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ABSTRACT

Bovine mammary gland involution, as a part of the 
reproductive cycle in dairy cows, is a very important re-
modeling transformation of the mammary gland for the 
subsequent lactation. There is considerable incentive to 
accelerate mammary gland involution to improve ud-
der health, shorten the dry period, and simplify the 
management process by reducing dietary changes. The 
complex process of mammary involution is character-
ized by morphological changes in the epithelial cells 
and mammary tissue, changes in the composition of 
mammary secretions, and changes in the integrity of 
tight junctions. Involution is facilitated by elements 
of the immune system and several types of proteases 
and is coordinated by various types of hormones. This 
review first describes the involution process and then 
argues for the need to accelerate it. Last, this review 
focuses on various intervention methods for accelerat-
ing involution. Our aim is to provide a comprehensive 
overview of bovine mammary gland involution as well 
as potential techniques and new opinions for dry cow 
management.
Key words: lactation, milk synthesis, mammary, 
management

INTRODUCTION

The transition from lactation to a dry period is a very 
critical phase in the reproduction cycle of dairy cows. 
Dry cow management, including the length of the dry 
period, is important for the health, milk production, 
and fertility of dairy cows in subsequent lactations. 
The absence of teat stimulation and udder emptying 
triggers the mammary gland to regress during a re-
modeling process known as active involution or, simply, 
involution. This physiological event involves a decrease 
in the synthesis and secretion of milk components by 

mammary epithelial cells, the renewal of a portion of 
the mammary epithelium, the activation of different 
proteases, and an increase in the permeability of tight 
junctions between epithelial cells. However, the exact 
elements triggering involution events have not been 
fully elucidated.

Once mammary gland involution is complete, the ud-
der is more resistant to bacterial infections. In addition, 
a fast, active involution may render a shortened dry pe-
riod feasible. Thus, a strategy to hasten the involution 
process would be beneficial to dairy farmers in terms 
of profitability and to dairy cows in terms of health. 
In this article, we review what happens in the bovine 
mammary gland during the transition from lactation 
to a dry period and describe various drying-off strate-
gies that could be used to accelerate mammary gland 
involution.

WHAT IS MAMMARY GLAND INVOLUTION?

Mammary gland involution is defined as the process 
through which the gland returns to a nonlactating state. 
There are 3 types of involution: gradual involution is 
the regression of the lactation function during progres-
sion of a normal lactation, senile involution occurs at 
the end of a mammal’s reproductive life, and active 
involution or initiated involution is the process that 
occurs in the mammary gland after cessation of milking 
during forced or natural weaning (Hurley, 1989).

Typically, a dry period in dairy cows can be divided 
into 3 stages. The first stage starts right after the final 
milk removal and corresponds to the moment of ac-
tive involution, when the mammary gland undergoes 
a series of remodeling processes. The second stage is a 
stationary period, during which the mammary gland 
is in a resting state. The third stage is a period of 
preparation for the next lactation, during which the 
mammary gland undergoes redevelopment and begins 
colostrum formation (Hurley, 1989; Oliver and Sordillo, 
1989). Active involution is fully initiated within 2 d 
after cessation of milking and seems to last approxi-
mately 21 d in the cow (Hurley, 1989).
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What triggers the involution process in cows is 
still uncertain. It has been suggested that mammary 
gland involution in goats is triggered by an increase 
in intramammary pressure, whereas withdrawal of the 
suckling stimulus seems to be more important in ro-
dents (Fleet and Peaker, 1978). Additionally, the milk 
stasis that occurs after cessation of milking could lead 
to the accumulation in the gland of factors that inhibit 
milk synthesis and secretion by decreasing mammary 
epithelial cell activity and triggering involution. These 
factors are chemical in nature and include several po-
tential candidates. One candidate was a protein of 10 
to 30 kDa present in the whey fraction of goat milk, 
named feedback inhibitor of lactation, and its infusion 
into the mammary gland depressed milk secretion in 
goats (Peaker and Wilde, 1996). However, to the best of 
our knowledge, feedback inhibitor of lactation has not 
been identified in cows. Instead, Silanikove et al. (2000) 
showed that β-CN 1–28 closed potassium channels, in-
hibited milk secretion, and affected the tight junction 
function. This fragment could initiate the mammary 
gland involution. However, additional experiments are 
needed for the confirmation. A more promising candi-
date could be serotonin. Stretching of the alveoli has 
been shown to induce the expression of the limiting 
enzyme (TPH1) for the synthesis of serotonin (Mat-
suda et al., 2004). Hernandez et al. (2008) showed that 
serotonin infusion reduced milk synthesis, whereas 
blocking the serotonin receptor increased milk synthe-
sis, and the authors proposed serotonin as a feedback 
inhibitor of lactation in the bovine. In vitro, serotonin 
has been shown to suppress β-CN expression by inhibit-
ing STAT5 activation (Chiba et al., 2014). Additional 
evidence to support the role of serotonin in mammary 
gland involution has been summarized in several recent 
reviews (Collier et al., 2012; Horseman and Collier, 
2014; Hernandez, 2018). Whether other factors are also 
involved in triggering involution in cows still needs to 
be determined.

Active involution is a complex event that transforms 
the structure and composition of the mammary gland 
after intense milk production during the lactation 
period. This remodeling process is characterized by 
numerous cellular and molecular changes that lead to 
renewal of the mammary epithelial cell population. The 
changes involve a decrease in milk component synthesis, 
an increase in apoptosis of secretory alveolar cells, an 
increase in tight junction permeability between alveolar 
epithelial cells, the activation of several proteases in 
combination with the inactivation of their inhibitors, 
and the loss of cell–cell and cell–extracellular matrix 
contacts. These different physiological events during 
active involution are discussed next.

Mammary Gland Involution Induces Morphological 
Changes in Epithelial Cells and Mammary Tissue

The rapidity and degree of mammary gland involu-
tion vary across species. Such variations are best exem-
plified by the comparison between rodents (the most 
widely studied mammals) and ruminants. In rodents, 
mammary gland involution is characterized by a reduc-
tion in milk component synthesis (Quarrie et al., 1996), 
a marked decrease in the size and number of ducts, 
and a drastic reduction in epithelial cell numbers due 
to apoptosis 2 d after weaning (Walker et al., 1989; 
Guenette et al., 1994; Quarrie et al., 1996). Indeed, the 
secretory tissue regresses dramatically during involu-
tion and returns to a state close to that of the virgin 
mammary gland. Although a small number of epithelial 
cells are shed directly into the alveolar lumen, exten-
sive apoptosis is mainly responsible for the reduction in 
mammary epithelial cell numbers during involution in 
rodents (Walker et al., 1989). The apoptotic epithelial 
cells are phagocytized mainly by macrophages and are 
enzymatically degraded in heterolysosomes (Walker et 
al., 1989). The number of macrophages is effectively 
enhanced in the mammary tissue during this period 
to support elimination of the apoptotic cells (Walker 
et al., 1989). A small proportion of apoptotic epithe-
lial cells are also phagocytized by other epithelial cells 
(Walker et al., 1989). This is why there is an increase in 
the activity of lysosomal enzymes, such as cathepsin D, 
acid phosphatase, arylsulfatase, and β-glucuronidase, 
in both epithelial cells and macrophages during early 
involution in the rat (Helminen et al., 1968; Helminen 
and Ericsson, 1970). In both mice and rats, the dra-
matic increase in epithelial cell loss by apoptosis occurs 
during the first 3 d of involution (Walker et al., 1989; 
Guenette et al., 1994; Quarrie et al., 1996). This in-
tense phase of apoptosis of the mammary epithelium is 
considered the first step of active involution in rodents 
and is reversible (Lund et al., 1996). Then, 3 to 4 d 
after weaning, the second and irreversible step of ac-
tive involution is triggered and involves intense tissue 
remodeling through the action of different proteases 
and macrophages. Another feature of mammary gland 
involution in rodents is the increased appearance of 
large cytoplasmic vacuoles and vesicles containing pro-
tein globules and lipids (Walker et al., 1989; Guenette 
et al., 1994). These vesicles accumulate in the secretory 
epithelial cells because of the reduced secretion of milk 
components.

Unlike in rodents, the lobuloalveolar structure is 
maintained during involution in ruminants and particu-
larly in cows (Akers et al., 1990; Capuco and Akers, 
1999). The bovine mammary gland does not regress to 
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the same extent as the rodent mammary gland does. 
There is no apparent loss of mammary cells during this 
remodeling process in dairy animals (Capuco and Ak-
ers, 1999). This difference relative to rodents may be 
explained partly by the fact that dairy cows are usually 
pregnant during the drying-off period. Therefore, the 
hormonal and local signals acting on mammary gland 
development during pregnancy may counteract those 
acting during involution in the cow. Indeed, the size 
and integrity of alveoli were maintained after 3 d of 
involution in pregnant mice, and concomitant preg-
nancy decreased the apoptosis rate and increased the 
proliferation rate of mammary epithelial cells observed 
compared with nonpregnant mice 3 d after weaning 
(Capuco et al., 2002). However, it has been shown that 
even in nonpregnant cows, the number of apoptotic 
bodies was only slightly increased during involution 
compared with the massive cell death that occurs in 
rodent involution, suggesting that a real species differ-
ence exists between rodents and ruminants.

In lactating ruminants, the mammary epithelium 
comprises a monolayer of cuboidal-shaped mammary 
epithelial cells that are well polarized, surrounded by 
myoepithelial cells, and circumscribed by a basement 
membrane (Holst et al., 1987; Singh et al., 2005). The 
area occupied by the alveolar lumen in the secretory 
tissue is predominant, whereas the stromal area is at 
its minimum and the epithelial area is at its maxi-
mum (Holst et al., 1987; Singh et al., 2005; Colitti and 
Farinacci, 2009). The alveoli are uniform, contain a 
large proportion of epithelial cells, and are distended 
and filled with milk (Wilde et al., 1997; Singh et al., 
2005). The epithelial cells contain numerous small se-
cretory vesicles and fat droplets, an extensive rough 
endoplasmic reticulum, a well-developed Golgi appara-
tus, and many mitochondria (Holst et al., 1987; Singh 
et al., 2005). The epithelial cells also contain many 
small vacuoles in their apical half, and the nucleus is 
centrally or basally located (Holst et al., 1987; Colitti 
and Farinacci, 2009). The microtubules are predomi-
nantly in the apical side of the epithelial cells and are 
oriented perpendicularly to the cell apex (Nickerson 
et al., 1982), indicative of their roles in the process of 
milk component secretion.

Once milking is stopped, numerous modifications 
in the composition of the mammary tissue and in the 
ultrastructure of the epithelial cells occur. These modi-
fications reflect the changes in the secretory activity of 
the mammary gland. Overall, the number of organelles 
involved in milk component synthesis and secretion 
and the number of secretory vesicles decline abruptly, 
indicative of the decrease in mammary epithelial cell 
activity. In bovines, 2 d after cessation of milking, the 
rough endoplasmic reticulum is intact, but the number 

of mitochondria is reduced and the Golgi apparatus 
is less evident compared with during lactation (Holst 
et al., 1987). Large vacuoles appear within mammary 
epithelial cells and increase in number as involution 
advances, leading to condensing of the other organelles 
in the intracellular space (Holst et al., 1987). These 
vacuoles contain casein micelles or lipids, and some of 
the vacuoles arise from the coalescence of both lipid 
droplets and secretory vesicles (Holst et al., 1987). 
Casein micelles and lipid droplets accumulate in the 
cell because the fusion of the secretory vesicles to the 
apical membrane is altered. This alteration is due to 
impairment of the function of the cytoskeleton and 
particularly of microtubules, which are highly involved 
in the secretion process. Indeed, the microtubules are 
fewer and lose their perpendicular orientation within 
the apical cell membrane during involution compared 
with during lactation (Nickerson et al., 1982). As in-
volution continues to progress, the rough endoplasmic 
reticulum is reduced and sparser (Holst et al., 1987), 
and the alveoli become smaller and collapsed (Singh 
et al., 2005). Nevertheless, the involution process is 
still reversible, as resuming milking at this stage will 
reinitiate milk production with minimal losses in milk 
production (Singh et al., 2015).

After 1 wk of involution in cows, the relative propor-
tion of epithelial tissue and stromal tissue is markedly 
changed. Although the epithelial area does not vary 
much during involution (Akers et al., 1990; Capuco et 
al., 1997), the luminal area decreases and the stromal 
area increases considerably (Capuco et al., 1997; Ca-
puco and Akers, 1999). Finally, by 21 d, the majority of 
epithelial cells are in a nonsecretory state (Akers et al., 
1990). Although it is still possible until d 28 to reiniti-
ate milk synthesis by resuming milking, milk recovery 
declines rapidly and milk composition is altered (Singh 
et al., 2015).

The involution process of bovine mammary glands is 
heterogeneous. During the first 3 d after cessation of 
milking, both regressing alveoli and active alveoli are 
present (Singh et al., 2005). Even 1 wk after cessation 
of milking, some alveoli remain intact, whereas others 
degenerate and contain high proportions of sloughed 
cells and apoptotic cells (Wilde et al., 1997). The mam-
mary parenchyma does not regress uniformly through-
out the udder: involution begins in lower regions of the 
udder and extends progressively (Akers et al., 1990). 
Even though the cytoplasmic organelles involved in 
milk component synthesis are reduced, they are still 
present, and the epithelial cells seem to be capable of 
metabolic activity (Holst et al., 1987). This explains 
why mammary gland involution is partially reversible 
after several days of milk stasis in the cow (Noble and 
Hurley, 1999; Singh et al., 2015).



6704 ZHAO ET AL.

Journal of Dairy Science Vol. 102 No. 8, 2019

Mammary gland involution is a period of intense cell 
turnover in ruminants. It has been shown in cows that 
mammary cell proliferation, as determined by Ki-67 
staining, is greater during the dry period than dur-
ing lactation and that the percentage of Ki-67-positive 
nuclei is higher during the late dry period than during 
the early dry period (Sorensen et al., 2006; Nørgaard et 
al., 2008). The proliferation rates of both epithelial cells 
and stromal cells increase from late lactation to the late 
dry period (Wall et al., 2005; De Vries et al., 2011). In 
contrast, the proportion of mammary epithelial cells 
positively stained by the terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL) assay, 
identifying the cells in apoptosis, is greater during 
the early dry period than during the late dry period 
(Sorensen et al., 2006). About 50% of the epithelial 
cells are eventually lost during involution in bovines 
(Akers et al., 1990). It has been hypothesized that this 
apoptosis process during the dry period is aimed to 
discard nonfunctional or senescent cells (Capuco et al., 
1997; Capuco and Akers, 1999; Sorensen et al., 2006). 
Mammary gland involution is significantly affected 
by concomitant pregnancy. Considering the fact that 
dairy cows are typically pregnant at the time of dry-off, 
Capuco et al. (2003) proposed the term “regenerative 
involution” to describe the processes of cell renewal and 
tissue remodeling that occur during involution with 
concomitant pregnancy.

Mammary Gland Involution Modifies  
the Composition of Mammary Secretions

The composition of milk starts to change during 
late lactation and is greatly modified after cessation 
of milking in dairy ruminants. These modifications in 
fluid composition are the consequence of the reduced 
activity of epithelial cells to synthesize and secrete milk 
components, the action of the protease plasmin in milk, 
and the increase in tight junction permeability.

First, epithelial cell activities are greatly reduced 
during mammary gland involution. At drying-off, mam-
mary secretions are rich in specific milk fat, caseins, 
α-LA, and β-LG and contain a very low proportion of 
lactoferrin (Noble and Hurley, 1999). After cessation 
of milking, the composition is inverted, with lactose, 
milk fat, caseins, α-LA, and β-LG declining rapidly and 
lactoferrin being upregulated (Hurley, 1989; Noble and 
Hurley, 1999). As mentioned previously, the secretion of 
milk components is altered during involution because of 
the disorganization of the microtubule network. More-
over, the abundance and functionality of cytoplasmic 
organelles involved in milk component synthesis are 
reduced. The percentage of fat in mammary secretion 

decreases progressively as involution advances (Sordillo 
et al., 1987) owing to a reduction in specific milk fat 
secretion and synthesis. Similarly, the production and 
release of milk-specific proteins are greatly decreased. 
Concentrations of caseins, α-LA, and β-LG in milk 
are markedly decreased during the first half of the dry 
period (Hurley and Rejman, 1986; Aslam et al., 1994; 
Noble and Hurley, 1999). For instance, 1 wk after cessa-
tion of milking in cows, expressions of α-LA and αS1-CN 
decreased by 99 and 85%, respectively, compared with 
their expressions during lactation (Wilde et al., 1997). 
The concentration of citrate, which is also an indicator 
of mammary epithelial cell activity, is reduced during 
the first 2 wk of involution (Nonnecke and Smith, 1984). 
These changes in milk composition during involution 
reflect the decrease in epithelial cell activity highlighted 
by the ultrastructural changes mentioned above. In 
addition, different types of milk caseins, in particular 
β-CN, are degraded into smaller fragments under the 
action of the serine protease plasmin. This enzymatic 
catabolism contributes to decreased casein concentra-
tions in mammary secretion during involution. Last, 
the changes in milk composition are also due to the 
change in the permeability of the tight junction barrier. 
This topic is discussed further in the next section.

Mammary Gland Involution Involves the Impairment 
of Tight Junction Integrity

The mammary epithelium, besides its secretory func-
tion, allows the delimitation between 2 fluids: the milk 
secreted by mammary epithelial cells and the interstitial 
fluid. Milk is rich in lactose and milk proteins such as 
caseins and contains low concentrations of sodium and 
chloride, whereas the interstitial fluid contains plasma 
proteins such as BSA as well as high concentrations 
of sodium and chloride (Nguyen and Neville, 1998). 
To maintain the separation between these 2 fluids, the 
mammary epithelium needs to be impermeable and act 
as a barrier. Such a barrier is formed by tight junctions 
among mammary epithelial cells. These junctions pre-
vent the transit of milk components into the interstitial 
fluid and, reciprocally, the transit of interstitial compo-
nents into milk (Stelwagen et al., 1997).

Tight junction permeability varies during the repro-
ductive cycle and has an effect on milk composition. 
During pregnancy, mammary tight junctions are leaky 
in goats and cows (Fleet and Peaker, 1978). Before par-
turition, mammary secretion contains more proteins, 
sodium, and chloride and less lactose than true milk 
does (Nguyen and Neville, 1998), and the transepithe-
lial potential difference between milk and blood is lower 
during late pregnancy than during lactation (Peaker, 
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1977). These observations indicate that the interstitial 
components diffuse into milk and vice versa because 
mammary tight junctions are permeable. The compo-
sition of mammary secretions changes around calving 
due to the strengthening of the tight junctions (Linzell 
and Peaker, 1972). During lactation, mammary tight 
junctions are strongly sealed and form a highly imper-
meable barrier between milk and the interstitial fluid. 
The mammary epithelium thus allows the maintenance 
of ionic gradients between these 2 compartments. After 
cessation of milking, mammary tight junction integrity 
starts to be compromised after 20 to 21 h of milk ac-
cumulation in the ewe and the goat (Stelwagen et al., 
1994; Castillo et al., 2008).

Disruption of tight junction integrity during weaning 
or cessation of milking triggers an exchange of different 
elements (ions, proteins, and carbohydrates) according 
to their concentration gradients across the disrupted 
tight junction barrier. This phenomenon leads to an 
increase in the concentrations of different proteins of 
blood origin such as lactoferrin, BSA, and Ig in mam-
mary secretions during the first week of involution 
(Nonnecke and Smith, 1984; Sordillo et al., 1987). 
During lactation, BSA is almost absent in milk. After 
drying-off, the BSA concentration increases until d 14 
(Tremblay et al., 2009; Ollier et al., 2013) and remains 
high throughout the dry period (Nonnecke and Smith, 
1984; Sordillo et al., 1987). In a similar way, the concen-
tration of lactoferrin in milk is low during lactation and 
increases abruptly during the first 2 wk of involution 
before declining thereafter (Nonnecke and Smith, 1984; 
Ollier et al., 2013). The content of IgG in mammary 
secretions also increases progressively during the first 
days of the dry period (Nonnecke and Smith, 1984; Sor-
dillo et al., 1987). Moreover, lactose and α-LA decrease 
in milk and concurrently increase in blood during milk 
stasis (Sordillo et al., 1987; Stelwagen et al., 1994). In 
addition, the ionic composition of milk is altered as the 
gland enters the involution process. In particular, the 
concentration of potassium in milk decreases, whereas 
that of sodium increases after drying-off (Ollier et al., 
2013). All of these modifications are facilitated by the 
elevated tight junction permeability during involution 
and constitute good indicators for measuring the extent 
of the involution process. Another change in mammary 
secretion composition is the reduction of milk citrate 
concentrations after cessation of milking. Although ci-
trate content is relatively high during lactation, which 
is indicative of the level of activity of mammary epithe-
lial cells, it decreases during at least the first 2 wk of 
involution (Nonnecke and Smith, 1984; Sordillo et al., 
1987; Ollier et al., 2013). The citrate:​lactoferrin ratio 
can be calculated to give an indication of the extent 

of the involution process. During lactation, this ratio 
is high, whereas it declines progressively during the 
first week of involution and remains low throughout 
the dry period (Nonnecke and Smith, 1984; Sordillo 
et al., 1987; Ollier et al., 2013). The changes in all of 
these parameters induced by the impairment of tight 
junction integrity make them good markers to measure 
mammary gland involution rate.

Mammary Gland Involution Solicits Elements  
of the Immune System

Another characteristic of active involution is recruit-
ment of immune cells. Overall, the total number of leu-
kocytes increases rapidly in bovine milk during the first 
3 d of involution and remains elevated until calving 
(Nonnecke and Smith, 1984; Hurley, 1989), and SCC 
increases in mammary secretions from the last milk 
removal to at least d 10 to 14 of involution (Sordillo et 
al., 1987; Ollier et al., 2013). During the early stages 
of involution, PMN are the predominant leukocytes in 
mammary secretions for the first 2 to 4 d after drying-
off (Sordillo et al., 1987; Tatarczuch et al., 2000). As 
involution progresses, macrophages replace PMN as 
the predominant immune cell type (Monks et al., 2002; 
Atabai et al., 2007). Neutrophils and macrophages are 
thought to play a role in the clearance of casein mi-
celles, lipid droplets, and cellular debris (Monks et al., 
2002; Atabai et al., 2007). This partially explains the 
high susceptibility of the mammary gland to infections 
during the early dry period because of interference from 
components in milk, especially the fat globules (Paape 
et al., 1979) and incapacitation of the phagocytic cells 
(Tatarczuch et al., 2002).

Mammary Gland Involution Requires the Activation 
of Several Proteases

Plasmin–Plasminogen–Plasminogen Activator 
System. Mammary gland involution also involves the 
activation of different proteases. Among those proteas-
es, plasmin is a major enzyme responsible for the cleav-
age of different casein subtypes, leading to the forma-
tion of casein breakdown products. The majority of the 
peptidic fragments obtained by plasmin activity during 
bovine mammary gland involution come from β-CN 
degradation (Aslam and Hurley, 1998). Plasmin is a 
serine protease that is found in milk during lactation in 
its inactive form, plasminogen. Plasmin and plasmino-
gen concentrations in milk increase as lactation advanc-
es, and they increase further during bovine mammary 
gland involution (Politis et al., 1989a, 1990; Aslam et 
al., 1994). During the dry period, the plasminogen:​
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plasmin ratio is markedly decreased, which is indica-
tive of a high conversion of plasminogen into active 
plasmin (Politis et al., 1990; Athie et al., 1997). The 
conversion of plasminogen into plasmin is regulated by 
other enzymatic agents, namely plasminogen activators 
(PA) and PA inhibitors (PAI). Both PA and PAI are 
produced by bovine mammary epithelial cells (Heegard 
et al., 1994). The balance between PA and PAI controls 
the activation of the plasminogen–plasmin–PA system. 
In cows, plasmin, plasminogen, and PA activities are 
greatly enhanced during mammary gland involution 
(Aslam and Hurley, 1997; Athie et al., 1997). Two forms 
of PA are found in the mammary gland: the tissue-type 
PA (tPA) and the urokinase-type PA (uPA; Heegaard 
et al., 1994). The tPA is associated with casein micelles 
and binds more specifically to αS2- and κ-CN, whereas 
the uPA is associated with milk somatic cells in bovines 
and binds to the uPA receptor (Heegaard et al., 1994; 
Ismail et al., 2006; Weng et al., 2006). The immune sys-
tem also contributes to the activation of plasminogen, 
as uPA and uPA receptors are associated with PMN in 
cows (Chou et al., 2009).

During involution, levels of tPA and uPA increase 
sharply (Ossowski et al., 1979; Strange et al., 1992; 
Flint et al., 2006), thus stimulating the activation of 
plasmin. Once activated, plasmin degrades mainly αS- 
and β-CN but also κ-CN and lactoferrin (Aslam and 
Hurley, 1997; Politis et al., 1989b). α-Lactalbumin and 
β-LG seem to be resistant to proteolysis (Aslam and 
Hurley, 1997). This action of plasmin on milk proteins 
contributes to the change in milk composition occur-
ring during mammary gland involution.

Metalloproteinase System. Matrix metallo-
proteinases (MMP) constitute a family of proteases 
that play a major role in mammary gland involution. 
Specifically, these enzymes are involved in degradation 
of the extracellular matrix, the basement membrane, 
or both. Many of those proteases, such as MMP-1, 
MMP-2, MMP-14, and MMP-19, are upregulated dur-
ing involution in cattle (Rabot et al., 2007). Within 
the MMP family, 3 enzymes [stromelysin 1 (MMP-3), 
gelatinase A (MMP-2), and gelatinase B (MMP-9)] 
have been intensively studied in relation to mammary 
gland involution. Stromelysin 1 is a metalloproteinase 
that is exclusively expressed in the mammary gland 
and particularly in myoepithelial cells. In cows, MMP-3 
expression is increased during late lactation (De Vries 
et al., 2011). Boudreau et al. (1995) reported that the 
degradation of the basement membrane by MMP-3 
caused a substantial increase in apoptosis both in vitro 
and in vivo. Gelatinase A (MMP-2) and MMP-9 are 
2 other proteases that both have the property to de-

grade the basement membrane collagens and that pos-
sess gelatinolytic activity (Matrisian, 1990). Produced 
mostly by myoepithelial cells, MMP-2 is also enhanced 
during bovine mammary gland involution (Miller et 
al., 2006; Tremblay et al., 2009). Some epithelial cells 
express MMP-2 and MMP-3 in the form of cytoplasmic 
granules (Dickson and Warburton, 1992). The levels 
of MMP-9 in mammary tissue are low during lacta-
tion and increase markedly during involution in both 
rodents and cows (Lund et al., 2000; Tremblay et al., 
2009). Somatic cells are an important source of MMP-9 
(Mehrzad et al., 2005), and its activity in milk is cor-
related with SCC (Miller et al., 2006). The activation 
of those MMP is regulated by the tissue inhibitor of 
metalloproteinases (TIMP). Indeed, the ratio between 
MMP and TIMP decides the fate of the basement 
membrane and the extracellular matrix as well as 
the remodeling process of the mammary gland after 
drying-off. When the ratio of MMP to TIMP is low, 
degradation of the extracellular matrix is prevented 
and involution is slow (Talhouk et al., 1992). When 
the ratio is high, the extracellular matrix is degraded 
and mammary gland remodeling takes place. Thus, 
degradation of the extracellular matrix and basement 
membrane during involution is due to a shift in the 
balance between MMP and TIMP that favors a marked 
increase in MMP and, in turn, proteolysis.

Loss of Cell–Extracellular Matrix Communi-
cation Triggers Mammary Epithelial Cell Apop-
tosis. The proteolytic degradation of the extracellular 
matrix by MMP and the plasmin–plasminogen systems 
leads to a reduction in the communication between 
epithelial cells and the extracellular matrix. This loss 
of attachment to the basement membrane induces and 
accelerates apoptosis (Merto et al., 1997). The alveolar 
epithelial cells, which are responsible for milk produc-
tion, interact with the laminin-rich basement mem-
brane for their survival through integrins (Boudreau 
et al., 1995; Pullan et al., 1996; Farrelly et al., 1999). 
In bovine mammary glands, expressions of α5-, α6-, 
and β1-integrin mRNA decreased after 24 h of milk 
accumulation relative to 6 h after milking (Singh et 
al., 2005). The disruption of the interaction between 
mammary epithelial cells and the extracellular matrix 
by the addition of an antibody directed against α6- or 
β1-integrins led to an increase in apoptosis (Boudreau 
et al., 1995; Pullan et al., 1996; Farrelly et al., 1999). 
Consequently, the downregulation of integrins in the 
bovine mammary tissue disrupts the communication 
between mammary epithelial cells and the extracellular 
matrix and participates in triggering apoptosis during 
involution.
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IGFBP-5 and STAT3 Are 2 Key Effectors  
of Mammary Gland Involution

IGF–IGF-Binding Protein System. The survival 
of mammary epithelial cells is driven and regulated co-
ordinately by the basal membrane and by signals from 
insulin, IGF-1, and IGF-2 (Farrelly et al., 1999). In the 
bovine mammary gland, IGF-1 is upregulated during 
involution, and that upregulation is associated with 
periods of high cell turnover. Indeed, expression of IGF-
1 mRNA is highest during mammogenesis, decreases 
during lactogenesis and galactopoiesis, and increases 
during involution (Plath-Gabler et al., 2001; Sorensen 
et al., 2006). Conversely, expression of IGF-2 mRNA, 
although relatively high during mammogenesis and lac-
tation, decreases after drying-off (Plath-Gabler et al., 
2001). The mammary tissue is also more sensitive to 
IGF-1, as expression of the IGF-1 receptor is increased 
after drying-off in cows (Plath-Gabler et al., 2001). 
During the dry period itself, IGF-1 mRNA expression 
does not vary significantly (Wall et al., 2005). Nonethe-
less, it seems that IGF-1, given its role in stimulating 
cell proliferation, is involved in mammary epithelial cell 
renewal during involution.

The effect of IGF-1 is regulated by IGF-binding pro-
teins (IGFBP). Expression of IGFBP-5 is upregulated 
during the first 2 wk of involution in cows (Sorensen et 
al., 2006). The IGFBP-5 protein promotes mammary 
epithelial cell apoptosis (Tonner et al., 2002; Flint et 
al., 2006), likely by inhibiting the survival signal driven 
by IGF-1 (Marshman et al., 2003). As well, IGFBP-5 
activates the proteolytic degradation of the mammary 
epithelium (Tonner et al., 2002) and can interact with 
the plasmin–plasminogen system. It has been shown 
that IGFBP-5, probably by binding PAI-1 (Nam et 
al., 1997), counteracts the inhibitory effect of PAI-1 on 
plasminogen activation by stimulating tPA (Sorrell et 
al., 2006). Therefore, the IGF–IGFBP system is impli-
cated in the regulation of mammary gland involution, 
and IGFBP-5 seems to be a key mediator in the occur-
rence of this process.

Janus Kinase–Signal Transducer and Activa-
tor of Transcription Signaling Pathway. Another 
feature of mammary gland involution is modified ex-
pression of the signal transducer and activator of 
transcription (STAT) factors. After their activation by 
phosphorylation and dimerization, STAT can induce 
the transcription of genes involved in cell proliferation 
through the activation of the Janus kinase (JAK)–
STAT pathway. Two members of the STAT family 
change significantly during mammary gland involution: 
STAT5, with its subtypes STAT5a and STAT5b, and 
STAT3. Specifically, after weaning or cessation of milk-

ing, STAT5 is downregulated, whereas STAT3 is up-
regulated. The STAT5 factor is involved in cell division 
and differentiation, favors cell–cell adhesion (Miyoshi 
et al., 2001), and is inversely related to apoptosis. It 
was shown that overexpression of STAT5 in mice ac-
celerated mammary development during pregnancy, 
enhanced mammary cell differentiation, stimulated 
mammary epithelial cell proliferation, and delayed 
mammary gland involution (Iavnilovitch et al., 2002). 
During lactation, concentrations of STAT5 and its 
phosphorylated, activated form, phospho-STAT5, are 
high, but after cessation of milking, both concentra-
tions decline as early as d 2 of involution (Flint et al., 
2006). The abundance and phosphorylation of STAT5a 
are both markedly reduced during involution, leading 
to a decrease in the phospho​-STAT5a:​STAT5a ratio 
in mice (Chapman et al., 1999; Bertucci et al., 2010). 
Mammary epithelial cells are therefore deprived of a 
proliferative signal during that time. In the mammary 
gland, the binding of prolactin (PRL) to its receptor 
(long isoform) induces the phosphorylation of STAT5a 
and STAT5b (Hennighausen et al., 1997). With cessa-
tion of milking, not only is the milking-induced PRL 
release abolished, the basal PRL concentration is also 
reduced (Bernier-Dodier et al., 2011). In cows, PRL in-
hibition decreases proliferation and increases apoptosis 
of mammary epithelial cells (Boutinaud et al., 2012), 
suggesting that STAT5, activated by PRL, is a surviv-
ing factor for these cells.

Contrary to STAT5, STAT3 is highly associated with 
involution and apoptosis. For instance, in mice with 
a conditional knockout of STAT3, involution was de-
layed and apoptosis of mammary epithelial cells was 
inhibited (Chapman et al., 1999). The prevention of 
milk removal activates STAT3, inhibits STAT5a and 
STAT5b phosphorylation and heterodimerization, 
and locally induces apoptosis of alveolar cells (Li et 
al., 1997). In mice, STAT3 is barely detectable during 
lactation, but by d 2 of involution, STAT3 concentra-
tion and phosphorylation are markedly upregulated, 
leading to an increase in the phospho​-STAT3:​STAT3 
ratio (Chapman et al., 1999; Flint et al., 2006; Bertucci 
et al., 2010). Last, STAT3 also appears to stimulate 
IGFBP-5 expression (Chapman et al., 1999).

ACCELERATING MAMMARY GLAND INVOLUTION

Is There a Need to Accelerate Mammary  
Gland Involution?

Although the dry period is important for optimal 
milk production in the subsequent lactation, the cow is 
highly susceptible to new IMI during the first 3 wk of 
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the dry period (Eberhart, 1986). With increasing milk 
production, drying-off has become a challenging period 
for dairy cows. Milk is no longer removed, but the mam-
mary gland temporarily continues to synthesize milk, 
which is an excellent medium for bacterial growth. 
Thus, milk accumulation and leakage via the teats can 
occur, facilitating the entry of microorganisms into the 
mammary gland (Oliver and Sordillo, 1989). The risk of 
acquiring a new infection during the dry period there-
fore increases rapidly with the level of milk production 
at the time of drying-off (Rajala-Schultz et al., 2005; 
Newman et al., 2010). Once mammary gland involution 
is completed, within 30 d after cessation of milking, the 
mammary gland becomes much more resistant to new 
IMI because of a low fluid volume in the udder and a 
medium unfavorable for bacterial growth (Breau and 
Oliver, 1986). Accordingly, Nonnecke and Smith (1984) 
reported that inhibition of Escherichia coli growth by 
milk whey increased significantly during the dry period 
and that maximum inhibition was obtained with milk 
whey collected on d 15 of the dry period. As it is now 
common to dry off cows that are still producing more 
than 25 kg of milk/d, it is important to develop strate-
gies that reduce milk production before drying-off and 
to hasten mammary gland involution.

A 60-d dry period has been routinely recommended 
and practiced for many years. However, there is now 
interest in re-evaluating the optimal length of the dry 
period because a short dry period has several advantag-
es over a conventional dry period of 55 to 70 d. First, 
a short dry period extends the lactation before drying-
off, thus giving additional milk. In addition, because it 
allows the cow to reach a lower milk yield before the 
cessation of milking, a short dry period could be ben-
eficial for mammary gland health. Moreover, a short 
dry period allows a reduction in the number of dietary 
changes during the dry period, which could facilitate 
ruminal adaptation during the transition period and re-
duce the incidence of postpartum disorders (Bachman 
and Schairer, 2003). However, decreasing the dry period 
length to less than 40 d has frequently been reported 
to reduce milk yield during the subsequent lactation 
(Gulay et al., 2005; Church et al., 2008; Pezeshki et 
al., 2008; Watters et al., 2008; Bernier-Dodier et al., 
2011), thus offsetting the potential benefits of short-
ening the dry period. The decrease in milk secretion 
during the subsequent lactation following a shorter dry 
period could be due to reduced mammary epithelial cell 
activities, reduced numbers of epithelial cells, or both 
phenomena. Both whole-animal and half-udder model 
studies showed that the proliferation of mammary epi-
thelial cells was greatly depressed before parturition in 
the absence of a dry period (Capuco et al., 1997; Annen 

et al., 2007). Mammary epithelial cell apoptosis was 
also decreased by 60% after parturition in continuously 
milked glands compared with mammary glands in dry 
periods (Annen et al., 2007). Hence, in the complete 
absence of a dry period, mammary epithelial cell turn-
over is reduced and the replacement of senescent cells is 
compromised compared with a regular 60-d dry period. 
Moreover, this means that there are more senescent or 
nonfunctional secretory cells at the beginning of the 
next lactation, which may be a causative factor for 
reduced milk production in continuously milked cows 
in the following lactation. It is thus necessary to allow 
the mammary gland to complete its involution and to 
optimize renewal of the epithelial cell population. In 
this regard, accelerating involution would be beneficial 
by enabling shorter dry periods without having a nega-
tive effect on the following lactation.

Systemic Strategies to Accelerate  
Mammary Gland Involution

Effects of Nutrient Restriction on Mammary 
Gland Involution. A common drying-off practice 
among farmers involves a drastic short-term reduction 
in feed supply in the days that precede the drying-off. 
Although this method is effective for rapidly reducing 
milk yield, little attention has been given to the effect of 
this practice on mammary gland involution. Although 
explicit evidence of a direct relationship between milk 
production level and the rate of involution is lacking, it 
is reasonable to assume that such a relationship exists. 
Accordingly, Bushe and Oliver (1987) reported that 
mammary secretions from cows milked intermittently 
and fed only hay contained higher concentrations of 
somatic cells, lactoferrin, IgG, and BSA, had a lower 
citrate:​lactoferrin molar ratio, and were more inhibi-
tory to in vitro growth of E. coli than were mammary 
secretions from cows dried off by intermittent or abrupt 
milk cessation and fed a TMR. Ollier et al. (2014) fed 
cows only dry hay during the last 5 d before drying-off 
and reported a decrease in milk production and BSA 
concentration, a faster increase in the Na+:K+ ratio, 
and a faster decrease in the citrate:​lactoferrin ratio 
in the mammary secretions of those cows than in the 
secretions of control cows, indicating a faster rate of 
involution. On the other hand, another study by Ollier 
et al. (2014) showed that a reduction in nutrient supply 
at drying-off led to metabolic disturbance, including an 
increase in plasma nonesterified fatty acid concentra-
tions comparable with the increase that was observed 
in early lactation (Loiselle et al., 2009). In addition, 
Ster et al. (2012) showed that immune functions such 
as lymphocyte multiplication and cytokine release were 
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inhibited by serum obtained from periparturient cows 
and that this inhibition was directly related to non-
esterified fatty acid concentrations in the serum. Ac-
cordingly, Ollier et al. (2014) observed that the serum 
harvested from hay-fed cows on the day before drying-
off reduced peripheral blood mononuclear cell prolifera-
tion and IL-4 production. It is therefore possible that 
part of the gain in disease resistance obtained by reduc-
ing milk production at drying-off by means of feed re-
striction would disappear owing to immunosuppression. 
In a subsequent experiment, Ollier et al. (2015) used 
a bacterial challenge to test whether feeding dry hay 
to cows for the last 5 d of lactation could affect their 
susceptibility to new IMI. The cows were challenged by 
daily teat dipping in a solution containing Streptococcus 
agalactiae at 5 × 107 cfu/mL. No differences between 
the dry hay group and the control group were observed 
for either bacterial count or infection rate.

Injections of Estradiol to Accelerate Mamma-
ry Gland Involution. Several studies have identified 
estrogens as a possible factor for the decline in milk 
production after the peak of lactation. For instance, 
Bachman et al. (1988) reported that the decline in milk 
yield began at about 100 d of gestation, which coincides 
with the onset of estrogen secretion by the fetal–pla-
cental unit. Lactation records for Holstein and Jersey 
herds from the United States show that pregnancy 
depresses yield, particularly in the last third of lacta-
tion (Bormann et al., 2002). A more recent study has 
shown that ovariectomy improves lactation persistency 
(Yart et al., 2012). The administration of 17β-estradiol 
(E2) to lactating cows causes mammary gland regres-
sion and a decrease in milk production (Mollett et al., 
1976; Delbecchi et al., 2005). These results indicate a 
role for estrogens in the regulation of bovine mammary 
gland involution and thus suggest that the injection of 
estrogens at drying-off might accelerate involution.

To evaluate whether estrogens induce mammary 
gland involution, large doses (15 mg/d) of E2 were 
given on the last 4 d before cessation of milking (Athie 
et al., 1996). The E2 injections induced a rapid de-
cline in milk production before drying-off as well as the 
hastening of milk composition changes after drying-off, 
suggesting the acceleration of involution. In addition, 
the same authors reported that there was activation of 
the plasmin–plasminogen system (Athie et al., 1996). 
Nevertheless, subsequent studies did not detect any 
beneficial effects of supplemental estrogen on subse-
quent milk yield when the estrogen was provided at the 
start of dry periods shortened to 30 d (Bachman, 2002; 
Gulay et al., 2003). Furthermore, an analysis of the 
temporal profiles of lactose in the blood plasma of cows 
supplemented with E2 did not indicate a hastening of 
tight junction leakage (Gulay et al., 2009).

PRL Inhibition as a Tool to Accelerate Mam-
mary Gland Involution. Although the role of PRL in 
dairy ruminants has been controversial for many years, 
recent studies have provided several lines of evidence 
that PRL is galactopoietic in ruminant lactation (for 
a review, see Lacasse et al., 2016). Using the dopamine 
agonist quinagolide to inhibit PRL release reduced 
milk production in cows (Lacasse et al., 2011). In ad-
dition, cell proliferation was lower and apoptosis was 
greater in the mammary tissue of quinagolide-treated 
cows, suggesting that cell turnover and involution rate 
were affected (Boutinaud et al., 2012). The inhibition 
of mammary epithelial cell loss by PRL is further sup-
ported by the fact that PRL deficiency induced involu-
tion of the rat mammary gland by increasing apoptosis 
and decreasing the DNA content of the gland, an effect 
that was prevented by PRL administration (Travers et 
al., 1996). Moreover, PRL injections significantly re-
duced the dramatic increase in IGFBP-5 observed dur-
ing mammary gland involution (Tonner et al., 1997). 
Accorsi et al. (2002) reported that bovine mammary 
explants cultured in a medium containing no PRL dis-
played significant increases in DNA laddering, which 
is characteristic of cellular apoptosis, and in IGFBP-5 
mRNA expression compared with mammary explants 
cultured in a medium containing PRL, growth hor-
mone, insulin, IGF-1, hydrocortisone, E2, and proges-
terone. Prolactin is also able to counteract the increase 
in proteolytic activity observed during mammary gland 
involution. In rodents, the increase in plasmin and PA 
activities triggered by unilateral teat sealing or litter 
removal was inhibited by PRL (Tonner et al., 2000). It 
has been suggested that PRL enhances PAI-1 release 
by inhibiting IGFBP-5 synthesis, thus leading to tPA 
inactivation (Fattal et al., 1992; Tonner et al., 2000). 
Moreover, the decreases in mammary gland weight 
and DNA content and the increase in PA concentra-
tion that are naturally observed during involution were 
all reduced by injections of PRL in mice (Ossowski et 
al., 1979). Taken together, these results suggest that 
PRL inhibition could be used as a management tool to 
facilitate drying-off.

In a first study by Ollier et al. (2013), late-lactation 
cows were injected twice daily with quinagolide (2 mg/
injection) from 4 d before drying-off until 3 d after. 
The quinagolide injections reduced milk production at 
drying-off by 20% and increased SCC and BSA concen-
trations in milk during early involution, suggesting that 
involution was hastened. In a subsequent experiment by 
Ollier et al. (2014), a larger dose of quinagolide (4 mg) 
was injected twice daily from 5 d before drying-off until 
13 d after. Again, the quinagolide injections inhib-
ited milk production before drying-off. The mammary 
gland involution rate was markedly accelerated, as the 
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quinagolide treatment hastened the normal changes in 
several involution markers such as SCC, BSA, citrate:​
lactoferrin molar ratio, Na+:K+ ratio, and MMP-2 ac-
tivity. In a third study, Ollier et al. (2015) repeated 
the same treatments on another group of cows, some 
of which were also challenged with S. agalactiae. Both 
the number of S. agalactiae colonies found in mammary 
secretions and the percentage of S. agalactiae-infected 
quarters on d 8 and 14 after the last milking were lower 
in the quinagolide-treated cows than in the control 
cows.

Cabergoline, another dopamine agonist, has been 
used to facilitate drying-off in cows. Instead of mul-
tiple injections, a single injection of cabergoline was 
administered just after the last milking before drying-
off. Milk leakage, udder pressure, and udder firmness 
were reduced by cabergoline, indicating a reduction 
in milk synthesis (Bach et al., 2015; Bertulat et al., 
2017). Furthermore, cabergoline enhanced extracellular 
matrix remodeling in the mammary gland and the ex-
foliation of mammary epithelial cells into milk and also 
accelerated the changes in the composition of mam-
mary secretions, indicating the hastening of mammary 
gland involution (Boutinaud et al., 2016, 2017).

Based on results obtained from various studies, Ve-
lactis, a cabergoline-based product, was commercialized 
in Europe and several Latin American countries. How-
ever, as some cows were reported to suffer from symp-
toms similar to periparturient hypocalcemia, Velactis 
was withdrawn from the European market. Given that 
PRL is known to play a role in calcium homeostasis in 
fish (Flik et al., 1994) and that calcium absorption in 
rats was depressed by another dopamine agonist, bro-
mocriptine (James et al., 1977), it is possible that the 
inhibition of PRL might cause hypocalcemia. However, 
calcemia was higher during the first week of lactation 
in cows treated with quinagolide (Vanacker et al., 
2017). In addition, no significant change in calcemia 
was observed in another study despite the change in 
blood PRL concentration by about 30-fold during the 
course of the experiment (P. Lacasse, X. Zhao, and N. 
Vanacker, Université de Sherbrooke, Canada, and M. 
Boutinaud, INRA, Rennes, France, unpublished data). 
These suggest that the effect of Velactis on calcium 
homeostasis may be independent of the product’s effect 
on PRL concentrations.

Modulation of Photoperiods to Accelerate the 
Involution Process. A well-known environmental 
condition that affects PRL secretion is the photope-
riod. The photoperiod corresponds to the daily alter-
nation between episodes of light, the photophase, and 
episodes of darkness, the scotophase. Generally, blood 
PRL concentrations are higher in bovines exposed to 

long-day photoperiods (LDPP) than in bovines ex-
posed to short-day photoperiods (SDPP; Dahl and 
Petitclerc, 2003). Accordingly, dry cows exposed to 
LDPP displayed greater plasma PRL concentrations 
(Miller et al., 2000; Auchtung et al., 2005; Velasco et 
al., 2008; Lacasse et al., 2014) and a greater peripar-
turient PRL surge (Newbold et al., 1991; Auchtung et 
al., 2004; Lacasse et al., 2014) than dry cows exposed 
to SDPP. Blood PRL concentrations were also higher 
in primiparous heifers exposed to LDPP than in those 
exposed to SDPP (Peters and Tucker, 1978; Lacasse et 
al., 2014). Therefore, the photoperiod is a natural way 
to manipulate PRL secretion.

A change in the photoperiod, occurring either during 
lactation or during the dry period, exerts a marked 
effect on milk synthesis. Generally, dairy animals ex-
posed during lactation to LDPP produce more milk 
than those exposed to SDPP. The photoperiod can also 
be modified during the dry period. In that case, the 
effects of photoperiod manipulation are opposite those 
that occur during lactation. Indeed, cows exposed to 
LDPP during the dry period produced less milk dur-
ing the following early lactation than cows exposed 
to SDPP (Miller et al., 2000; Auchtung et al., 2005; 
Velasco et al., 2008; Lacasse et al., 2014). Therefore, 
exposing cows to SDPP during the dry period is an 
interesting way to increase milk production during the 
following lactation, and this technique can be used in 
combination with a shortened dry period. It was shown 
in Holstein cows that SDPP applied during a short dry 
period of 42 d improved milk production during the 
subsequent lactation compared with LDPP (Velasco et 
al., 2008).

Besides PRL, melatonin is another hormone that 
is closely associated with the photoperiod. Melatonin 
is released by the pineal gland (Stanisiewski et al., 
1988), and its secretion displays a circadian profile 
and a pulsatile secretory pattern (Critser et al., 1987). 
In the cow, melatonin concentrations in blood are high 
during the night and low during daylight (Lacasse et 
al., 2014). Because the duration of melatonin release 
is correlated with the duration of darkness, it has been 
suggested that the duration of the melatonin surge 
drives photoperiodic information in cattle (Buchanan 
et al., 1992). Thus, more melatonin is secreted dur-
ing SDPP. Melatonin can therefore be administered 
to ruminants to mimic the effects of SDPP exposure. 
In dairy cows, subcutaneous implants of melatonin 
reduced plasma PRL concentrations by wk 4 of treat-
ment and decreased milk production by wk 6, an 
effect that was sustained until the end of the experi-
ment (Auldist et al., 2007). Melatonin administration 
induced changes in milk composition that resembled 
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those that occur during late lactation as cows ap-
proach involution.

Recently, Ponchon et al. (2017) assessed whether an 
SDPP or the oral administration of melatonin around 
drying-off would hasten mammary gland involution. 
From 14 d before to 14 d after drying-off, cows in late 
lactation were exposed to an SDPP, an LDPP alone, 
or an LDPP with supplementation by melatonin feed-
ing (4 mg/kg of BW). The SDPP slightly decreased 
milk production at drying-off and basal PRL secretion 
during the dry period, but these parameters were not 
affected by melatonin supplementation. None of the 
involution markers were affected by the treatments, 
suggesting that photoperiod modulation and melatonin 
feeding are not efficient means to accelerate mammary 
gland involution.

Mammary Gland-Focused Strategies to Accelerate 
Mammary Gland Involution

Intramammary Infusions of Substances that 
Increase Tight Junction Permeability. One ap-
proach to accelerate involution is to administer, 
through the teat canal, treatments that are known to 
increase tight junction permeability in the mammary 
gland. As tight junctions are more permeable during 
involution, these treatments could affect the involution 
process. Different treatments have been infused into the 
mammary glands of dairy goats or cows to affect tight 
junction integrity.

The activation of the plasminogen–plasmin–PA 
system during mammary gland involution leads to 
degradation of the αS1-, αS2-, and β-CN. It has been 
proposed that casein breakdown products could consti-
tute a signal for mammary epithelial cells to stop milk 
synthesis. A research team from Israel tried to mimic 
the accumulation of casein breakdown products dur-
ing milk stasis by administration of casein hydrolysates 
(CNH) into the mammary gland. Shamay et al. (2002) 
showed that the intramammary infusion into the goat 
udder of fragments of caseins hydrolyzed by trypsin 
led to a decrease in milk production. In the treated 
gland, CNH infusions enhanced plasmin and PA con-
centrations and caused an increase in sodium and BSA 
concentrations as well as a decrease in potassium and 
lactose concentrations in milk, which are characteristic 
of an increase in tight junction permeability (Shamay 
et al., 2002).

In late-lactation Holstein cows, intramammary in-
fusions of CNH reduced mammary gland secretions 
and mimicked the changes that occur in milk during 
the cessation of milking at drying-off (Shamay et al., 
2003). The CNH treatment affected mammary tight 

junction integrity and led, notably, to an increase in 
lactoferrin concentration, another characteristic of 
mammary gland involution (Shamay et al., 2003). 
More recently, Ponchon et al. (2014) reported that the 
mammary secretions of dairy cow quarters infused with 
CNH showed a faster increase in SCC, BSA, Na+, and 
lactoferrin concentrations, suggesting the hastening of 
mammary gland involution. Nevertheless, when CNH-
treated quarters were challenged with S. agalactiae 
as described in Ollier et al. (2015), no protection was 
observed [S. Ollier (AAFC, Sherbrooke R&D Centre, 
Canada), X. Zhao, and P. Lacasse, unpublished data].

To maintain integrity of the mammary epithelial 
cells’ tight junctions, the extracellular concentration of 
calcium needs to be kept at a certain level (Pitelka 
et al., 1983). The compound EGTA is a chelator of 
calcium and induces the disruption of tight junctions 
in mammary epithelial cells in lactating goats. The 
administration of a solution of 68 mM EGTA (final 
concentration infused into the mammary gland) led to 
increases in sodium and chloride concentrations in milk 
as well as increases in potassium and lactose concentra-
tions in blood, suggesting that the permeability of tight 
junctions was compromised (Stelwagen et al., 1995). 
The EGTA treatment also caused an increase in milk 
protein percentage, possibly owing to the passage of 
blood proteins such as serum albumin into milk (Stel-
wagen et al., 1995). Moreover, the EGTA treatment 
was effective in decreasing milk production (Stelwagen 
et al., 1995). Ponchon et al. (2014) injected cows with 
5.7 g of EGTA per quarter at drying-off. The EGTA 
infusion increased SCC above that of the control quar-
ters only on the first 3 d following drying-off but had 
no effect on any of the involution markers.

Lactose is a milk-specific component and the main 
osmotic molecule in milk. In an experiment with dairy 
goats, Ben Chedly et al. (2010) observed that intrama-
mmary infusions of lactose solution via the teat canal 
led to an increase in the milk Na+: K+ ratio and a 
tendency toward an increase in milk BSA concentra-
tion. Those authors also observed that isolated mam-
mary epithelial cells from milk treated with a solution 
of 120 mM lactose showed a decrease in transepithelial 
electrical resistance (Ben Chedly et al., 2010), similar 
to what was found with the EGTA treatment in vitro 
(Rothen-Rutishauser et al., 2002). However, the infu-
sion of 5.1 g of lactose into the quarters of late-lactation 
cows did not have any effects on the involution markers 
(Ponchon et al., 2014).

Intramammary Infusions of Substances that 
Stimulate the Immune System. Another approach 
to accelerate involution is to administer, through the 
teat canal, treatments that induce the recruitment of 
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somatic cells in the mammary gland. As mentioned 
previously, immune cells play a role during involution. 
Accelerating their rise could not only help protect the 
gland against new infections but also accelerate the 
involution process. Nickerson et al. (1992), Oliver and 
Smith (1982), and Dallard et al. (2010) tested the ef-
fects of a single LPS infusion at drying-off. These stud-
ies reported an enhanced immune response and slightly 
accelerated involution in quarters infused with LPS. 
Although their experiments were not designed to test 
resistance to new IMI, Oliver and Smith (1982) and 
Dallard et al. (2007) reported a reduction in the num-
ber of mastitis pathogens isolated in the first weeks of 
the involution period in quarters treated with LPS. As 
was the case with LPS, the intramammary infusion of 
concanavalin A (Breau and Oliver, 1985), phytohemag-
glutinin (Breau and Oliver, 1985), or Panax ginseng 
extract (Baravalle et al., 2011) at drying-off activated 
the immune response. In addition, changes in the in-
volution markers suggest faster involution in quarters 
treated with these substances (Bushe and Oliver, 1987; 
Dallard et al., 2011). The drawbacks of the biological 
response modifiers (defined as substances that modify 
immune responses) tested so far are that they induce 
acute inflammation of the entire mammary gland and 
that the stimulation of the immune system lasts for 
only a short period of time.

Ideally, a biological response modifier should induce 
moderate recruitment of immune cells without acute in-
flammation, and the immunostimulation should last for 
the whole period of active involution. In addition, the 
biological response modifier should not be eliminated 
if milk leakage occurs in the days following drying-off. 
Chitosan is a natural, biocompatible polysaccharide 
extracted from crustacean shells and the cell walls of 
fungi (Ruel-Gariépy and Leroux, 2004). Chitosan is 
water soluble, but gelation occurs at high concentra-
tions, and the process is pH and temperature depen-
dent (Cho et al., 2005). As a result, a chitosan solution 
can be formulated to be injected at room temperature 
but form a hydrogel at body temperature (Han et al., 
2004; Taherian et al., 2017). The chitosan hydrogel is 
biodegradable by enzymes present in milk, so that the 
hydrogel’s content is released over several days (Han et 
al., 2004). Chitosan exhibits various biological proper-
ties, including immunostimulating properties (Otterlei 
et al., 1994; Wen et al., 2011). Infusions of chitosan 
hydrogel at drying-off hastened the increases in SCC, 
BSA, and lactoferrin concentrations as well as lactate 
dehydrogenase activity in mammary secretions (Lanc-
tôt et al., 2017). These results suggest that chitosan 
hydrogel infusion hastens mammary gland involution 
and activates an immune response, which may reduce 

the animal’s risk of acquiring new IMI during the dry 
period. In addition, the effects of chitosan infusion were 
not affected by the presence of a teat sealant, showing 
that both approaches are fully compatible and could be 
used in combination (Lanctôt et al., 2017).

Effect of Milking Management Strategies on 
Mammary Gland Involution. Another method 
commonly used to reduce milk production at drying-off 
is intermittent milking. This easy method is effective in 
reducing milk production, but its effect on IMI at calv-
ing has not been clearly proven (Dingwell et al., 2003). 
As far as we know, only 1 study has examined the effect 
of this strategy on mammary gland involution. Bushe 
and Oliver (1987) milked cows once a day for 1 wk and 
then did not milk them on the day before drying-off. 
Even though milk production at drying-off was reduced 
by 26%, none of the involution markers evaluated were 
modified, suggesting that involution was not hastened 
(Bushe and Oliver, 1987).

Robotic milking, also known as automated or auto-
matic milking, offers new opportunities for manipulat-
ing milking management. Martin et al. (2018) milked 
cows partially during the last 10 d of lactation using a 
software program that removed the cluster before the 
milking was complete. The amount of milk required be-
fore cluster removal was decreased daily. Milk produc-
tion at drying-off was reduced by about 30%. Although 
no classic indicators of involution were measured after 
drying-off, the milk concentration of haptoglobin, an 
acute-phase protein known to increase in mammary 
secretions after drying-off, at the last milking was el-
evated in partially milked cows (Martin et al., 2018). 
Although this research is very preliminary, the robotic 
milking approach may provide an opportunity to ac-
celerate mammary gland involution.

CONCLUSIONS

The involution of the mammary gland after cessation 
of milking is a complex process that involves changes 
in mammary tissue morphology, secretion composition, 
and tight junction integrity. Although we know that 
immune cells, several types of proteases, and various 
types of hormones play important roles in involu-
tion, more research is needed to fully understand the 
mechanisms that underlie this process. Nevertheless, 
it can be concluded that approaches that reduce milk 
production at the time of drying-off accelerate mam-
mary gland involution. In that respect, PRL inhibition 
and partial milking are the most promising approaches 
because they do not induce metabolic perturbations. 
The intramammary infusion of substances that increase 
mammary gland permeability hastens the initiation 



Journal of Dairy Science Vol. 102 No. 8, 2019

INVITED REVIEW: MAMMARY INVOLUTION 6713

of involution. Further, the intramammary infusion of 
substances, such as chitosan hydrogel, that moderately 
stimulate the immune system for several days is also 
a promising approach to accelerate mammary gland 
involution.
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