects the energy status that may

influence lymphocyte function in cows around calv-

ing (Lacetera et al., 2005). It has been shown that

peripheral blood mononuclear cells from fat cows

secrete less IFN-c than those from thin cows or cows

of medium condition 1 week before calving (Laceter-

a et al., 2004). Several mechanisms have been sug-

gested to account for interference of fatty acids with

lymphoid cell functions: perturbation of properties of

cellular membranes, suppression of cytokine synthe-

sis, formation of lipid peroxides and induction of

necrosis or apoptosis (De Pablo and De Cienfuegos,

2000).

Important PMN functions, like migration and

phagocytosis, are also impaired at parturition and

may be attributed to negative energy status and

endocrine changes (Kehrli et al., 1989b; Saad et al.,

1989). The phagocytic capacity of macrophages is

also decreased at parturition. Adhesion molecules

CD62L (L-selectin) and CD11b/CD18 (Mac-1) are of

vital importance for migration of blood PMN to the

site of inflammation (Burton et al., 1995; Nagahata

et al., 1995; Lee and Kehrli, 1998; Preisler et al.,

2000). Decreased expression of L-selectin on circula-

tory PMN has been reported around parturition

(Kimura et al., 1999b; Meglia et al., 2001; Monfardi-

ni et al., 2002). The expression of Mac-1 on bovine

PMN was shown to be increased gradually as partu-

rition approaches (Lee and Kehrli, 1998). These phe-

nomena are responsible for the short lasting increase

in circulatory PMN around parturition. The activity

of myeloperoxidase by bovine PMN begins to decline

from baseline approximately 2 weeks prepartum and

reaches a minimum level during the first 7–10 days

postpartum (Kimura et al., 1999b). Phagocytic activ-

ity of bovine PMN is reduced in parallel with

decreased serum glucose concentrations (Newbould,

1973). Negative relationships between PMN func-

tions and plasma concentrations of ketone bodies

have previously been described for sheep, dairy cows

and human (Hoeben et al., 1997, 2000; Sartorelli

et al., 2000; Suriyasathaporn et al., 2000; Burvenich

et al., 2007). The phagocytic activity of blood

and milk macrophages is also decreased when cells

are incubated in vitro with BHBA and acetoacetate

(Klucinski et al., 1988).

Modulation of leucocyte function by hormonal factors

There is very little information about changes in sys-

temic and local endocrine factors that are influenced

by DPL in the peripartum period. Greater concentra-

tions of serum oestradiol before calving were

reported for cows with traditional dry periods than

for cows with no dry period (Gumen et al., 2005).

However, circulating progesterone was not altered

by DPL in the same experiment (Gumen et al.,

2005). Plasma insulin and ST concentrations during

late pregnancy were not influenced by omission of

the dry period, but greater concentrations of insulin

were reported for CM cows during early stages of

the next lactation (Andersen et al., 2005). We

showed that serum concentration of insulin and

IGF-I in early lactation were not influenced by

shortening length of the dry period (Pezeshki et al.,

2007).

Lymphocyte function and number are influenced

by hormonal and local changes. Insulin may influ-

ence the activity of lymphocyte subpopulations by

interfering with the expression of insulin-like growth

factors (Kooijman et al., 1992). Corticosteroids are

known to inhibit lymphocyte activation (Guidry

et al., 1976) and high concentrations of serum corti-

sol at parturition may influence lymphocyte activity

in cows (Ishikawa, 1987), as glucocorticoids are

known to suppress immunity (Roth et al., 1982b;

Lan et al., 1995). The previous literature has shown

that dc T cells in the blood, IgM in mammary secre-

tions and expression of major histocompatibility

complex on mononuclear cells are all decreased by

glucocorticoids (Nonnecke et al., 1997; Kehrli et al.,

1999; Burton and Erskine, 2003). Regulatory roles

of steroid hormones on maternal immune response

during pregnancy have been proposed (Siiteri

et al., 1977), and it has been demonstrated that

progesterone inhibits lymphocyte activation in vitro

(Mendelson et al., 1977; Wyle and Kent, 1977; Mori

et al., 1997). Recombinant bovine ST (rbST)

improves T-cell proliferation (Burton et al., 1991b),

increases the proliferative responsiveness of periph-

eral blood lymphocytes (Burton et al., 1991b),

enhances the number of circulating PMN (Burton

et al., 1992) and augments the production of
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reactive oxygen intermediates in the phagosome of

neutrophils (Arkins et al., 1993).

Alterations in hormonal and local factors can also

influence PMN function and number. Corticosteroids

are released from the adrenal cortex in response to

stress and can have significant effects on the circula-

tion and functional capacities of immune cells (Roth

and Flaming, 1990; Dhabhar et al., 1995; Dhabhar

and McEwen, 1996). Neutrophilia is induced by

corticosteroids, by an increasing output of PMN from

the bone marrow and by increasing PMN demargin-

ation from the blood vessel wall (Roth et al., 1982b;

Lee and Kehrli, 1998). PMN function is impaired and

blood leukogram is altered by high concentrations of

cortisol (Murray and Chenault, 1982; Roth et al.,

1982a; Jayappa and Loken, 1983; Burton et al.,

1995). Changes in progesterone, oestradiol, IGF-I and

ST have the potential to modify PMN and lymphocyte

functions (Moreira da Silva et al., 1997). Enhanced

PMN function in response to rbST has been reported

(Kelley, 1989; Burvenich et al., 1999). However, no

effect of rbST on chemiluminescence, diapedesis and

the expression of adhesion receptors of circulating

PMN was reported in another study (Hoeben et al.,

1999). IGF-I inhibits apoptosis of freshly isolated

peripheral blood PMN, without altering the secretion

of IL-8, IL-6 or TNF-a by these cells (Kooijman et al.,

2002). A high level of progesterone negatively affects

in vitro PMN oxidative burst activity (Moreira da Silva

et al., 1997). Prepartum changes in bovine PMN

functions have been linked to high 17b-oestradiol

concentrations in blood plasma (Roth et al., 1982a,

1983; Burvenich et al., 2007). Conversely, the oxida-

tive burst activity of PMN from ovariectomized cows

was not changed significantly in vitro at both physio-

logical and pharmacological levels of progesterone,

17b-oestradiol and oestrone (Winters et al., 2003).

The number of viable PMN was decreased after

17b-oestradiol treatment, but no effect of progester-

one was found (Lamote et al., 2004a). 17b-oestradiol

treatment was shown to inhibit the proliferation of

granulocyte progenitor cells in vitro (Van Merris et al.,

2004). In general, the influence of sex steroids on

PMN function and number is very complex and their

mechanism of action is not completely understood.

Furthermore, some discrepancies have been found

between in vitro and in vivo studies. Information on

the interaction between sex steroids and bovine PMN

is also scarce (Burvenich et al., 2003). It has been

hypothesized that 17b-oestradiol may contribute to

the induction of a compromised PMN function around

parturition (Burvenich et al., 2007). Recently, we

detected oestrogen receptors on bovine blood PMN at

both protein and mRNA level (Lamote et al., 2006,

2007). Glucocorticoids prevent PMN margination by

reducing the expression of L-selectin and CD18 on

PMN (Burton et al., 1995). In conclusion, PMN

function in dairy cows is most likely affected by

multitude of endocrine factors.

Modulation of leucocyte function by nutritional factors

The function and number of PMN and lymphocytes

are also influenced by changes in nutritional factors.

Chronic decreases in retinol, a-tocopherol, Zinc and

selenium in plasma are associated with severe health

problems and loss of immune function (Herdt and

Stowe, 1991; Michal et al., 1994; Smith et al., 1997).

These micronutrients are cellular antioxidants,

preventing peroxidative damage in cell membranes

(vitamins) or in the cytoplasm (trace elements), and

are essential for proper functioning of the immune

system (Miller et al., 1993; Weiss, 2002). Phago-

cytosis and intracellular killing of some mastitis

pathogens by PMN is suppressed by selenium defi-

ciency (Gyang et al., 1984; Smith et al., 1984, 1997;

Grasso, 1987). High concentrations of 1,25-(OH)2 D

are known to impair PMN function and lymphocyte

blastogenesis (Lemire et al., 1985; Reichel et al.,

1987). Adhesion of circulating leucocytes to the

vascular endothelium is critical for effective host

inflammatory and immune responses (Paape et al.,

1991). Calcium and magnesium are required for

proper expression of the CDllb epitope on PMN

(Leino and Sorvajarvi, 1992; Leino and Paape,

1993). The CDllb epitope together with CD18 forms

the complement receptor 3 (CR3). This receptor is

essential for adherence of PMN to endothelium and

their subsequent recruitment to sites of infection

(Kehrli and Shuster, 1994). The CR3 receptor also

promotes binding of both unopsonized bacteria

and C3bi opsonized bacteria. Moreover, phagocytosis

of opsonized and unopsonized Escherichia coli is

calcium- and magnesium-dependent (Dosogne et al.,

1998). A lowered bactericidal activity of blood

leucocytes in cattle and sheep may be caused by

copper deficiency (Jones and Suttle, 1981; Xin et al.,

1991), probably because of decreased superoxide

dismutase activity of PMN caused by copper defi-

ciency (Xin et al., 1991). Function of lymphocytes

and PMN also are impaired during retinol deficiency

(Ongsakul et al., 1985; Tjoelker et al., 1988). In vitro

phagocytosis and intracellular killing of live Staphylo-

coccus aureus by bovine milk PMN are stimulated by

retinol and retinoic acid (Tjoelker et al., 1990). b-

carotene increased the killing ability of blood and

milk phagocytes (Daniel et al., 1991b) as well as
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in vitro proliferation of peripheral blood lymphocytes

(Daniel et al., 1991a) from peripartum dairy cows.

An association has been found between plasma vita-

min E concentration and PMN function and IMI rate

(Hogan et al., 1989, 1992; Kehrli et al., 1989a; Weiss

et al., 1990). Deficiency of a-tocopherol reduces

phagocytic cell function (Boxer et al., 1979; Boxer,

1986; Hogan et al., 1990). Vitamin E and glutathione

peroxidase both are cellular antioxidants at mem-

brane and cytosol, respectively, protecting phagocy-

tic cells and surrounding tissues from the destructive

action of toxic oxygen molecules (Putnam and Com-

ben, 1987; Hogan et al., 1990, 1993). 1,25-(OH)2 D

induces less production of IFN-c and IL-2, and more

IL-4, IL-5, and IL-10 by lymphocytes (Daynes et al.,

1996). Beneficial effects of vitamin A and b-carotene

on lymphocyte function have also been noted

(Chew, 1987). We demonstrated that all-trans- and

9-cis-retinoic acid stimulate the growth of granulo-

cytes colonies (Van Merris et al., 2004). In general,

dietary deficiencies have been associated with

increased prevalence of mastitis. For example, when

concentration of vitamin E is the lowest in dairy

cows, the occurrence of IMI is the highest and

function of PMN is depressed. Function of PMN and

lymphocytes is influenced negatively as a result of

deficiency of nutritional factors. To our knowledge,

there is no information about alteration in nutri-

tional factors periparturiently in cows with modified

DPL.

Conclusion

The results of most recent studies on DPL support

past research, indicating that 8-week DPL is still

required for today’s high-producing cows for maxi-

mal milk production in the subsequent lactation.

Omitting the dry period completely in dairy cows

causes considerable milk production loss in the next

lactation. This is most likely attributed to reduced

cell turnover and replacement of senescent MEC and

progenitor cells during late gestation in these

animals, so that senescent MEC have less secretory

ability and proliferative capability in the following

lactation. However, there is some evidence that

administration of bovine ST during lactation may

reduce the necessity for an 8-week dry period. While

mammary involution has previously been studied in

CM cows and cows with traditional dry periods,

there is no information about mammary involution

and cell kinetics in cows with SDP, and more

research in this area would be beneficial. Milk yield

depression in cows with SDP may be explained by

inhibited early events of involution, as a result of

enhanced inhibitory effects of pregnancy on MEC

loss and lower milk production at drying off. Short-

ening or eliminating the dry period, however, was

shown to improve energy status of periparturient

cows by reducing the frequency of dietary changes

and facilitating delivery of a high-energy diet at the

end of gestation. Thus, it appears that milk loss

in the subsequent lactation in cows with SDP or

omitted dry periods is mainly a result of altered

mammary involution and cell proliferation, rather

than systemic effects of metabolic factors.

Very little is known about the immune status of

cows with modified DPL. Particularly, the bovine

mammary gland defence in cows with modified DPL

is an area in need of further research. Shortening

the dry period may improve the ability of the

immune system to combat IMI, which is typically

compromised at dry-off. We predict this to be a

consequence of minimizing the accumulation of milk

or its components in the mammary gland, because

this accumulation interferes with efficacy of phago-

cytic components of the immune system. Milking

cows continuously may also strengthen the immune

system by not only removing milk accumulation

effects, but by increasing the flushing and teat end

disinfection during late gestation. Modifying the

length of the dry period may influence the rate of

new IMI occurrence during the dry period, by

changing the composition of mammary secretions.

Additionally, the immune system of cows with

altered DPL may be influenced periparturiently by

the impact on metabolic, hormonal, local and

nutritional factors. We conclude that there is a need

to integrate mammary gland biology and defence

mechanisms in studies dealing with modified DPLs.

In this review, we have presented evidences for a

negative association between the level of milk

production (and milk accumulation) at dry-off, and

cure rate of IMIs. Reduced milk accumulation at

drying off lessens the immunodeficiency over this

period by hastening the process of early involution.

During the mid dry period there is no milk secretion,

and inflammation is not necessary for the defence

of the gland against invasion of pathogens. Conse-

quently, there is less damage to cells. In many cows,

milk production decreases gradually as lactation

proceeds and calving approaches. However, in some

cows, milk production does not show such a striking

gradual decrease and milk production remains high

until the end of lactation. Specifically in these

cows, shortening the DPL permits having a pro-

longed lactation and consequently minimized milk
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production at dry-off. Immune deficiency might be

reduced in SDP cows because of low milk production

at dry-off. In addition to management of the DPL,

there could be other options to achieve this goal. A

small molecular weight glycoprotein, feedback inhib-

itor of lactation (FIL), has been proposed to be

involved in the reduction of milk synthesis and

functional differentiation of secretory cells at milk

stasis (Knight et al., 1998). Identification and charac-

terization of new molecules may open perspectives

for the development of new drugs. Proteomics and

peptidomics should be of great help in identifying

the candidate proteins and peptides involved in local

control of milk secretion. These molecules and their

possible interactions with FIL may provide important

keys to manipulating early involution and mammary

defence. Finally, modification of the length of

calving interval could be another management

option to manipulate the involution process after

milk cessation. Although, economically desired

calving interval is now around 1 year, lengthening

the calving interval might have a modulatory effect

on mammary defence against infections in terms of

relatively reduced milk production and lowered

immunodeficiency over drying off in these cows.

There is, however, no direct evidence to change the

management of the dry period in terms of mammary

defence.
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