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ABSTRACT

Previous research has shown that dairy cows require a dry period of at 

least 40 d for maximal milk yield in the subsequent lactation.  Reducing the dry 

period requirement could prove beneficial to animal health and dairy profitability if 

subsequent milk yield was not reduced.  Studies were conducted to evaluate the 

effects of continuous milking (CM) and hormonal treatments on milk yield, 

mammary epithelial cell (MEC) turnover during late gestation and early lactation, 

and mammary gene expression in dairy cows.  A commercial trial using 

primiparous and multiparous cows demonstrated equal milk yields in bST-

supplemented, CM and 60-d dry (CTL) multiparous cows, but lower milk yields in 

bST-supplemented CM, primiparous cows treated with bST.  Subsequent 

experiments evaluated mammary development requirements during the dry 

period in primiparous cows and methods of rescuing milk yield.  MEC growth was 

lower in CM glands during most of late gestation.  Maintenance of lactation in CM 

glands resulted in a marked reduction in the MEC turnover process that occurs in 

the early dry period.  In the last 20 d of gestation, MEC growth remained reduced 

in CM glands.  By the last week of gestation, MEC growth was 50% less in CM 

tissue vs. CTL tissue.  MEC apoptosis was unaffected by CM during the last 20 d 

of gestation, but a premature decrease in early lactation apoptosis occurred in 

CM glands at 7 d postpartum. Mammary gene expression demonstrated bax and 

insulin-like growth factor binding protein 5 are involved in apoptosis and cyclin 

D1, CCAT/enhancer binding protein-β, and bcl2 are involved in mammary 
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development.  Ultrastructure of CM tissue revealed large populations of resting or 

involuting alveoli by d 20 postpartum, whereas CTL glands had a homogenous 

population of secretory alveoli.  Collectively, these data suggest that a 40-53% 

reduction in milk yield in CM glands is caused by reductions in MEC renewal and 

reduced secretory capacity.  Treatments (bST, prostaglandin E2) to stimulate milk 

synthesis or MEC growth in CM primiparous glands were unsuccessful.  In 

conclusion, primiparous cows continue to require a 60-d dry period, but

multiparous cows are good candidates for short dry periods, and potentially no 

dry period.
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CHAPTER 1-- LITERATURE REVIEW

INTRODUCTION
The optimal dry period length was discussed as early as 1805, when 

some English farmers believed that a dry period of 2 mo was optimal, while 

others believed in dry periods as short as 10 d (Dix Arnold and Becker, 1936).  

The literature during the mid to late 1800s favored a dry period of 6 to 8 wk.  A 

review of annual dairy records in the early 1900s  (Carrol, 1913; Hammond and 

Sanders, 1923; ref. by Dix Arnold and Becker, 1936) suggested that cows need a 

dry period greater than 35 to 40 d with a 2-mo dry period being optimal.  In 1926, 

Woodward and Dawson (ref. by Dix Arnold and Becker, 1936) suggested dry 

period length should be determined based on productivity and body condition.  

Dickerson and Chapman (1939) also believed in a nutritional influence on dry 

period length after determining that depressed milk yields following a shortened 

dry period were more pronounced in undernourished herds.  World War II 

resulted in the adoption of the 305-d lactation and 60-d dry period in the United 

Kingdom to provide maximum production and accelerate genetic progress during 

a time of food shortage (Knight, 1998).  The 60-d dry period was also adopted in 

the U.S.  Currently, average days dry in the U.S. is 60.6 and more than 74% of 

U.S. dairies are using a dry period of 60 d or greater (USDA, 2002).  Since 

adoption of the 60-d dry period, the U.S. dairy industry has improved milk 

production by 5,000 kg per lactation per cow, placed a larger emphasis on profit, 

accelerated genetic progress by artificial insemination and embryo transfer, 
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adopted the total mixed ration (TMR), increased milking frequency, altered 

photoperiod, and adopted bovine somatotropinn (bST). These changes have led 

to investigations regarding effects of lengthening lactation and delaying breeding, 

but re-evaluation of the optimal dry period length has received little attention.  

Few controlled studies have been conducted to directly evaluate the effect 

of dry period length.  Results from these studies demonstrated that production 

losses of 18 to 29% occurred in the lactation following an omitted dry period 

(Remond et al., 1997).  Other studies demonstrate that a dry period fewer than 

40 d reduces milk yield in the subsequent lactation and an 8-wk dry period is 

optimal (Klein and Woodward, 1943; Schaeffer and Henderson, 1972; Coppock 

et al., 1974; Wilton et al., 1967; Funk et al., 1987; Sorensen and Enevoldsen, 

1991).  The majority of these conclusions are derived from surveys of dairy 

records (from herds managing for a 60-d dry period) rather than controlled 

studies.  Thus, there may be bias caused by mismanagement, health status, 

aborted pregnancies, twinning, or inaccurate breeding dates in cows with 

shortened dry periods.  Others have shown no production losses following a 30-d 

dry period (Remond et al., 1997; Bachman, 2002; Gulay et al., 2003).   

Objectives of this paper are to review the literature regarding physiological 

and production responses to a shortened or omitted dry period, evaluate 

changes in the lactation curve since adoption of a 60-d dry period, and discuss 

prospective roles of management technologies introduced since World War II 

that improve milk yield, some of which may address the issue of reduced milk 
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yield following a shortened or omitted dry period.

SHORTENED OR OMITTED DRY PERIOD

Hypotheses Regarding Dry Period Requirements

Discussion of milk yields following a shortened or omitted dry period will 

be limited primarily to controlled studies.  For reviews of retrospective data 

collected from dairy records see Klein and Woodward (1943), Schaeffer and 

Henderson (1972), Wilton et al. (1967)  and Funk et al. (1987). 

Prior to 1960, the dry period was thought to be necessary for 

replenishment of body reserves, regeneration of mammary tissue, and for 

maximal benefits from lactogenic, endocrine events near the time of parturition 

(Smith et al., 1967).  The nutritional or replenishment of body reserves 

hypothesis began with observational data from Woodward and Dawson (1926) 

(ref. by Dix Arnold and Becker, 1936).  They suggested that body condition 

should be a factor in determining dry period length.  Dickerson and Chapman 

(1939) indicated greater milk yield reductions in undernourished herds that used 

a shortened dry period.  This hypothesis was first tested by Swanson (1965) with 

a between-animal comparison model using five pairs of identical twins.  Twins 

were assigned to either control or continuous milking (CM; no dry period) at the 

end of their first lactation.  The study followed the twins through three 

consecutive lactations after assignment to treatment.  The first lactation data 

were used to demonstrate similar milk yields in the twins before treatment 

application.  The control (60-d dry) twins were fed a roughage only diet during the 
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dry period, while the CM twins received both roughage and concentrates in their 

diet.   Body weight (BW) was recorded weekly as a measure of nutritional status.  

In the second and third lactations, the CM twins produced only 75% and 62% as 

much milk as the control twins, respectively (Table 1-1).  Body weights were 

heavier in the CM twins throughout the second and third lactations.  If BW is an 

indicator of improved nutritional status, the nutritional theory would have 

predicted enhanced milk yield in CM cows.  Prior to the fourth lactation, all 

animals were given a 60-d dry period and production was slightly better in the 

CM twins than controls.  Others have also demonstrated that returning CM cows 

to a 60-d dry period results in normal or non-significant increases in milk yield 

(Coppock et al., 1974; Remond et al., 1997).  Swanson (1965) concluded that 

reduced milk yield in the subsequent lactations of CM cows was more likely due 

to an inhibitory effect on the mammary gland or the factors regulating the 

mammary gland and milk synthesis.  To put these results in perspective 

compared to today’s herds, at peak milk production, the controls were only 

producing 18 to 20 kg/d (Table 1-1).

Lotan and Alder (1976) addressed the nutritional effects of a shortened 

dry period by comparing milk yield, BW, and circulating concentrations of glucose 

and non-esterified fatty acids (NEFA) in cows given a 30-d dry period compared 

to cows given a 60-d dry period (controls).  Results demonstrated that cows 

given a 30-d dry period had 305-d FCM yield equal to the controls (Table 1-1).  

However, the 30-d dry group produced less milk during the first 2 mo of lactation 
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and lost less BW than 60-d dry cows during the first 3 mo of lactation.  In addition 

to greater weight loss, 60-d dry cows had reduced blood glucose concentrations 

and slightly greater circulating NEFA after calving.  These data suggested that 

cows with a 60-d dry period were in a greater negative energy balance in the 

early postpartum period, most likely due to higher milk yields.  By the end of the 

lactation, the 30-d dry group had the same production as the controls.  The 30-d 

dry cows may have retained more body reserves during early lactation, which 

may have contributed to the improved milk production later in lactation.  Another 

possible explanation for these results is that delayed mammary growth in the 30-

d dry cows resulted in lower milk yields in early lactation, but equivalent milk 

production by the end of lactation.  The authors concluded that the prepartum 

conditions of a shortened dry period and reduced time on an all-roughage, dry 

cow diet programmed postpartum energy partitioning.  These data add further 

support to the concept that reduced milk yield following a shortened or omitted 

dry period is not caused by nutritional limitations.

Remond et al. (1992) also studied the effects of nutrition on milk yield in 

the subsequent lactation with 15 primiparous, CM cows and 11 primiparous, 

control cows.   The CM cows had milk yields that were 4 kg/d less than controls 

in the subsequent lactation (Table 1-1).  However, increased BW in late 

gestation, higher postpartum milk protein content, and equal plasma glucose and 

NEFA concentrations in CM cows compared to controls suggest improved 

energy balance in CM cows.  These results further disprove the hypothesis that 
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nutritional status is the limiting factor in reduced postpartum milk yield of CM 

cows. 

Another proposed hypothesis was that CM altered endocrine events 

around calving and initiation of lactation causing reduced milk yields in the next 

lactation.  Smith et al. (1967) used the within-animal (half udder) model to test 

this hypothesis.  The study utilized five cows and measured milk production from 

the CM and control udder halves for 14 wk to demonstrate similar production in 

the udder halves, then dried contralateral quarters 10 wk before expected calving 

dates.  This experimental model has been criticized because milk stasis in one 

gland or inhibition of secretion in a gland by colchicine treatment has been shown 

to cause compensatory mammary growth and milk production in the quarters that 

remain lactating (Capuco and Akers, 1999).  Further, involution of the control 

quarters may be delayed due to the influence of galactopoietic hormones and 

stimuli from continued milking in the other glands.  The advantages of this model 

are: 1) udder half rather than cow is the experimental unit, reducing between 

animal variation and animal numbers required to achieve adequate statistical 

power and 2) each udder-half is exposed to the same nutrients, circulating 

growth factors, and other endocrine hormones.  In this study, Smith et al. (1967) 

demonstrated that milk production in CM quarters during the last 10 wk of 

gestation declined throughout the remainder of gestation without evidence of 

compensatory milk production or mammary growth.  Further, the authors noted 

that control quarters dried and regressed in size in a progression typical of dried 
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udders.  Milk yield in the subsequent lactation was reduced by 33 to 44% in CM 

quarters from three of the five cows.  However, two of the cows produced 97 and 

99% of the production in control quarters.  In the absence of information on 

parity, age, and days in milk at the start of the study, reasons for the inconsistent 

results are not known.  The average loss in milk yield in CM halves for all cows 

was 23% (Table 1-1).  These data confirm that the effect of CM is not due to 

nutritional factors or endocrine hormones as they were common to all quarters.  It 

is possible that CM may affect hormonal regulation of lactation, involution, and 

proliferation in an autocrine or paracrine manner or that utilization of endocrine 

hormones is altered in dry vs. lactating tissue.  Smith et al. (1967) hypothesized 

that CM maintains activity of the secretory tissue and may inhibit renewal of 

mammary epithelial cells (MEC) that occurs during lactogenesis just prior to 

parturition.    

Effects of CM on MEC numbers and functionality were first studied by 

Swanson et al. (1967) using a within animal model in which lateral halves were 

either dried 60 d prior to expected calving date or CM.  The CM halves were 

dried 1 wk prior to slaughtering the animals.  The 6 wk difference in dry period 

length did not result in differences in dry fat-free tissue weight, DNA 

concentration, total DNA content, or number of alveoli.  Results suggested that 

reduced milk yields following CM may be due to secretory activity per unit of 

mammary tissue and the physiological factors that affect the cells during 
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lactogenesis, but not due to MEC numbers.  These data also suggested little or 

no alveolar involution occurs during the normal 60-d dry period.

Thirty years later, the effects of CM on MECs were evaluated by Capuco 

et al. (1997) using 26 multiparous cows; 13 were dried 60 d prior to their 

expected calving date and 13 were milked continuously.  A subset from each 

group was slaughtered at 53, 35, 20, and 7 d prepartum and mammary tissue 

was harvested for analysis of DNA content, parenchyma content, and 

proliferation in MECs.  Total mammary DNA content increased 2-fold from 53 d 

to 7 d prepartum but was not affected by lactation status.  Using [3H]-thymidine 

incorporation to evaluate MEC proliferation, they demonstrated 80% greater 

incorporation in mammary tissue from control (60-d dry) cows compared to CM 

cows.  Cells from CM glands were proliferating, but at a reduced rate.  Thus, 

proliferation was decreased, but not entirely inhibited.  Others have reported a 

greater mitotic frequency in non-lactating tissue than in lactating tissue (Altman, 

1945; Knight and Peaker, 1984).  By the last wk of gestation, increased 

proliferation and cell turnover resulted in an enhanced number of MEC in control 

glands and decreased stroma cells (Table 1-2).  These results suggested that 

control glands had greater replacement of senescent cells, but mammary growth 

or cell replacement was not prevented in CM glands. 

These data, by Capuco et al. (1997), also add merit to the conclusions of 

Swanson et al. (1967) that widespread mammary involution does not occur in 

dairy cows because DNA content was not affected by lactation status during the 
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last 60 d of gestation.  This conclusion is also supported by histological data 

demonstrating intact alveoli throughout the dry period (Holst et al., 1987).  

Mammary DNA content of non-lactating glands was at a nadir after 25-d dry (35 

d prepartum) and MECs were in a non-secretory state by 7-d dry, suggesting that 

mammary involution was complete before 25 d after milk stasis (Capuco et al., 

1997).  In addition, increased MEC proliferation began by 25-d of the dry period, 

suggesting regression of the gland was complete and mammary growth was 

progressing.  The time during which secretory activity has ceased and luminal 

volume is at a minimum may be a critical time point for mammary development 

during the dry period (Table 1-2; Capuco et al., 1997).  Also at this pivotal time, 

there were increases in incorporation of [3H]-uridine and hydroxyproline content 

in dried glands, suggesting an increase in RNA synthesis and remodeling of the 

extracellular matrix.  These changes may be the foundation for MEC turnover 

and proliferation later in the dry period.  The authors hypothesized that the 

benefit of the dry period may be replacement of senescent mammary epithelial 

during late gestation and improved cell turnover (Capuco et al.,1997).    

Bachman (2002) addressed the decline in replacement of senescent cells 

and reduced milk yield in the subsequent lactation by studying a shortened dry 

period (30 d) and attempting to hasten involution by treatment with estrogen at 

milk stasis.  The 305-d mature equivalent (ME) milk yield did not differ between 

30-d dry and 60-d dry groups (Table 1-1).  There was also no effect of estrogen 

treatment on 305-d ME milk yield regardless of dry period length.  Based on the 
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finding that mammary involution is complete by 25 d of the dry period (Capuco et 

al., 1997), a 30 d dry period may have been adequate for involution to occur 

without estrogen treatment and also alleviate reduced proliferation of MECs 

compared to CM glands.   More recently, Gulay et al. (2003) examined the 

effects of a 30-d dry period, low-dose (143 mg/14 d compared to the FDA 

approved dose 500 mg/14 d) administration of a sustained-release formulation of 

bST during the last 28 d of gestation and first 60 d postpartum, and estrogen on 

postpartum milk production and dry matter intake (DMI).  Shortening the dry 

period and estrogen treatment at the time of dry-off did not alter milk yield during 

the 21-wk study (Table 1-1).  Bovine ST administration improved milk yield by 

8%, but there was no interaction between dry period length and bST 

supplementation.  DMI tended (P < 0.08) to be greater during the early 

postpartum period for cows with a 30-d dry period regardless of bST treatment.  

Control cows experienced a larger decrease in body condition score (BCS) after 

calving that persisted throughout the study and BCS was not affected by bST 

treatment.  The animals in these studies (Bachman, 2002; Gulay et al., 2003) 

had milk yields (Table 1-1) representative of today’s dairy cow and further 

supports the need for research on the optimal dry period length with current 

production levels and management strategies in the dairy industry.  The effect of 

days dry on subsequent milk yield has also been examined in field trials.  

Coppock et al. (1974) conducted a field trial to evaluate dry periods of 20, 30, 40, 

50 and 60 d.  They concluded that a dry period greater that 40 d resulted in 
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production equal to cows dry 50 d or longer, but a dry period less than 40 d 

resulted in significant production losses (Table 1-1).  In the lactation following 

shortened dry periods, a traditional dry period was utilized and milk production 

was similar to cows with 50 to 60- d dry periods throughout the study.  Others 

have also demonstrated the absence of a carryover effect from shortened or 

omitted dry periods (Swanson, 1965; Remond et al., 1997).  Another field trial 

comparing 4, 7 and 10-wk dry periods determined that a 4-wk dry period 

decreased milk yield by 2.7 kg/d during the first 168 d of the subsequent lactation 

(Table 1-1; Sorensen and Enevoldsen, 1991).  Cows with a 10-wk dry period had 

similar production compared to cows given a 7-wk dry period.

Continuous lactation also has been studied in goats, rats, and humans.   

Omitting the dry period in goats did not result in reduced milk yield in the 

subsequent lactation (Fowler et al., 1991).  Fowler et al. (1991) used the within 

animal model and found that CM glands were visibly smaller at the time of 

parturition compared to control glands, but this difference did not continue past 

parturition.  At 18-wk postpartum, mammary parenchyma weight and secretory 

cell number were not different between CM and control glands.  In rats, omission 

of the dry period resulted in a 28% decrease in litter weight gain compared to rats 

given a 4-d dry period (Paape and Tucker, 1969).  The CM rats had greater total 

DNA than 4-d dry rats on the first day of lactation; however, the inverse was true 

on d 8 and 16 of lactation.  Further, collagen content was reduced in CM rats on 

d 1 of lactation.  If collagen is required for future mammary development, its 
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reduction at the start of lactation may contribute to reduced cell numbers later in 

lactation.  As mentioned previously, the importance of the extracellular matrix on 

mammogenesis also has been suggested in cattle (Capuco et al., 1997).  Pitkow 

et al. (1972) also demonstrated reduced milk yield in CM rats, but provided

evidence that omitting the dry period resulted in an increase in MEC carry over 

from one lactation to the next.  In humans, women that nursed through the last 

trimester of pregnancy had infants with a 15% reduction in weight gain during the 

first month postpartum (Marquis et al., 2002).  Further, the infants from CM 

women breastfed longer per feeding and longer in a 24-h time period than infants 

from women that had not breastfed during pregnancy.  Despite the longer 

feeding times, infants from CM women had a tendency for lower intakes (Marquis 

et al., 2002).  Results suggest reduced milk yield in CM women possibly due to 

reduced MEC function or number.   

The difference in a dry period requirement in cattle, rats, and humans 

compared to goats may be related to the fact that prior to peak milk yield, cell 

activity plays a major role in determining milk yield in goats and post peak milk 

yield is more dependent on cell number (Knight and Wilde, 1987).  Goats that are 

CM do not demonstrate reduced production in the subsequent lactation.  

Conversely, in rodents (and possibly in cattle and humans), cell number is more 

important in early lactation (Knight and Wilde, 1987) and omission of the dry 

period decreases milk yield.  
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In summary, the studies reviewed have used identical twins (between 

animal comparisons), half-udder models (within animal comparisons), and across 

animal comparisons to demonstrate CM animals or specific glands have 

depressed milk yield, but no differences in mammary DNA content, cell numbers, 

or BW when compared to animals or specific glands given a 60-d dry period.  

Data from these continuous lactation studies suggest depressed milk yields are 

due to reduced functionality of mammary parenchyma rather than nutritional 

status, endocrine regulation, or cell number.  Collectively, our interpretation of the 

literature is that reduction of subsequent milk yield in CM animals is caused by 

reduced MEC turnover and larger carryover of “old” MEC to the next lactation, 

resulting in reduced secretory capacity of mammary tissue and perhaps more 

resting MEC in CM glands.  Continuous milking may alter cell turnover through 

reduced MEC proliferation (reduces new MECs) and apoptosis (increases old 

MECs), thus maintaining DNA content equal to glands with a dry period, but with 

different populations of old and new cells.  Data on the effects of a 30-d dry 

period on subsequent milk yield and mammary functionality are equivocol.  

Shortened dry periods have recently been extensively reviewed by Bachman and 

Schairer (2003).  The majority of research on the topic of CM was done with low 

producing cows (Table 1-1) and needs to be reexamined using today’s 

genetically superior cow in conjunction with modern management and feeding 

practices.   
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Proposed Effects of CM on Mammary Cell Turnover

For CM to alter MEC turnover, the process of apoptosis and proliferation 

must be altered compared to events occuring during a normal 60-d dry period.  

Effects of milk removal and milk stasis are better understood for apototic stimuli 

than for mitogenic events.  There are both systemic and local effects on MEC 

apoptosis during lactation.  However, the effects of CM are most likely at a local 

level.  Systemic effects are thought to be governed by the galactopoietic 

hormones, prolactin, growth hormone, and insulin-like growth factors (IGF) based 

on data collected in rodents (Wilde et al., 1999).  Prolactin is believed to inhibit 

mammary apoptosis by repression of insulin-like growth factor binding protein 5 

(IGFBP5), which antagonizes the effects of insulin-like growth factor-I (IGF-I) on 

the survival of MECs (Wilde et al., 1999).  According to this scenario, the role of 

ST is believed to be through elevation of IGF-I.  

Local control of apoptosis can overcome the antiapoptotic effects of 

galactopoietic hormones as demonstrated by apotosis of MECs during the 

decline phase of lactation and by involution following milk stasis in individual 

glands (unilateral milk stasis in goats, teat sealing in rats) while lactation is 

maintained in other glands (Wilde et al., 1999).  The within animal model studies 

previously discussed disprove systemic, endocrine theories, but do not address 

autocrine or paracrine control of involution.  Involution under local control of the 

mammary gland is believed to be the result of an accumulation of apoptotic 
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factors in stored milk and/or MECs and due to physical distention on the 

mammary epithelium during milk stasis (Wilde et al., 1999).

The apoptotic factors known to increase in milk after cessation of milk 

removal are IGFBP5  and transforming growth factor-β1 (TGF-β1; Wilde et al., 

1999).  Inhibition of IGF-I by IGFBP5 was discussed previously.  The role of 

TGF-β1 is not well known, but it is upregulated in involuting tissues and during in 

vitro conditions that stimulate apoptosis (Wilde et al., 1999).  Others also have 

demonstrated that forced involution following weaning or cessation of milking 

reduces MEC responsiveness to IGF-I activation of the PI3-kinase and Akt 

survival pathways regardless of overexpression of IGF-I or adequate IGF-I 

receptor numbers (Hadsell et al., 2001).  Physical distention may induce 

apoptosis by disrupting cell shape, changing intramembrane composition, 

altering intracellular free calcium content, and changing gene expression which 

have implications on the function of the mammary epithelium (Wilde et al., 1999).  

Progressive induction of mammary distention without milk stasis has been shown 

to inhibit milk secretion, indicating both physical and chemical feedback 

contribute to mammary involution and tissue remodeling (Wilde et al.,1999).

The physical changes in MEC during involution in dairy cattle have been 

described (Holst et al., 1987).  Within 24 h of milk stasis, there is a reduction in 

secretory vesicles fused to the apical membrane, and thus an accumulation of 

secretory vesicles and fat droplets occurs within MEC ( Holst et al., 1987).  

These vesicles appear to fuse, forming large stasis vacuoles within 48 to 72 h.  
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The accumulation of vacuoles and secretory products result in engorged MEC 

and inhibition of milk secretion by end product inhibition of milk synthesis (Holst 

et al., 1987; Capuco and Akers, 1999).  Continuous milking may reduce 

apoptosis through local effects of milk removal minimizing the build up of 

apoptotic factors and/or physical distention in the mammary gland.  

The other aspect of MEC turnover, proliferation, has not been well studied 

in late-gestation cattle.  A normal dry period between lactations increases cell 

renewal in cattle (Capuco et al., 1997) and improves cell turnover in rats (Paape 

and Tucker, 1969)  when compared to lactating tissue from CM animals.  Non-

lactating tissue also has a greater mitotic index than lactating tissue (Altman, 

1945).  The mechanism by which CM alters MEC proliferation is unknown.  

Interestingly, IGF-I, which is elevated in plasma during lactation, stimulates MEC 

proliferation in vitro (McGrath et al., 1991) and in vivo (Collier et al., 1993).  The 

IGFBP’s (BP1-5) that control availability of IGF-I to target tissues are secreted 

locally by MECs.  Perhaps continuous lactation alters the profile of IGFBP in late 

gestation to decrease rate of MEC proliferation. The hypothesis that a dry period 

is required for complete replacement of senescent or old cells with new cells is 

supported by reduced MEC proliferation in CM tissue, but maintenance of total 

mammary cell numbers similar to dried tissue (Capuco et al., 1997).  An 

evaluation of apoptosis, another factor in MEC replacement, in bovine CM tissue 

has not been done.  This hypothesis assumes that old cells have less secretory 

ability than new cells and have less proliferative capability than new cells causing 
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a decrease in milk yield and premature decline of MECs during lactation (Capuco 

and Akers, 1999).  These assumptions are supported by the findings of Paape 

and Tucker (1969) that demonstrate reduced numbers of secretory cells in 

midlactation in CM rats as well as by findings of decreased cell number and 

activity during the decline phase of lactation on conventionally managed goats 

and cattle (Knight and Peaker, 1984; Wilde and Knight, 1989; Capuco and Akers, 

1999).  

Effects of Dry Period Length on Milk Composition
Because many milk pricing plans and quota systems pay the dairy 

producer not only for quantity of milk produced, but also for the composition of 

that milk, the effects of CM on milk composition are important.  Further, changing 

milk composition could have implications at the consumer level and poses issues 

regarding saleable milk.  Changes in colostrum quality following omission of the 

dry period are also important due to the importance of good quality colostrum on 

calf morbidity and mortality.  

Milk fat content in CM cows increases over the last 2 mo of gestation 

(Wheelock et al., 1965, Remond et al., 1992, Remond et al., 1997).   Wheelock 

et al. (1965) demonstrated this gradual increase occurs until 7 to 10 d before 

calving and then remains elevated through parturition.  Postpartum milk fat 

percent is similar in CM and control cows or glands (Wheelock et al., 1965; 

Remond et al., 1992; 1997).  Remond et al. (1997) reported a decrease in long 

chain fatty acids (LCFA) in milk from CM cows.  The reduced milk yield in CM 
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cows most likely improved energy balance and decreased mobilization of 

adipose tissue.  This effect may have reduced LCFA incorporation into milk fat 

and increased de novo synthesis of short and medium chain fatty acids.   

Similar to fat, milk protein increased gradually throughout the last 2 mo of 

gestation and remained elevated through parturition (Wheelock et al., 1965; 

Remond et al., 1992; 1997).  As milk yields decreased to very low levels (<6 

kg/d), the ratio of casein to total protein decreased (Remond et al., 1992; 1997).  

The change in the casein to total protein ratio was effected by a greater increase 

in soluble (whey) proteins compared to casein.  Postpartum milk protein percent 

was greater (Remond et al., 1992; 1997) or unchanged (Smith et al., 1967) in CM 

cows when compared to controls.  An increase in milk protein percent may be the 

result of reduced milk yield improving energy balance and thereby sparing amino 

acids and energy for protein synthesis (Remond et al., 1997). Casein content of 

milk protein production in the subsequent lactation was not different between CM 

and control glands (Remond et al., 1997).

Lactose content of milk has been shown to decrease during the last 2 mo 

of gestation in a similar, but inverse temporal pattern as observed for fat and 

protein (Remond et al., 1997).  Postpartum lactose content in milk from CM 

glands or cows decreased in some experiments (Remond et al., 1992; 1997) and 

was unaffected by length of dry period in others (Wheelock et al., 1965; Smith et 

al., 1967).  Lactose is the major osmoregulator of milk and a decrease in lactose 

production from CM cows or glands would explain reduced milk yield.  However, 
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not all experiments with decreased milk yield following an omitted dry period 

demonstrate reductions in lactose content.   Reduced milk yield without reduced 

lactose synthesis would suggest fewer cells in the secretory state in CM glands.  

During CM and late gestation, Wheelock et al. (1965) observed a 

decrease in the potassium (K) to lactose ratio, which was accompanied by an 

increase in sodium (Na) and chloride (Cl) concentrations.  It was suggested that 

these changes were caused by the very low milk yields in late gestation and a 

shift from a primary secretion of milk to transudate of plasma.  Further, these 

changes suggest a decrease in metabolic activity of secretory cells because 

maintenance of the normal K gradient between intracellular fluid and the alveolar 

lumen is an energy dependent process (Wheelock et al., 1965).  Postpartum 

levels of K, Na, and Cl in milk were not different in CM glands compared to 

controls (Wheelock et al., 1965; Smith et al., 1967). 

A review of the literature suggests that colostral immunoglobulin (Ig) and 

protein content are reduced in CM cows (Remond et al., 1997).  Enhanced 

protein and Ig concentrations in colostrum are believed to be the result of an 

accumulation of secretion in the udder prior to calving (Wheelock et al., 1967; 

Remond et al., 1997).  Continuously milked cows may have reduced colostrum 

quality due to the lack of a secretion accumulation period.  Interestingly, cows 

that were given a dry period of 1 to 10 d produced colostrum with Ig 

concentrations that are 60 to 70% of colostrum from cows given a 60 d dry period 

(Remond et al., 1997).  If colostral Ig concentrations in CM cows are reduced, the 



39

use of colostrum supplements to achieve desired Ig concentrations would be 

necessary. 

The typical pattern of SCC during a traditional lactation cycle is 

characterized by high concentrations at freshening, a nadir at peak milk and mid 

lactation, and concentrations gradually rising in late lactation (Peters, 2002).  

Remond et al. (1997) discussed the impact of omitting the dry period on SCC 

using data from several studies (controlled and commercial field trials) conducted 

by their lab.  During the last 60 d of gestation, there was a gradual increase in 

SCC until 4 wk prepartum, and a more substantial increase during the last 4 wk 

of gestation.  These trends are similar to SCC pattern observed in traditional 

lactation cycles (Peters, 2002).  In subsequent lactations, Remond et al. (1997) 

observed a tendency for elevated SCC in milk from cows given a  shortened or 

omitted dry period.  This increase in SCC was not accompanied by an increase 

in clinical mastitis cases.  Further, the 60-d dry cows were all given 

intramammary antibiotic treatment at the time of milk stasis.  No preventative 

therapy was used in CM cows and in many of the shortened dry period animals 

(Remond et al., 1997).  One could speculate that continuous milking of cows 

could reduce clinical mammary infections by eliminating new infections 

associated with cessation of milking and the dry period. 

NEW OPPORTUNITIES FOR CONTINUOUS LACTATION

Dramatic production increases and improved persistency of lactation 

(Figure 1-1) in today’s dairy cow provide new opportunities for reinvestigating 
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omission of the dry period.  The first opportunity is improved milk yield at the time 

of dry off (Figure 1-1).  Many cows are producing more than 30 kg/d at dry off 

and have the potential to milk through the last 60 d of gestation at a profitable 

production level.  Additional days of lactation maximize income generated per 

cow per lactation and decrease the number of replacement animals needed to 

keep a dairy at desired cow number capacity.  Further, such high yields at milk 

stasis result in extreme changes in metabolic and physiological state complicated 

with dramatic diet changes to essentially add a second transition period to the 

lactation cycle.  Another opportunity lies at the other end of the lactation curve in 

the “traditional” transition period (3 wk prepartum to 3 wk postpartum) when 

parturition stress, initiation of lactation, and dramatic diet changes occur.  These 

two transition periods within 60 d of each other offer the cow a relatively short 

time period to adapt to many extreme changes.  One could speculate that CM 

would keep the animal adapted to lactation and associated diets and may further 

reduce the risk of metabolic disorders.  A third and perhaps most important 

opportunity arises from new management technologies that were introduced 

since World War II that improve milk yield.  Some of these management 

technologies, including  increased milking frequency, bST, and photoperiod 

regulation (Figure 1-1) are known to increase MEC functionality and therefore, 

may address the issue of reduced functionality in MECs without a rest period 

between lactations.  
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Bovine ST is of particular interest and will be the focus of this discussion.  

Exogenous bST increases milk yield by 10 to 15% and improves lactation 

persistency (Bauman et al., 1999).  Most importantly, bST has been shown to 

impact MECs by all or a combination of the following mechanisms: 1) improved 

synthetic activity on a per cell basis (increased RNA content), 2) increased 

number of cells in a secretory state and reduced number of cells  in a resting 

state (increased parenchyma volume without increased DNA synthesis), and 3) 

reduced cell loss (low levels of plasmin during bST treatment; Bauman and 

Vernon, 1993). 

The effects of bST treatment on milk yield are believed to be indirect 

(McDowell et al.,1987; Davis et al.,1989; Prosser et al., 1990; Bauman and 

Vernon, 1993).  Production of IGF-I occurs in mammary stromal cells and IGFBP 

may localize IGF-I to the MEC (Cohick, 1998).  During bST treatment, IGFBP3 is 

elevated and IGFBP2 is decreased.  Such alterations in the IGFBP profiles could 

regulate the galactopoietic effects of bST.   In addition to these galactopoietic 

effects, IGF-I has been shown to be an important regulator of cell survival 

(Hadsell et al., 2001) and may contribute further to reduced cell loss in bST-

supplemented animals.  However, a reduction in apoptotic indices has not been 

observed in bST-treated animals (Capuco et al., 2001; Baldi et al., 2002).  

Perhaps small numbers of apoptotic cells makes it difficult to detect a difference 

due to bST treatment.  Reduced apoptosis in MEC has been demonstrated in 

transgenic mice over-expressing IGF-I or IGFBP3 (Neuenschwander et al., 
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1996).   Hadsell et al. (1996) found similar results in transgenic mice over-

expressing truncated IGF-I (des-IGF-I).  As previously discussed, the anti-

apoptotic properties of IGF-I are diminished during forced involution due to local 

factors within the mammary gland (Cohick, 1998; Hadsell et al., 2001).   This 

ability of local signals to mediate MEC apoptosis may be responsible for different 

responses to bST compared to IGF-I on cell survival during lactation.

In addition to the possible antiapoptotic effects of elevated IGF-I, bST 

supplementation may reduce MEC loss by reducing plasmin in the mammary 

gland.  Plasmin is a serine protease that is elevated in milk during the declining 

phase of lactation (gradual involution; Politis et al., 1990).  Bovine ST treatment 

prevented the increase in milk plasmin suggesting a role in decreasing the 

conversion of inactive plasminogen to plasmin.  This decrease in plasmin may 

correlate with reduced mammary involution in bST-treated cows (Politis et al., 

1990).  These effects of bST on plasmin activity in milk have also been shown in 

ewes (Chiofalo et al., 1999).  Others have not been able to demonstrate an effect 

of bST on plasmin concentrations in milk (Stelwagen et al., 1994; Baldi et al., 

2002).  

Bovine ST supplementation in non-lactating, pregnant cows had no effect 

on postpartum milk yield (Bachman et al., 1992).  Intramammary infusion of bST 

in late-pregnant heifers was mammogenic, but did not increase postpartum milk 

yield (Collier et al., 2002).  The mammogenic effect observed in this study may 

not have been sustained through calving.  Intramammary infusion of IGF-I in late-
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pregnant heifers was also mammogenic, but resulted in decreased postpartum 

milk yield (Collier et al., 2002).  In ewes, bST treatment during the dry period 

increased MEC number and improved postpartum milk yield (Stelwagen et al., 

1993).  Recently, a mammogenic response to bST has been demonstrated in 

lactating cows (Capuco et al., 2001).  However, the increase in MEC proliferation 

was not accompanied by a change in apoptotic frequency resulting in a reduced 

rate of mammary regression rather than a net increase in mammary parenchyma 

(Capuco et al., 2001).  Treatment of late-gestation (last 60 d of gestation), 

lactating cows with bST has not been evaluated.  

Proliferative effects of bST in non-lactating tissue from prepubertal heifers 

have been exhibited both in vivo (Sejrsen et al., 1986; Berry et al., 2003) and in 

vitro (Weber et al., 2000).  In vitro studies have demonstrated proliferative 

properties of IGF-I in MECs (Shamay et al., 1988; Baumrucker and Stemberger, 

1989; Winder et al., 1989; McGrath et al., 1991; Peri et al., 1992; Collier et al., 

1993; Purup et al., 1995).  Concentrations of IGF-I are elevated in milk and the 

numbers of high-affinity, IGF-I receptors are increased in mammary tissue during 

pregnancy, further demonstrations of a potential role of IGF-I in mammary 

proliferation (Collier et al., 1989; 1993).  

The effects of bST supplementation and the resulting indirect effects 

mediated by the IGF system have not been investigated in CM cows.  The fact 

that MEC proliferation is reduced in CM glands without a reduction of total DNA 

content compared to control glands suggests CM alters MEC turnover to favor an 
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increase in the number of “old” MEC in the subsequent lactation (Capuco et al., 

1997).  Also, it is important to recognize that MEC turnover exists throughout 

lactation (Knight and Peaker, 1984; Capuco et al., 2001); thus, “new” cells do not 

only originate during or following a dry period.  These suggested changes in cell 

turnover have been implicated in reduced milk yields in CM glands.  Bovine ST 

may have a role in alleviating reduced milk yields in CM cows through the 

previously mentioned effects on MEC.  It is possible that bST treatment would 

enhance secretory capacity and survival of “old” MEC to establish milk yields 

equivalent to those derived from glands with a larger population of “new” MEC. 

Bovine ST could also improve milk yield in CM cows with more old MEC by 

decreasing the number of cells in a resting state.  Further, mitogenic properties of 

bST/IGF-I may reverse the reduction in proliferative rates in MEC of CM glands 

and improve MEC turnover during late gestation.  

We conducted a commercial trial examining the effects of CM in 

combination with bST supplementation on milk yield and composition.  

Treatments included:  1) 60-d dry period, label bST (control; label=bST started at 

57 to 70 DIM to end of lactation), 2) 30-d dry period, label bST, 3) CM, label bST 

and 4) CM with continuous bST.  Average milk yield was reduced in primiparous 

cows during the first 17 wk postpartum for treatments 2, 3 and 4, compared with 

controls (40.1, 32.2, 34.6, vs. 43.1 kg/d; P < 0.01, n=57 (Annen et al., 2003a).  

Milk production in multiparous cows was not affected by treatment (45.6, 42.0, 

45.5 vs. 47.3 kg/d; P > 0.8, n=38).  These data suggest that a shortened dry 
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period and CM have minimal effects in multiparous cows (> second lactation 

during previous lactation), but result in reduced production in the subsequent 

lactation in primiparous cows.  We hypothesize that a shortened or omitted dry 

period impedes mammary growth in primiparous animals and may have minimal 

production effects in multiparous cows treated with bST.  

Remond et al. (1997) reviewed a large commercial trial (Brittany Survey) 

that included data from 252 lactations after the dry period was omitted and 139 

lactations following a shortened dry period.  In this study, primiparous cows 

milked continuously had larger production losses in the next lactation (1525 kg) 

than CM multiparous cows (1342 kg).  They concluded that continued body and 

mammary growth in primiparous cows resulted in larger production losses after a 

shortened or omitted dry period.  Further, several studies analyzing dairy records 

also detected a greater sensitivity of a reduced or omitted dry period between the 

first and second lactations than in older cows (Wilton et al., 1967; Dias and 

Allaire, 1982).  Dias and Allaire (1982) determined that as age at calving in the 

lactation before a shortened dry period increased from 24 to 83 mo, the optimal 

number of d dry decreased from 65 to 23 d.  As mentioned previously, data from 

such observational studies may have biased interpretations because animals 

were not actually being managed for shortened or omitted dry periods.  Sorensen 

and Enevoldsen (1991) were not able to demonstrate a parity effect in their 

evaluation of a shortened (3 wk) dry period.  
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Our preliminary evaluation of dry period length with concomitant use of 

bST, demonstrated improved profitability in multiparous cows through increased 

net milk income generated by omitting the dry period (Annen et al., 2003a).  For 

example, CM multiparous cows and continuous bST resulted in a cumulative 

gain of $50/cow over control (60-d dry) cows during the first 17 wk of the 

subsequent lactation.   The cows in this study were representative of today’s high 

producing cow.  Control, multiparous cows reached peak milk yields of 52 kg/d 

and control, primiparous cows reached peak milk yields of 47 kg/d in the 

subsequent lactation.  

CONCLUSION
Continuous milking has been shown to reduce milk yield in subsequent 

lactations.  A shortened dry period has been shown to cause both reductions and 

no change in subsequent milk yields.  Much of these data were collected from 

cows with dramatically lower milk yields than today’s genetically superior cow 

and without the use of many of the management tools used in the dairy industry 

today, such as bST.  It is hypothesized that reduced milk yield after continuous 

lactation is caused by reduced MEC proliferation and turnover rather than 

reduced MEC numbers.  New research is required to examine the effects of CM 

in high producing cows in combination with bST supplementation.  
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Table 1-1.  Summary of results from controlled experiments evaluating the effects of continuous milking (CM) or 
shortened dry periods on milk production

Reference Model

Dry 
period 
length Production effects

Peak Milk 
yield in 
controls

Swanson, 1965 Identical 
twins

CM • 25% reduction in milk yield in the second lactation
• 38% reduction in the third lactation
• Improved body weight throughout the study

18-20 kg/d

Smith et al., 
1967

Half-udder CM 23% reduction in milk yield in CM glands 20-25 kg/d

Coppock et al., 
1974

Between 
animal

20, 30, 
40, and 
50 d

• 20 d, 30 d, 40 d dry periods reduced milk yield by 
10%, 7%, and 1%

• Dry periods greater that 40 d did not alter 
subsequent milk production

6726 kg 
305 ME*

Lotan and 
Alder, 1976

Between 
animal

30 d Reduced milk yield for 2 mo post partum, but no 
difference in 305-d FCM yield

less than 
34 kg/d

Sorensen and 
Enevoldsen, 
1991

Between 
animal

4 wk 4-wk dry period reduced subsequent milk yield by 10% 25 kg/d

Remond et al., 
1992

Between 
animal

CM Reduced milk yield by 4 kg/d (17% of average daily 
milk)

less than 
30 kg/d

Bachman, 
2002

Between 
animal

30 d No difference in 305-d milk yield 46 kg/d

Gulay et al., 
2003

Between 
animal

30 d No difference in daily milk yield or 3.5% FCM yield 44 kg/d

*Peak milk yield not published
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Table 1-2. Summary of changes in mammary epithelial cells (MEC) from control and continuously milked (CM) 
cows  (Capuco et al., 1997).

53 d prepartum
(7-d dry)

35 d prepartum
(25-d dry)

7 d prepartum
(53-d dry)

Control MEC in a non secretory 
state

MEC proliferation increasing

Luminal area at a minimum and 
stromal elements at a maximum

98% of MEC in a secretory state

MEC account for 83% of total 
MECs

CM 50% of MEC in a secretory 
state

Luminal area and stromal 
elements did not vary with stage of 
gestation in CM glands

75% of MEC in a secretory state

MEC account for 74% of total 
mammary cells
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Figure 1-1. Illustration of the effects of genetic gain and management practices on peak milk yield and lactation 
persistency (Adapted from Knight, 1998).
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CHAPTER 2 -- EFFECT OF MODIFIED DRY PERIOD LENGTHS AND BOVINE 
SOMATROPIN (bST) ON YIELD AND COMPOSITION OF MILK FROM DAIRY 

COWS

INTRODUCTION
Research evaluating the dry period requirement in dairy cows suggests a 

2-mo dry period is optimal and a dry period < 40 d results in reduced milk yields 

in the succeeding lactation (Klein and Woodward, 1943; Schaeffer and 

Henderson, 1972; Coppock et al., 1974; Wilton et al., 1967; Funk et al., 1987; 

Sorensen and Enevoldsen, 1991).  However, much of those data were derived 

from retrospective analyses of dairy records rather than planned experiments.  In 

other studies, a 30-d dry period did not affect milk production in the next lactation 

(Lotan and Alder, 1976; Bachman et al., 2002; Bachman and Schairer, 2003; 

Gulay et al., 2003; Rastani et al., 2003).  Complete omission of the dry period in 

controlled studies resulted in 17 to 38% reductions in milk yield in the subsequent 

lactation (Swanson, 1965; Smith et al., 1967; Remond et al., 1992)

There are 4 hypotheses that have been proposed to explain reduced milk 

yields in continuously milked (CM) cows: 1) inadequate body reserves (Swanson, 

1965); 2) endocrine differences (Smith et al., 1967); 3) reduced mammary 

epithelial cell numbers (Swanson et al., 1967; Capuco et al., 1997); and 4) 

reduced mammary functionality, i.e. reduced secretory and/or mitotic capacity 

(Swanson et al., 1967; Capuco et al., 1997).  Using identical twins, Swanson 

(1965) refuted the nutritional hypothesis by demonstrating that CM twins 

maintained heavier body weight (BW) throughout the study, but milk yield was 
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reduced by 25% in the second lactation and 38% in the third lactation.  If nutrition 

limited milk yield, greater rather than reduced milk yield in CM cows would be 

expected based upon BW differences.   Smith et al. (1967), using a half-udder 

model to evaluate milk production in CM and control (60-d dry) quarters, 

observed reduced milk yield in CM glands even though supply of nutrients and 

endocrine factors was equal for all quarters.  Autocrine- and paracrine-acting 

hormonal factors may play a role in reduced milk yield in CM glands, but have 

not been investigated.  A reduction in total mammary cell numbers in CM 

quarters or cows has not been demonstrated in cattle (Swanson et al., 1967; 

Capuco et al., 1997), but has been shown in rats (Paape and Tucker, 1969) and 

suggested in goats (Fowler et al., 1991).  Reduced mammary epithelial cell 

(MEC) functionality in CM cows was suggested by Swanson et al. (1967) 

because mammary DNA content and alveolar concentration were not affected by 

a 6-wk difference in dry period length.  Capuco et al. (1997) also found no 

differences in mammary DNA content in CM cows compared to 60-d dry cows, 

but MEC proliferation was reduced by 80% in CM cows.  Reduced proliferation, 

but equal DNA content may occur in CM cows that have reduced MEC turnover 

but carry more senescent mammary cells into the subsequent lactation (Capuco 

et al., 1997).  Increased MEC carryover from one lactation to the next has been 

demonstrated in CM rats (Pitkow et al., 1972), but not in cows.  An older 

population of MEC may be the causative factor of reduced mammary 
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functionality and milk yields in CM cows or glands.  This assumes that older MEC 

have reduced proliferative and secretory capacity (Capuco and Akers, 1999).

Much of the data on shortened or omitted dry periods have been 

generated using cows reaching peak milk yields of 20 to 30 kg/d compared to 

today’s high-producing cows which are capable of peak milk yields in excess of 

50 kg/d.  Moreover, improved milk production levels and lactation persistency 

have resulted in greater milk yields at drying.  Cows producing > 30 kg/d at 

drying have potential to milk through the last 60 d of gestation at a profitable 

production level.  In addition to production increases, there are many new dairy 

management strategies and galactopoietics (increased milking frequency, bST, 

and  photoperiod management) that may impact mammary functionality in CM 

cows, but have not been investigated.  The effects of bST on CM cows is 

especially interesting because bST increases milk yield by 10 to 15% and 

impacts MEC by improving synthetic capacity, reducing the number of resting

MEC, and/or reducing MEC loss (Bauman and Vernon, 1993).  A 30-d dry period 

has been evaluated in high-producing cows in conjunction with a low dose of bST 

administered throughout gestation and early lactation (Gulay et al., 2003; 2004).  

No loss or gain in subsequent milk production was detected for 30-d and 60-d dry 

cows, regardless of bST treatment (Gulay et al., 2003).   However, as a main 

effect, bST-treated cows had greater milk yield through the first 10 wk of lactation 

(Gulay et al., 2003).  We hypothesized that a shortened or omitted dry period in 
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bST-supplemented, high-producing cows would have negligible effects on milk 

production in the subsequent lactation.   

Therefore, the objectives of the following study were to 1) determine 

effects of a shortened or omitted dry period with label use of bST and of an 

omitted dry period and continuous use of bST on subsequent milk yield and 

composition and 2) to determine economic returns of a shortened or omitted dry 

period in primiparous and multiparous cows.  

MATERIALS AND METHODS
The University of Arizona and University of Idaho Institutional Animal Care 

and Use Committees approved all procedures involving animals.  The study used 

3 herds, 2 Idaho dairies (Herds 1 and 2) and 1 Arizona dairy (Herd 3).  All cows 

had ad libitum access to feed and water.  Herds 1 and 2 were milked 3 times per 

day and herd 3 was milked 2 times per day.  At each milking, yield was 

determined by milk meters and recorded in Dairy Comp 305 (DC305; Valley Ag 

Software, Visalia, CA), and stored for 7 d. Weekly back-up files were retrieved 

and milk yield data were transferred to an Excel (Microsoft Corp., Redmond, WA) 

spreadsheet.  Milk samples from 1 milking were taken monthly and analyzed for 

fat percent, true protein percent, and SCC (Herd 1-Treasure Valley Milk Testing, 

Meridian, ID, Herd 2-Northwest Labs, Jerome, ID, Herd 3-Arizona Dairy Herd 

Improvement Association, Tempe, AZ).  Milk fat and protein were analyzed using 

AOAC approved infrared analysis.  Analysis for SCC was also done using 

AOAC-approved cell staining techniques.  All equipment used in the analyses 
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was certified by the International Dairy Federation and the Food and Drug 

Administration (FDA).  Daily milk production data and monthly milk composition 

data were collected for the last 17 wk of gestation and first 17 wk of the 

subsequent lactation.  Daily milk yield data from each cow were collapsed into 

weekly means of daily milk yield for statistical analyses.  

From each herd, 40 pregnant, lactating cows were selected for the study.  

Herds 1 and 2 used all Holstein cows on the study.  Herd 3 used both Holstein 

and Brown Swiss cows.  Treatment groups in herd 3 were balanced for breed.  

Selection criteria for cows during the initial lactation on the study were: 1) 305-d 

mature-equivalent milk production > 12,000 kg, 2) supplemented with bST 

(POSILAC, Monsanto Company, St. Louis, MO) according to label (begin 

supplementation at 57 to 70 DIM, discontinue at end of lactation), and 3) SCC < 

200,000.  Within each herd, study cows were selected from the group of cows 

meeting the aforementioned criteria and assigned randomly to treatment.  The 

study included 4 treatments:  (1) 60-d dry period, label bST supplementation 

(60DD), (2) 30-d dry period, label use of bST (30DD), (3) no dry period, label use 

of bST (CMLST) and (4) no dry period, continuous bST supplementation 

(CMCST).  The bST product used is a sustained release formulation that delivers 

500 mg of rbST over a 14-d interval.  Label use requires injections every 14 d 

starting at 57 to 70 DIM and stopping at the end of lactation.  In the current study, 

bST injections were given at 14-d intervals on a set day of the week.  Therefore, 

60DD and 30DD cows received their last injection 27 to 14 d before drying and 
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CMLST cows received their last injection 27 to 1 d before actual parturition.  

Differences between expected and actual parturition dates resulted in a greater 

range of days for last bST injection for CMLST cows.  Postpartum injections of 

bST were initiated at d 57 to 70 in 60DD, 30DD, and CMLST cows.  CMCST 

cows received their last prepartum injection of bST 1 to 14 d before parturition.  

Injections continued into the next lactation on the same 14 d interval used 

prepartum making the first postpartum injection between d 1 and 13.  The study 

was conducted under an FDA Investigational New Animal Drug permit because 

supplementing bST from parturition to 57 DIM is off-label use of POSILAC.  Each 

treatment contained 5 primiparous cows and 5 multiparous cows from each herd.  

Primiparous cows were in their first lactation at the start of the study and 

multiparous cows were in their second or greater lactation at the start of the 

study.  

Drying Protocols
Cows were dried by abrupt cessation of milking and were administered 

intramammary antibiotics designated for use in dry cows.  Cows assigned to no 

dry period (CMLST and CMCST) were considered to be drying spontaneously 

when, unrelated to illness, their production dropped below a level preset by each 

of the herds for 7 consecutive days.  Herds 2 and 3 dried cows producing below 

9 kg/d and herd 1 dried cows below 14 kg/d. The production levels for 

spontaneous drying for all cows were set by each herd based on their break-

even production level. Cows from CMLST and CMCST were dried according to 
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the procedures used for 60DD and 30DD, except that intramammary antibiotics 

used had shorter withdrawal times.  After parturition, withdrawal times were 

followed, all cows were tested for antibiotic residues in milk, and milk was 

discarded until tested antibiotic free.    

Cow Movement and Ration Changes
All cows were fed a total mixed ration (TMR) formulated to meet or exceed 

nutrient requirements for their given production level and/or stage of gestation.  

Cows assigned to 60DD and 30DD were fed a lactating ration until milk stasis.  

At the time of milk stasis, they were moved to a far-off dry cow pen and fed a far-

off dry cow ration until 21 d before their expected parturition date.  Cows were 

then moved to the close-up dry cow pen and fed a close-up ration.  At parturition, 

they were moved into lactating cow pens and fed a lactating ration. Cows 

assigned to CMLST and CMCST were fed a lactating ration throughout the study, 

unless they were dried due to low production.  Cows dried < 21 d before their 

expected parturition date were moved to the close-up dry cow pen and fed a 

close-up ration.  At parturition, they were moved into lactating cow pens and fed 

a lactating ration.  Cows assigned to CM treatments that were actually dry > 21 d 

were removed from the study because the primary objective of the study was to 

examine the biology of omitted dry periods or very short dry periods on 

subsequent milk yield.  Cows assigned to 30DD that were dried due to low 

production for longer than 50 d were also removed from the study. 
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Colostrum Sampling and Analysis
Colostrum samples were collected at herds 2 and 3.  To prevent calves from 

nursing the dam, herd 2 calves were removed from the dam within 20 minutes of 

parturition and fed colostrum and herd 3 calves were fed 4 quarts of colostrum at 

parturition, but remained with the dam until fetal membranes were passed or 12 

hr after parturition.  Colostrum samples were collected for the first 4 milkings after 

parturition and analyzed for Immunoglobin G (IgG) content.  Due to labeling 

errors the milking number relative to parturition could not be accurately 

determined for herd 2.  However, samples were identified by cow and it was 

known that each of those samples was from 1 of the first 4 milkings after 

parturition.   Within herd 3, samples were labeled correctly and IgG content for 

each of the first 4 milkings postpartum was determined.  Data from herd 3 and 

from the literature indicate greater IgG levels in first milking colostrum relative to 

subsequent milkings.  Therefore, the greatest IgG value from the 4 samples 

analyzed for each cow from herd 2 was designated a presumptive first-milking 

colostrum value.  This presumptive first-milking IgG value and known first-milking 

IgG values from herd 3 were used for statistical analyses.  Colostrum IgG values 

were determined by radioimmunoassay (RIA).  Assay procedures are described 

by Richards et al. (1999) with modifications by Duff et al. (2000).  Prior to assay, 

samples were diluted 1:2000 in assay buffer.  All samples were analyzed within 

the same assay.  The intra-assay coefficient of variation was 6.9%.  
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Statistical Analysis
All statistical analyses were performed using Proc Mixed procedures in 

SAS (v.8.2; SAS, 1999).  The level of significance was set at P < 0.05 for main

effects and interactions.  Data collected from 17 wk to 12 wk prepartum were 

used for the covariate in all analyses except colostrum IgG content.  During this 

period, all treatment protocols were identical and any production differences 

among treatment groups were unrelated to the current study.  Milk yield and 

composition data from primiparous and multiparous cows were analyzed 

separately. Weekly milk yield analysis included prepartum milk from the last 8 wk 

of gestation and postpartum milk yield from 2 to 17 wk postpartum.  During the 

last 8 wk of gestation, 0 was entered for any week in which a cow was non-

lactating, regardless of treatment.  The first week postpartum was omitted from 

the analysis due to missing data.  Independent variables in the model were 

treatment, week relative to calving (WRC), herd, breed, covariate, and their 

potential interactions.  Total milk yield measures (total milk produced during the 

last 8 wk of gestation, total milk produced during wk 2 to 17 postpartum, and total 

milk produced during the last 8 wk of gestation and first 2 to 17 wk postpartum) 

were also analyzed.   The independent variables for the total milk analysis were 

treatment, herd, breed, treatment*herd, treatment*breed, and herd*breed.  The 

dependent variables in the milk composition analysis were milk fat percent, milk 

protein percent, and somatic cell linear score (SCS).  Independent variables in 

the model were treatment, month relative to calving (MRC), herd, breed, 

covariate, and their potential interactions.  One analysis of IgG content in first 
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milking colostrum used IgG concentration from the first milking (herd 3) and 

presumptive first milking (herd 2) as the dependent variable and treatment group 

as the independent variable.  Within herd 3, IgG analyses used treatment, breed, 

and milking number relative to parturition as independent variables.  For all 

analyses, except total milk measures and IgG from first milkings, WRC, MRC, or 

milking number was fit as a repeated measure using a first-order autoregressive

covariance structure.  The covariance parameters were fit separately by breed 

due to heterogeneity between breeds. The variability among cows within 

experiment cells was used to test the whole plot effects of herd, breed, treatment 

and their interactions.  The variability among milk yield and composition data 

within cows was used to test for the effects of WRC, MRC, or milking number 

and interactions involving these variables. For all total milk variables and IgG 

content, the error term was the residual variance or the variability among cows 

within experiment cells. For all analyses except herd 3 IgG, breed was nested 

within herd because only 1 herd had 2 breeds.   

Economic Analysis
Because the timing of cash flow is especially important in assessing when 

benefits and losses may occur with respect to parturition, a net margin, or net 

benefit (loss), was calculated for each week of the study using standard partial 

budgeting procedures.  As time proceeded, this net margin was cumulated into 

what has been expressed as Cumulative Net Margin (CNM).  In all cases, the 

60DD group was used as the control group and all margins were calculated 
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relative to their performance.  No attempt was made to account for additional 

changes in labor or grouping costs, nor was any risk differential considered for 

any possible health benefits or losses as has been proposed by Annen et al. 

(2004a).

The following equation was used to calculate the CNM for 30DD, CMLST, 

and CMCST groups.  

                  j

CNM=Σ (milk revenue – (feed costs + bST costs))
                 i

where i,j = wk –8 to +17

Assumptions used for these calculations were: body weight (BW) = 567 kg or 658 

kg (primiparous or multiparous), milk price = $10.00/cwt, lactating ration cost = 

$0.176/kg DM, dry-cow rations cost = $0.132/kg DM, and bST cost = $5.25/14 d.  

Dry matter intake estimations were calculated based on BW and production 

levels.  Weekly means from Figure 2-1 were used for CNM calculations. 

RESULTS AND DISCUSSION
The dry period requirement was investigated in high-producing, bST-

supplemented cows that were subjected to a control (60DD), shortened (30DD), 

or omitted dry period with label (CMLST) or continuous bST supplementation 

(CMCST).  The objectives of the dry period lengths in 60DD and 30DD 

treatments were met by average days dry of 55 and 30 d in primiparous cows 

and average days dry of 63 and 32 d in multiparous cows  (Table 1-1).  In 

primiparous cows, CMLST and CMCST treatments averaged 2 and 1 d dry, 

respectively (Table 1-1).  Multiparous cows in CMLST and CMCST averaged 5 
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and 3 d dry, respectively (Table 1-1).  These short dry periods in the CM cows 

resulted from cows with very low milk yields that dried spontaneously within 21 d 

of parturition.  The small number of d dry in treatments CMLST and CMCST 

combined with only 2 cows removed due to dry periods > 21 d suggested that 

most bST-supplemented cows are able to sustain a profitable production level 

throughout the last 8 wk of gestation.   Another goal of the experiment, evaluating 

shortened or omitted dry periods in high-producing cows, was achieved with 

primiparous 60DD cows reaching peak milk yields > 45 kg/d and multiparous 

60DD cows reaching peak milk yields > 50 kg/d (Figure 2-1).

Ninety-five, 56 primiparous and 39 multiparous, of the 120 cows originally 

assigned to treatment completed the study and were used in all statistical 

analyses, except colostrum IgG content.  Each treatment group had a similar 

number of cows removed and no patterns existed in reasons for removing cows 

(Table 1-1).  Reasons for cows exiting the study ranged from injury and health 

events typically observed in herds to incorrect or excessive dry period length or 

missed data collection for the current study.  Our objective of examining the 

biology of a shortened or omitted dry period on subsequent milk yield resulted in 

2 multiparous, CMLST cows being removed for a dry period in excess of 21 d: 1 

multiparous, 30DD cow was removed for a dry period in excess of 60 d due to 

spontaneous drying, and 3 (2 primiparous, 1 multiparous) 30DD cows were 

removed as a result of being erroneously continuously milked or dried for a 

projected 60-d dry period not as a result of spontaneous drying.  Re-assignment 
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of those cows to treatment based on actual days dry would have violated 

statistical assumptions of randomization.   It should be noted that if cows with 

unplanned dry periods in excess of 21 d for CMLST and 50 d for 30DD had been 

kept in the data, prepartum milk yield and overall economic results may have 

been slightly lower for these groups.  

Milk Yield 
Milk yield responses to treatment differed by parity and are presented 

separately.  

Primiparous
The temporal pattern of milk production during the last 17 wk of gestation 

and first 17 wk of the subsequent lactation are presented in Figure 2-1.  

Production differences among treatment groups at the start of the study were 

accounted for in the statistical analyses by using data collected during wk 17 to 

12 prepartum as a covariate.  Weeks 11 to 9 prepartum were not used in the 

covariate because bST supplementation in the 60DD group was ceasing.  Both 

CMLST and CMCST cows were on bST and lactating during the last 17 wk of 

gestation.  These treatments did not differ until after parturition, in that CMCST 

cows received continuous bST supplementation whereas CMLST cows were not 

supplemented until wk 9 to 10 postpartum.  

A rapid decline in prepartum milk yield was observed during the last 2 to 3 

wk of lactation in 60DD and 30DD groups as bST treatment ended.  Average 

daily milk yield during late gestation (last 8 wk of gestation) was affected (P < 0. 

01) by treatment, treatment*WRC, and treatment*herd.  Additional days of 
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lactation improved average daily milk yield during the prepartum period in 

CMLST and CMCST groups compared to 60DD and 30DD groups (P < 0.05; 

Table 2-2).  Because least-squares means estimated for 60DD during the last 8 

wk of gestation were not exactly equal to 0, the data presented in Table 2-2 are 

least-squares means that have been adjusted to 0 for the 60DD group during the 

last 8 wk of gestation.  Primiparous cows in CMLST and CMCST groups 

averaged 21.0 and 17.9 kg/d, respectively, during the last 8 wk of gestation 

(Table 2-2).  Further, both treatments were still producing > 10 kg/d the last week 

of gestation (Figure 2-1).  Primiparous cows in the 30DD group averaged 8.1 

kg/d during the last 8 wk of gestation, but were only lactating 4 of the last 8 wk.  

During the last 4 wk of gestation, 0 milk production resulted in a reduced average 

daily milk yield for the 8-wk period analyzed.  However, 4 wk more of lactation did 

result in greater (P < 0.05) prepartum milk yield in 30DD cows than 60DD cows.  

Investigation of the treatment*herd interaction revealed decreased (P < 0.05) milk 

yield in 30DD cows from herd 3 compared to herd 1 (6.0 vs. 15.1 kg/d).  Similar 

to daily milk yields during the last 8 wk of gestation, total milk produced during 

this prepartum period was greatest (P < 0.01) in the CM groups and greater (P < 

0.05) in the 30DD group than the 60DD group (Figure 2-2).  Total late-gestation 

milk yield was not affected by any variables other than treatment.  

Shortening (30DD) or omitting the dry period (CMLST and CMCST) 

between the first and second lactations resulted in a reduction (P < 0. 001) in 

daily milk yield during the first 2 to 17 wk of the subsequent lactation compared to 
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60DD cows (Table 2-2).  All treatments demonstrated similar temporal patterns in 

milk yield (Figure 2-1), however, the 30DD, CMLST, and CMCST primiparous 

cows reached lower (P < 0.05) plateaus than 60DD cows.  No difference in milk 

production was found between the 2 CM groups and the 30DD group.  

Throughout the first 2 to 17 wk of the subsequent lactation, primiparous cows in 

30DD, CMLST, and CMCST groups produced 87, 80, and 85% as much as 

60DD cows (Table 2-2).   Additional body and mammary growth in primiparous 

cows may require a dry period longer than 30 d.  Thus, reduced milk yield in 

primiparous 30DD and CM cows may be the result of reduced mammary growth, 

reduced mammary functionality, or a combination of both.  Subsequent milk yield 

also was affected (P ≤ 0.05) by breed.  Holstein cows had greater milk yields 

than Brown Swiss cows (39.6 vs. 35.4 kg/d).  

Total milk produced during the subsequent lactation (wk 2 to 17) was 

decreased (P < 0.05) in the CMLST group compared to the 60DD group, but 

CMCST and 30DD groups did not differ from the 60DD group or CMLST group 

(Figure 2-2).  Combined total milk produced during the last 8 wk of gestation and 

first 2 to 17 wk postpartum was not affected (P > 0.05) by any of the independent 

variables in the statistical model (Figure 2-2).   Milk produced during the last 8 wk 

of gestation and/or the absence of differences among some treatments for total 

postpartum milk prevented detection of treatment differences in combined total 

milk despite the reductions in average daily milk yield during wk 2 to 17 

postpartum that were observed for the 30DD and CM groups.   
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Multiparous
In multiparous cows, analysis of average daily milk yield during the last 8 

wk of gestation detected no differences (P > 0.05) between CMLST and CMCST 

groups (Table 2-2).  Both CM groups had greater (P < 0. 01) milk yields than the 

60DD and 30DD groups and milk yield for the 30DD group was greater (P < 0.05) 

than the 60DD group.  As mentioned for primiparous cows, data presented in 

Table 2-2 are least-squares means that have been adjusted to 0 for the 60DD 

group during the last 8 wk of gestation.  The temporal pattern of milk production 

during the last 17 wk of gestation was similar to that observed in primiparous 

cows (Figure 2-1), but multiparous cows were less persistent and the production 

decline during the last 3 wk of gestation was more dramatic.  Cessation of bST 

supplementation in 60DD and 30DD groups resulted in substantial decreases in 

milk yield during their last 2 to 3 wk of lactation.  During the final 3 wk of gestation 

multiparous, CMLST and CMCST cows produced 10 kg/d or less milk (Figure 2-

1).  This decrease in milk yield is exacerbated by the fact that some CM cows 

had spontaneously dried and were producing 0 kg/d during this time period.  

Cows that were actually lactating had greater milk yields than suggested by the 

least-squares means for each group during these weeks.  Similar to primiparous 

cows, production differences among treatment groups at the start of the study 

were accounted for in the statistical analyses by using data collected during wk 

17 to 12 prepartum as a covariate.   

Average daily milk yield during late-gestation was less in multiparous cows 

than in primiparous cows (Table 2-2).  Milk yield during the last 8 wk of gestation 
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by CMLST and CMCST, multiparous cows were 23 to 29% less than milk yields 

of the respective primiparous cows.  Less lactation persistency in CM 

multiparous cows was also suggested by longer d dry in CMLST and CMCST 

groups than observed in primiparous cows (Table 1-1).  Average daily milk yield 

during late gestation was also affected (P < 0.05) by herd, breed, treatment*herd, 

and treatment*herd*WRC in multiparous cows.  The treatment*herd interaction 

demonstrated that herd 2 had decreased (P < 0.05) milk yield in CMLST and 

CMCST cows compared to herds 1 and 3 (data not shown).  

Total milk produced during the last 8 wk of gestation was greater in both 

CM groups and the 30DD group compared to 60DD (Figure 2-2).   As expected, 

total milk produced during late gestation was greater in CM treatments than 

30DD and did not differ between the 2 CM treatments.  Total late-gestation milk 

yield was also affected (P < 0.05) by breed(herd) and herd*treatment.  Brown 

Swiss cows in herd 3 produced less (P < 0.05) milk than Holsteins in herds 1 and 

3 (data not shown).  Holsteins in herd 2 produced less (P < 0.05) milk during late 

gestation than Holsteins in herds 1 and 3 (data not shown).  The herd* treatment 

interaction revealed greater (P < 0.01) total prepartum milk yield in herd 3, 

CMLST cows than herd 2, CMLST cows (1740.9 vs. 514.5 kg/cow).  Total late-

gestation milk yield and average daily milk yield during the prepartum period 

would be slightly less if CMLST and 30DD cows that spontaneously dried were 

included in the analysis.  
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Unlike primiparous cows, shortening (30DD) or omitting the dry period 

(CMLST and CMCST) did not alter (P > 0.5) milk yields in the subsequent 

lactation (Table 2-2).  All treatments demonstrated similar lactation curves during 

the first 2 to 17 wk postpartum; daily milk yield increased rapidly during the first 2 

wk postpartum, reached peak milk yield between wk 8 to 10, and lactation curves 

plateaued at similar production levels (Figure 2-1).  Total milk produced from wk 

2 to 17 postpartum and combined total milk yield from 8 wk prepartum to 17 wk 

postpartum were not altered (P > 0.05) by any of the independent variables in the 

statistical model (Figure 2-2).  The absence of a treatment effect on total milk 

yield despite 4 to 8 wk of additional milking in 30DD, CMLST, and CMCST cows 

and no production losses in the subsequent lactation may be the result of less 

persistent milk yield during late gestation and more variability in daily milk 

production in multiparous cows.  

There have not been other studies evaluating continuous milking and bST 

supplementation and few studies evaluating a shortened or omitted dry period 

which discuss parity differences.  Similar to the current study, Remond et al. 

(1992) demonstrated a 17% reduction in milk yield in CM primiparous cows.  

Remond et al. (1997) reviewed a large commercial trial (Brittany Survey) in which 

production losses were greater in CM primiparous cows than in CM multiparous 

cows (1525 and 1342 kg, respectively).  They also concluded that continued 

body and mammary growth in primiparous cows exacerbated production losses 

after a shortened or omitted dry period.  Further, some studies analyzing dairy 
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records also detected a greater sensitivity of a reduced or omitted dry period 

between the first and second lactations than in older cows (Wilton et al., 1967; 

Dias and Allaire, 1982).  Dias and Allaire (1982) determined that the dry period 

requirement decreased from 65 to 23 d as age during the preceding lactation 

increased from 24 to 83 mo.  Sorensen and Enevoldsen (1991) were not able to 

demonstrate a parity effect in an evaluation of a dry period shortened to 4 wk, 

and reported a 10% reduction in milk yield during 168 d of the next lactation 

across all cows.  Data from observational studies (Wilton et al., 1967; Dias and 

Allaire, 1982) may have biased interpretations because animals were not actually 

being managed for shortened or omitted dry periods.  Factors such as 

mismanagement, health status, multiple births, gestation length, and inaccurate 

breeding records may also have biased the data (Remond et al., 1997).  Others 

have demonstrated reduced milk yields in CM cows, but did not discuss parity 

differences (Swanson, 1965; Smith et al., 1967, Rastani et al., 2003).  

Similar subsequent milk yields in CM multiparous cows (CMLST and 

CMCST) and 60DD cows (Table 2-1) have not been previously reported.  This is 

the first study to investigate continuous milking in high-producing, bST-

supplemented cows.  We hypothesize that the bST-mediated effects on MECs 

during late gestation may have improved MEC functionality and/or replacement 

of senescent MEC in continuously milked cows.  Data of Capuco et al. (2001; 

2003) suggest that bST administration increases turnover and functionality of 

MEC.  This hypothesis is also supported by data from Rastani et al. (2003) in 
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which high-producing cows that were CM, but not bST-supplemented had 

production losses of 14.8% compared to 56-d dry cows.  This 14.8 % decrease 

and historical decreases of 17 to 38% in lower producing cows (Swanson, 1965; 

Smith et al., 1967; Remond et al. 1992), when no bST supplementation occurred, 

are in contrast to no significant production losses observed when CM cows 

received bST during late gestation (CMLST) or during late gestation and early 

lactation (CMCST).  Data from studies using 30-d dry periods demonstrate equal 

milk yields in cows given 30-d and 60-d dry periods with and without bST  

(Bachman, 2002, Gulay et al., 2003; 2004; Rastani et al., 2003).  This consensus 

observation suggests that bST administered during the additional 4 wk of 

lactation is not required for normal production levels in the subsequent lactation 

and that bST is not needed, in the absence of milk removal, during the last 4 wk 

of gestation.  In contrast, CM cows apparently will require supplementation with 

bST throughout late gestation not only to sustain profitable milk production but in 

order to achieve subsequent production levels that are equal to those of 30DD 

and 60DD cows.  Notably, Gulay et al. (2004) have observed that, with dry period 

lengths of 30 and 60 d, low doses of bST during the transition period and early 

lactation improved milk yield.  The numerical increase in milk production of the 

CMCST cows compared to CMLST (Table 2-1) suggests that bST given during 

early lactation might contribute to the improvement of milk production in CM 

cows, primiparous or multiparous. 
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In comparison to 60DD, no difference in milk yield was demonstrated in 

the current study for multiparous 30DD cows.  Other experiments have evaluated 

a shortened dry period (< 40 d) (Coppock et al., 1974; Lotan and Alder, 1976; 

Sorensen and Enevoldsen, 1991; Bachman, 2002; Rastani et al., 2003) without 

bST and Gulay et al. (2003, 2004) have evaluated a shortened dry period with 

administration of a low dose of bST (143 mg/14 d compared to the FDA 

approved dose 500 mg/14 d) during late gestation and early lactation.  Like the 

current study, a majority of these studies had no difference in 305-d milk yield 

(Lotan and Alder, 1976; Bachman, 2002) or daily milk yield (Gulay et al., 2003, 

2004; Rastani et al., 2003) for cows dry 30 d compared to cows dry 60 d.  Gulay 

et al. (2003; 2004) did not detect an interaction of dry period length and bST

supplementation.  Coppock et al. (1974) observed production losses of 10% or 

less in cows dry 20, 30, or 40 d and Sorensen and Enevoldsen (1991) observed 

productions losses of 10% in cows dry 4 wk.  The results of these studies were 

not separated into first and later parities, but parities were balanced in many of 

these studies (Lotan and Alder, 1976; Bachman, 2002; Gulay et al., 2003).  

Consistent reports (Lotan and Alder, 1976; Bachman, 2002, Gulay et al., 2003, 

Rastani et al., 2003) of negligible production losses in cows given a 30-d dry 

period suggests that a 30-d dry period may be a feasible dairy management 

practice for multiparous cows.  
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Milk Composition
Milk fat content was unaffected (P > 0.05) by any of the treatments 

regardless of parity (Table 2-3).  In multiparous cows, milk fat percent was 

altered by breed with Brown Swiss cows producing milk with a greater (P < 0.05) 

milk fat content than Holsteins (4.25 vs. 3.36%, respectively).  Other researchers 

have also demonstrated no effect of shortened or omitted dry periods on milk fat 

concentrations (Remond et al., 1992; 1997; Gulay et al., 2003).  For both parities, 

milk fat percentage in all treatments was greatest the first mo postpartum and 

declined thereafter (data not shown).  

As reported for milk fat percentage, milk protein was also greatest the first 

mo postpartum and slowly declined through 4 mo postpartum regardless of parity 

(data not shown).  In primiparous cows, milk protein content was greater (P < 

0.05) in 30DD, CMLST, and CMCST compared to 60DD (Table 2-3).   However, 

in multiparous cows, milk protein was not altered by treatment.  A shortened or 

omitted dry period has been shown to increase (Remond et al., 1992; 1997) or 

not alter (Smith et al., 1967; Gulay et al., 2003) milk protein percentage in CM or 

30-d dry cows.  A greater percentage of protein in some studies may be the 

result of reduced milk yield improving energy balance; thus, sparing amino acids 

and energy for protein synthesis or a reduced dilution effect due to lower milk 

yields (Remond et al., 1997).  The fact that milk protein was only increased in 

primiparous cows suggests that the reduction in milk yield was an important 

factor in this treatment response.  The treatment*breed interaction in multiparous 

cows revealed that CMCST Brown Swiss cows had greater milk protein content 
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than CMCST Holstein cows in herds 1 and 2 (3.46% vs. 2.76 and 2.84%; Herd 3 

Brown Swiss vs. Herd 1 and 2 Holsteins).   

The impact of shortened and omitted dry periods on udder health and milk 

quality is an important factor for dairy producers to consider, especially because 

mastitis accounts for 62% of cows culled for slaughter (NAHMS, 1996).  The dry 

period is a high-risk period for new infections to be introduced into the mammary 

gland that would increase the risk of clinical mastitis in early lactation (Green et 

al., 2002).  The risk of new infections during the dry period is greatest during 

udder engorgement during the early dry period and just before calving (Smith et 

al., 1985), as well as during administration of intramammary antibiotics if 

technique is poor.  Continuous milking removes these risks for increased mastitis 

during the dry period, but imposes the risk of increased somatic cell count (SCC) 

because cows are not treated with long-acting, intramammary antibiotics.  The 

latter concern may be of particular importance in cows with high SCC, perhaps 

making a dry period necessary for high SCC cows (especially those with sub 

clinical environmental organisms).  Remond et al. (1997) discussed the impact of 

no dry period on SCC using data from several studies (controlled and 

commercial field trials).  In subsequent lactations, Remond et al. (1997) observed 

a tendency for SCC to increase in cows having received a shortened or omitted 

dry period, but the increase was not accompanied by an increase in clinical 

mastitis cases.  Results from the current study demonstrate no effect (P > 0.1) of 

treatment on SCS  (Table 2-3).  There was a tendency for increased SCS in 
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CMCST multiparous cows.  High between-animal variability in SCS data makes 

interpretation of these data difficult for this number of cows.  It is important to 

point out that all treatments maintained a low SCS.  The SCS values reported 

translate to a SCC ranging from 28,400 cells/ml to 136,000 cells/ml.  In 

multiparous cows, SCS was affected (P < 0.05) by herd.  Herd 3 had a greater 

SCS than Herds 1 and 2 (3.50 vs. 1.38 and 1.71).  

Research has shown a reduction in colostral immunoglobulin and protein 

content in CM cows (Remond et al., 1997).  Prepartum milking of udder halves to 

induce premature lactogenesis reduced IgG1 concentrations in milked glands 

compared to secretions from unmilked glands from 10 d prepartum to 1 d 

postpartum (Guy et al., 1994b).  Additionally, Guy et al. (1994b) reported that 

cows which responded to prepartum milking and produced > 4 L/d in milked 

glands before parturition had decreased colostrum IgG concentrations than non-

responders (< 4 L/d).  These data suggest both a dry period and milk yield 

component in determining colostral IgG levels.  In humans, an overlap of breast-

feeding and late pregnancy also results in reduced immunoglobulin 

concentrations in colostrum (Marquis et al., 2003).  Accumulation of secretions in 

the mammary gland before parturition results in enhanced protein and 

immunoglobulin concentrations in colostrum  (Wheelock et al., 1967; Remond et 

al., 1997).  Continuously milked cows may have reduced colostrum quality due to 

the lack of a secretion accumulation period. Others have shown that continuous 

milking of glands maintains milk production, but simultaneously reduces the 
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transfer of IgG1 into secretions from milked glands (Brandon and Lascelles, 

1975).

In the current study, colostrum quality was assessed by analyzing the IgG 

content of colostrum samples collected during the first 4 milkings after parturition.  

Due to labeling errors, sample number relative to exact milking after parturition 

could not be determined for cows in herd 2.  Therefore, within herd 2, 

presumptive first milking values were defined as the greatest IgG values 

recorded per cow among samples from the first 4 milkings.  Analysis of first-

milking IgG values for primiparous cows (n = 36) from herds 2 and 3 revealed 

significant treatment and herd effects (P < 0.05).  Colostrum IgG content was 

reduced in CMLST and CMCST primiparous cows compared to 30DD 

primiparous cows (5.8 and 4.1 ± 1.4 mg/ml vs. 9.0 ± 1.2 mg/ml, respectively).  

Additionally, IgG values were less in colostrum from CMCST primiparous cows 

compared to 60DD primiparous cows (4.1 ± 1.5 mg/ml vs. 8.4 ± 1.3 mg/ml, 

respectively).  There were no differences between 60DD and 30DD groups, 

between CMLST and CMCST groups, or between 60DD and CMLST groups 

although CMLST IgG values were 45% less than 60DD.  Herd 2 had greater

colostral IgG concentrations than herd 3 (8.9 ± 1.6 mg/ml vs. 4.8 ± 0.8 mg/ml, 

respectively).  This herd effect is likely due to the fact that thrice daily milking in 

herd 2 resulted in colostrum sampling occurring closer to parturition than in herd 

3 milked twice daily.  Decreasing IgG concentrations as hours after parturition 

increase has also been described in colostrum from ewes (Mazzone et al., 1999).  
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In multiparous cows (n = 35), treatment did not alter (P > 0.7) first-milking 

colostrum IgG concentration.   Treatment means for first milking colostrum from 

multiparous cows were 9.3, 9.6, 6.7, and 9.2 ± 1.8 mg/ml (60DD, 30DD, CMLST, 

and CMCST, respectively).  Slightly longer dry periods in CM, multiparous cows 

as a result of spontaneous dry-off may be the reason for no change in colostral 

IgG content.  First-milking IgG concentration in multiparous cows was also 

affected (P = 0.05) by breed.  Colostrum form Holstein cows had greater IgG 

content than colostrum from Brown Swiss cows (11.2 ± 1.4 mg/ml vs. 6.3 ± 1.6 

mg/ml, respectively).  Differences due to breed are unexplained and are likely the 

result of small animal numbers and only herd 3 using Brown Swiss cows.  

To evaluate the sensitivity of colostrum IgG content to hours after 

parturition, an analysis of IgG content during each of the first 4 milkings was 

conducted for herd 3 data. For both primiparous and multiparous cows, IgG 

content was affected (P < 0.001) by milking number relative to parturition.  IgG 

content was greatest at the first milking postpartum and declined thereafter, 

regardless of treatment.  By the fourth milking after parturition (~30 to 48 hr 

postpartum) IgG levels were only 1.6 ± 0.5 mg/ml and were very similar across 

both parities and all treatments.  As previously mentioned, data of Mazzone et al. 

(1999) demonstrate decreasing IgG concentrations as hours after parturition 

increased.  For both parities, treatment effects from this herd 3 analysis were 

similar to the results of the first-milking analysis conducted with data from both 

herds 2 and 3.   For primiparous cows, the treatment effects persisted through 
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the first two milkings after parturition (milking number*treatment, P < 0.001).  

During the first milking after parturition IgG content was reduced in CMLST and 

CMCST compared to 60DD and 30DD (3.0 and 2.0 ± 0.8 mg/ml vs. 6.1 and 8.4 ± 

0.9 mg/ml, respectively).  At the second milking after parturition, 30DD had 

greater IgG content than CMLST or CMCST (4.3 ± 0.9 mg/ml vs. 1.8 and 1.1 ± 

0.9 mg/ml, respectively) and IgG content from 60DD was intermediate and not 

different from any of the other treatments (3.0 ± 0.9 mg/ml).  No treatment 

differences were detected for the third (mean = 1.8 ± 0.8 mg/ml) and fourth 

(mean = 1.3 ± 0.8 mg/ml) milkings after parturition.  Consistent with the first-

milking colostrum analysis, no effect of treatment on colostrum IgG content was 

detected for multiparous cows.  

 The absence of a treatment effect on colostrum IgG content in 

multiparous cows, but reduced colostrum IgG content in CM, primiparous cows 

may have been the result of more and longer unplanned, short dry periods and 

lower prepartum milk yields in CM, multiparous cows.  Others have demonstrated 

a dilution of IgG content in colostrum from milked vs. unmilked glands (Guy et al., 

1994b) and in higher yielding cows or glands (Guy et al., 1994a;b).  Studies 

evaluating the number of days dry that are required for colostrum IgG 

concentrations similar to cows managed for a traditional dry period are limited.  

Remond et al. (1997) reported that cows given a dry period of 1 to 10 d produced 

first-milking colostrum with Ig concentrations that were similar to colostrum from 

cows given a 60 d dry period (63 ± 19 g/L vs. 72 ± 14 g/L; 1 to 10-d dry vs. 60-d 
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dry).  To further examine the effect of actual days dry on first-milking colostrum 

IgG content, a retrospective analysis was done using first-milking data from herd 

3 and presumptive first-milking data from herd 2 for cows across parities.  Based 

on number of actual days dry, mean ± SE values for IgG in first milkings were: 

5.2 ± 0.9, 14.1 ± 3.2, 11.1 ± 2.8, 10.7 ± 1.5, 7.1 ± 1.2, and 9.2 ± 0.9 mg/ml for 0 

d, 1 to 10 d, 11 to 20 d, 21 to 30 d, 31 to 45 d, and > 45 d dry, respectively.  

Cows with actual 0 d dry had decreased (P < 0.05) average IgG concentrations 

during the first milking after parturition than cows with either very short (1 to 10 d) 

or longer dry periods.  Although numerically greater, IgG content for cows dry 31 

to 45 d was not different from 0 d dry.  Cows with even a very short dry period (1 

to 10 d) had IgG levels similar to cows dry > 45 d (14.1 vs. 9.2 ± 2.1 mg/ml, 

respectively).  These data suggest that complete omission of the dry period 

would likely result in reduced colostrum quality.  Varying cow numbers at each of 

the categories of dry period length may have biased the outcome because the 

experiment was not specifically designed for this analysis.  

In the current study, estimates of IgG content in first-milking samples were 

considerably lower than reported in the literature (Brandon et al., 1971; Husband 

et al., 1972; Brandon and Lascelles, 1975; Remond et al., 1997; Godden et al., 

2003).  However, all of these experiments (except Remond et al., 1997, methods 

unknown) utilized a radial immunodiffusion (RID) assay to quantify IgG content.  

Others have assayed for IgG using a RIA and reported values more similar to 

those in the current study (Guy et al., 1994a;b; Mazzone et al., 1999).  For 
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example, Guy et al. (1994a) reported IgG content of 14.4 mg/ml at parturition in 

dairy cows.   The RIA used in the current study has been validated and published 

(Mazzone et al., 1999; Richards et al., 1999; Duff et al., 2000).  In colostrum from 

ewes at 0 hr after parturition Mazzone et al. (1999) reported 42.6 mg/ml of IgG, 

demonstrating the assay will detect greater levels of IgG.  Other factors that may 

impact colostrum IgG levels between experiments are sampling time relative to 

parturition and a dilution effect in cows producing larger volumes of colostrum.  

Data of Mazzone et al. (1999) show a substantial decrease colostrum IgG 

content between 0 and 12 h postpartum (42.6 vs. 14.3 mg/ml, respectively).  By 

18 hr postpartum, IgG content in ewe colostrum had decreased to 5.6 mg/ml.  In 

the current study, first milking samples were taken within 12 hr after parturition 

and IgG values were similar to values from 12 and 18 h samples from Mazzone 

et al. (1999).  Within herds 2 and 3, if parturition takes place at or near milking 

the cow is not milked until the following milking.  Therefore, none of the colostrum 

samples taken in the current study were taken immediately after parturition.  

Regardless of the assay technique, colostrum samples from other studies 

(Brandon et al., 1971, Husband et al., 1972, Guy et al., 1994b; Mazzone et al., 

1999) that were taken within 2 to 3 hr of partition had greater IgG values than 

reported for the current study.  The dilution of IgG content in higher yielding cows 

was suggested by Guy et al. (1994a) in a study comparing colostrum from dairy 

and beef cows.  At parturition, IgG content of beef colostrum was 83.6 mg/ml and 

14.4 mg/ml in Holstein colostrum.  The cows in the current study are higher 
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yielding cows than were used in older literature (Brandon et al., 1971; Husband 

et al., 1972; Brandon and Lascelles, 1975) and the cows used in the work by 

Remond et al. (1997).  Thus, dilution of colostral IgG concentrations could be one 

of the causative factors for decreased IgG values in the current study.  If IgG 

content is decreased in high-producing cows, the colostrum feeding practices, 4 

qt within the 3 hr after parturition, employed by the herds in the current study 

would be critical in elevating calf serum IgG to adequate levels.  Further research 

is needed to verify the effect of continuous milking on colostrum IgG levels and 

the actually number of days dry required for normal colostrum quality.   

Additionally, research comparing RIA and RID IgG assays is needed to 

determine if results from these assays are comparable.  

Mammary secretions in the last 2 wk of gestation may be altered by 

colostrum production or a change in primary secretion that has a composition 

similar to plasma (Wheelock et al., 1965).  Colostrum production and secretion 

begins before parturition in some CM cows.  In the current study, prepartum 

colostrum production resulted in some cows being misidentified as having 

mastitis.  Changes in mammary secretion from normal milk to a transudate of 

plasma may be the result of leaky tight junctions allowing more extracellular fluid 

into alveolar lumens (Linzell and Peaker, 1974).  Further, secretions from dry 

cows and goats in mid gestation were almost devoid of lactose and had sodium, 

potassium, and chloride concentrations similar to extracellular fluid (Maule-

Walker, 1984).  Very low milk yields in some CM cows immediately before 
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parturition may result in a secretion that is more similar to dry secretions than 

milk.  These changes may alter the appearance and consistency of milk and also 

result in cows being identified as having mastitis.  These changes in the physical 

properties and composition of prepartum mammary secretions also raise 

questions of salable milk and warrant further research.  

Reproduction, Economics, and Management
Other aspects of shortened and omitted dry periods combined with bST 

supplementation that are important to dairy producers are reproductive 

performance, economics, and management of late-gestation lactating cows. 

Reproductive data on percent of cows pregnant, services per conception, DIM at 

first heat, and DIM at conception for each of the treatments are summarized in 

Table 2-4.  Due to the lack of statistical power for an analysis of reproductive 

parameters, no conclusions can be made from these data, but it appears that all 

treatments had similar reproductive success.  

The economics of a shortened dry period, no dry period with label bST 

supplementation, and no dry period with continuous bST supplementation were 

analyzed by evaluating the CNM of each of these treatments relative to controls 

(60DD).  Means from each treatment group presented in Figure 2-1 were used to 

estimate CNM values.  It should be noted that economic differences were not 

subjected to tests of statistical differences and some of the means used in 

calculations were not different.  Therefore, interpretation of these values should 

be done with caution.  Accumulation of the CNM began at 8 wk before parturition, 



81

when 60DD cows were dry, but the other treatments were beginning periods of 

additional milk income.  Although primiparous cows in 30DD and CM treatments 

generated a relative financial benefit before parturition, the superior postpartum 

milk yield in the 60DD group quickly eroded their positive CNM (1-3).  

Consequently, the 30DD group was at a net financial loss, whereas the CMLST 

and CMCST groups were at break-even economic performance relative to 60DD 

by the end of wk 17 of the subsequent lactation.  All indications are that each of 

these 3 primiparous treatment groups would have lost substantial amounts of 

money over the duration of the lactation compared to 60DD.

In the multiparous cows, groups 30DD, CMLST, and CMCST all 

generated beneficial CNM before parturition, and in fact, the 30DD and CMLST 

groups continued to gain benefit until wk 6 and 4 of lactation, respectively (Figure 

2-3).  The CMCST group likewise, did not begin to lose benefit to the 60DD 

group until wk 5 of lactation, when mathematically increased production in the 

60DD group resulted in greater milk revenue.  Because production levels for all 

treatments were not different, the CNM benefit was only gradually reduced by the 

60DD group in the postpartum period in multiparous cows (Figure 2-3).  As a 

result, each group maintained a $40 to $60 benefit through the end of the 

treatment period.   Similar production levels at wk 17 postpartum  (Figure 2-1)

indicate that a positive CNM over 60DD cows may be maintained throughout the 

lactation.  
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Management of late-gestation, lactating cows proved challenging in 2 

areas: 1) housing facilities for lactating cows in the final 4 wk of gestation, and 2) 

changes in the appearance and consistency of mammary secretions near 

parturition (previously discussed).  Calving continuously milked cows in lactating 

pens placed calves in high risk areas (i.e., flush lanes), as well as fresh cows and 

newborn calves in the care of employees not trained to assist dystocias, evaluate 

health status of fresh cows, and administer colostrum to calves.  If continuous 

milking becomes a management practice, it may be necessary to provide a 

close-up, lactating pen that 1) provides a comfortable place for cows to calve, 2) 

is safe for calves, and 3) is located in an area on the dairy that focuses on fresh 

cow and calf management.  Additionally, milking personnel should be able to 

identify continuously milked cows (color-coded leg bands) and receive training on 

potential changes in the physical properties and appearance of milk near 

parturition.  

CONCLUSION
Multiparous cows subjected to a shortened (30DD) or omitted dry period 

(CMLST and CMCST) achieved subsequent milk yields equal to the 

conventionally managed cows in the 60DD group.  Thus, the 4 or 8 wk of 

additional prepartum milk income resulted in a CNM of $40 to 60 per multiparous 

cow at 17 wk of lactation.  Primiparous cows demonstrated a longer dry period 

requirement, as production losses in the 30DD and CM treatments were 

significant and CNM values were $0 or negative by 17 wk of the next lactation.  
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Further studies on effects of dry period length on mammary cell number, 

turnover, and functionality are justified and should be conducted with both 

primiparous and multiparous cows.  In addition, larger studies designed to 

evaluate potential health events and status during the transition period, 

reproductive variables, and milk and colostrum quality are warranted in cows that 

are continuously milked or given a shortened dry period.  



84

Primiparous Cows

0

10

20

30

40

50

60

-17 -15 -13 -11 -9 -7 -5 -3 -1 3 5 7 9 11 13 15 17

Week* Relative to Parturition

M
ilk

 Y
ie

ld
, k

g
/d

Multiparous Cows

0

10

20

30

40

50

60

-17 -15 -13 -11 -9 -7 -5 -3 -1 3 5 7 9 11 13 15 17

Week* Relative to Parturition

M
ilk

 Y
ie

ld
, k

g
/d

Figure 2-1.  Milk yield during late gestation and 17 wk of the next lactation in 
cows subjected to a shortened or omitted dry period and bST 
supplementation.

� (open squares) 60 DD, � (closed squares) 30DD,  � (closed circles) 
CMLST, and o (open circles)  CMCST
60DD=60-d dry period, label bST supplementation, 30DD=30-d dry period, 
label bST, CMLST=no dry period, label bST and CMCST=no dry period, 
continuous bST supplementation.
*Wk –17 to –9 are unadjusted means.  All other wk are adjusted LS Means 
using wk –17 to –12 as the covariate.  Standard Error of the LS Means for 
wk –8 to Parturition is 1.7 kg/d for primiparous cows and 2.4 kg/d for 
multiparous cows.  Standard Error of the LS Means for wk 2 to 17 is 1.8 kg/d 
for primiparous cows and 2.6 kg/d for multiparous cows.
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Figure 2-2. Total milk production during the last 8 wk of gestation and first 17 
wk of the subsequent lactation. 

60DD=60-d dry period, label bST supplementation, 30DD=30-d dry period, 
label bST, CMLST=no dry period, label bST and CMCST=no dry period, 
continuous bST supplementation
Gray shaded areas are total milk produced during the first 17 wk of the 
subsequent lactation, black shaded areas are total milk produced during the 
last 8 wk of gestation, and the combined black and gray areas are total milk 
produced during the last 8 wk of gestation and first 17 wk of the subsequent 
lactation.
Different LS Means are indicated by different letters in the black and gray 
shaded areas.  All LS Means were adjusted using data collected from 17 wk 
to 12 wk prepartum as a covariate.

a b c c

a ab b ab

a b c c
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Figure 2-3.  Cumulative net margins* during late gestation and 17 wk of the next 
lactation in cows subjected to a shortened or omitted dry period and bST 
supplementation.

� (closed squares) 30DD,  � (closed circles) CMLST, and o (open circles)  CMCST
30DD=30-d dry period, label bST, CMLST=no dry period, label bST and CMCST=no 
dry period, continuous bST supplementation.
*Cumulative net margins were calculated relative to the 60 DD group.
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Table 2-1. Summary of the number of cows in each treatment, cows removed from each treatment, days dry, and 
DIM at the start of the study (wk -17).

Treatmenta n P/Mb Cows 
Removed

AVG d Dry 
P/M

AVG 
DIM at 
wk -17

Reasons for Exiting the Study

60DD 24 14
10

6 55 ± 1.6c

63 ± 1.9c
287 ± 12 Sold—Mastitis, Metabolic disease, Injured (3); 

Died—sudden (1); Incorrect dry period length (2)

30DD 23 13
10

7 30 ± 2.0
32 ± 2.0

261 ± 12 Sold—Gastro-intestinal compaction, Johne’s 
disease, E. coli (3); Incorrect Dry period length 

(4)CMLST 22 13
9

8 2 ± 1.0
5 ± 2.7

272 ± 11 Died—pneumonia, sudden (3); Aborted < 220 d 
carried calf (1); Sold—cancer (1); Incorrect dry 

period length (2); No data (1) 

CMCST 26 16
10

4 1 ± 0.8
3 ± 1.4

287± 18 Diedd—mycoplasma (2); Fell and injured (1); No 
data (1)

a60DD=60-d dry period, label bST supplementation, 30DD=30-d dry period, label bST, CMLST=no dry period, label 
bST and CMCST=no dry period, continuous bST supplementation.
bP=primiparous, M=multiparous
cLeast-squares means ± SEM
dContracted mycoplasma during housing with the hospital pen for colostrum sampling purposes. 
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Table 2-2. Least-squares (LS) means and standard errorsa for daily milk (kg/d) produced during the last 
8 wk of gestation and wk 2 through 17 of the subsequent lactation.  

Treatmentb

60DDc 30DD CMLST CMCST SE 
Primiparous

Daily milk last 8 wk 
of gestation (kg/d)

0.0* 8.1£ 21.0§ 17.9§ 1.2

Daily milk for wk 2 to 17 of the 
subsequent lactation (kg/d)

44.1* 38.3£ 35.1£ 37.5 £ 1.3

Multiparous
Daily milk for last 8 wk 
of gestation (kg/d)

0.0* 8.2£ 15.0§ 13.8§ 1.8

Daily milk for wk 2 to17 of the 
subsequent lactation (kg/d)

47.7 46.6 43.4 46.5 2.1

aLS means ± SEM.  LS means were adjusted using data collected from 17 wk to 12 wk prepartum as a 
covariate.
b60DD=60-d dry period, label bST supplementation, 30DD=30-d dry period, label bST, CMLST=no dry 
period, label bST and CMCST=no dry period, continuous bST supplementation.
cMeans within a row with different superscripts differ (P < 0.05)
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Table 2-3. Summary of milk composition and colostrum IgG content in the subsequent lactation of cows 
subjected to a shortened or omitted dry perioda.

Treatmentb

Milk Composition 60DD 30DD CMLST CMCST SE
Primiparous

Milk fat,  % 3.67 3.71 3.79 3.62 0.22
Milk true protein, % 2.85* 3.16£ 3.04£ 3.06£ 0.06
Somatic cell linear  score 1.24 1.89 2.40 2.55 0.39

Multiparous
Milk fat,  % 3.56 3.28 3.54 3.63 0.17
Milk true protein, % 2.78 2.90 2.94 2.91 0.06
Somatic cell linear  score 1.18 2.01 2.16 3.44 0.68

aMilk samples were collected monthly for the first 4 mo postpartum (except colostrum) and composition 
evaluated. Means within a row with different superscripts differ (P < 0.05). Means were adjusted using data 
collected from 17 wk to 12 wk prepartum as a covariate.
b60DD=60-d dry period, label bST supplementation, 30DD=30-d dry period, label bST, CMLST=no dry 
period, label bST and CMCST=no dry period, continuous bST supplementation
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Table 2-4. Summary of reproductive variables in cows subjected to a shortened or omitted 
dry period and bST supplementation.
Treatmenta n Number and percent 

pregnantb
S/Cc DIM at 1st

Heat
DIM at 

Conception
60DD 24 16 of 24 (67%) 3.4 47 ± 5 74 ± 3

30DD 23 19 of 23 (83%) 2.2 39 ± 5 71 ± 4

CMLST 22 15 of 22 (68%) 3.1 42 ± 5 83 ± 4

CMCST 26 21 of 26 (81%) 1.9 53 ± 5 76 ± 4
a60DD=60-d dry period, label bST supplementation, 30DD=30-d dry period, label bST, 
CMLST=no dry period, label bST and CMCST=no dry period, continuous bST 
supplementation
bData were collected through 17 wk postpartum
cServices per conception
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CHAPTER 3 -- EFFECT OF CONTINUOUS MILKING AND BOVINE 
SOMATOTROPIN (bST) SUPPLEMENTATION ON 1) MAMMARY EPITHELIAL 

CELL TURNOVER AND ULTRASTRUCTURE, 2) EXPRESSION OF 
MAMMARY FUNCTION, PROLIFERATION AND APOTOSIS RELATED 

GENES, AND 3) MILK PRODUCTION AND COMPOSITION.

INTRODUCTION
Evidence suggests that a dry period less than 40 d results in reduced milk 

yield in the subsequent lactation (Remond et al., 1997; Annen et al., 2004a).  

Recent research has demonstrated no change in milk yield in cows provided a 

30-d dry period with or without the use of bST throughout late gestation and early 

lactation compared to 60-d dry cows (Lotan and Alder, 1976; Bachman, 2002; 

Gulay et al., 2003; Rastani et al., 2003; Annen et al., 2004b).  Furthermore, 

continuously milked (CM) multiparous cows supplemented with bST throughout 

late gestation have similar production levels as 60-d dry cows (Annen et al., 

2004b), but in another study, reductions in milk yield were observed without bST 

treatment (Rastani et al., 2003).  A study comparing CM and a 60-d dry period 

with and without bST has not been conducted.  In primiparous cows, substantial 

reductions in milk yield were reported for CM cows with (Annen et al., 2004b) or 

without (Remond et al., 1992) bST during late-gestation.  Decreased production 

was also reported for bST-supplemented, primiparous cows provided a 30-d dry 

period (Annen et al., 2004b).  This parity sensitivity to modified dry periods was 

observed previously in commercial trials (Remond et al., 1997) and in 

retrospective studies of dairy records (Wilton et al., 1967; Dias and Allaire, 1982).  

Interestingly, Dias and Allaire (1982) determined the optimal number of days dry 
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decreased from 65 to 23 d as age at calving in the lactation before a shortened 

dry period increased from 24 to 83 mo.  Others have tested for a parity effect on 

subsequent milk yield in cows subjected to a shortened dry period, but did not 

report greater reductions in primiparous cows than multiparous cows (Sorensen 

and Enevoldsen, 1991).   Reasons for the discrepancies are not clear, but these 

results suggest that continued mammary development between first and second 

lactations in dairy cows is reduced by maintaining lactation beyond 60-d prior to 

parturition.  

There have been four hypotheses proposed for reduced milk yield in cows 

subjected to short or omitted dry periods.  They are: 1) nutritional limitations 

during late-gestation, 2) hormonal differences, 3) reduced mammary epithelial 

cell (MEC) number, and 4) reduced synthetic and mitotic functionality of MEC 

(Remond et al., 1997; Annen et al., 2004a,).  

The premise of the nutritional hypothesis was that the reduction in 

subsequent milk yield in cows subjected to modified dry periods was the result of 

decreased replenishment of body reserves during the last 60-d of gestation, 

resulting in the inability to energetically maintain optimum milk production in the 

subsequent lactation.  This hypothesis was disproved by studies demonstrating 

improved body weights, but lower milk yields in CM or 30-d dry cows compared 

to 60-d dry cows (Swanson, 1965; Lotan and Alder, 1976) and by a half-udder 

study demonstrating reduced milk yield in CM quarters despite similar nutrient 

delivery to all quarters (Smith et al., 1967).  
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The hormonal hypothesis was that the constant influence of galactopoietic 

and milking stimulus hormones associated with lactation maintenance during the 

last 60 d of gestation resulted in reduced milk synthesis in the succeeding 

lactation.  In a half-udder study, Smith et al. (1967) demonstrated reduced milk 

yield in CM quarters compared to 60-d dry quarters, although all quarters had 

presumably equal exposure to, but unknown sensitivity to endocrine signals.   

One aspect of the hormonal hypothesis that remains unanswered is the effect of 

CM or short dry periods on autocrine- or paracrine-acting hormones (i.e., insulin-

like growth factor-I (IGF-I); prostaglandin E2).  Modified dry periods may alter the 

function or utilization of endocrine or autocrine/paracrine hormones.   

Collectively, data indicated that negative effects of modified dry periods could be 

due to local factors within the mammary gland rather than due to systemic 

factors.    

In late-gestation dairy cows, CM (Capuco et al., 1997) or 6 wk difference 

in dry period length (Swanson et al., 1967) did not alter total mammary DNA 

content (cell number) or parenchyma content compared to 60-d dry cows.  

Measures of mammary size by Fowler et al. (1991) suggested reduced cell 

number in CM goats at parturition, but mammary size was similar after 

parturition.  In CM rats, total DNA was higher at parturition, but premature MEC 

loss during early lactation resulted in lower total mammary DNA content than rats 

provided a dry period (Paape and Tucker, 1969).  Total mammary DNA, MEC 

numbers, and MEC loss during early lactation has not been investigated in CM 



94

dairy cows.   Due to increased sensitivity of primiparous cows to modified dry 

periods and continued mammary development between the first and second 

lactations, we hypothesize that total MEC numbers may be reduced in CM 

primiparous cows.  Additionally, this sensitivity to altered dry period lengths 

makes the primiparous cow a good model for evaluating the effects of short or 

omitted dry periods on MEC, as well as to evaluate potential methods for 

rescuing milk production in CM cows.

Reduced mammary functionality in CM cows was a hypothesis proposed 

to explain decreased milk yields in CM cows, despite equal total mammary cell 

numbers (Swanson et al., 1967).  Capuco et al. (1997) measured MEC 

proliferation indices, in addition to total cell numbers, and demonstrated that 

MEC proliferation was reduced in CM glands compared to dried glands 

throughout the last 35 d of gestation.  Maintenance of total cell number and 

parenchymal mass despite reduced MEC proliferation suggest that there may be 

increased carryover of old MEC into the next lactation rather than replacement of 

old MEC with new MEC as occurs in non-lactating glands during late-gestation.  

Increased MEC carryover has been demonstrated in CM rats (Pitkow et al., 

1972).  Reduced milk yield in cows subjected to modified dry periods is believed 

to be due to increased old MEC populations in CM glands compared to 60-d-dry 

glands (Capuco et al., 1997).  One assumption of this hypothesis is that older 

MEC have decreased capacity for milk synthesis and reduced mitotic 

competence (Capuco and Akers, 1999).   
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The presumed absence of production losses in bST-treated CM 

multiparous cows indicates that bST enhances milk synthesis and survival of 

older MEC in CM glands resulting in milk yields similar to 60-d dry cows (Annen 

et al., 2004b).  Because bST is not required for normal subsequent milk 

production in 30-d dry cows, but may be necessary for normal milk yield in the 

ensuing lactation of CM multiparous cows, exogenous bST during the final 4 wk 

of gestation seems essential for successful CM (Annen et al., 2004b).  

The objectives of this study were to evaluate the effects of CM and bST 

on: 1) MEC proliferation and apoptosis during late gestation and early lactation, 

2) MEC ultrastructure, 3) expression of genes involved in mammary function, 

MEC proliferation, or apoptosis, and 4) milk yield and composition.  The genes 

evaluated included: adenosine 5’-triphosphate binding cassette 1 (ABC1, 

proposed stem cell marker), α-lactalbumin (lactose synthesis) bax (apoptosis), 

bcl2 (survival), CCAT/enhancer binding protein-β (CEBP-β, mammary growth); 

insulin-like growth factor binding protein 5 (IGFBP5, apoptosis); kinase inhibitor 

protein p27 (p27, cell cycle arrest).  We hypothesized that MEC turnover and milk 

yield would be reduced by CM of primiparous cows and bST would improve MEC 

turnover, and thus milk yield, through increased proliferation and/or decreased 

apoptosis.    
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MATERIALS AND METHODS

Animals and Experimental Design

The University of Arizona Institutional Animal Care and Use Committee 

approved all procedures involving animals.  Cows were housed at the University 

of Arizona Agriculture Research Facilities in individual pens with ad libitum 

access to feed and water.  All diets used during the experiment were formulated 

to meet or exceed NRC (2001) requirements for the given physiological state 

(Tables 3-1 and 3-2).  As long as one udder-half was lactating cows were fed a 

lactating cow ration (Table 3-1).  If the CM half spontaneously dried, cows were 

fed a close-up dry-cow ration until parturition (Table 3-2).  At parturition, the diet 

was switched back to the lactating ration.  Cows were fed and lactating udder 

halves were milked at 0500 and 1700 h.  Feed refusals were weighed and 

recorded prior to the 0500 h feeding.   Ration dry matter percentage was 

determined twice daily and total mixed ration samples, analyzed for nutrient 

composition, were taken weekly.  For statistical analyses, daily dry matter intake 

(DMI) and milk yield values for each cow were collapsed into a weekly mean 

representative of daily DMI or milk yield for that week of the experiment.   Milk 

samples were taken from successive am and pm milkings, pooled and analyzed 

for fat percent, true protein percent, lactose percent, and (somatic cell count) 

SCC (Arizona Dairy Herd Improvement Association, Tempe, AZ).  Milk fat, 

protein, and lactose were analyzed using AOAC approved infrared analysis.  

Analysis for SCC was conducted using AOAC approved cell-staining techniques.  
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All equipment used in the analyses was certified by the International Dairy 

Federation and Food and Drug Administration (FDA).  

The study design utilized eight primiparous cows in a half-udder model.  

Cows selected for the study were healthy and had a SCC less than 500,000 

cells/ml.  Cows were assigned randomly to a systemic treatment of bST 

(POSILAC®, Monsanto Company, St. Louis, MO; +bST) or no bST (-bST) and 

within each animal udder halves were assigned randomly to CM or 60-d dry 

(CTL).  Based on data from Annen et al. (2004b) primiparous cows were used for 

the study to maximize differences between the CM and CTL halves for evaluating 

effects of CM on MEC turnover and any potential bST effects on recouping milk 

yield in CM cows.  The half-udder model was utilized so the effects of both CM 

and bST could be examined with fewer animal numbers.  All cows were 

supplemented with bST during their first lactation until 88 d prior to expected 

calving.  Cows in the +bST group continued to receive bST supplementation at 

14 d intervals throughout late-gestation and into the first 30 d of the subsequent 

lactation.  Due to off-label use of bST between parturition and 30 d postpartum, 

the study was conducted under an FDA investigational new animal drug protocol 

from Monsanto Company.  Cows began the study at 67 d prior to expected 

parturition date and remained on the study until 30 d postpartum.  Half-udder milk 

yields for both the right and left udder halves were measured from d 67 to 61 

prepartum.  Milk from each udder-half was collected into separate buckets using 

a unit designed to collect milk from all four quarters individually, but modified to 
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collect milk from unilateral udder halves.   At 60 d prior to expected parturition, 

the udder half assigned to the CTL treatment was dried by abrupt cessation of 

milking and treatment with long-acting, intramammary antibiotic (Quartermaster®, 

Pfizer, La Jolla, CA).  The CM udder half was milked throughout gestation and 

into the next lactation unless milk yield dropped below 5 kg/d for seven 

consecutive days, at which time, the udder-half was considered to have 

spontaneously dried, treated with long-acting intramammary antibiotic, and milk 

removal ceased until parturition.  At parturition, milking of both udder halves 

using the half-udder milker described above resumed until 30 d postpartum.  

Tissue Samples
Mammary biopsy timepoints were planned for d –20, -7, 1, 7, 20 relative to 

parturition.  Actual biopsy timepoints were d –20 ± 7 (mean ± SEM), -8 ± 3, 2, 7, 

and 20 relative to parturition.  Because udder-half was the experimental unit, 

both udder halves were biopsied at each timepoint.  Rear quarters were biopsied 

at –20, 1, and 20 d and front quarters were biopsied at –8 and 7 d.  Biopsies 

were performed according to procedures by Farr et al. (1996) with modifications 

by Baumgard et al. (2000).  Due to the number of biopsies performed on each 

animal during the experiment, additional precautions were made to prevent 

infections and health events related to the biopsies.  After a skin incision was 

made, blunt dissection to the mammary capsule was performed to ensure tissue 

taken during the biopsy was mammary parenchyma.  The biopsy instrument 

(Farr et al., 1996) was cored into the mammary capsule, then retracted.  Just 
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prior to removing the instrument from the capsule a hemostat was clamped to the 

capsule just above the biopsy site.  After removal of the biopsy instrument the 

biopsy opening in the mammary capsule was clamped with hemostats and 

closed with absorbable suture (polyglactin 910; Vicryl, Ethicon, Inc., Sommerville, 

NJ).  The hemostat that was clamped to the capsule before removing the biopsy 

instrument was pulled gently toward the surgeon to improve visibility of the 

biopsy opening and hasten clamping of the opening to minimize blood loss.  After 

the mammary capsule was closed, the surgery site was closed with a 

subcutaneous layer of dissolvable suture and a cutaneous layer of Braunamid 

(Jorgensen Laboratories, Loveland, CO).  Incision sites were sprayed with topical 

antiseptic (Veterinus Derma Gel, Maximilian Zenho and Co., Brussels, Germany) 

then covered with a protective sealant spray  (AluSpray®, Neogen Corporation, 

Lexington, KY).  Biopsied quarters were treated with intramammary antibiotic 

(Amoxi-Mast®, Pfizer, La Jolla, CA) at the time of surgery and at the first two 

milkings after the biopsy.  Systemic antibiotic, penicillin (6 x 106 IU; Agri-Cillin®, 

AgriLabs, St. Joseph, MO), was initiated the day before a biopsy and continued 

until 3 d following the biopsy, except for between the 2 d and 7 d biopsies.  For 

these biopsies, penicillin was administered until 3 d (5 d postpartum) after the 2 d 

biopsy, no penicillin was given on d 6 postpartum, then penicillin treatment was 

started again on the same day as the 7 d biopsy and continued until 3 d after the 

biopsy.  Post surgery health was monitored by taking rectal temperature twice 

daily for 4 d following a biopsy and by continuous evaluation for any fluctuations 
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in milk yield and DMI.  A comparison of milk yield for 3 d prior to and 7 d after d –

20 (CM half only), and d 20 biopsies is shown in Figure 3-1.  The milk yields at 

these timepoints were less affected by stage of lactation than milk yield around d 

–8, 1, and 7 biopsies, which was rapidly decreasing (d –8) or increasing (d 1 and 

7) regardless of biopsies.  As demonstrated in Figure 3-1, milk yield was not 

adversely affected by the biopsy procedure.       

Upon tissue harvesting, the sample core was divided for 

immunohistochemistry, electron microscopy, and gene expression analyses.  

Tissue for each of these analyses was always taken from the same area of the 

tissue core (Figure 3-2).  Tissue for immunohistochemistry was fixed in 10% 

neutral buffered formalin for 24 h at 4°C, then transferred to 70% ethanol until 

further processing.  Tissue was dehydrated in a series of ethanol concentrations 

and embedded in paraffin according to standard techniques.  Tissue was 

sectioned at 6 µm onto silanated slides.  Tissue for electron microscopy was 

fixed in half-strength Karnovsky’s buffer for 2 hr at 4°C, then transferred to 

cacodylate buffer until further processing.  Upon processing, the tissue was 

rinsed 3 times for 10 min in cacodylate buffer at 4°C, then incubated in 2% 

osmium tetroxide for 1 hr at 4°C, dehydrated in a series of ethanol 

concentrations, and embedded in Spurr’s plastic (Spurr, 1969).  Tissue for gene 

expression analyses was placed in RNase/DNase free tubes, snap frozen in 

liquid nitrogen, and stored at -80˚C until further processing.  
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Immunohistochemistry
Ki67 localization

The number of proliferating MEC was quantified by the number of cells 

expressing the Ki-67 nuclear proliferation (Ki67) antigen.  The Ki67 antigen is 

expressed in proliferating cells (G1, S, G2, and M Phase), but not in cells resting 

in G0 Phase (Duchrow et al., 2001).  While the function of the Ki67 antigen is not 

completely understood, it is a known marker for cells in the growth fraction of 

tumor tissues, is correlated with proliferative status of tissues, and is tightly 

associated with chromatin (Gerdes et al., 1991; Duchrow et al., 2001; Capuco et 

al., 2001).  Further, suppression of Ki67 protein using antisense RNA resulted in 

a decrease in DNA synthesis, a decrease in the proportion of cells in S-phase, 

and an increase in the number of cells in G1-phase (Duchrow et al. 2001).   

Slides were deparaffinized in xylenes and rehydrated in a series of ethanol 

dilutions.  Tissue sections were quenched in 3% hydrogen peroxide for 10 min to 

eliminate endogenous peroxidase activity.  Slides were then washed in distilled 

water (dH2O; 3 x 2 min).  Antigen retrieval was accomplished by heating the 

slides in a glass container filled with 400 ml of citrate buffer (10 mM) covered with 

plastic for 5 minutes (boils at 3.5 min), leaving the slides undisturbed for 5 min, 

then heated again in for 5 min (boils at 4.5 min).  Slides remained in the covered 

glass container and cooled for 30 min.  Slides were then washed in dH2O (1 x 2 

min) and Dulbecco’s phosphate-buffered saline (PBS; 3 x 2 min).  Tissue 

sections were blocked with 5% non-immune goat serum (Zymed Laboratories 

Inc., San Francisco, CA) for 30 min, followed by a 60 min incubation in primary 
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antibody (MIB-I, Zymed Laboratories Inc., San Francisco, CA) at 37°C.  Next, the 

sections were incubated for 10 min at room temperature in a biotinylated 

secondary antibody that was conjugated with horseradish peroxidase (HRP).  

Slides were washed with PBS (3 x 2 min) followed by incubation of tissue 

sections with diaminobenzidine chromagen (DAB).   The DAB interacts with the 

HRP conjugate from the secondary antibody to form a brown deposit to indicate 

location of the Ki67 antigen.  Slides were washed in dH2O (3 x 1 min), 

counterstained with hematoxylin (Zymed Laboratories Inc., San Francisco, CA), 

dehydrated in a series of ethanol concentrations and xylenes, and mounted with 

Permount™ (Fisher Scientific, Pittsburgh, PA).  

Terminal deoxynucleotidyl transferase dUTP nick end labeling
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

of free 3’OH DNA termini in situ enables visualization of cells that exhibit 

endonucleolytic degradation of DNA.  Degradation and fragments of DNA are 

fundamental features of apoptotic cells (Wyllie et al., 1980).  The TUNEL assay 

was performed using a commercial kit (ApopTag® Peroxidase In Situ Apoptosis 

Detection Kit, Chemicon International, Temecula, CA).  The manufacturer’s 

protocol was followed with modifications.  These modifications included using a 

working concentration of terminal deoxynucleotidyl transferase (Tdt) enzyme of 4 

parts reaction buffer (chemically labeled and unlabeled nucleotides) and 1 part 

Tdt enzyme compared to the 2:1 dilution recommended by the manufacturer.   

The diluted working Tdt concentration resulted in reduced nonspecific binding of 

digoxigenin-conjugated nucleotides.  Additionally, the recommendation for 10 
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dips in one allotment of 100% butanol, followed by 30 sec in a second allotment 

of butanol after counterstaining the slides was reduced to only four dips in 100% 

butanol.  This reduction in exposure of the tissue sections to butanol improved 

cell morphology for more accurate assessment of apoptotic cells and cell type.  

Slides were counterstained with methyl green and mounted with Permount™.  

Quantitation of immunohistochemistry
Tissue sections were viewed with a light microscope to quantify cells 

expressing the Ki67 antigen and TUNEL positive (apoptotic) cells.  Ten 

microscopic fields or 3,000 cells were quantified per sample per cow.  Each slide 

representing a sample from an individual cow contained two sections and 

quantification of cells was divided equally between sections.  At least 1,800 cells 

were counted per sample per cow.  Fields were counted at a 500x magnification.  

Within each field, cells that were within a 10 x 10 ocular grid were counted.  

Counted fields were spread across tissue sections.  To ensure all counts were 

free of experimenter bias, the reader was blind to sample identification and fields 

were selected with the microscope out of focus.    

Transmission Electron Microscopy
Tissue for light microscopy was cut into 1µm sections and stained with 

toluidine blue.  Thin sections for transmission electron microscopy (TEM) were 

cut using a diamond knife into approximately 0.08 µm sections and stained with 

uranyl acetate (20 min) and lead citrate (3 min).  Sections were viewed using a 

Phillips 420 Transmission Electron Microscope (University of Arizona Electron 

Microscopy Core).  
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RNA isolation
The RNeasy® Mini Kit (Qiagen, Valencia, CA) was used to isolate total 

cellular RNA according to the manufacturer’s protocol.  Once isolated, RNA 

samples were divided into three aliquots, two were stored immediately at -80˚C 

and a third, smaller aliquot was used for measurement of RNA concentration and 

quality.  Concentration of RNA was determined by photospectrometry.  Integrity 

of 28S and 18S RNA bands was assessed by RNA 6000 Nano Chip (Agilent 

Technologies, Palo Alto, CA) according to manufacturer’s instructions on an 

Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA).  Samples with 

degraded RNA were re-isolated until 18S and 28S bands were determined intact.  

Pools of RNA were made within cow by udder half for prepartum and 

postpartum biopsy timepoints.  No between-cow pooling of RNA samples 

occurred.  Prepartum pools consisted of 1 µg of RNA from –20 and –8 d 

samples.  Postpartum pools consisted of 1 µg of RNA from 1, 7, and 20 d 

samples.  After pooling each cow had a prepartum and postpartum RNA sample 

for each udder half.  

Complementary Deoxyribonucleic Acid (cDNA) synthesis
Prior to cDNA synthesis, RNA was treated with Deoxyribonuclease I 

(amplification grade, Invitrogen, Carlsbad, CA) according to manufacturer’s 

recommendations.  SuperscriptTM III First Strand Synthesis System (Invitrogen, 

Carlsbad, CA) for reverse transcription polymerase chain reaction (RT-PCR) was 

used for cDNA synthesis according to the manufacturer’s protocol.  The QIAquick 

PCR purification kit (Qiagen) was used to clean cDNA with modifications.  
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Modifications included re-applying flow-through from the cDNA reaction back to 

the column for a second spin and changes to the elution step.  For elution of 

cleaned cDNA, 30 µl of elution buffer was pipetted onto the column, incubated for 

5 min at room temperature, then centrifuged 60 sec (5000 x g).  These steps 

were repeated with a second 30 µl volume of elution buffer.  Cleaned cDNA was 

then used for real-time RT-PCR assays.  

Real Time RT- PCR
All primers and resulting products are described in Table 3-3.  Primer 

sequences for bcl2 were obtained from Colliti et al. (2004) and ABC1 and p27 

primer sequences were designed and generously shared by A. V. Capuco 

(UDSA, ARS).  All other primers were designed using Primer 3 (Rozen and 

Skaletsky, 2000).  Gene sequences used for primer design were obtained from 

GenBank (NIH, Bethesda, MD).  When available, bovine sequence was used 

otherwise human sequence was used.  Primers were purchased from Integrated 

DNA Technologies, Inc. (Coralville, IA).  Optimal PCR conditions for each primer 

set were determined by running RT-PCR reactions across a temperature 

gradient.  Products were then separated by gel (2% agarose) electrophoresis, 

stained with ethidium bromide, and visualized with ultraviolet light.  Reactions 

corresponding to the annealing temperature resulting in the most abundant single 

product of desired base pair length were then cleaned with QIAquick purification 

methods described above or by salt precipitation for products less than 100 base 
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pairs in length before sequencing.  All primers used synthesized products 

homologous to the respective gene of interest.  

Real time RT-PCR was run on an ABI Prism 7000 sequence detection 

system (Applied Biosystems, Foster City, CA) in a 96-well format.  Reaction 

mixtures contained 10 µl of iTaqTM SYBR® Green Supermix with ROX (Bio-Rad 

Laboratories, Hercules, CA), 4 pMol of each primer, sample or standard cDNA, 

and RNase/DNase-free water to a final volume of 20 µl.  Master mix (Syber 

Green, primer, water) was pipetted into plate wells followed by addition of sample 

or standard curve cDNA.  Plates were then assayed on the ABI Prism 7000.  For 

all primers except bax, real-time RT-PCR conditions included 1 cycle of 2 min at 

50°C, 1 cycle of 10 min at 95°C, and 40 cycles of 15 sec at 95°C followed by 1 

min at 58°C (annealing temperature).  For bax, all conditions were the same 

except annealing temperature was 62°C.  Real time RT-PCR was run on all 

samples for eight genes of interest (GOI) and a housekeeping gene, 18S 

ribosomal RNA (18S), to correct for differences in RNA input (Table 3-3).  All 

samples were run in duplicate and all standard curve points were run in triplicate.  

Each 96-well plate contained a standard curve and a pooled cDNA sample for 

18S.  These data were used to calculate an intra- and interplate coefficient of 

variation (CV; Table 3-3).  The remaining wells were used for the standard curve 

and samples for a GOI.  Each plate for a GOI contained a cDNA pool sample so 

an interplate CV could be determined for each GOI (Table 3-3).   Intraplate CV 

was determined by averaging the CV for duplicate samples and measured 
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variability between samples within a plate (Table 3-3).  The cycle threshold (Ct) 

for a given sample was the point at which fluorescence of the amplicon increased 

above background fluorescence in the exponential phase of the amplification 

curve.  Thus, Ct was inversely proportional to the amount of mRNA for the 

amplicon in the sample from which the cDNA was made.  Background 

fluorescence was eliminated by setting cycles prior to the exponential 

amplification phase as the background baseline.  For example, no amplification 

occurred between cycles 1 and 4 for 18S, so these cycles were set as the 

background level of fluorescence.  

Amplification efficiencies for PCR were determined by the following 

equation: 

Efficiency = 1 – 10(-1/slope)

Where:  slope = slope of the standard curve.

For all primer pairs, amplification efficiencies met the manufacturer’s criteria for 

equivalency (Applied Biosystems User Bulletin No. 2, 2001).  For each gene of 

interest, each sample was normalized to the housekeeping gene, 18S, to 

account for variability in RNA quality and RT efficiencies among samples.   

Normalization resulted in a ∆Ct value. 
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∆Ct = CtGOI – Ct18S

Statistical analyses were conducted using ∆Ct values.  Relative changes in 

expression levels were calculated using the following formula (Applied 

Biosystems User Bulletin No. 2, 2001):

Relative change = 2-∆∆Ct

Where: 2 is based on an optimal PCR efficiency in which the PCR 

product is replicated every cycle.  

-∆∆Ct = least squares mean of ∆Ct for a treatment - least 

squares mean of ∆Ct for another treatment.  For example, 

∆Ct for prepartum cyclin D1 expression in +bST CM tissue -

∆Ct for prepartum cyclin D1 expression in +bST CTL tissue.

Differential expression was only declared if ∆Ct values used in the 

equation differed (P < 0.05).   At the end of all real-time RT-PCR plate runs a 

dissociation protocol was run to confirm only one product was amplified by a 

primer pair.  Thus, single product amplification was verified during primer 

optimization and again during actual real-time RT-PCR runs.  

Statistical Analysis
All statistical analyses were performed using Proc Mixed procedures in 

SAS (v.8.2; SAS, 1999).  The level of significance was set at P < 0.05 for main 

effects and interactions.   For milk yield and composition analyses, data collected 
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from both udder halves from d 67 to 61 prior to expected parturition date were 

used as a covariate.  The covariate was used due to yield and composition 

differences between udder halves within a cow before any treatments for the 

current study were applied.  A covariate was not used for DMI, Ki67, TUNEL, and 

gene expression data analyses.  Data from Ki67 and TUNEL assays were 

transformed (square root) in order to meet statistical assumptions for normal data 

distribution.  Non-transformed data are presented in tables and figures, because 

the outcome of statistical tests with transformed and non-transformed data were 

equal.  Additionally, somatic cell linear score (SCS) was calculated from SCC to 

achieve normal distribution of the data.  SCS values were used for all statistical 

comparisons.  Statistical models for analysis of milk yield and composition, Ki67 

index, and apoptotic index included main effects of bST, dry period length (CM or 

CTL), and time (week relative to parturition or d of biopsy relative to parturition), 

and their respective interactions.  Time was fit as a repeated measure using a 

spatial power covariance structure.  The variability among udder halves (nested 

within cow) within experiment cells was used to test the whole plot effects of bST, 

dry period length, and their interactions.  The variability among data for 

dependent variables within udder half (nested within cow) was used to test for 

the effects of time and interactions involving time.  Statistical analysis of ∆Ct 

values from real-time RT-PCR assays included independent variables of dry 

period length and gestation status (pre- vs. postpartum) and the interaction.  

Time (gestation status) was fit as a repeated measure using a first-order 
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autoregressive covariance structure.   Analysis of DMI included bST, time, and 

the interaction of bST by time as independent variables.  Time was fit as a 

repeated measure using a first-order autoregressive covariance structure.  The 

variability among cows (nested within treatment) within experiment cells was 

used to test the whole plot effects of bST.  The variability among weekly DMI 

within animal was used to test for the effects of time and interactions involving 

time.

RESULTS

Milk Yield and Composition
Prepartum half-udder milk yield in the CM halves was 21% greater (P < 

0.05) in cows treated with bST compared to non-treated cows (Table 3-4 and 

Figure 3-3).   Postpartum half-udder milk yield was dramatically reduced (53%, P 

< 0.001) in CM halves compared to CTL halves, but was unaltered by bST 

treatment (Table 3-4 and Figure 3-3).  The temporal pattern of early-lactation milk 

yield was similar in CM and CTL halves, except CM halves had decreased yields 

(Figure 3-3).   

During late gestation, milk fat percent was decreased 0.6% (P < 0.05) in 

CM halves from cows treated with bST (Table 3-4).  No other milk composition 

variables were altered by bST treatment.  Milk protein percent was increased (P 

< 0.001) throughout late gestation reaching peak levels at 1 to 2 wk prepartum 

(data not shown).  Postpartum milk composition was not affected by any of the 

independent variables or their respective interactions (Table 3-4).  Of particular 
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interest, SCS was not different in CM and CTL halves indicating similar 

mammary microbial health.  

Immunohistochemistry
Proliferation and apoptosis indices were not altered (P > 0.1) by bST 

administration.  MEC proliferation was greater (P < 0.01) during late-gestation (d 

–20 and –7) than during early lactation, regardless of dry period treatment (CTL 

vs. CM; Table 3-5).  In CTL udder halves, MEC proliferation was increased 

during prepartum timepoints and peaked at 8 d prepartum with 5.4% of MEC 

expressing the Ki67 antigen (Table 3-5).   In CM udder halves, peak MEC 

proliferation occurred at -20 d and declined thereafter.  MEC proliferation at - 8 d 

was enhanced 2-fold in CTL glands compared to CM (Table 3-5).

  In both CTL and CM tissue, apoptosis was greater (P < 0.05) during the 

first wk of the subsequent lactation (d 1 and 7) compared to prepartum timepoints 

and d 20.  In CTL udder halves, MEC apoptosis increased during late gestation 

and into early lactation until peaking (P < 0.01) on d 7 (Table 3-5).  At d 20, the 

apoptotic index had returned to levels observed at -20 d (Table 3-5).  In CM 

udder halves, MEC apoptosis peaked at 1 d, but was unchanged at all other 

timepoints (Table 3-5).  Between dry period treatments, MEC apoptosis was 60% 

greater in CTL glands at 7 d. 

Ultrastructure
There were no apparent changes in mammary ultrastructure as a result of 

bST supplementation at any of the timepoints measured.  Alveoli and MEC within 
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alveoli are shown and described in Figures 3-4 to 3-10.  When visible in the 

micrographs, features of the tissue for a given treatment and timepoint are 

labeled on the micrographs.  

At d –20, CTL tissue consisted of a homogeneous population of resting 

alveoli (Figure 3-4A).  MEC within the alveoli were devoid of milk synthesis 

products except for an occasional lipid droplet (Figure 3-4B).  Nuclei were 

irregular in shape and occupied much of the area of the cell.  Nuclei were 

centrally located in the cell rather than basolateral as positioned during lactation 

(Mayer and Klein, 1961).  Cell organelles (rough endoplasmic reticulum (RER) 

and mitochondria) were present in the cytoplasm (Figure 3-4), but were less 

abundant and organized than observed in lactating tissue (Figure 3-5).  At this 

same timepoint, CM tissue was composed of both lactating (Figure 3-5) and 

resting alveoli with features equal to those shown and described for CTL tissue.  

Secretory alveoli contained MEC with distinct polarization; basolateral positioned 

nuclei and apical positioned lipid droplets and other secretory vesicles.  The 

cytoplasm was densely populated with organelles associated with milk synthesis; 

RER, mitochondria, and golgi.  Lumina contained lipid droplets and casein 

micelles.  Lactating alveoli looked as if they had a high (Figure 3-5A-B) or low 

(Figure 3-5C-D) secretory capacity.  Alveoli that appeared higher-producing 

contained many lipid droplets at the apical membrane whereas lower-producing 

alveoli had fewer lipid droplets at the apical membrane and nuclei consumed 

much of the cytoplasmic space.   
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By d -8, MEC in CTL tissue appeared to be responding to lactogenic 

signals and starting to differentiate toward a secretory phenotype (Figure 3-6).  

Cells lacked established polarity, but contained large lipid droplets and the 

lumina contained both lipid and casein.  Cell organelles were more abundant 

than observed at d –20.  CM tissue contained both lactating (Figure 3-7 A-B) and 

immature (Figure 3-7 C-D) alveoli at d-8.   Lactating alveoli (Figure 3-7) at this 

time point were most similar to the lower producing alveoli previously described.  

Immature alveoli were most prevalent and were similar to those reported for CTL 

tissue.  Also at this timepoint, macrophages (MP) and neutrophils (NT) were 

observed within the mammary epithelium for both dry period treatments.  

Ultrastructure at d 1 and 7 was similar for CTL and CM treatments 

(Figures 3-8 and 3-9).  Tissue from both treatments contained both secretory and 

immature alveoli.  Lactating alveoli where densely packed with cellular organelles 

and apically-located secretory vesicles and lipid droplets, which may be 

indicative of high synthetic capacity (Figure 3-8 A-D; Figure 3-9 A-B).  RER was 

most prevalent in the perinuclear space, golgi were apical of the nucleus and 

adjacent to lipid or secretory vesicles, and mitochondria were dispersed 

throughout the cells.  The immature alveoli were equal to those described at d-8 

(Figure 3-9 C-D).  Some immature alveoli had space between cells or were 

absent of cell-to-cell junctions (tight junctions, desmosomes).  Lumina contained 

whole MEC, NT with phagocytic vesicles, and cellular debris at d 1 and 7 (Figure 

3-8 E-F; Figure 3-9 C-D).   Luminal structures in Figure 3-9 C-D are NT or MP 
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engorged with casein micelles, lipid droplets, and cell debris.   

By d 20, there were marked differences in the alveolar types present in 

CTL and CM tissue.  CTL tissue largely consisted of fully secretory alveoli 

(Figure 3-10).  The alveoli were composed primarily of MEC with distinct polarity, 

abundant lipid and secretory vesicles at the apical membrane, RER densely 

packed in the perinuclear space, mitochondria throughout the cytoplasm, and 

golgi adjacent to both the nucleus and lipid or secretory vesicles.  However, CM 

tissue was comprised of heterogeneous populations of secretory, engorged, and 

resting alveoli (Figure 3-11).  Secretory alveoli were equal to those described in 

CTL tissue (Figure 3-11 A-B).  MEC within engorged alveoli were characterized 

by the presence of very large lipid droplets or vacuoles, loss of polarity, irregular 

shaped nuclei, and numerous migrating cells infiltrating the epithelium (Figure 3-

11 E-F).  Resting alveoli consisted of MEC that contained no evidence of milk 

synthesis or secretion and had lost polarity.  Some resting alveoli contained 

apoptotic MEC (Figure 3-11 C-D).  Lumina were also devoid of secretory 

products.  

Real-time RT-PCR
The housekeeping gene, 18S, was not changed by any of the main effects 

or their respective interactions (P > 0.10), thus data normalization to the 18S 

housekeeping gene was appropriate.  There was no effect of bST or respective 

interactions on expression of any of the GOI evaluated.  Therefore, data will be 

presented for dry period length and gestation status, but not by bST treatment.  
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Expression of α-lactalbumin was changed (P < 0.05) by dry period length, 

gestation status (prepartum vs. postpartum), and dry period length by gestation 

status.  Expression of α-lactalbumin was greater (27.7 fold; P < 0.05) in CM 

tissue compared to CTL tissue during the prepartum period (Table 3-6, Figure 3-

12).  During the postpartum period, α-lactalbumin expression was similar 

between CM and CTL tissue, and α-lactalbumin expression in prepartum CM 

tissue was less than postpartum CTL α-lactalbumin expression, but equal to 

postpartum CM α-lactalbumin expression (Figure 3-12).  Of the cell cycle or 

mammary development genes, ABC1 and p27 were not affected (P > 0.1) by dry 

period length, gestation status, or the interaction of the two (Table 3-6, Figures 3-

12 to 3-13).  Cyclin D1 and CEBP-β expression were greater (P < 0.03) during 

the prepartum period than postpartum period, but were not affected by dry period 

length (Figure 3-13).  Of the apoptosis-related genes evaluated, differential 

expression was only detected for bcl2, which increased 2.6-fold in prepartum 

tissue compared to postpartum tissue (Figure 3-13).  

Dry Matter Intake
DMI was not affected by bST treatment.  DMI decreased (P < 0.05) 

gradually during the final 4 wk of gestation, reaching nadir at 1 wk prior to 

parturition (Figure 3-14).  During the first 4 wk postpartum DMI increased (P < 

0.01; Figure 3-14).
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DISCUSSION
The effects of dry period length (CTL vs. CM) on MEC turnover during 

late gestation and early lactation were measured to evaluate the mechanism by 

which omitting the dry period reduces subsequent milk yield in primiparous cows.  

Additionally, tissue from the CTL udder-half provides insight into the dynamics of 

net mammary growth or regression during late-gestation and early lactation.  

Lastly, bST was evaluated as a potential treatment to restore expected milk yield 

reductions in CM glands from primiparous cows.   

Milk Yield
Prepartum half-udder milk yield was increased by bST treatment.  If this 

increase in half-udder milk yield was extrapolated to a whole udder, bST 

treatment during late gestation would equate to a 3.4 kg/d increase in milk yield 

during the last 8 wk of gestation.  However, higher yields in +bST CM halves did 

not affect spontaneous dry-off in the final 2 wk of gestation.  Spontaneous dry-off 

occurred in both +bST and –bST CM halves and resulted in similar days dry for 

both treatments (5.6 ± 2.2 d dry and 3.1± 1.5 d dry, respectively).  Factors 

signaling spontaneous dry-off are unknown, but they appear to be regulated by 

endocrine events near parturition.  Estrogen and progesterone concentrations 

are elevated in the final weeks of gestation and are known inhibitors of milk 

secretion at high concentrations  (Cowie, 1961).  One CM udder half from each 

bST treatment group was actually dry 0 d, all other CM halves underwent 

spontaneous dry-off and had a brief dry period.   A summary of milk yield and 

days in milk (DIM) at 60 d prior to calving, days dry in CM halves, and milk yield 
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at spontaneous dry-off for each cow is presented in appendix 1.   The 

relationship between production level or DIM at 60 d prior to expected parturition 

date and spontaneous dry-off was weakly correlated (r2 ≤0.25).  Additionally, CM 

of one udder half did not cause abnormally long or short gestation length, 277 ± 4 

d, compared to the average Holstein gestation length, 279 d (Macmillan, 1992).  

Gestation length was similar in + and – bST-treated cows (273 vs. 282 ± 4 d).

Postpartum half-udder milk yield was reduced dramatically (53%) in CM 

compared to CTL halves, regardless of bST treatment.  Others have reported 

production losses of 15 to 20% in CM, primiparous cows (Remond et al., 1992; 

Annen et al., 2004b).  However, a reduction to the extent observed in the current 

study has not been demonstrated in other studies with CM cows (Swanson, 

1965; Remond et al., 1992; Rastani et al., 2003), but similar reductions were 

reported in some, but not all CM udder-halves in a study by Smith et al. (1967).  

A reduction of this magnitude may be a result of decreased animal variability due 

to the half-udder model used in the current study or an increase in productive 

capacity of the CTL half due to some unknown aspect of the half-udder 

treatments.  The CTL half produced an average daily milk yield of 44.7 kg/d if 

extrapolated to a whole udder yield.  This production level is similar to those 

achieved by other second lactation cows in the University of Arizona dairy herd 

during the first 30 d of lactation.  Thus, the most likely cause of such a large 

decrease in milk yield in the current study compared to other CM studies is the 

removal of factors (i.e., DMI, genetic potential) responsible for between-animal 
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variation.   The absence of an increase in milk yield due to bST during early 

lactation in either dry period treatment is not surprising given the number of 

experimental units and the fact that the study was carried out during a part of the 

lactation curve that is already increasing.  Negative energy balance dynamics 

during early lactation also may have limited the milk yield response to bST.

Diminished bST responses have been demonstrated in early-lactating cows 

(Vicini et al., 1991) and energy restricted cows (McGuire et al., 1995).  

MEC Proliferation
MEC proliferation, apoptosis, and ultrastructure were all affected by dry 

period length and results add insight into the 53% reduction in milk yield in CM 

udder halves.  Regardless of dry period length, MEC proliferation was higher 20 

and 8 days before parturition compared to 1, 7, and 20 d postpartum.  This result 

was expected as hormonal changes in progesterone, estrogen, growth hormone, 

prolactin, and glucocorticoids are associated with mammary development and 

differentiation into a secretory phenotype (Mayer and Klein, 1961; Anderson, 

1974; Neville et al., 2002).  In CTL glands, proliferation increased from d –20 and 

peaked at d –8.  However, in CM glands proliferation peaked at d –20 and 

decreased thereafter.  At d –20, MEC proliferation was similar in CM and CTL 

tissues which was unexpected as data of Capuco et al. (1997) demonstrated a 

reduction in MEC proliferation in CM glands at this same timepoint.  However, 

proliferation evaluated by Capuco et al. (1997) was determined by  [3H]thymidine 

incorporation, which is used to measure relative proliferation states by labeling 



119

cells that have passed the G1/S-phase cell-cycle checkpoint and are undergoing 

DNA replication. This measure of cell proliferation also includes a rate of 

proliferation component (Capuco et al., 2001).  Localization of Ki67 methodology 

used in the current study measures cells in all phases of the cell cycle except G0

and does not have a rate component.  Therefore, it is possible that equal 

numbers of MEC are progressing through the cell cycle, but the rate at which 

cells replicate may be enhanced in CTL glands and result in more [3H]thymidine 

labeling.   A 50% reduction in MEC proliferation in CM halves at d –8 compared 

to CTL halves is greater than the reduction in proliferation in CM glands reported 

by Capuco et al. (1997) at d -7.  Between these two experiments, data suggest a 

30 to 50% reduction in MEC proliferation in CM glands during late gestation.  In 

addition, CM may alter the number of MEC proliferating or the rate of proliferation 

at d –20.    The temporal pattern of MEC proliferation in CM glands compared to 

CTL glands demonstrates proliferation is decreasing in CM tissue rather than 

peaking at a critical time in mammary development between lactations, 

especially in primiparous cows.  

After parturition, the number of MEC undergoing cell division decreased 

and was not changed by dry period length.  Low proliferation levels in the 

mammary gland following MEC differentiation and the onset of copious secretion 

might be expected.  Mitotic activity during lactation has previously been reported, 

but at a reduced frequency compared to non-lactating tissue during pregnancy 

(Altman, 1945; Mayer and Klein, 1961).  Others have demonstrated similar Ki67 
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antigen indexes in early lactation (Capuco et al., 2001).  In rats, Franke and 

Keenan (1979) found very small numbers of mitotic cells in lactating tissue and 

this number was especially low after the second week of lactation.   A similar 

pattern was observed in the current study with proliferation at d 20 being more 

than 3-fold less than d 1.  This reduction in proliferation in lactating tissue may be 

a result of differentiation of the proliferating cell population into secretory cells.  

Experiments with mammary stem cells and progenitor cells have investigated the 

fate of proliferating cells and demonstrated a disappearance of large groups of 

pale-staining cells (candidate stem and progenitor cells) to only a few scattered 

individual cells within 72 h of culturing cells with lactogenic media (Smith and 

Medina, 1988).  A decrease in pale cells is associated with a reduction in 

mammary proliferation (BrdU incorporation) in cattle (Ellis and Capuco, 2002).  

MEC Apoptosis
The other aspect of MEC turnover, apoptosis, has not previously been 

measured in CM bovine mammary glands.  A low percentage of MEC were 

undergoing apoptosis during late gestation and apoptotic indexes were similar in 

CTL and CM halves.  Both halves demonstrated an increase in MEC apoptosis 

during early lactation, but increased apoptosis persisted to d 7 in CTL halves but 

was decreased by d 7 in CM halves.  Elevated levels of apoptosis are expected 

during the mammary renewal process in the early dry period (Capuco et al., 

2004), but have only recently been reported during early lactation (Capuco et al., 

2001; Hale et al., 2003; Sorensen and Sejrsen, 2003).  There are three 



121

hypotheses on why apoptosis increases during early lactation.  They include: 1) 

an increase in apoptotic leukocytes that have migrated into the mammary 

epithelium and are indistinguishable from MEC due to morphological changes 

during apoptosis (Capuco et al., 2001; Hale et al., 2003), 2) shedding of old or 

dormant MEC from the mammary epithelium that were replaced with new MEC 

generated during late gestation (Sejrsen et al., 2003), 3) elimination of new cells 

that were generated during late gestation, but did not differentiate during the final 

stage of lactogenesis (Sejrsen et al., 2003) and 4) apoptosis of cells with errors 

in DNA replication (Alberts et al., 2002).  The shedding of old or undifferentiated 

MEC may enable atrophy and increase milk synthesis in the remaining, newer 

MEC.  In conventionally managed cows (60-d dry period between lactations), 

there have been numerous reports of increased apoptosis in early lactation.  

Capuco et al. (2001) reported an increase in apoptosis at d 14 of lactation 

compared to d 90, 120, or 240.   Sorensen and Sejrsen (2003) reported an 

increase in apoptosis at d 14 of lactation compared to d 42, 88, 172, and 347.  

Hale et al. (2003) measured high levels of MEC apoptosis at d 7 of lactation.   

The apoptotic index at d 7 or d 14 in the aforementioned studies was similar to 

the apoptotic indexes observed at d 7 and 20 postpartum in the current study.   

Given decreases reported between d 14 and d 42 of lactation (Sorensen and 

Sejrsen, 2003), a further reduction in apoptosis as lactation progressed beyond d 

20 would be expected.  Prior to TUNEL assay methodology, increased cell loss 

during early lactation was indicated by other measures.   Tucker (1969) reported 
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high levels of MEC lost in milk during the first 1 to 2 wk of lactation, which then 

subsided until about the 35th week of lactation.  Increased DNA degradation 

products (Kuretani, 1957 ref. by Munford, 1964) and increased level of 

deoxyribonuclease (Griffith and Turner, 1958) in mammary tissue homogenates 

from the beginning of lactation compared to tissue taken later in lactation has 

also been reported.  It cannot be ruled out that the storage of these tissue 

homogenates may have facilitated DNA degradation (Munford, 1964).  However, 

degradation due to sample storage should have been equal for all timepoints in 

which tissue was sampled.  

In CM udder halves, a rapid decline in apoptosis after d 1 combined with 

reduced MEC proliferation at d –8 suggests that an early decrease in apoptosis 

compared to CTL halves was required to keep more old cells in the mammary 

epithelium to maintain total cell numbers.  Total cell number, as measured by 

total parenchyma DNA, is not altered by lactation status during late gestation in 

multiparous cows (Swanson et al., 1967; Capuco et al., 1997).  A reduction in 

proliferation accompanied by a reduction in apoptosis to maintain total MEC 

numbers, resulting in an increased proportion of old MEC in CM glands has been 

previously proposed (Capuco et al., 1997).  The bovine mammary gland may 

regulate early lactation apoptosis based on the number of new (replacement) 

MEC generated during late gestation and may be the reason CM has not been 

shown to reduce total MEC number.  A mechanism for cell retention may be even 

more critical in the CM, primiparous mammary gland.  A factor that remains to be 
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studied is persistency of older MEC that are carried over from the previous 

lactation.  Using the rodent model, carry-over of MEC into the subsequent 

lactation was increased in CM rats (Pitkow et al., 1972).  Opposite to the current 

data from dairy cows, premature cell loss in early lactation has been 

demonstrated in tissue from CM rats (Paape and Tucker, 1969).  Differences 

exist both prepartum and postpartum between CM dairy cows and rats.  In cows, 

total cell number is similar during the prepartum period, but in rats total cell 

number is greater in CM tissue at parturition.  Total cell number is reduced early 

in the subsequent lactation in CM tissue compared to tissue from rats that were 

provided a non-lactating period.  In cows, the changes in apoptosis during early 

lactation suggest that cell number is maintained rather than reduced in CM

tissue.  

Effect of bST on MEC Turnover
There was no bST effect or an interaction of late-gestation lactation status 

and bST on MEC proliferation or apoptosis.  Treating lactating cows with bST 

has been shown to increase MEC proliferation (Capuco et al., 2001), but this 

increase did not exceed mammary regression by apoptosis.  This would agree 

with data showing no net growth of lactating, bovine mammary tissue in bST-

treated cows (Binelli et al., 1995; Capuco et al., 1995).  Others have 

demonstrated that intramammary bST or IGF-I infusion in late-pregnant heifers 

was initially mammogenic, but did not improve milk yield (Collier et al., 2002).  

bST has also been demonstrated to be mammogenic in prepubertal heifers 
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(Sejrsen et al., 1986; Berry et al., 2003).  bST treatment during the dry period has 

also been evaluated, but did not affect subsequent milk yield (Bachman et al., 

1992; Simmons et al., 1994).  Interestingly, bST treatment in pregnant ewes 

resulted in both increased postpartum MEC number and milk yield (Stelwagen et 

al., 1993).  A reduction in apoptosis as a result of bST treatment was expected 

due to reports of reduced mammary plasmin levels (Bauman and Vernon, 1993) 

and anti-apoptotic effects of IGF-I (Hadsell et al., 2002), which is elevated in 

bST-supplemented animals (Vicini et al., 1991; McGuire et al., 1995).  However, 

bST did not affect MEC survival in CTL or CM udder-halves in the current study 

or in lactating cows (Capuco et al., 2001).

Mammary Development in Late Gestation and Early Lactation
As previously mentioned, MEC turnover data in the CTL udder-half 

provides insight into the timing of mammary growth and regression during a 

typical lactation cycle in dairy cows.  Pregnancy, especially late pregnancy, has 

been well characterized as a period of extensive mammary growth and 

development (Munford, 1964; Tucker, 1969; Anderson, 1974).  Anderson (1975) 

reported that 78% of mammary growth occurred during pregnancy and 2% during 

early lactation in ewes.  Previous research in non-lactating, pregnant animals 

(rats, mice, guinea pig, pig, goat) has demonstrated that mammary DNA and 

number of alveolar cells continues to increase during early lactation (Munford, 

1964; Tucker, 1966; Traurig, 1967; Knight and Peaker, 1984; Kim et al., 1999).  

Similar to the current study, Baldwin (1966) and Anderson (1975) reported 
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minimal mammary growth during early lactation in cows and sheep.  When 

comparing results from the aforementioned studies and the CTL half, there are 

marked differences in mammary development during early lactation in cows 

compared to other species.  Although the current study did not measure total 

DNA content, proliferation and apoptotic measures can be used as proxies to 

determine if cell turnover supports an accumulation or regression of mammary 

parenchyma.  Formulas developed by Capuco et al. (2001) were used to 

calculate MEC turnover during the current study.  Results from these calculations 

demonstrate that MEC accumulate during late gestation (-20 and –8 d), but 

during early lactation (d 1 and 7) high apoptotic rates combined with low levels of 

proliferation support regression of MEC during the first 7 d postpartum and 

approximately static cell turnover at d 20.  Current results confirm that mammary 

development is enhanced during late gestation in dairy cows, but contradict 

reports of continued mammary development during the first 2 to 3 wk of early 

lactation as has been reported for other species (Munford, 1964; Tucker, 1966; 

1969; Traurig, 1967; Anderson et al., 1974; 1975; 1981; Knight and Peaker, 

1984; Kim et al., 1999).  Accumulation of new MEC during late-gestation and 

increased MEC shedding during early lactation supports the hypothesis that 

increased milk yield during early lactation in dairy cows is a result of MEC 

atrophy and increased synthetic capacity (Capuco et al., 2001), rather than a 

combination of increased mammary development and secretory activity (Knight 

and Peaker, 1984).  An increase in the RNA to DNA ratio during early lactation, 



126

combined with minimal mammary growth during early lactation (Anderson, 1975), 

supports the hypothesis of increased synthetic capacity of MEC being the 

primary driver of increasing milk yield during early lactation in cows or ewes.  

Ultrastructure
Ultrastructure data from the current study provide evidence on the fate of 

MEC that are carried over to the subsequent lactation rather than replaced during 

gestation.  Although ultrastructure has not previously been evaluated in CM 

tissue, descriptions and micrographs of non-lactating tissue and MEC (Larson, 

1985; Holst et al., 1987) match non-lactating tissue from the CTL udder-half at d 

–20.  Less abundant RER and mitochondria, rare golgi, and an occasional lipid 

droplet were present in MEC from CTL tissue.  Lumina of resting alveoli were 

clear of secretion.  More abundant cell organelles, lipid droplets, secretory 

vesicles, basolateral positioned nuclei, and apical orientation of secretory 

products are common features of lactating tissue.  These features were apparent 

in MEC from CM tissue.  It may be that fewer lipid droplets and organelles in 

some CM alveoli are indicative of a lower secretory capacity.  It is likely this state 

of reduced secretion is in normal progression to a resting state.  Decreasing milk 

yield throughout late gestation would correspond to increasing numbers of lower 

producing or resting alveoli.  

At d –8, lactating alveoli were present in CM glands and immature alveoli 

were present in both CTL and CM glands.  Immature alveoli appeared to be 

progressing toward lactating status.  Large lipid droplets and increasing RER and 
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mitochondria within MEC with no established polarity, as well as the presence of 

secretory products (lipid, casein micelles) in expanded lumens are features of 

these immature alveoli.  Akers and Heald (1978) and Sordillo and Nickerson 

(1988) provide a similar description of non-lactating tissue during lactogenesis.  

Lactating alveoli in CM tissue appeared similar to lower producing alveoli at d –

20.  This observation would coincide with lower milk yields reported during the 

last week of gestation and spontaneous dry-off of many CM halves occurring at 

this time.  Additionally, appearance of migrating leukocytes within the mammary 

epithelium became more frequent at this timepoint.  MP and NT have been 

reported to increase during the early dry period, decrease after involution, and 

increase again at parturition (Jensen et al., 1981; Sordillo and Nickerson, 1988; 

Fetherston et al, 2001).  MP are thought to be the prevalent leukocyte in healthy 

mammary tissue and intraepithelial NT are thought to be triggered by an 

inflammatory response (Sordillo et al., 1997).  NT can be triggered by 

inflammation and associated factors (cytokines and prostaglandins; Sordillo et 

al., 1997).  Both cell types can ingest accumulated milk components, cellular 

debris, and bacteria.  Elevation of inflammatory factors at parturition (i.e., 

prostaglandins; Maule-Walker and Peaker, 1980) combined with accumulation of 

milk products within MEC and lumina of immature alveoli, permeability of the 

blood-milk barrier (Linzell and Peaker, 1973; 1974) and udder edema may 

facilitate intraepithelial infiltration of both MP and NT at timepoints surrounding 

parturition.  The biopsy procedure cannot be ruled out as a potential cause for 
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increased NT in mammary tissue.  The mammary biopsy procedure likely 

induces an inflammatory response due to tissue insult at the biopsy site.  

Transient biopsies were obtained from all four quarters to enable a period of 

healing before a second or third biopsy was taken from a given quarter.  

Additionally, careful attention was paid to biopsy site selection to avoid previously 

biopsied areas.  Therefore it is not likely that increased prevalence of NT was 

due to biopsy.  Rear quarter biopsies were taken at –20, 1, and 20 d  (20 d 

between biopsies).  Front quarter biopsies were taken at –8 and 7 d (14 d 

between biopsies).  Subcutaneous injections for recombinant colony stimulating 

factor (cytokines) elevated milk neutrophils for 15 d compared to controls 

(Fetherston et al., 2001), indicating that repeat biopsy timing in the current study 

was within the ranges for an inflammatory response to occur and subside before 

the next biopsy.  Increased prevalence of migrating cells at parturition and during 

early lactation has been reported by others (Jensen et al., 1981; Sordillo and 

Nickerson, 1988; Fetherston et al, 2001) and may be referred to as colostrum 

cells or cells of Donné (Mayer and Klien, 1961; Hollmann, 1974)

During the postpartum samples, the mammary epithelium had similar 

structural characteristics at d 1 and 7, but dramatic differences were apparent by 

d 20.  At d 1 and 7, MEC from both CTL and CM glands appeared to be 

secretory or differentiating into fully secretory cells.  The presence of immature 

alveoli and MEC during this first week of lactation suggest that secretory 

activation or stage II lactogenesis is not complete in cattle until after parturition.  
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In women, secretory activation does not occur until 4 d postpartum, but is 

complete at parturition in rodents (Neville et al., 2002).  Also at these timepoints, 

many alveoli contained cellular debris or whole MEC.  Cellular debris 

corresponds with high apoptotic rates measured during early lactation.  Whole, 

intact MEC in alveolar lumens without any features of an apoptotic cell suggest 

cell sloughing, apoptosis and/or anoikis are involved in maintenance of mammary 

tissue homeostasis.  Similar to d -8, MP and NT were observed commonly within 

the epithelium and lumina at both d 1 and 7 regardless of dry period treatment.  

Maintenance of migrating cell numbers into early lactation was probably a result 

of both edema and a need for phagocytosis of apoptotic cells and cellular debris, 

which were elevated at this time.  

From the onset of copious milk secretion until the decline phase of 

lactation after peak milk yield, maintenance of highly secretory alveoli is expected 

(Knight and Peaker, 1984).  Increasing numbers of resting alveoli are expected 

during the decline phase of lactation.  Interestingly, during the first 20 d 

postpartum CTL halves were mainly composed of secretory alveoli, but CM 

halves contained large populations of engorged and resting alveoli in addition to 

a population of secretory alveoli.  Due to the similarity of engorged alveoli to 

involuting mammary tissue (Holst et al., 1987; Annen, Collier, Capuco, 

unpublished), we hypothesize that MEC from these alveoli are shutting down to a 

resting state or may undergo apoptosis.  In the absence of an increase in MEC 

apoptosis at this timepoint, the earlier hypothesis is more likely, although some 
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apoptotic cells were observed in resting alveoli (Figure 3-10 C-D).  Additionally, 

we hypothesize that increased prevalence of engorged and resting alveoli as 

early as 20 d into the subsequent lactation are caused by the carryover of MEC 

from one lactation to the next in CM glands and these old cells are going into a 

resting state during early lactation rather than during the decline phase of 

lactation.  Migrating cells were still evident in mammary tissue from d 20, but 

occurrence was more frequent in engorged and resting alveoli where 

phagocytosis of milk products and cellular debris was needed (Figure 9 and 10).  

Half-udder Model
The half-udder model was used to reduce the between-animal coefficient 

of variation, thus reducing the animal numbers required for the study.  The half-

udder model has been used in other continuous milking studies in cows (Smith et 

al., 1967) and goats (Fowler et al., 1991).  The validity of this model has been 

questioned due to a constant exposure of the CTL half to galactopoietic and 

milking stimulus hormones as a result of lactation maintenance in the CM half 

throughout late gestation (Capuco and Akers, 1999).  Equal exposure does not 

mean equal utilization of hormones as lactating and non-lactating tissue may 

have different responsiveness to galactopoietic hormones.  Cessation of milking 

or colchicine treatment to inhibit secretion in one gland and continued milk 

removal from other glands has resulted in compensatory milk production 

(Henderson and Peaker, 1983; Hamann and Reichmuth, 1990) and mammary 

growth (Capuco and Akers, 1990).  Further, this experimental approach has been 
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shown to partially inhibit mammary involution in the dried gland(s) (Turner and 

Reinke, 1936; Akers and Keys, 1985).  In the current study, validity of the half-

udder model is improved by milk yield, cell turnover, and ultrastructure data.  The 

lactation curve of the CM halves demonstrate a normal decline in milk yield 

throughout the last 60-d of gestation (Figure 3-3) after a small, compensatory 

increase in milk yield which began immediately after drying the CTL half (Figure 

3-15).  This increase peaked and plateaued by 4 d after drying the CTL half 

(Figure 3-15).  Eight days after drying the CTL half, milk yield in the CM half 

begins a decline that persists throughout the remainder of gestation in non-bST 

treated cows.  This decline was much more gradual in bST treated cows.  

Interestingly, the quickness of the onset of compensatory milking suggests that 

MEC do not inherently operate at maximal secretory capacity, at least in late 

lactation.  Similar observations were made by Henderson and Peaker (1983) at 

any stage of lactation.  Cell turnover data showed no change in apoptosis and 

reduced rather than increased proliferation in the CM half during the prepartum 

period.  Additional measurements of MEC turnover near the time of milk stasis in 

the CTL half are needed to fully assess the effects of the half-udder model on 

compensatory mammary growth.  Ultrastructure data from d –20 demonstrate 

that tissue from CTL glands was similar to tissue from a between-animal study 

evaluating dried glands at a similar number of days dry (Holst et al., 1987).  

Collectively, these data demonstrate 1) modest compensatory milk production in 

the CM half does not prevent declining lactation with advancing pregnancy, 2) no 
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compensatory mammary growth in CM udder halves at the timepoints measured, 

and 3) involution of the CTL gland to a resting state was not inhibited by milking 

of the CM half.

Mammary Gene Expression
To further investigate effects of CM on MEC turnover and function during 

late gestation and early lactation, expression of genes involved in milk synthesis, 

mammary growth, cell cycle regulation, and apoptosis were evaluated.  α-

lactalbumin was evaluated because it is a key enzyme in lactose synthesis and 

should be differentially expressed in lactating vs. non-lactating tissue.  

Accordingly, prepartum α-lactalbumin expression was decreased 27-fold in CTL 

tissue compared to CM tissue.  This result was expected since the CTL tissue 

was non-lactating and the CM tissue was lactating.  During the postpartum 

period, α-lactalbumin expression was not altered by dry period treatment.  When 

evaluating the main effect of prepartum vs. postpartum, α-lactalbumin expression 

was less during the prepartum period.  This difference was largely due to the fact 

that α-lactalbumin expression was low in non-lactating, CTL tissue during the 

prepartum period.  

A group of genes associated with MEC proliferation and mammary 

development was evaluated.  Cyclin D1 synthesis increases in response to 

growth factor stimulation to initiate proliferation in quiescent cells (Donjerkovic 

and Scott, 2000).  Cyclin D1 begins to rise during the G0 to G1 transition and 

peaks during mid-G1 phase of the cell cycle (Donjerkovic and Scott, 2000).  
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Cyclin D1 coordinates extracellular signals and cell cycle progression toward the 

G1 to S phase transition by binding cyclin-dependant kinases (cdk) or by binding 

histone acetylase and deacetylases to modify chromatin structure of other genes 

involved in cell proliferation and differentiation (Fu et al., 2004).  We 

hypothesized that cyclin D1 expression during prepartum mammary development 

would be reduced by CM; however, dry period length did not affect cyclin D1 

expression in either the prepartum or postpartum period.  Cyclin D1 expression 

was higher during the prepartum period compared to the postpartum period.  

This increased transcription of cyclin D1 corresponds to a period of increased 

Ki67 expression during late gestation.  Cyclin D1 is known to be responsive to 

estrogen and progesterone (Sutherland and Musgrove, 2004) and both of these 

hormones are known to be major regulators of mammary ductal and lobulo-

alveolar development (Tucker, 1981).  Thus, it is not surprising that expression of 

cyclin D1 was increased during late gestation.  Although, cyclin D1 gene 

expression was not limiting cell proliferation in CM tissue, it is possible that cyclin 

D1 function was altered by posttranscriptional modifications.  It is also possible, 

that an inhibitor of cell cycle progression was increased in CM tissue.  Inhibition 

of cdk2 by p27 in early G1 phase of the cell cycle prevents the build-up of cyclin 

E-cdk2 complexes required for S phase entry (Alkarain et al, 2004).  Mammary 

p27 mRNA expression decreased during pregnancy compared to virgin or 

involuting tissue (Master et al., 2002).  Results from the current study 

demonstrate low levels of p27 expression in pre- and postpartum tissue 
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regardless of dry period treatment.  This gene is primarily regulated at the protein 

level (Musgrove et al., 2004), so changes in protein stability and resulting 

changes in p27 levels in CM and CTL tissue cannot be ruled out.   

The last mammary growth gene evaluated was CEBP-β.  Knockout of all 

CEBP-β isoforms results in severe reductions in lobulo-alveolar development, as 

well as some impairment of ductal morphology and inhibition of differentiation 

(Robinson et al., 1998; Seagroves et al., 1998).  Due to hypothesized reductions 

in mammary development between first and second lactations in CM cows 

(Annen et al., 2004b), it was believed that CEBP-β expression would be reduced 

in CM tissue.  However, CEBP-β expression was not altered by CM, but was 

upregulated in prepartum tissue compared to postpartum tissue.  This suggests 

CEBP-β plays a role in bovine mammary development during late gestation, but 

is not limiting mammary development in CM cows.  A recent study demonstrated 

that cyclin D1 may have functional interaction with CEBP-β (Lamb and  Ewen, 

2003).  Given a potential relationship between these two molecules, it is 

intriguing that both genes were upregulated during late gestation in a similar 

magnitude.  

A group of apoptosis-related genes was also evaluated.  Bax is a pro-

apoptotic member of the Bcl2 family genes and bcl2 is a pro-survival member of 

this gene family (Haughn and Hockenbery, 2003).  Bax is thought to induce 

apoptosis by translocating to the mitochondria and facilitating cytochrome c 

release by forming pores in the mitochondrial membrane (Breckenridge and 
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Shore, 2003).  Once cytochrome c is released it associates with procaspase-9 

and APAF-1 to form an apoptosome which initiates the caspase cascade and 

commits cells to death (Breckenridge and Shore, 2003).  Bcl2 is thought to 

protect cells from apoptosis by preventing bax translocation to the mitochondria 

(Haughn and Hockenbery, 2003).  Expression of bax was constant in pre- and 

postpartum tissue regardless of dry period treatment.  However, bcl2 expression 

was increased in prepartum tissue.  This increase in bcl2 expression may be to 

protect MEC from apoptosis during late gestation mammogenesis.  Increased 

bcl2 would inhibit bax translocation to the mitochondria, while lower levels of bcl2

in postpartum tissue may not be adequate to block bax translocation.  MEC 

apoptosis was increased in postpartum tissue, which corresponds to a period of 

lower expression of pro-survival bcl2.  Increased bcl2 to bax ratios have been 

associated with decreased apoptotic rates in breast cancer cells (Burow et al., 

1998; Davis et al., 1998; Bargou et al., 1996).  While mammary development 

during late gestation does not involve hyperplastic growth, it is a period of 

increased MEC proliferation and may require an increase in the bcl2:bax ratio as 

another means of accumulating MEC in preparation for the ensuing lactation.  

Schorr et al. (1999) used transgenic mouse models to demonstrate that gain of 

bcl2 function was more potent than loss of bax function in reducing apoptotic 

rates.  Bcl2 and bax expression have been measured in bovine mammary tissue 

taken at peak lactation, but have not been compared in pre- and postpartum 

tissue.  Colitti et al.  (2004) reported bcl2 and bax were both expressed at peak 
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lactation, with bax expression lower than bcl2 expression.  Bax and bcl2

expression are typically studied in involuting mammary tissue, so reports from 

early lactation are limited to the aforementioned study.  

IGFBP5 is another factor associated with increased MEC apoptosis (Allan 

et al., 2004).   MEC production of IGFBP5 is increased during mammary 

involution, a period of increased MEC apoptosis (Tonner et al., 1997).  It is 

thought that elevated levels of IGFBP5 bind IGF-I and block its cell survival 

properties by inhibiting the Akt pathway (Tonner et al., 1997).  Studies with 

exogenous IGFBP5 and transgenic mice over expressing IGFBP5 result in 

increased apoptotic rates, increased expression of pro-apoptotic Bcl2 family 

proteins, decreased expression of pro-survival Bcl2 family proteins, and 

decreased MEC numbers (Tonner et al., 2002; Marshman et al., 2003).  In our 

study, IGFBP5 was not altered by gestation status (pre- vs. postpartum) or dry 

period treatment.  IGFBP5 was expected to increase during early lactation as this 

was a period of increased apoptosis (see table 3-5).  The absence of an increase 

in IGFBP5 expression suggests that increased IGFBP5 expression is not needed 

to attenuate the survival properties of IGF-I as IGF-I levels are reduced during 

early lactation (Vicini et al., 1991).  

A stem cell population has been identified in mammary tissue, as 

transplant studies have demonstrated that a fully developed gland forms from 

progeny of a single cell (Kordon and Smith, 1998).  The mammary gland contains 

three types of committed progenitor cells that form ductal structures, lobulo-
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alveolar structures, or fully competent progenitors (Smith, 1996).  A mammary-

specific stem cell marker has not been identified.  Adenosine 5’-triphosphate 

binding cassette gene 2 (ABCG2 ; also known as breast cancer resistance 

protein) is a proposed universal marker for stem cells or side-populations (SP) of 

proliferating cells in many tissue types (de Paiva, et al, 2005; Lassalle et al., 

2004; Kim et al., 2002; Alvi et al, 2003, Clayton et al., 2004, Jackson et al., 

1999).  Methods for isolation of SP cells by flow cytometry have been developed 

in hematopoetic and muscle SP stem cells based on their ability to efflux Hoechst 

33342 dye (Goodell et al., 1996; Zhou et al., 2001).  Alvi et al. (2003) adapted 

these methods to mouse and human mammary tissue.  They found that SP cells 

consisted of an undifferentiated cell population that could differentiate into ductal 

and lobular structures, as well as myoepithelial and luminal MEC.  ABCG2 

expression has been reported to be upregulated in SP cells from several tissues 

(de Paiva, et al, 2005; Lassalle et al., 2004; Kim et al., 2002; Alvi et al, 2003, 

Clayton et al., 2004, Jackson et al., 1999).  When treated with Vermapil, an ABC 

transporter inhibitor, these SP cells lose their ability to export Hoechst 33342.  It 

has been proposed that the dry period may be required for replenishment of 

mammary stem and progenitor cells (Capuco and Akers, 1999).  We evaluated 

the effects of omitting the dry period on expression of ABC1.  The ABC1 gene is 

in the same family as ABCG2 and has the same ATP-binding cassette and 

presumably similar transport function (Scotto, 2003).  Because ABCG2 mRNA 

increases markedly (approximately 25-fold) during lactation, it was deemed 



138

unsuitable as a marker for stem cells during the periparturient period (A.V. 

Capuco, unpublished data).  ABC1 and other genes that correlate with stem cell 

activity in mammary gland or other tissues (e.g., telomerase, Notch 3, CXCR) 

increased or tended to increase during the dry period (A.V. Capuco, unpublished 

data). As expected, ABC1 was expressed at very low levels at all timepoints 

studied, as SP cells make up less than 0.5% of the mammary epithelium (Alvi et 

al., 2003).  There were no differences in ABC1 expression between CM and CTL 

tissue nor between pre- and postpartum tissue.  These data suggest that CM did 

not inhibit replenishment of mammary stem cells.  It is also possible, that effects 

of stem cell replenishment during the dry period were specific to certain 

timepoints and pooling procedures used in the current study masked those 

effects.  The discovery of an MEC-specific stem cell marker is required to fully 

understand the role of the dry period on stem cell numbers and potency.  

Feed Intake
Annen et al. (2004a) proposed that today’s high producing cow undergoes 

two transition periods during the last 60 d of gestation in a 60-d dry period 

management practice.  Both transition periods are associated with increased 

health and culling risks (Gröhn et al., 1998; Drakley, 1999).  The first transition 

period occurs at dry-off when the mammary gland undergoes involution.  High 

milk yields at dry-off and an acute diet change are associated with stress, 

discomfort, and udder health risks during the early dry period (Collier et al., 

2004).  The other transition period occurs from 3 wk prepartum to 3 wk 
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postpartum (Grummer, 1995).  Parturition, the onset of copious milk secretion, 

and one or more diet changes during a period of depressed DMI are associated 

with increased risk of metabolic disease (i.e. ketosis, milk fever, retained 

placenta, and displaced abomasums; Goff and Horst, 1997).   A 30 to 35% 

reduction in DMI often occurs during the last 3 wk of gestation (Grummer, 1995).  

As reviewed by Collier et al. (2004), the literature indicates an average DMI of 10 

to 12 kg/d during the last 3 to 4 wk of gestation.   Preventing or minimizing 

decreases in prepartum DMI and improving DMI during early lactation would 

reduce or possibly eliminate a state of negative energy and protein balance 

during early lactation in dairy cows.  Improvements in energy and protein balance 

during early lactation may decrease the time to reach peak milk yield, increase 

peak milk yield, and reduce health risks (Collier et al., 2004).  Annen et al. 

(2004a) hypothesized that continuous milking would eliminate many of the 

stressors of both transition periods and keep the cow metabolically and 

physiologically adapted to lactation resulting in improved DMI and energy and 

protein balance during the final wks of gestation and early lactation.  

DMI was measured during the current study as a means of estimating the 

effect of eliminating or minimizing diet changes during late gestation and 

maintaining at least partial coordination for lactation with the CM udder-half on 

DMI during the periparturient period.  As long as the CM half was milking, cows 

were fed a lactating diet.  Cows that spontaneously dried the CM half before 

parturition were switched to a close-up, dry cow diet until parturition occurred.  
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During the last 3 wk of gestation the decline in DMI was minimized to only 19%, 

compared to 30 to 35% reductions regularly observed in prepartum DMI 

(Grummer, 1995).  Further, DMI was in excess of 15 kg/d during the last 4 wk of 

gestation.  DMI averaged 21.5 kg/d during the first 30 d of the subsequent 

lactation.  bST treatment did not alter DMI during late gestation or early lactation.  

Others have reported improved DMI in both 28-d dry and CM cows compared to 

56-d dry cows (Rastani et al., 2003) and in 30-d dry cows compared to 60-d dry 

cows (Gulay et al., 2003).  Data from these publications suggest that using 

modified dry periods with associated changes in nutritional management as an 

alternative management practice for transition cows will improve DMI, potentially 

minimizing negative energy balance nadir and reduce risk of metabolic disease 

during early lactation.  

CONCLUSIONS
MEC analyses suggest that reduced milk yield and visible reductions in 

half-udder size in primiparous CM cows or glands is due to both impaired 

mammary development especially during the final 8 d of gestation and reduced 

secretory capacity in glands with resting and engorged alveoli rather than a 

majority of secretory alveoli at d 20.  Negative effects of CM on MEC turnover 

and milk yield in primiparous cows were not overcome by bST supplementation.  

These cell turnover, ultrastructure, and production data support a hypothesis of 

increased carryover of old MEC in the subsequent lactation.  Research 

evaluating total mammary cell numbers and parenchymal mass in CM, 
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primiparous glands is required to determine the full effects of CM on mammary 

development.  Additionally, the study of genes regulating MEC turnover may 

require methodology, such as laser capture dissection, that enables analysis of 

only proliferating or apoptotic cells which generally make up very small 

percentages of total MEC.  
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Figure 3-1.  Temporal pattern of milk yield for 3 d prior to and 7 d after mammary 
biopsy in  (CM) and 60-d dry (CTL) udder halves.   Data are unadjusted means 
from all animals (n = 8) on the study.
Key:  � (open circles) CM, d 20 biopsy, � (closed squares) CM, d -20 biopsy, �
(closed circles) CTL, d 20 biopsy 
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Cranial End 
of Tissue 

Core

Caudal End 
of Tissue 

Core

Figure 3-2. Diagram of a mammary tissue core obtained during routine 
mammary biopsy.
The caudal end of the tissue core corresponds to the tissue closest to the outer 
edge of the mammary capsule and the cranial end of the tissue core 
corresponds to the inner most part of the capsule reached by the biopsy 
instrument.  Sections labeled G were used for real time RT-PCR, I sections were 
used for paraffin embedded sections, and the U section was used for tissue fixed 
for transmission electron microscopy.  
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Figure 3-3.  Temporal pattern of milk yield in continuously milked (n = 8) and 
control (60-d dry; n = 8) udder halves during late gestation and early lactation. Milk 
yield during weeks –8 to –1 was increased (P < 0.05) by bST.  Postpartum milk 
yield was decreased (P < 0.001) by continuous milking and was unaltered (P > 
0.8) by bST supplementation.  
Key:  � (open circles) 60-d dry, no bST, � (closed squares) 60-d dry, bST, �
(open squares) Continuously milked, no bST, � (closed circles) Continuously 
milked, bST
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Figure 3-4.  Micrograph of an alveolus and cells (A-B) representative of CTL tissue 
20 d before parturition from an udder half that was dried 40 d earlier.
Key: L=lipid

L

N
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Figure 3-5. Micrograph of alveoli and cells at 20 days prepartum from high 
producing udder halves (A-B) and low producing udder halves (C-D) that were 
continuously milked.  
Key: C=casein micelle; L=lipid, M=mitochondria, N=nucleus, NT=neutrophil with 
phagocytic vesicles, RER=rough endoplasmic reticulum, SV=secretory vesicle 
containing both lipid and casein 
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Figure 3-6.  Micrograph of an alveolus and cells (A-B) representative of 
tissue sampled 8 d prepartum from an udder half dried 52 d earlier.
Key: C=casein micelle; G=golgi, LLD=large lipid droplet; M=mitochondria, 
N=nucleus, RER=rough endoplasmic reticulum, SLD=small lipid droplet
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Figure 3-7.  Micrograph of lactating (A-B) and immature (C-D) alveoli and cells 
representative of tissue from continuously milked udder halves at 8 d 
prepartum.
Key: LLD=large lipid droplet, M=mitochondria, MP=macrophage transversing 
the basement membrane, N=nucleus, SLD=small lipid droplet
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Figure 3-8.  Micrograph of lactating (A-B), lactating with cellular debris in lumen (C-D), and immature (E-F) alveoli 
and cells representative of tissue from d 1 and 7 postpartum from udder halves that were provided a 60 d dry 
period.  
Key: CD=cellular debris, G=golgi, L=lipid, LLD=large lipid droplet, M=mitochondria, N=nucleus,  NT=neutrophil with 
engulfed cell debris and milk components, RER=rough endoplasmic reticulum, SV=secretory vesicle, WMC=whole 
mammary epithelial cell 
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Figure 3-9.  Micrograph of lactating (A-B) and immature (C-D) alveoli and cells representative of tissue 
from continuously milked udder halves at d 1 and 7 postpartum.
Key: CD=cellular debris, LJ=leaky cell-to-cell junctions, L=lipid, M=mitochondria, MP=macrophage 
engorged with cell debris and milk components, MV=microvilli, N=nucleus, NT=neutrophil with engulfed 
electron dense debris, RER=rough endoplasmic reticulum, SV=secretory vesicle
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Figure 3-10.  Micrograph of a lactating alveolus and cells (A-B) 
representative of tissue from d 20 postpartum from udder halves that were 
provided a 60 d dry period.  
Key: C=casein micelle; G=golgi, L=lipid droplet, M=mitochondria, 
MV=microvilli, N=nucleus, RER=rough endoplasmic reticulum, 
SV=secretory vesicle 
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Figure 3-11.  Micrograph of lactating (A-B), resting (C-D), and engorged (E-F) alveoli and cells representative of 
tissue from continuously milked udder halves at d 20 postpartum.
Key: AC=apoptotic mammary epithelial cell spilling cell debris into lumen, C=casein micelle, D=desmosome, 
G=golgi, ES=endosome, L=lipid droplet, M=mitochondria, MV=microvilli, N=nucleus, RER=rough endoplasmic 
reticulum, V= vacuole
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α-lac  ABC1   CEBP-β   CyclinD1  p27     bax        bcl2      IGFBP5

*
Prepartum

α-lac  ABC1     CEBP-β CyclinD1   p27       bax        bcl2    IGFBP5

Postpartum

Figure 3-12.  Relative changes in prepartum and postpartum gene 
expression in control (CTL; 60-d dry) tissue compared to continuously milked 
(CM) tissue.
Half-udders (n = 16) were used to compare physiological state of the 
mammary gland with samples taken at 8 and 20 d prepartum and 1, 7, and 
20 d postpartum.  Gene expression was evaluated by real time RT-PCR 
using pre- and postpartum sample pools from each udder half.
* Indicates a significant change in expression between CTL and CM tissue
Fold changes in expression were determined by 2-∆∆Ct calculations.
Abbreviation key: CTL = 60-d dry, CM = continuously milked, α-lac = α-
lactalbumin, ABC1 = adenosine 5’-triphosphate binding cassette 1, CEBP-β = 
CCAT/enhancer binding protein-β, IGFBP5 = insulin-like growth factor 
binding protein 5, p27 = kinase inhibitor protein p27
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Figure 3-13.  Fold changes in gene expression in prepartum tissue compared to 
postpartum tissue regardless of dry period length or bST treatment.
Half-udders (n = 16) were used to compare physiological state of the mammary 
gland with samples taken at 8 and 20 d prepartum and 1, 7, and 20 d postpartum.  
Gene expression was evaluated by real time RT-PCR using pre- and postpartum 
sample pools from each udder half.
* Indicates a significant change in expression between CTL and CM tissue
Fold changes in expression were determined by 2-∆∆Ct calculations.
Abbreviation key: α-lac = α-lactalbumin, ABC1 = adenosine 5’-triphosphate 
binding cassette 1, CEBP-β = CCAT/enhancer binding protein-β, IGFBP5 = 
insulin-like growth factor binding protein 5, p27 = kinase inhibitor protein p27

α-lac ABC1   CEBP-β  CyclinD1  p27      bax        bcl2      IGFBP5

* * * *
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Figure 3-14.  Dry matter intake from cows with one udder half continuously 
milked and one udder half dry during late gestation with (n = 4) and without (n 
= 4) bST supplementation.  Data are means ± SEM.

Key:  � (open squares) bST-supplementation, � (closed squares) no bST-
supplementation
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Figure 3-15.  Milk yield from the continuously milked (CM) udder half for 
3 d before to 42 d after milk stasis of the 60-d dry (CTL) udder half.  
Data are unadjusted means ± SEM.  

Key:  � (open circles) Continuously milked, no bST, � (closed circles) 
Continuously milked, bST
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Table 3-1.  Composition of the total mixed diet fed 
to lactating cows.1

Ingredient Amount
(g/kg DM)

Alfalfa Hay 532.9
Almond Hulls 6.2
AminoPlus®2 16.5
Corn (steam flaked) 163.6
Corn Distillers Grain 21.8
Dry Citrus Pulp 78.6
EnerG II® 14.4
Fat Bran (15% Tallow) 29.5
Molasses (cane) 40.8
Supplement3 30.9
Whole Cottonseed 65.0
1 Diet was 51% DM and contained 18% CP, 1.74 
Mcal NEl/kg of DM, 25.2% ADF, and 40.3% NDF 
based upon analysis of the total mixed diet
2AminoPlus (Soy Best, West Point, NE ); EnerG II 
(Bioproducts, Fairlawn, OH)
3Contained 1.19 x 105 IU/lb Vitamin A, 0.12 x 105

IU/lb Vitamin D, 0.04 x 105 IU/lb Vitamin E, 0.36% 
Cl, 0.31% K, 4.61% Mg, 10.34 % Na, 3.54% P, 
0.47% S, 59 ppm Co, 408 ppm Cu, 1736 ppm Fe, 
28 ppm I, 1447 ppm Mn, 6 ppm Mo, 10 ppm Se, 
1810 ppm Zn.
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Table 3-2.  Composition of the total mixed 
diet fed to close-up dry cows.1

Ingredient Amount
(g/kg DM)

Alfalfa Hay 601.6
Bermuda Hay 18.2
Citrus Pulp (Dry) 105.6
Corn (steam flaked) 205.3
Supplement2 34.4
Whole Cottonseed 35.0
1 Diet was 65% DM and contained 15.3% 
CP, 1.63 Mcal NEl/kg of DM, 43.9% ADF, 
and 56.7% NDF based upon analysis of the 
total mixed diet
2Contained 2.26 x 105 IU/lb Vitamin A, 0.23 x 
105 IU/lb Vitamin D, 0.03 x 105 IU/lb Vitamin 
E, 16.54% Cl, 0.28% K, 3.72% Mg, 0.15 % 
Na, 2.97% P, 3.42% S, 54 ppm Co, 512 ppm 
Cu, 1039 ppm Fe, 40 ppm I, 1463 ppm Mn, 5 
ppm Mo, 10 ppm Se, 1808 ppm Zn.



159

Table 3-3. Summary of genes, primers and between plate and sample variation. 

CV, %
Gene of 
Interest Primer Sequence

Product 
Size
(bp) Inter Intra

Housekeeping 
Gene

F 5’AAACGGCTACCACATCCAAG3’18S
R 5’TCGCGGAAGGATTTAAAGTG3’

200 0.60 0.53

Lactation Gene
F 5’CTCTGCTCCTGGTAGGCATC3’α-lactalbumin
R 5’ACAGACCCATTCAGGCAAAC3’

125 0.61 0.75

Proliferation 
Genes

F 5’GCCACCTTCCTCGTTGTC3’ABC1
R 5’AAGTTGCTCACTGCCATCC3’

125 0.29 0.38

F 5’CGTGTGTACACGGGACTGAC3’CEBP-β
R 5’CCACATCAACAGCAACAACC3’

99 0.73 0.59

F 5’CTGGCCATGAACTACCTGGA3’Cyclin D1
R 5’CCACTTGAGCTTGTTCACCA3’

213 0.37 0.33

F 5’CGGGTTAGCGGAGCAGTG3’p27
R 5’AGGCTTCTTGGGCGTCTG3’

142 0.32 0.45

Apoptosis 
Genes

F 5’TTTGCTTCAGGGTTTCATCC3’bax
R 5’CAGTTGAAGTTGCCGTCAGA3’

246 0.34 0.72

F 5’ATGTGTGTGGAGAGCGTCAA3’bcl2 R 5’CAGACTGAGCAGTGCCTTCA3’
201 0.59 0.50

F 5’GAGCAAGCCAAGATCGAAAG3’IGFBP5
R 5’GAAGATCTTGGGCGAGTAGG3’

90 0.43 0.63

Abbreviation key: 18S = ribosomal 18S, ABC1 = adenosine 5’-triphosphate 
binding cassette 1; CEBP-β = CCAT/enhancer binding protein-β; IGFBP5 = 
insulin-like growth factor binding protein 5; p27 = kinase inhibitor protein p27; bp 
= base pairs F= forward; R = reverse
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Table 3-4. Effect of continuous milking (CM) and bST on half udder milk 
production and composition pre- and postpartum.  

Treatment
- bST + bST

Variable CTL CM CTL CM SE
Prepartum

Half Udder Milk Yield, kg/d --  8.2a --  9.9b 0.52
Fat,  % --  4.7a --  4.1b 0.15
True protein, % -- 3.7 -- 3.7 0.12
Lactose, % -- 4.9 -- 4.9 0.09
Somatic cell linear score -- 2.7 -- 3.2 0.36

Postpartum
Half Udder Milk Yield, kg/d 22.3a 10.9b 22.4a 10.1b 1.60
Fat,  %  3.6  3.5  3.5  3.5 0.20
True protein, %  3.0  3.0  3.1  3.1 0.13
Lactose, %  4.8  4.8  4.9  4.8 0.10
Somatic cell linear  score  3.7  3.1  2.9  2.3 0.50

Milk samples were collected weekly during the last 8 wk of gestation and 
wks 3 and 4 postpartum and composition evaluated.  Data presented are 
least squares means.  Udder half (n = 16) milk yield and composition data 
were collected during the last 60 d of gestation and first 30 d postpartum.  
Biweekly injections (500 mg/ 2 wk) of bST were given to bST treated cows. 
Means within a row with different superscripts differ (P < 0.05). 
Means were adjusted using data collected from 67 to 61 d prepartum as a 
covariate.
Abbreviation key: CTL = control udder half (60-d dry), CM = continuously 
milked udder half, -bST = no bST treatment, + bST = bST treated



16
1

Table 3-5.  Changes in mammary epithelial cell proliferation and apoptosis during late 
gestation and early lactation in 60-d dry (CTL) and continuously milked (CM) udder 
halves.

Day Relative to Parturition*

Variable -20 -8 1 7 20 SE 
Proliferation, %1

CTL 4.00a 5.40by 1.17c 0.67c 0.35c 0.50
CM 3.74a 2.70az 1.04b 0.46b 0.27b 0.49

Apoptosis, %1

CTL 0.17a 0.33ab 0.56b 0.67by 0.17a 0.09
CM 0.16a 0.20a 0.80b 0.27az 0.20a 0.09

Proliferation was determined by Ki67 antigen expression and apoptosis was determined by 
TUNEL assay.  Data are means from 16 udder halves, 8 halves for each dry period 
treatment. 
1Percent of MEC counted that were proliferating or apoptotic. 
a,b,cWithin a treatment (row) differences over time are indicated by different superscripts (P 
< 0.05)
x,yDifferences between treatments (column) are indicated by different superscripts (P < 
0.05)
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Table 3-6. Summary of ∆Ct1(CtGOI – Ct18S) values in CTL and CM tissue during prepartum and postpartum
periods. 

Prepartum Postpartum

Gene of Interest CTL CM SEM CTL CM SEM

α-lactalbumin 10.1a 5.3b 1.4 3.3c 4.3bc 0.52

ABC1 14.2 14.6 0.56 14.9 15.7 0.38

CEBP-β 10.6x 10.8x 0.62 11.7y 12.5y 0.50

Cyclin D1 7.9x 8.5x 0.50 9.5y 9.6y 0.44

p27 14.8 15.8 0.69 15.7 16.1 0.31

bax 10.9 11.5 0.70 11.3 12.6 0.57

bcl2 9.0x 9.5x 0.71 10.3y 11.0y 0.39

IGFBP5 12.0 12.3 0.51 12.1 12.7 0.43

Half-udders (n = 16) were sampled at 8 and 20 d prepartum and 1, 7, and 20 d postpartum.  Gene expression 
was evaluated by real time RT-PCR using pre- and postpartum sample pools from each udder half.
1∆Ct = CtGOI – Ct18S
a,b,cmeans within a row with different superscripts differ (P < 0.05)
x,ymeans with different superscripts were different in prepartum vs. postpartum tissue
Abbreviation Key: CTL = 60-d dry, CM = continuously milked, Ct = cycle threshold, 18S = ribosomal 18S, 
ABC1 = adenosine 5’-triphosphate binding cassette 1, CEBP-β = CCAT/enhancer binding protein-β, GOI = 
gene of interest, IGFBP5 = insulin-like growth factor binding protein 5, p27 = kinase inhibitor protein p27
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CHAPTER 4 -- THE ROLE OF THE DRY PERIOD ON MAMMARY CELL 
TURNOVER

INTRODUCTION
Changes in mammary epithelial cell (MEC) apoptosis as well as alveolar 

structure and integrity during mammary involution have been well researched in 

rodents and to a lesser extent in small ruminants and beef cows.  Relatively little 

information has been generated about mammary involution in the dairy cow 

during advanced stages of lactation and in the third trimester of gestation at the 

time of milk stasis.  Mammogenic and lactogenic stimuli of late gestation oppose 

stimuli for mammary involution (Capuco and Akers, 1999; Wilde et al., 1997).  

Studies from other species are often conducted with non-pregnant animals and 

results may not translate to mammary involution in pregnant animals.  

In rodents and ewes, the timing of apoptotic activity is similar with initiation 

occurring approximately 2 d post weaning and peaking about 4 d post weaning 

(Quarrie et al., 1995; Heermeier et al., 1996; Tatarczuch et al., 1997).  In the 

involuting mammary gland of non-pregnant sheep, the percentage of apoptotic 

cells was 2.9, 3.6, 1.0, and 0.8% at 2, 4, 7, and 15 days of involution (Tatarczuch 

et al., 1997).  In rodents, mammary involution proceeds with alveolar 

engorgement and widespread MEC shedding and apoptosis within 2 d of forced 

weaning (Maeder, 1926; Williams, 1942).  The percentage of apoptotic MEC was 

4.8% by d 3 of involution for mice (Heermeier et al., 1996).  Quarrie et al. (1995) 

measured apoptotic indexes in mouse mammary tissue of 1.7% at 2 to 3 d post

weaning and 4.5% at 5 d post weaning.  In a study evaluating mammary 
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apoptosis in milked and unmilked glands from non-pregnant goats, MEC 

apoptosis was 1, 2.5, and 5% at d 3, 7, and 14 of milk stasis, respectively, in 

unmilked glands and unchanged in milked glands (Quarrie et al., 1994).  By 21 d 

of milk stasis, apoptosis had declined in unmilked glands.  In goats, peak 

apoptosis at 14 d of milk stasis was delayed compared to reports in sheep and 

may be confounded by continued milk removal from one gland.  In cattle, the 

apoptotic frequency has been reported as 4.8% 7 d after milk stasis, but the 

pregnancy status of these animals is unknown (Wilde et al., 1997).  At this same 

timepoint in sheep, apoptotic frequency was clearly declining (Tatarczuch et al., 

1997) and mammary regression to ductal and terminal duct structures is nearly 

complete in rodents (Maeder, 1926; Williams, 1942; Heermeier et al., 1996).  

However, the percentages of apoptotic cells in cattle are unknown in the days 

immediately following milk stasis.  Whether the apoptotic index reported by Wilde 

et al. (1997) represents peak apoptosis in cattle with a similar percentage of 

apoptotic cells as found in sheep and rodents, a declining value of apoptotic cells 

in a pattern similar to sheep but involving a greater percentage of cells, or a pre-

peak apoptotic index as observed in goats at 7 d post stasis is unknown.   

Histology studies have demonstrated that MEC loss and tissue remodeling 

during bovine mammary involution is not as severe as observed in rodents (Holst 

et al., 1987; Capuco et al., 1997; Sordillo and Nickerson, 1988).  In rodents, 

mammary involution is irreversible after 3 d of milk stasis (Sorenson and Knight, 

1997).  In cows, resumption of milking at 11 or 12 d after milk stasis partially or 
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almost completely restored milk synthesis (Hamann and Reichmuth, 1990; Noble 

and Hurley, 1999).  Partial restoration of milk yield has also been demonstrated 

in beef cows 28 d after calf removal from the dam (Lamb et al., 1999).  In 

rodents, extensive cell loss and sloughing into the lumen results in collapse of 

the basement membrane, alveolar disintegration, and return of the gland to a 

near virgin state within 10 to 14 d of involution (Maeder, 1923; Williams, 1942; 

Walker et al., 1989; Strange et al., 1992; Li et al., 1997).   This degree and 

rapidity of mammary regression has not been observed in non-pregnant sheep, 

goats, or cows (Turner and Reineke, 1936; Augsburger, 1985; Holst et al., 1987; 

Tatarczuch et al., 1997) or pregnant dairy cows (Holst et al., 1987; Sordillo and 

Nickerson, 1988; Annen et al., In Press).  However, others have reported 

complete loss of alveolar organization or isolated areas of alveolar degradation in 

goats (Quarrie et al., 1994; Li et al., 1999) and cows (Wilde et al., 1997) after 3 

wk of involution rather than 6 to 8 d as observed in rodents.  These differences in 

mammary involution have been largely attributed to the effects of pregnancy on 

involution, but non-pregnant ruminants do not involute as extensively as rodents 

(Akers, 2002).  Pregnant dairy cows do not undergo changes in total cell number 

(DNA content) during the dry period (Swanson et al., 1967; Capuco et al., 1997), 

and non-lactating, pregnant goats do not have differing parenchymal mass from 

lactating glands during late gestation (Fowler et al., 1991).   Although extensive 

mammary cell loss does not occur during a typical bovine dry period, extensive 

tissue remodeling does occur and this includes increased stromal components, 
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undifferentiated alveolar structure with minimal luminal area and synthesis of 

extracellular matrix (Holst et al., 1987; Hurley, 1989; Capuco et al., 1997).  In 

non-suckled, non-pregnant beef cows, 64% of mammary DNA content was lost 

by 42 d after cessation of milking (Akers et al., 1990).  In rodent mammary tissue, 

64% of the MEC population was lost by 6 d of milk stasis (Quarrie et al., 1996).  

This species difference in timing of MEC loss may be accounted for by putting 

the lactation cycle of beef cows and rodents on a similar scale.  Additionally, 

when involution was studied in pregnant and non-pregnant mice, MEC apoptosis 

was decreased by more than 50% in tissue from pregnant vs. non-pregnant mice 

at 3 d after forced weaning (Capuco et al., 2002).  Also at 3 d of involution, MEC 

growth was enhanced 3-fold in pregnant mice compared to non-pregnant mice 

(Capuco et al., 2002).  

Given the lesser degree of mammary involution in ruminants and 

additional effects of concurrent pregnancy on involution, an investigation of MEC 

apoptosis and ultrastructure during the early dry period in conventionally 

managed dairy cows is warranted.  We hypothesize that MEC apoptosis would 

increase after cessation of milking, but on a later timecourse than has been 

observed for sheep or rodents and involve fewer MEC.  



167

MATERIALS AND METHODS

Animals and Experimental Design
Animal care and use Committees from the University of Arizona and 

United States Department of Agriculture Bovine Animal Research Center 

approved all procedures involving animals.  Cows were housed in individual pens 

and given ad libitum access to feed and water.  All diets used during the 

experiment were formulated to meet or exceed NRC requirement (NRC, 2001) 

for the given physiological state of the animal.  Cows were milked twice daily at 

12 h intervals until initiation of milk stasis.   

Tissue Sampling
The study utilized eleven pregnant, Holstein cows in three groups of serial 

mammary biopsies.  Milk stasis was initiated 60 d prior to expected calving date.  

Milk stasis was induced by abrupt cessation of milking.  After the last milking, all 

quarters were treated with long-acting intramammary antibiotic (Quartermaster®, 

Pfizer, La Jolla, CA).  Group 1 (n = 3, University of Arizona) was biopsied at –5, 

1, 3, 5, and 7 d relative to milk stasis; group 2 (n = 3, University of Arizona) at 0, 

2, 4, 6, and 8 d after milk stasis, and group 3 (n = 5, USDA-BARC) at -5, 8, 10, 

14, and 21 d relative to milk stasis.  Each quarter was biopsied once and one 

rear quarter was biopsied twice during the experiment.  Biopsies from each 

timepoint were taken from the same quarter from each cow.  For example, -5 d 

biopsies were all taken from the right rear quarter.  Biopsy timepoints were 

overlapped between the research sites at d –5 and 8 to account for any herd 

differences that may have existed.  For statistical analyses, data from lactating 
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biopsies (d –5 and 0) were combined.  Additionally, data from adjoining days (1-

2, 3-4, 5-6, and 7-8) were combined to increase animal numbers per timepoint.  

The resulting timepoints were d 0 (lactating tissue), 1.5, 3.5, 5.5, 7.5, 10, 14, and 

21 d relative to milk stasis.  Biopsies were performed according to procedures by 

Farr et al. (1996) with modifications by Baumgard et al. (2000) and Annen et al. 

(In Press).  

Upon tissue harvesting, the sample core was divided for 

immunohistochemistry and electron microscopy fixing procedures.  Tissue for 

each of these analyses was always taken from the same area of the tissue core 

(Figure 4-1).  Tissue for immunohistochemistry was fixed in 10% neutral buffered 

formalin for 24 h at 4°C, then transferred to 70% ethanol until further processing.  

Tissue was dehydrated in a series of ethanol concentrations and embedded in 

paraffin according to standard techniques.  Tissue was sectioned at 6 µm onto 

silanated slides.  Tissue for electron microscopy was fixed in half strength 

Karnovsky’s buffer for 2 h at 4°C, then transferred to cacodylate buffer until 

further processing.  Upon processing, the tissue was rinsed 3 times for 10 min at 

4°C in cacodylate buffer, then incubated in 2% osmium tetroxide for 1 h at 4°C, 

dehydrated in a series of ethanol concentrations, and embedded in Spurr’s 

plastic (Spurr, 1969). 
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Immunohistochemistry
Ki67 localization

The number of proliferating MEC was quantified by the number of cells 

expressing the Ki-67 nuclear proliferation (Ki67) antigen.  The Ki67 antigen is 

expressed in proliferating cells (G1, S, G2, and M phase), but not in cells resting 

in G0 phase (Duchrow et al., 2001).  While the function of the Ki67 antigen is not 

completely understood, it has been demonstrated as a marker for cells in the 

growth fraction of tumor tissues, is correlated with proliferative status of tissues, 

and is tightly associated with chromatin (Gerdes et al., 1991; Duchrow et al., 

2001; Capuco et al., 2001).  Further, suppression of Ki67 protein using antisense 

RNA resulted in a decrease in DNA synthesis, a decrease in the proportion of 

cells in S-phase, and an increase in the number of cells in G1 phase (Duchrow et 

al. 2001).   Methods used for localization of the Ki67 antigen were described by 

Annen et al. (In Press) using a primary antibody for Ki67 (MIB-I; Zymed 

Laboratories Inc., San Francisco, CA).  Slides were counterstained with 

hematoxylin and mounted with Permount™ (Fisher Scientific, Pittsburgh, PA).  

Terminal deoxynucleotidyl transferase dUTP nick end labeling
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

of free 3’OH DNA termini in situ enables visualization of cells that exhibit 

endonucleolytic degradation of DNA.  Degradation and fragments of DNA are 

fundamental features of apoptotic cells (Wyllie et al., 1980).  The TUNEL assay 

was done using a commercial kit (ApopTag® Peroxidase In Situ Apoptosis 

Detection Kit, Chemicon International, Temecula, CA) using modifications of the 
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manufacturer’s protocol (Annen et al., In Press).  Slides were counterstained with 

methyl green and mounted with Permount™.  

Quantitation of immunohistochemistry
Tissue sections were viewed with a light microscope to quantify cells 

expressing the Ki67 antigen and apoptotic cells.  Ten microscopic fields or 3,000 

cells were quantified per sample per cow.  Each slide representing a sample from 

an individual cow contained two sections and quantification of cells was divided 

equally between sections.  At least 1,500 cells were counted per sample per cow.  

Fields were counted at a 500x magnification.  Within each field, cells that were 

within a 10 x 10 ocular grid were counted.  Counted fields were spread across 

tissue sections.  The reader was blind to sample identification and fields were 

selected with the microscope out of focus to ensure all counts were free of 

experimenter bias.  

Transmission Electron Microscopy
Tissue for light microscopy was cut into 1µm sections and stained with 

toluidine blue.  Thin sections for transmission electron microscopy (TEM) were 

cut using a diamond knife into approximately 0.08 µm sections and stained with 

uranyl acetate (20 min) and lead citrate (3 min).  Sections were viewed using a 

CM 12 Phillips Transmission Electron Microscope (University of Arizona Electron 

Microscopy Core).  

Statistical Analysis
All statistical analyses were performed using PROC MIXED procedures in 

SAS (v.8.2; SAS, 1999).  The level of significance was set at P < 0.05.   The 
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statistical model for Ki67 and TUNEL indices included day relative to milk stasis 

(day) and herd nested within day.  Day was fit as a repeated measure using a 

compound symmetry covariance structure.  The variability among animals 

(nested within herd and day) within experimental cells was used to test the whole 

plot effects of herd and day.  The variability among data for dependent variables 

within animal (nested within herd and day) was used to test for effects of day.  

The level of significance was set at P < 0.05.

RESULTS
Percent of apoptotic of MEC was less (P < 0.02) in lactating tissue (d 0) 

compared to involuting tissue from d 1.5 to 5.5 after milk stasis (Figure 4-2), but 

was similar in lactating tissue and tissue taken 7.5 to 14 d after milk stasis.  The 

temporal pattern of apoptosis demonstrates increased MEC removal for the first 

3.5 d of the dry period followed by a gradual decline to pre-stasis values (Figure 

4-2).   Proliferation of MEC peaked (P < 0.01) on d 7.5 and 10 of the dry period 

(Figure 4-2) and was lower at all other time points (Figure 4-2).  The relationship 

between proliferation and apoptosis appears inverse.  During periods of 

increased apoptosis, proliferation was suppressed, but during periods of reduced 

apoptosis proliferation increased (Figure 4-2).  

Structural characteristics of MEC and entire alveoli were described for d 0 

to 7.5 using light and electron micrographs and alveolar characteristics are 

described for d 10 to 21 using light micrographs.  Lactating tissue (d 0) was 

composed of intact alveoli in both resting and secretory states (Figures 4-3 and 
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4-4).  Secretory alveoli (Figure 4-3 A – B) were characterized by MEC densely 

populated with rough endoplasmic reticulum (RER), mitochondria, and golgi, 

basolateral nuclear orientation and apical orientation of lipid and secretory 

vesicles.  RER was located in the perinuclear space, golgi were located just 

apical to the nucleus and adjacent to lipid droplets or secretory vesicles.  Fusion 

of secretory vesicles with the apical membrane and pinocytosis of lipid droplets 

from the apical membrane were observed.    Luminal contents consisted of 

protein granules and lipid droplets.  MEC within resting alveoli had reached a 

non-secretory, less differentiated state (Figure 4-3 C – D).  Nuclei had switched 

to a central location and occupied much of the cytoplasmic area.  There was little 

or no evidence of secretion in MEC or lumens of resting alveoli.  RER and 

mitochondria were much less abundant in MEC from resting alveoli and golgi 

were not observed.  Additionally, migrating leukocytes were present in the 

epithelium of resting alveoli.  Light micrographs confirm appearance of lactating

and resting alveoli, and demonstrate minimal stromal area between alveoli 

(Figure 4-4).  

Mammary tissue at d 1.5 of milk stasis was composed of involuting and 

non-secretory alveoli (Figures 4-5 and 4-6).  Involuting alveoli were in early or 

advanced stages of involution.  Alveoli that appeared in early involution 

contained MEC with more small and medium-sized lipid droplets than vacuoles 

and less abundant organelles than described in lactating tissue (Figure 4-5 E –

F).  Nuclear location (basolateral vs. apical) within MEC varied.  Organization of 
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MEC within these alveoli appeared disrupted, but the basement membrane 

appeared intact.  Also apparent in these alveoli were apoptotic MEC as well as 

cellular debris within luminal contents.  In fact, some alveoli appeared to be 

sloughing into the lumen.  Alveoli in more advanced stages of involution were 

similar except they were engorged with large milk stasis vacuoles (Figure 4-5 A –

B). These large vacuoles occupied a majority of cytoplasmic area often resulting 

in distortion of nuclear shape or translocation of the nucleus to the apical end of 

the cell.  Cellular organelles were difficult to identify because most of the 

cytoplasmic area was consumed by vacuoles.  Luminal contents of both types of 

involuting alveoli were composed of lipid droplets, protein granules, and cellular 

debris.  Resting alveoli appeared non-secretory while near-resting alveoli had 

scarce lipid droplets or remnants of milk secretion (Figure 4-5 C – D).  Nuclei 

were medial to apically located and cellular organelles were more visible than in 

involuting alveoli, but less visible in these alveolar populations than in lactating 

alveoli.  MEC were flattened rather than tall and cuboidal in shape as in lactating 

tissue.  The MEC organization that appeared interrupted in involuting alveoli had 

been re-established in resting or near resting alveoli.  Luminal contents included 

remnants of milk secretion and cellular debris.  Migrating cells were present 

transversing the basement membrane, within the MEC layer, and in luminal 

contents of all alveolar types.  Additionally, some migrating cells in resting alveoli 

appeared apoptotic.   Light micrographs demonstrate the appearance of resting 

and engorged alveoli (Figure 4-6).  Resting alveoli had smaller luminal area and 
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appeared to have greater stromal area between alveoli compared to engorged 

alveoli.  

At d 3.5 and 5.5 alveolar integrity persisted, and alveolar states were 

involuting or resting (Figures 4-7 to 4-10).  Involuting alveoli at d 3.5 were 

engorged with both small and medium-sized lipid droplets or secretory vesicles 

(Figure 4-7 A – D), whereas those observed at d 5.5 were highly vacuolated 

(Figure 4-8 A – D).  These involuting alveoli were similar to those described from 

d 1.5 (Figure 4-5 A – B).  Migrating cells were more prevalent in lumens and 

within MEC layers than at previous timepoints.  Rare corpora amylacea were 

observed in alveolar lumina and MEC from these alveoli were flattened rather 

than cuboidal (Figure 4-8 E – F).  Resting alveoli (Figure 4-7 E – F) were similar 

to resting alveoli previously described.   Figures 4-9 and 4-10 A – C show various 

magnitudes of alveolar engorgement for this stage of involution.  Figure 4-10 D 

shows resting or near-resting alveoli with minimal lipid within MEC or lumina.  

By d 7.5, a majority of alveoli were resting or engorged with vacuoles 

(Figures 4-11 and 4-12).  Resting alveoli at this stage of milk stasis were 

comprised of MEC healthy in appearance and cuboidal in shape with normal 

nuclear shape and smooth nuclear membranes.  MEC did not contain any 

evidence of secretion.  Although tissue had achieved a resting state, the 

basement membrane remained intact and alveolar structure was maintained.  

Involuting alveoli (Figure 4-11 C – F) were described above.  Also at this time 

point, severely engorged alveoli were seen with light microscopy (Figure 4-12 A), 
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as well as resting alveoli (Figure 4-12 B).  Stromal area between engorged 

alveoli was barely visible, but was apparent between resting alveoli.  

Tissue sections for light microscopy were used to evaluate general 

mammary structure at d 10, 14, and 21 of milk stasis (Figures 4-13 to 4-15), but 

were not conducive to determining structure of MEC within alveoli.  Mammary 

tissue from d 10 and 14 were very similar with both engorged and resting alveoli 

(Figures 4-13 and 4-14).  Stromal area between alveoli was greater for sections 

composed of resting alveoli.  By d 21 of milk stasis, alveoli remained intact and 

appeared resting (Figure 4-15).  MEC did not appear to contain vacuoles, but 

some lumina remained distended with lipid or vacuoles (Figure 4-15).  Stromal 

area between alveoli was similar to tissue sections of resting alveoli at d 10 and 

14.  

DISCUSSION
Mammary apoptosis in dairy cows that were in advanced lactation and 

concurrently pregnant at cessation of milking was not delayed compared to 

rodents, ewes, goats, or non-pregnant cows, but was not of the magnitude 

observed in these species.   Modest levels of MEC apoptosis were observed pre-

stasis (d 0).  Gradual involution occurs during late lactation in dairy cows (Mayer 

and Klein, 1961; Turner and Huynh, 1991; Akers, 2002; Capuco et al., 2003) and 

likely contributes to MEC apoptosis in lactating tissue taken just prior to milk 

stasis.  MEC apoptosis has also been identified in lactating tissue prior to 

cessation of milking in mice (Quarrie et al., 1995; Heermeir et al., 1996) and 
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cows (Wilde et al., 1997).  Apoptosis of MEC increased after milk stasis in a 

temporal pattern similar to that reported for non-pregnant ewes (Tatarczuch et 

al., 1997) and rodents (Quarrie, et al., 1995; Heermeier et al., 1996).  Apoptosis 

was greater at 1.5 d of milk stasis and remained elevated through d 5.5.  

Apoptosis was elevated through d 4 post-weaning in ewes (Tatarczuch et al., 

1997).  Importantly, peak MEC apoptosis in dairy cows was 4-times less than 

reports for peak apoptosis in sheep (Tatarczuch et al., 1997) and 3.7-fold less 

than apoptosis in pregnant mice at 3 d of milk stasis (Capuco et al., 2002).  In 

comparison of apoptosis reports in cows, the apoptotic index at 7.5 d of milk 

stasis was 90% lower than observed in dairy cows at 7 d post stasis (Wilde et al., 

1997).  Both studies used TUNEL assay methodology to detect apoptotic cells.  

Additionally, Wilde et al. (1997) reported some loss of alveolar integrity at d 7 of 

milk stasis.  Pregnancy status of the cows used by Wilde et al. (1997) is 

unknown, but such dramatic differences between these two studies suggest that 

some difference existed between the animals used in these studies.  A likely 

candidate for this difference is pregnancy status.  Mammary apoptosis after 

weaning was dramatically reduced in pregnant mice compared to non-pregnant 

mice (Capuco et al., 2002).

Mammary growth in dairy cows is known to increase during the final 

weeks of gestation (Baldwin, 1966; Capuco et al., 1997; Annen et al., In Press), 

but has not typically been associated with the first couple of weeks of the dry 

period.  Capuco et al. (1997) reported low levels of proliferating MEC (measured 
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by [3H]thymidine incorporation) at 7 d after milk stasis, but proliferation was not 

greater in non-lactating compared to lactating tissue.  The current study found 

increased MEC apoptosis at 7.5 and 10 d after milk stasis compared to other 

timepoints.  Reasons for this increase followed by a reduction in proliferation at d 

14 and 21 are unknown.  Increased MEC proliferation also has been observed at 

5 to 7 d post weaning in non-pregnant beef cows (Capuco and Akers, 1990).  

Capuco and Akers (1999) proposed that proliferation during involution may be 

the signal that inhibits further involution and enables restoration of milk synthesis 

after extended periods of milk stasis (Akers et al., 1990; Lamb et al., 1999; Noble 

and Hurley, 1999).  We hypothesize that this spike in proliferation is to generate 

replacement MEC that aids in maintenance in alveolar integrity after a period of 

elevated apoptosis.  

Increased proliferation within a week following milk stasis may also be 

influenced by pregnancy.  In mice, MEC proliferation (measured by BrdU 

incorporation) was increased 3-fold in pregnant mice compared to non-pregnant 

mice at 3 d of milk stasis (Capuco et al., 2002).  Proliferation of MEC (measured 

by [3H]thymidine incorporation) reported for non-pregnant beef cows were 

approximately 1.5% at 5 to 7 d after milk stasis (Capuco and Akers, 1990).  

Proliferation (measured by Ki67 expression) in pregnant cows at 5.5 to 7.5 d post 

stasis averaged 5.7%.  Whether these differences can be attributed to pregnancy 

status of the cows, assays used to determine MEC proliferation, or both cannot 

be determined.  Localization of Ki67 labels cells in G1-phase or later (Duchrow et 
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al., 2001) and TI labels cells in S-phase or later, thus, Ki67 methods should label 

more cells.  Additionally, increased estrogen and progesterone during late 

gestation stimulate mammary development (Tucker, 1981).  Cows from the 

current study would have been exposed to these hormones, but not non-

pregnant cows used by Capuco and Akers (1990).   In summary, it appears that 

increased MEC proliferation by 7 d of milk stasis aids in maintenance of a 

mammary epithelium with structural competence for secretion throughout the dry 

period.  Additionally, pregnancy may provide an additional signal for proliferation, 

but a direct comparison of pregnant and non-pregnant cows has not been done.  

Based on calculations for MEC turnover by Capuco et al. (2002), turnover was 

static in late-lactation tissue, but changes in MEC apoptosis and proliferation 

thereafter resulted in periods of net mammary regression (d 1.3 to 5.5 and d 21) 

and net MEC accumulation (d 7.5 and 10).

Ultrastructure results from the current study are similar to previous reports 

from bovine mammary involution (Holst et al., 1987; Sordillo and Nickerson, 

1988).  In addition to structural similarities to previous research, increased 

presence of migrating and phagocytic cells during involution is also in agreement 

with the literature (Helminen and Ericsson, 1968a;b; Colditz, 1988; Sordillo and

Nickerson, 1988).  Lactating tissue was characterized by a basolateral nucleus 

and apical lipid droplets and secretory vesicles, as well as, cytoplasmic space 

densely populated with RER, mitochondria, and golgi.  Resting alveoli were also 

observed as a component of mammary tissue during late lactation; this has not 
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been previously reported.  Declining milk yield during late lactation has been 

primarily been attributed to decreased cell number (Knight and Peaker, 1984; 

Capuco et al., 2003), but decreased secretory activity per cell also occurs (Knight 

and Peaker, 1984).  Decreasing secretory activity suggests more alveoli in a 

resting state during late lactation.  Therefore, it is not surprising that resting 

alveoli were observed at the end of lactation.  

Accumulation of secretion with MEC within 2 d of milk stasis followed by 

coalition of these smaller lipid droplets and secretory vesicles into large vacuoles 

is in agreement with previous observations in involuting mammary tissue 

(Maeder, 1923; Williams, 1942; Holst et al., 1987; Sordillo and Nickerson, 1988; 

Tatarczuch et al., 1997).  However, these studies report different observations for 

the duration of MEC engorgement with vacuoles.  In rodents, engorgement was 

replaced by alveolar collapse within 6 to 8 d of involution (Maeder, 1923; 

Williams, 1942; Quarrie et al., 1995).  In non- pregnant sheep (Tatarczuch et al., 

1997) or cows of mixed pregnancy status (Holst et al., 1987), alveolar 

engorgement persisted beyond 14 d post stasis and a resting state of the gland 

was not achieved until 30 d post stasis.  In pregnant cows, alveoli were reported 

non-secretory by d 14 of involution (Sordillo and Nickerson, 1988) and alveolar 

integrity was maintained throughout late gestation (Annen et al., In Press).  

Although some involuting alveoli remained at d 7.5, a majority of alveoli had 

reached a resting, non-secretory state and luminal area had decreased.  

Although later timepoints were not prepared for TEM analysis, it was apparent 



180

from the thick sections used for immunohistochemistry that the number of resting 

alveoli increased as days of milk stasis progressed.  Engorged alveoli were 

apparent through d 14 of milk stasis.  As late as 21 d post stasis, MEC appeared 

resting, but some lumina were still distended with lipid.  Importantly, the period of 

maximal alveolar engorgement during the first 2 to 5 d of milk stasis was similar 

for all the aforementioned experiments and corresponds to increased levels of 

apoptosis.  Milk accumulation has been suggested to trigger apoptosis due to 

physical distention of the cells or due to increased prevalence of an apoptotic 

factor in milk (Marti et al., 1997).  Collectively, these reports suggest that 

involution of alveoli to a resting state is not a part of rodent involution due to 

extensive cell loss and regression of the gland to a virgin state.  In ruminants, 

however, involution of mammary tissue to a resting state occurs between 21 to 

30 d post stasis.  Capuco et al. (1997) demonstrated that mammary involution 

was complete by 25 d of milk stasis.  The pregnant bovine mammary gland 

appears to maintain structural competence for secretion throughout the dry 

period, so that lactation could be restored if the appropriate signals were 

received by the mammary gland.   

CONCLUSION
In conclusion, these data indicate that apoptosis and engorgement during 

the early dry period of pregnant dairy cows occurs with the same rapidity as 

observed in other species and non-pregnant animals.  However, the magnitude 

of cell loss is much less.  Additionally, MEC apoptosis and proliferation have an 
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inverse relationship; as apoptosis subsides, proliferation increases.  These cell 

turnover processes during mammary involution may be regulated by both 

systemic and local factors.  The mammary gland from pregnant dairy cows 

appears to reach a non-secretory state composed of resting, intact alveoli within 

21 to 30 d after milk stasis.  Future research is needed to investigate species 

differences and pregnancy status at time of milk stasis on mammary involution in 

ruminants.  A comparison of mammary involution in tissue from pregnant and 

non-pregnant cows is required to determine the effect of pregnancy on MEC 

apoptosis and mammary regression.   
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Cranial End 
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Caudal End 
of Tissue 
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Figure 4-1. Diagram of a mammary tissue core obtained during routine 
mammary biopsy.  
The caudal end of the tissue core corresponds to the tissue closest to the outer 
edge of the mammary capsule and the cranial end of the tissue core 
corresponds to the inner most part of the capsule reached by the biopsy 
instrument.  Sections A and C were used for immunohistochemistry and section 
B was used for electron microscopy.
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Figure 4-2.  Temporal pattern of mammary epithelial cell apoptosis and 
proliferation during the first 21 d of milk stasis in late gestation dairy 
cows.  Cow numbers were: lactating tissue (d0), n = 16; d 1.5 to 5.5, n 
= 6; d 7.5, n = 11, and d 10 to 21, n = 5.  SEM for apoptosis was 0.09% 
and proliferation was 0.77%.  

Key:  � (open squares) Proliferation, � (closed squares), Apoptosis

a,b,c = timepoints with different letters have different apoptotic indexes 
(P < 0.05)
x,y = timepoints with different letters have different proliferation indexes 
(P < 0.05)
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Figure 4-3. Ultrastructure of resting (A-B) and lactating (C-D) alveoli present in mammary tissue prior to cessation 
of milking (d 0).
C = casein, G = golgi, L = lipid, MV = microvilli, N = nucleus, NT = neutrophil with engulfed cellular organelles, RER 
= rough endoplasmic reticulum, SV = secretory vesicle containing lipid and protein secretion.
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Figure 4-4. Light microscope sections of lactating mammary tissue (d 0).  Panel A contains an area of lactating 
tissue as evident by lipid within mammary epithelial cells and lumina. Panel B represents an area containing both 
resting and lactating alveoli, as well as a large ductal structure (DCT).  Lumina contain varying amounts of lipid, but 
do not appear as expanded as those observed in panel A.  Arrows point to cells staining positive for expression of 
Ki-67 nuclear proliferation antigen (Ki67).  

DCT
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Figure 4-5. Ultrastructure of vacuole engorged (A-B), non-secretory (C-D), and moderately engorged (E-F) alveoli 
1.5 d after milk stasis.  
Engorged alveoli contain large vacuoles of coalesced lipid and secretory vesicles.  Moderately engorged alveoli 
contain small lipid droplets and secretory vesicles, as well as vacuoles.  Cells within the non-secretory alveoli have 
irregular shaped nuclei and appear unhealthy.  AC = apoptotic cell, CD = cell debris, L = lipid, M = mitochondria, N 
= nucleus, V = vacuole.   
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Figure 4-6. Light microscope sections of mammary tissue 1.5 d after milk stasis.  
Panel A contains alveoli that appear resting, but have expanded lumina.  Panel B is representative of alveoli 
engorged with lipid and distended lumina.  Arrows point to cells staining positive for expression of Ki-67 nuclear 
proliferation antigen (Ki67).  
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Figure 4-7. Mammary tissue from 3.5 d after milk stasis.
Alveoli contained moderately engorged with lipid and secretory vesicles (A-B), alveoli engorged with vacuoles and 
cellular arrangement appears disorganized, (C-D), and non-secretory alveoli (E-F).  L = lipid, MP = macrophage, N 
= Nucleus, V = vacuole

5 µm

5 µm

5 µm

5 µm 2 µm

5 µm5 µm

5 µm

5 µm5 µm

5 µm 2 µm2 µm

5 µm

MP

N

V
L

N



18
9

Figure 4-8. Ultrastructure of mammary tissue from 5.5 d after milk stasis.  
Tissue was composed of engorged alveoli with collapsed luminal area (A-B), moderately engorged alveoli with 
expanded lumina (C-D), and non-secretory alveoli occasionally containing corpora amylacea.  CA = corpora 
amylacea, L = lipid, M = mitochondria, NT = neutrophil with engulfed electron dense material, V = vacuole.
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Figure 4-9. Light microscope sections of mammary tissue 3.5 d after milk stasis.  
Both panels contain alveoli and lumina distended with lipid and products of milk secretion.  Arrows point to cells 
staining positive for expression of Ki-67 nuclear proliferation antigen (Ki67).  
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Figure 4-10. Light microscope sections of mammary tissue 5.5 d after milk stasis.
Panels A-C represent various levels of alveolar engorgement and panel D represents alveoli in a non-secretory 
state. Arrows point to cells staining positive for expression of Ki-67 nuclear proliferation antigen (Ki67).  
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Figure 4-11. Mammary tissue ultrastructure 7.5 d after cessation of milking.  
Structure of resting alveolus with scarce lipid droplets within mammary epithelial cells and minimal secretory 
products within the lumen (A-B), engorged alveolus with remnants of secretion and a polymorphonuclear leukocyte 
(PMN) within the lumen (C-D), and an engorged alveolus containing small lipid droplets and large vacuoles within 
MEC (E-F).  AB = apoptotic body, MV = microvilli, N = nucleus, NT = neutrophil, PMN = polymorphonuclear 
leukocyte, RER = dilated rough endoplasmic reticulum, V = vacuole.
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Figure 4-12. Light microscope sections of mammary tissue 7.5 d after milk stasis.
Panel A contains alveoli engorged with vacuoles.  Tissue in panel B is primarily composed of resting alveoli with 
reduced luminal area and the appearance of increased stromal tissue between alveoli.  Arrows point to cells 
staining positive for expression of Ki-67 nuclear proliferation antigen (Ki67).  
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Figure 4-13. Light microscope sections of mammary tissue 10 d after milk stasis.  
Panel A contain alveoli engorged with vacuoles. Panel B contains alveoli approaching a non-secretory state with 
some remnants of lipid secretion remaining in lumina.  Stromal area between alveoli is more apparent in panel B.  
Arrows point to cells staining positive for expression of Ki-67 nuclear proliferation antigen (Ki67).  
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Figure 4-14. Light microscope sections of mammary tissue 14 d after milk stasis.  
Tissue in panels A and B are representative of descriptions given for d 10 of milk stasis.  Arrows point to cells 
staining positive for expression of Ki-67 nuclear proliferation antigen (Ki67).  
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Figure 4-15. Light microscope sections of mammary tissue 21 d after milk stasis.  
Alveoli in both panels appear non-secretory with some lipid remaining in lumina of alveoli in panel B.  Similar to 
other tissue sections of resting alveoli, luminal area is decreased and stromal area between alveoli is more 
apparent compared to previous sections of lactating or engorged alveoli.  Arrows point to cells staining positive for 
expression of Ki-67 nuclear proliferation antigen (Ki67).  
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CHAPTER 5 -- EFFECT OF CONTINUOUS MILKING AND INTRAMAMMARY 
INFUSION OF PROSTAGLANDIN E2 (PGE2) ON 1) MAMMARY EPITHELIAL 

CELL TURNOVER AND ULTRASTRUCTURE, 2) EXPRESSION OF 
MAMMARY FUNCTION, PROLIFERATION AND APOTOSIS RELATED 

GENES, AND 3) MILK PRODUCTION AND COMPOSITION.

INTRODUCTION

  Results from previous research indicate that short or omitted dry periods 

result in decreased milk yield in the subsequent lactation (Swanson, 1965; Smith 

et al., 1967; Coppock et al., 1974; Sorenson and Enevoldsen, 1991; Remond et 

al., 1992; Remond et al., 1997).  Negative effects of modified dry periods are 

believed to be within the mammary gland (Smith et al., 1967; Swanson et al., 

1967) and appear to be a result of reduced mammary epithelial cell (MEC) 

turnover (Capuco et al., 1997; Annen et al., In Press), rather than changes in 

total MEC (Swanson et al., 1967; Capuco et al., 1997).  Reduced MEC 

proliferation (Capuco et al., 1997; Annen et al., In Press) and apoptosis (Annen 

et al., In Press) in CM glands suggests carryover of old MEC into the subsequent 

lactation rather than replacement with new MEC as occurs in glands provided an 

adequate dry period.  The resulting population of old MEC may result in reduced 

milk synthesis (Swanson, 1965; Smith et al., 1967; Remond et al., 1992; Rastani 

et al., 2003; Annen et al., In Press) and cell survival (Paape and Tucker, 1969) 

during the ensuing lactation.  This hypothesis assumes reductions in synthetic 

capacity or mitotic competence in old MEC (Capuco and Akers, 1999).  

Increased carryover of MEC has been demonstrated in rats (Pitkow et al., 1972).  

In cows, the presence of many involuting and resting alveoli in CM tissue at 20 d 
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into the subsequent lactation suggests that many MEC enter a resting state in 

early lactation rather than during the decline phase of lactation (Annen et al., In 

Press).

Recent research has demonstrated equal milk yields in 30-d dry and 60-d 

dry cows (Bachman, 2002; Gulay et al, 2003; Rastani et al., 2003).  In a study 

using bST-supplemented cows, Annen et al. (2004b) demonstrated equal milk 

yield in the 30-d and 60-d dry multiparous cows, but observed reduced milk yield 

in 30-d dry primiparous cows.  Complete omission of the dry period continues to 

result in reduced milk yield in the subsequent lactation (Rastani et al., 2003) 

unless cows were supplemented with bST during late gestation and the next 

lactation (Annen et al., 2004b).  Primiparous cows that were continuously milked 

(CM) had reduced milk yield in the subsequent lactation with (Annen et al., 

2004b) or without (Remond et al., 1992) bST supplementation.   This parity 

sensitivity to dry period length suggests that continued mammary development 

between first and second lactations is impaired by modified dry periods in 

primiparous cows (Remond et al., 1997; Annen et al., 2004b).  

Due to potential improvements to cow health (Annen et al., 2004a) and 

improved DMI during the periparturient period (Gulay et al., 2003; Rastani et al., 

2003; Collier et al., 2004), as well as increased profit potential to the dairy 

producer with additional days of milk income, continued research to reduce the 

dry period requirement in dairy cows, especially primiparous cows, is warranted.  

The use of mammogenic treatments in CM, primiparous cows may alleviate 
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reductions in mammary growth.  One such mammogen is prostaglandin E2

(PGE2).  PGE2 is produced by MEC (Rudland et al., 1984; Bandyopadhyay et al., 

1987; McGrath et al., 1990) and increases in primary lymph (Lacasse et al., 

1996) and mammary secretions (R. J. Collier, J. Byatt, M. McGrath, P. Eppard, J. 

Vicini, unpublished data) during the last week of gestation and first 2 to 3 d of 

lactation.  This period of increased PGE2 concentrations corresponds to a period 

of rapid MEC growth and differentiation (Tucker, 1969; 1974).  Lymph PGE2 

content is positively correlated with [3H]thymidine incorporation (TI) by MEC in 

culture (Lacasse et al., 1996).  Several experiments have demonstrated that this 

correlation between PGE2 content and cell proliferation is the result of mitogenic 

activity of PGE2 when added to basal culture media (Rudland et al., 1984; 

Lacasse et al., 1996).  Addition of PGE2 antibody to culture media decreased TI, 

as well as total DNA content due to increased cell mortality (Lacasse et al., 

1996).  Addition of indomethacin, an inhibitor of prostaglandin (PG) synthesis, to 

cell culture medium reduced proliferative responses to insulin-like growth factor-I 

(IGF-1) by 50% and addition of PGE2 to the culture medium blocked negative 

effects of indomethacin (McGrath et al., 1990).  Bandyopadhyay et al. (1987) 

demonstrated that PGE2 reversed inhibitory effects of indomethacin on cell 

division.  PGE2 is a more potent mitogen than PGE1 or PGF2α (Rudland et al., 

1984) and does not cause abortion as has been reported for PGF2α (Tucker, 

1974).  Inhibition of PG synthesis by indomethacin or flubiprofen reduced 

mitogenic activity by 80% in cell culture.  Addition of PGE2 completely reversed 
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this mitogenic inhibition, whereas addition of PGE1 or PGF2α were without effect 

(Rudland et al., 1984).  Additionally, PGE2 increased cAMP production 

(Samuelsson et al., 1975), which has been shown to stimulate proliferation 

(Silberstein et al., 1984).  High cAMP concentrations have been measured during 

periods of mammary development in rats, but decline at initiation and 

maintenance of lactation (Sapug-Hagar and Greenbaum, 1974).  PGE2

stimulated RNA synthesis, but not casein synthesis in cultured mouse mammary 

glands (Vonderhaar, 1987), suggested an increase in metabolic activity of the 

gland and a potential role of PGE2 in lactogenesis.  PGE2 also acts as a 

vasodilator (Vorherr and Vorherr, 1979), which may be a mechanism that 

enhances nutrient delivery to the mammary gland.  

In vivo PGE2 treatment resulted in increased mammogenesis in late 

gestation heifers (Collier et al., 2002) and increased milk yield in induced-

lactation cows (Crooker et al., 2003).   Mitogenic properties of PGE2 have been 

demonstrated in mice fed indomethacin or diets deficient in essential fatty acids 

that are converted to arachidonic acid, which is a precursor to PGE2 synthesis 

(Miyamoto-Tiaven et al., 1981).  Ductal growth was severely retarded in the 

mammary tissue of mice fed either of the aforementioned diets.  In humans, 

numerous studies have demonstrated that breast tumors contain high levels of 

PGE2 compared to non-cancerous breast tissue (Karmali et al., 1983).  

Mitogenic activity of PGE2 in MEC culture and mammogenic activity in vivo 

suggest a potential role for PGE2 in enhancing milk yield through increased 
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mammary growth.  However, timing of PGE2 infusions for maintenance of 

mammogenic results beyond parturition needs further investigation.  The current 

study was designed to evaluate mitogenic activity of PGE2 when infused at 

parturition and 72 h postpartum to keep mammary PGE2 levels elevated when 

concentration of native PGE2 was decreasing (R. J. Collier, J. Byatt, M. McGrath, 

P. Eppard, J. Vicini, unpublished data).  Additionally, the current study was 

designed to test the effects of PGE2 in CM tissue, which is known to have 

reduced MEC proliferation throughout late gestation (Capuco et al., 1997; Annen 

et al., In Press).  It was hypothesized that PGE2 would enhance MEC 

proliferation in both 60-d dry and CM tissue and that enhanced MEC growth in 

CM tissue would alleviate reductions in subsequent milk yield, especially for 

primiparous cows.  Objectives of the current study were: 1) to compare the 

effects of involution in 60-d dry glands to maintenance of lactation in CM glands 

on MEC turnover and mammary gene expression and 2) to determine the effect 

of dry period length and PGE2 treatment on expression of genes involved in 

mammary function or MEC proliferation and apoptosis.  The genes evaluated 

included: adenosine 5’-triphosphate binding cassette 1 (ABC1, proposed stem 

cell marker), α-lactalbumin (lactose synthesis) bax (apoptosis), bcl2 (survival), 

CCAT/enhancer binding protein-β (CEBP-β, mammary growth); insulin-like 

growth factor binding protein 5 (IGFBP5, apoptosis); kinase inhibitor protein p27 

(p27, cell cycle arrest).
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MATERIALS AND METHODS

Animals and Experimental Design
The University of Arizona Institutional Animal Care and Use Committee 

approved all procedures involving animals.  Cows were housed at the University 

of Arizona Agriculture Research Facilities in individual pens.  All animals had ad 

libitum access to feed and water.  All diets used during the experiment were 

formulated to meet or exceed NRC requirements for the given physiological state 

of the animal (Table 5-1 and 5-2; NRC, 2001).  Cows were fed a lactating diet 

(Table 5-1) as long as one udder-half was lactating.  If the CM half underwent 

spontaneous dry-off, cows were fed a close-up dry-cow diet until parturition 

(Table 5-2).  At parturition, the diet was switched back to the lactating diet.  Cows 

were fed twice daily at 0530 and 1730 h and orts measured once daily at 0500 h.  

Lactating udder halves were milked twice daily at 0500 and 1700 h.  Dry matter 

intake (DMI) was measured daily, milk yield was measured twice daily, and 

samples for analysis of milk composition were taken weekly.  Colostrum was 

sampled at the first milking after parturition.  Ration dry matter percentage was 

determined twice daily and samples analyzed for nutrient composition were taken 

weekly.  For statistical analyses, daily DMI and milk yield values for each cow 

were collapsed into a weekly mean representative of daily DMI or milk yield for 

that week of the experiment.   Weekly milk samples were taken from successive 

am and pm milkings, pooled and analyzed for fat percent, true protein percent, 

lactose percent, and somatic cell count (SCC; Arizona Dairy Herd Improvement 

Association, Tempe, AZ).  Milk fat, protein, and lactose were analyzed using 
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AOAC approved infrared analysis.  Analysis for SCC was done using AOAC 

approved cell-staining techniques.  All equipment used in the analyses were 

certified by the International Dairy Federation and Food and Drug Administration 

(FDA).  Colostrum samples were also analyzed for fat, true protein, lactose and 

SCC.  One aliquot was stored at –20°C for later analysis of immunoglobulin G 

(IgG) content.  Mechanical failure of the freezer resulted in destruction of the 

samples before IgG analyses were conducted.  

The study design utilized eight cows, 4 first lactation cows and 4 second 

lactation cows, in a half-udder model.  The half-udder model was used so the 

effects of both CM and PGE2 could be examined with fewer animal numbers.  

Cow selected for the study were healthy and had a SCC less than 500,000 

cells/ml.  Within each animal udder halves were assigned randomly to prepartum 

treatment of continuous milking (CM) or 60-d dry (CTL) and postpartum 

treatment  with (+PGE2) or without (-PGE2) PGE2.  Each treatment had equal 

numbers of first and second lactation cows.  

Cows began the study at 67 d prior to expected parturition and remained 

on the study until 28 d postpartum.  Half-udder milk yields for both the right and 

left udder halves were measured from d 67 to 61 prepartum.  Milk from each 

udder half was collected into separate buckets using a unit designed to collect 

milk from all four quarters individually but modified to collect milk from udder 

halves.   At 60 d prior to expected parturition, the unilateral udder-half assigned 

to the CTL treatment was dried by cessation of milking and treatment with long-
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acting, intramammary antibiotic (Quartermaster®, Pfizer, La Jolla, CA).  The CM 

udder-half was milked throughout gestation and into the next lactation unless 

milk yield dropped below 5 kg/d for seven consecutive days, at which time the 

udder-half was considered to have spontaneously dried.  At dry-off the udder -half 

was treated with long-acting intramammary antibiotic, and milk removal ceased 

until parturition.  At parturition, milking of both udder halves using the half-udder 

milker described above resumed until 28 d postpartum.  Intramammary infusion 

(IMI) of PGE2 was administered at parturition and after the milking closest to 72 h 

postpartum.  At parturition, the cow was allowed 1 h with the calf and was 

supervised to ensure the calf did not nurse.  After 1 h, the calf was removed, the 

cow was milked, and PGE2 treatment was administered.  Prior to IMI of PGE2, 

teats were cleaned with an iodine-based teat dip followed by disinfection of the 

teat-ends with alcohol pads.  The PGE2 infusion was in a sterile 12 ml syringe 

fitted with a sterile teat canula.  The canula was inserted through the teat canal 

and the plunger was pushed slowly to dispense the infusion.  The teat was 

pinched closed as the canula was removed and the infusion was massaged up 

into the gland.  Based on data of Collier et al. (2002), 875 µl of PGE2 was 

maximally mammogenic in late-pregnant heifers.  Therefore, each IMI contained 

875 µl of PGE2 (Sigma, St. Louis, MO) in 10 ml of medium chain triglyceride 

(MCT) oil.  An excipient dose of MCT oil was not given to –PGE2 halves because 

it has been demonstrated to have no effect on mammary growth or milk yield 

(Collier et al., 2002; Crooker et al., 2003).
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Tissue Samples
Prepartum mammary biopsy timepoints were 3 d and 7 d after milk stasis 

(3d-MS; 7d-MS) in the CTL udder half.  Postpartum mammary biopsy timepoints 

were 2 and 4 d (2d-PP; 4d-PP) after parturition.  Because udder-half was the 

experimental unit, both udder halves were biopsied at each timepoint.  Rear 

quarters were biopsied at 3d-MS and 2d-PP timepoints and front quarters were 

biopsied at 7d-MS and 4d-PP timepoints.  Biopsies were performed according to 

procedures by Farr et al. (1996) with modifications by Baumgard et al. (2000) 

and Annen et al. (In Press).  Biopsied quarters were treated with intramammary 

antibiotic (Amoxi-Mast®, Pfizer, La Jolla, CA) at the time of surgery and at the 

first two milkings after the biopsy.  After the end of intramammary antibiotic 

treatments following the 7d-MS biopsy, the quarters from the CTL udder halves 

were sealed with Orbaseal® (Pfizer, La Jolla, CA) dry cow teat sealant.  Systemic 

antibiotic, penicillin (6 x 106 IU; Agri-Cillin®, AgriLabs, St. Joseph, MO), was 

initiated the d before a biopsy and continued until 2 d following the biopsy, except 

for between the 2d-PP and 4d-PP biopsies.  To provide systemic antibiotic 

across these biopsies, penicillin was administered from 1 to 6 d postpartum.  On 

the day of the 4d-PP biopsy the dose was increased to 12 x 106 IU to increase 

protection against infection in cows that had undergone parturition and biopsy of 

all 4 quarters within 4 d.  Post surgical health was monitored by taking rectal 

temperature twice daily for 4 d following a biopsy and by continuous evaluation 

for fluctuations in milk yield and DMI.  A comparison of milk yield for 3 d prior to 

and 7 d after the 3d-MS and 7d-MS biopsies (CM half only) is shown in Figure 5-
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1.  Milk yield at these timepoints was less affected by stage of lactation than milk 

yield at 2d-PP and 4d-PP biopsies.  As demonstrated in Figure 5-1, milk yield 

was not adversely affected by the biopsy procedure.   Importantly, the closeness 

of the 3d-MS and 7d-MS biopsies resulted in the 7d-MS biopsy timing being 

equal to the d 4 post-biopsy timepoint for 3d-MS in Figure 5-1.  Thus, all four 

quarters were biopsied within a 4 d period and milk production remained 

constant.  These findings are similar to those reported by Annen et al. (In Press) 

for milk yield after routine mammary biopsy.    

Upon tissue harvesting, the sample core was divided for 

immunohistochemistry, electron microscopy, and gene expression analyses.  

Tissue for each of these analyses was always taken from the same area of the 

tissue core.  Tissue for immunohistochemistry was fixed in 10% neutral buffered 

formalin for 24 h at 4°C, then transferred to 70% ethanol until further processing.  

Tissue was dehydrated in a series of ethanol concentrations and embedded in 

paraffin according to standard techniques.  Tissue was sectioned at 6 µm onto 

silanated slides.  Tissue for electron microscopy was fixed in half strength

Karnovsky’s buffer for 2 h at 4°C, then transferred to cacodylate buffer until 

further processing.  Upon processing, the tissue was rinsed 3 times for 10 min at 

4°C in cacodylate buffer, then incubated in 2% osmium tetroxide for 1 h at 4°C, 

dehydrated in a series of ethanol concentrations, and embedded in Spurr’s 

plastic (Spurr, 1969).   Tissue for gene expression analyses was placed in 1 ml of 

RNA-later® (Ambion, Inc., Austin, TX), incubated at room temperature for 24 h, 
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and stored at -80˚C until further processing.  This method of tissue processing 

resulted in modest ribonucleic acid (RNA) degradation and increased difficulty in 

isolating good quality RNA.  Based on improved RNA stability in previous 

experiments, our laboratory recommends snap freezing mammary tissue 

harvested during in vivo experiments in liquid nitrogen.   

Immunohistochemistry
Ki67 localization 

The number of proliferating MEC was quantified by the number of cells 

expressing the Ki-67 nuclear proliferation (Ki67) antigen.  The Ki67 antigen is 

expressed in proliferating cells (G1, S, G2, and M Phase), but not in cells resting 

in G0 Phase (Duchrow et al., 2001).  While the function of the Ki67 antigen is not 

completely understood, it has been demonstrated a powerful marker for cells in 

the growth fraction of tumor tissues, is correlated with proliferative status of 

tissues, and is tightly associated with chromatin (Gerdes et al., 1991; Duchrow et 

al., 2001; Capuco et al., 2001).  Further, suppression of Ki67 protein using 

antisense RNA resulted in a decrease in DNA synthesis, a decrease in the 

proportion of cells in S-phase, and an increase in the number of cells in G1-phase 

(Duchrow et al. 2001).   Methods used for localization of the Ki67 antigen were 

described by Annen et al. (In Press).   The primary antibody for Ki67 (MIB-I) was 

purchased from Zymed Laboratories Inc. (San Francisco, CA).  Slides were 

counterstained with hematoxylin and mounted with Permount™ (Fisher Scientific, 

Pittsburgh, PA).  
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Terminal deoxynucleotidyl transferase dUTP nick end labeling
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL ) 

of free 3’OH DNA termini in situ enables visualization of cells that exhibit 

endonucleolytic degradation of DNA.  Degradation and fragments of DNA are 

fundamental features of apoptotic cells (Wyllie et al., 1980).  The TUNEL assay 

was done using a commercial kit (ApopTag® Peroxidase In Situ Apoptosis 

Detection Kit, Chemicon International, Temecula, CA).  The manufacturer’s 

protocol was followed with modifications described by Annen et al., (In Press).  

Slides were counterstained with methyl green and mounted with Permount™.

Quantitation of immunohistochemistry  
Tissue sections were viewed with a light microscope to quantify cells 

expressing the Ki67 antigen and apoptotic cells.  Ten microscopic fields or 3,000 

cells were quantified per sample per cow.  Each slide representing a sample from 

an individual cow contained two sections and quantification of cells was divided 

equally between sections.  At least 1,800 cells were counted per sample per cow.  

Fields were counted at a 500x magnification.  Within each field, cells that were 

within a 10 x 10 ocular grid were counted.  Counted fields were spread across 

tissue sections.  To ensure all counts were free of experimenter bias, the reader 

was blind to sample identification and fields were selected with the microscope 

out of focus.    

Transmission Electron Microscopy
Tissue for light microscopy was cut into 1µm sections and stained with 

toluidine blue.  Thin sections for transmission electron microscopy (TEM) were 
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cut using a diamond knife into approximately 0.08 µm sections and stained with 

uranyl acetate (20 min) and lead citrate (3 min).  Sections were viewed using a 

Phillips 420 Transmission Electron Microscope (University of Arizona Electron 

Microscopy Core).  

RNA Isolation
The RNeasy® Mini Kit (Qiagen, Valencia, CA) was used to isolate total 

cellular RNA according to the manufacturer’s protocol.  Once isolated, RNA 

samples were divided into 3 aliquots, 2 were immediately stored at -80˚C and a 

third, smaller aliquot was used to determine RNA concentration and quality.  

Concentration of RNA was determined by photospectrometry.  Integrity of 28S 

and 18S RNA bands was assessed by RNA 6000 Nano Chip (Agilent 

Technologies, Palo Alto, CA) according to manufacturer’s instructions on an 

Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA).  Samples with 

degraded RNA were re-isolated until 18S and 28S bands were determined intact.  

Pools of RNA were made within cow by udder half for prepartum and 

postpartum biopsy timepoints.  No between cow RNA pooling occurred.  

Prepartum pools consisted of 1 µg of RNA from 3d-MS and 7d-MS samples.  

Postpartum pools consisted of 1 µg of RNA from 2d-PP and 4d-PP samples.  

After pooling each cow had a prepartum and postpartum RNA sample for each 

udder half.    
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Complementary Deoxyribonucleic Acid (cDNA) Synthesis
Prior to cDNA synthesis, RNA was DNase treated.  Deoxyribonuclease I 

(amplification grade, Invitrogen, Carlsbad, CA) was used according to 

manufacturer’s recommendations.  SuperscriptTM III First Strand Synthesis 

System (Invitrogen, Carlsbad, CA) for reverse transcription polymerase chain 

reaction (RT-PCR) was used for cDNA synthesis according to the manufacturer’s 

protocol.  The QIAquick PCR purification kit (Qiagen) was used to clean cDNA 

with modifications.  Modifications included re-applying flow-through from the 

cDNA reaction back to the column for a second spin and changes to the elution 

step.  For elution of cleaned cDNA, 30 µl of elution buffer was pipetted onto the 

column, incubated for 5 min at room temperature, then centrifuged 60 sec (5000 

x g).  These steps were repeated with a second 30 µl volume of elution buffer.  

Cleaned cDNA was then used for real-time RT-PCR assays.  

Real Time RT- PCR
All primers and resulting products are described in Table 5-3.  Primer 

sequences for bcl2 were obtained from Colliti et al. (2004) and ABC1 and p27 

primer sequences were designed and generously shared by A. V. Capuco 

(UDSA, BARC).  All other primers were designed using Primer 3 (Rozen and 

Skaletsky, 2000).  Gene sequence used for primer design was obtained from 

GenBank (NIH, Bethesda, MD).  When available, bovine sequence was used, 

otherwise human sequence was used.  Primers were purchased from Integrated 

DNA Technologies, Inc. (Coralville, IA).  Optimal PCR conditions for each primer 

set were determined by running RT-PCR reactions across a temperature 
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gradient, then products were separated by gel (2% agarose) electrophoresis 

stained with ethidium bromide and visualized with ultraviolet light.  Reactions 

corresponding to the annealing temperature resulting in the most abundant single 

product of desired base pair length were then cleaned with QIAquick purification 

methods described above or by salt precipitation for products less than 100 base 

pairs in length before sequencing.  All primers used synthesized products 

homologous to the respective gene of interest.  

Real time RT-PCR was run on an ABI Prism 7000 sequence detection 

system (Applied Biosystems, Foster City, CA) in a 96-well format.  Reaction 

mixtures contained 10 µl of iTaqTM SYBR® Green Supermix with ROX (Bio-Rad 

Laboratories, Hercules, CA), 4 pMol of each primer, sample or standard cDNA, 

and RNase/DNase-free water to a final volume of 20 µl.  Master mix (syber 

green, primer, water) was pipetted into plate wells followed by addition of sample 

or standard curve cDNA.  Plates were then assayed on the ABI Prism 7000.  For 

all primers except bax, real-time RT-PCR conditions included 1 cycle of 2 min at 

50°C, 1 cycle of 10 min at 95°C, and 40 cycles of 15 sec at 95°C followed by 1 

min at 58°C (annealing temperature).  For bax, all conditions were the same 

except the annealing temperature was 62°C.  Real time RT-PCR was run on all 

samples for eight genes of interest (GOI) and a housekeeping gene, 18S 

ribosomal RNA (18S), to correct for differences in RNA input (Table 5-3).  All 

samples were run in duplicate and all standard curve points were run in triplicate.  

Each 96-well plate contained a standard curve and a pooled cDNA sample for 
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18S.  These data were used to calculate an intra- and interplate coefficient of 

variation (CV; Table 5-3).  The remaining wells were used for the standard curve 

and samples for a GOI.  Each plate for a GOI contained a cDNA pool sample so 

an interplate CV could be determined for each GOI (Table 5-3).   Intraplate CV 

was determined by averaging the CV for duplicate samples and measured 

variability between samples within a plate (Table 5-3).  The cycle threshold (Ct) 

for a given sample is the point at which fluorescence of the amplicon increases 

above background fluorescence in the exponential phase of the amplification 

curve.  Thus, Ct is inversely proportional to the amount of mRNA for the amplicon 

in the sample from which the cDNA was made.  Background fluorescence was 

eliminated by setting cycles prior to the exponential amplification phase as the 

background baseline.  For example, no amplification occurred between cycles 1 

and 4 for 18S, so these cycles were set as the background level of fluorescence.  

Amplification efficiencies for PCR were determined by the following 

equation: 

Efficiency = 1 – 10(-1/slope)

Where:  slope = slope of the standard curve.

For all primer pairs, amplification efficiencies were determined to meet the 

manufacturer’s criteria for equivalency (Applied Biosystems User Bulletin No. 2, 
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2001).  For each gene of interest, each sample was normalized to the 

housekeeping gene, ribosomal 18S, to account for variability in RNA quality and 

RT efficiencies among samples.   Normalization resulted in a ∆Ct value. 

∆Ct = CtGOI – Ct18S

Statistical analyses were conducted using ∆Ct values.  Relative changes in 

expression levels were calculated using the following formula (Applied 

Biosystems User Bulletin No. 2, 2001):

Relative change = 2-∆∆Ct

Where: 2 is based on an optimal PCR efficiency in which the PCR 

product is replicated every cycle.  

-∆∆Ct = least squares mean of ∆Ct for a treatment - least 

squares mean of ∆Ct for another treatment.  For example, 

∆Ct for prepartum cyclin D1 expression in +bST CM tissue -

∆Ct for prepartum cyclin D1 expression in +bST CTL tissue.

Differential expression was only declared if ∆Ct values used in the equation 

differed (P < 0.05).   At the end of all real-time RT-PCR plate runs a dissociation 

protocol was run to confirm a primer pair amplified only one product.  Thus, 
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single product amplification was verified during primer optimization and again 

during actual real-time RT-PCR runs.  

Statistical Analysis
All statistical analyses were performed using Proc Mixed procedures in 

SAS (v.8.2; SAS, 1999).  The level of significance was set at P < 0.05 for main 

effects and interactions.  Due to differential objectives and treatments between 

pre and postpartum periods, separate statistical analyses were run.  For 

example, MEC apoptosis at 3d-MS and 7d-MS did not require testing for PGE2

effects since the treatment had not yet been applied.  For postpartum milk yield, 

305-d mature equivalent milk yield prior to treatment assignment was used as a 

covariate.  This covariate was used because no differences existed between 

udder halves during the baseline measurement period, but cows on the study 

had varying levels of genetic potential for milk yield.  For prepartum milk yield 

and milk composition analyses, a covariate was derived from milk composition 

data obtained during –67 to –61 d.  Due to alterations in milk composition after 

mammary biopsies (i.e., blood in milk), milk was not sampled at wk –8 or +1.  

Also for milk composition analyses, somatic cell linear score (SCS) was 

calculated from SCC to achieve normal distribution of the data.  SCS values were 

used for all statistical comparisons.  A covariate was not used for DMI, Ki67, 

TUNEL, and gene expression data analyses.  Statistical models for analysis of 

postpartum milk yield and composition, Ki67 index, and apoptotic index included 

main effects of PGE2 treatment, dry period length (CM or CTL), parity, and time 



215

(week relative to parturition, or d of biopsy relative to parturition), and their 

respective interactions.  Time was fit as a repeated measure using a first-order 

autoregressive covariance structure.  The variability among udder halves (nested 

within cow) within experiment cells was used to test the whole plot effects of 

PGE2, dry period length, and their interactions.  The variability among data for 

dependent variables within udder half (nested within cow) was used to test for 

the effects of time and interactions involving time. Prepartum data analyses were 

similar, except PGE2 and respective interactions were not included in the model 

due to the fact that PGE2 treatment was not administered until after parturition.  

Data used for proliferation and apoptosis indices were square root transformed.  

Because analyses with transformed and non-transformed data had equal results 

for significant and non-significant effects, non-transformed data are presented.  

Statistical analysis of ∆Ct values from real-time RT-PCR assays included 

independent variables of dry period length, parity, and their respective 

interactions.  Udder-half nested within cow and treatment was fit as a repeated 

measure using a first-order autoregressive covariance structure.  For postpartum 

samples, independent variables included previous dry period length, PGE2

treatment, parity, and their respective interactions.  Similar to the prepartum 

analysis, udder half (nested within cow and treatment) was fit as a repeated

measure using a first-order autoregressive covariance structure.  Statistical 

analysis of milk yield and composition during spontaneous dry off included time 

fit as a repeated measure.  Thus the analysis was used to determine changes 
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over time, not due to animal variation.  Analysis of DMI included time, parity, and 

the interaction of parity by time as independent variables.  There were no whole 

animal treatments to test and effects of within animal treatments (dry period 

length, PGE2) on DMI cannot be separated.  This simplistic analysis was 

conducted to obtain least-squares means for DMI over time in order to estimate 

how nutritional management protocols in the current study affected the decline in 

DMI during late gestation.  Time was fit as a repeated measure using a first-order 

autoregressive covariance structure.  

RESULTS
Milk yield of CM udder halves for each day relative to milk stasis in the 

CTL udder half is shown in Figure 5-2.  There was no apparent compensatory 

milk production after drying the CTL half.  Normal decline of lactation was more 

persistent in first lactation cows than second lactation cows.  Figure 5-3 shows 

prepartum milk yield relative to parturition (rather than relative to milk stasis in the 

CTL half).  Regardless of parity, milk yield decreased (P < 0.001) throughout late 

gestation.  First lactation cows appeared to maintain higher half-udder yields 

from weeks –7 to –2, but this interaction of parity by time was not detected as 

significant in statistical analyses.  Interestingly, by the final week of gestation half 

udder yields were extremely low regardless of parity.  With average days dry of 

9.3 d in CM, first lactation halves and 12.6 d in CM, second lactation halves, this 

low least squares mean for milk yield at –1 wk can be attributed to the fact that 

most CM halves (7 out of 8) had spontaneously dried and were producing 0 kg/d 
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at this time.  Milk yield during the 7 d prior to cessation of milking as a result of 

spontaneous dry-off is illustrated in Figure 5-4.  Milk yield decreased (P < 0.01) 

rapidly after the first day (-7 d) half-udder yield dropped below 4.5 kg/d (Figure 5-

4).  Individual animal data for milk yield and days in milk (DIM) at 60 d prior to 

calving, days dry in CM halves, and milk yield at spontaneous dry-off for each 

cow is presented in Appendix 1.

Milk yield from all udder halves increased (P < 0.001) throughout the first 4 

wk postpartum (data not shown).  Although temporal patterns were similar, yields 

from CM halves produced less milk than CTL halves (Figure 5-5).  Postpartum 

milk yield was decreased (P < 0.01) substantially in CM udder halves compared 

to CTL halves regardless of parity or PGE2 treatment (Table 5-4).  PGE2

treatment had no effect on milk yield (Table 5-4). Albeit milk yield was reduced in 

all CM halves, reductions were less (P < 0.02) dramatic in second lactation cows 

(33%) than in first lactation cows (53%, Figure 5-5).  

Milk composition for CM halves was measured throughout the last 7 wk of 

gestation and during spontaneous dry-off of CM halves.  Milk composition during 

late gestation is summarized in Figure 5-6 and during spontaneous dry-off in 

Figure 5-4.  Milk fat and lactose content and SCS remained constant (P > 0.13) 

during late gestation.  True protein content of milk increased (P < 0.001) during 

the final 2 wk of gestation compared to wk –7 to –3.  Similar results were 

obtained during spontaneous dry-off, likely due to the fact that spontaneous dry-

off occurs in the final 2 wk of gestation.  Milk fat and lactose percent were 



218

unchanged during spontaneous dry-off.  True protein content tended (P = 0.09) 

to increase from d –6 to –1 and SCS increased (P = 0.03) by the last day of milk 

removal (d –1).

Postpartum milk composition from wk 2 to 4 was not altered (P > 0.05) by  

the main effects of dry period length or PGE2, but the interaction of dry period 

length and PGE2 resulting in changes in SCS (Table 5-4).  Milk from CM-PGE2

halves had a higher SCS than milk from CTL-PGE2 halves. SCS was not different 

between CTL-PGE2 and CTL and CM+PGE2 halves nor between CM-PGE2 and 

CTL and CM+PGE2 halves (Table 5-4).  All milk composition variables, except 

lactose, decreased (P ≤ 0.01) from wk 2 to 4 postpartum regardless of dry period 

or PGE2 treatments (data not shown).  Lactose remained constant (P = 0.9) 

during wk 2 to 4.  Composition of first milking colostrum is summarized in Table 

5-5.  PGE2 treatments had not been initiated prior to the first milking so only 

effects of dry period length animal variability (cow nested within udder half) were 

tested.  Milk fat, true protein, and lactose percent and SCS were not altered (P > 

0.05) by dry period treatment.  Tendencies existed for increased (P = 0.09) milk 

fat percent and decreased (P = 0.10) true protein in colostrum from CM halves 

(Table 5-5).  

Proliferation of MEC, as measured by localization of nuclear proliferation 

antigen Ki67, was altered by dry period length (CTL vs. CM) at both prepartum (P

< 0.01) and postpartum (P = 0.04) timepoints (Table 5-6).  For prepartum 

timepoints, MEC proliferation was greater in CTL glands than CM glands (2.36 
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vs. 1.02%, SEM = 0.24).   This difference was largely due to enhanced (P = 

0.009) proliferation in CTL tissue at 7d-MS compared to CM tissue at this same 

timepoint (Table 5-6).  Proliferation indexes were similar at 3-d MS for both CM 

and CTL tissue (Table 5-6).    Prepartum MEC proliferation was not affected by 

any other independent variables or their respective interactions.  

Opposite of prepartum results; postpartum MEC proliferation was 

increased (P = 0.04) in CM tissue compared to CTL tissue (1.29 vs. 0.60%; SEM 

= 0.21).  Additionally, MEC proliferation was higher (P = 0.05) at 2d-PP than 4d-

PP (1.23 vs. 0.62%; SEM = 0.21) regardless of dry period length or PGE2

treatment.  PGE2 did not alter (P > 0.26) MEC proliferation in CM or CTL tissue 

(Table 5-7).  

Prepartum MEC apoptosis, measured by TUNEL positive cells, was 

increased (P < 0.001) in involuting CTL tissue compared to lactating CM tissue 

(Table 5-6).  Additionally, MEC apoptosis was elevated (P = 0.01) at 3d-MS 

compared to 7d-MS in CTL tissue (Table 5-6).  Apoptotic levels remained 

constant in CM tissue at 3d-MS and 7d-MS (Table 5-6).  

Postpartum apoptosis was greater (P < 0.01) at 2d-PP than 4d-PP (0.80 

vs. 0.44%; SEM = 0.09).  There was no effect of dry period length or the 

interaction of dry period length and PGE2 treatment on MEC apoptosis (Table 5-

7).  MEC apoptosis was affected by the interactions of time by PGE2 (P = 0.02) 

and time by parity (P < 0.05).  Evaluation of the time by PGE2 interaction 

demonstrated a decrease in apoptosis at 4d-PP in +PGE2 tissue compared to + 
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and –PGE2 tissue at 2d-PP (0.34 vs. 0.92 vs. 0.68%; SEM = 0.16).  MEC 

apoptosis in –PGE2 tissue from 4d-PP (0.54%; SEM = 0.16) was intermediate to 

and not different from other timepoints in + and –PGE2 tissue.  The time by parity 

interaction resulted from increased (P < 0.05) MEC apoptosis in second lactation 

cows at 2d-PP compared to first and second lactation cows at 4d-PP (1.0 vs. 

0.45 and 0.42%; SEM = 0.12).  MEC apoptosis in tissue from second lactation 

cows at 2d-PP also tended (P ≤ 0.06) to be higher than apoptosis in tissue from 

first lactation cows at this same timepoint (1.0 vs. 0.61%; SEM = 0.12).   

Mammary ultrastructure results are presented in micrographs in Figures 5-

7 through 5-14.  Key features of alveoli and MEC from each of the respective 

biopsy timepoints are described below.  When possible key features of the tissue 

are labeled in the micrographs.  

Milk stasis in the CTL udder half resulted in the appearance of involuting 

alveoli at 3d-MS and 7d-MS, while maintenance of lactation in the CM half 

sustained the lactating phenotype (Figures 5-7 and 5-10).  Alveoli from CTL 

tissue were engorged with large lipid vacuoles and secretory vesicles.  By 7d-MS 

these vacuoles occupied a majority of cytoplasmic space and distorted nuclear 

shape.  At both 3d-MS and 7d-MS cell polarization was lost and migrating 

leukocytes (neutrophils (NT) and macrophages (MP)) were commonly observed 

infiltrating the mammary epithelium.  Cell organelles remained apparent at 3d-

MS, but were sparse by 7d-MS.  Lactating alveoli had distinct MEC polarity, 

basolateral nucleus and apical secretion.  The apical end of MEC was filled with 



221

small lipid droplets and secretory vesicles that had lipid and electron dense 

protein granules in close proximity to each other.  MEC were densely packed 

with rough endoplasmic reticulum (RER), mitochondria, and golgi.  RER was 

most dense in the perinuclear area, mitochondria were dispersed throughout the 

cytoplasm, and golgi were located on the apical side of the nucleus in close 

proximity to lipid and secretory vesicles.  Some lactating alveoli also contained 

cellular debris in the lumen and occasional migrating cells in the epithelium 

and/or lumen.  

Postpartum ultrastructure was not changed by dry period length or PGE2

treatment.  Tissue from CTL halves and CM halves was very similar and 

representative of mammary tissue transitioning from initiation of lactation to 

established lactation (Figures 5-11 and 5-14).  Alveoli were either engorged with 

large lipid droplets or a combination of large and small lipid droplets and 

secretory vesicles.  Alveoli appeared disorganized and lactating cell polarity had 

not yet been established in a majority of MEC.  Apoptotic cells were prevalent 

within the alveolar epithelium or as cell debris in lumina.  A rare corpora 

amylacea (CA) was observed in both CM and CTL tissue at 2d-PP or 4d-PP 

(only pictured in CM tissue at 4d-PP; Figure 5-14).  Cells containing mostly small 

lipid droplets and secretory vesicles were more abundantly populated with 

mitochondria, RER, and golgi than cells from engorged alveoli.  Similar to 

lactating (CM) prepartum tissue RER is most dense in the perinuclear space, 

golgi are in close proximity to lipid droplets, and mitochondria are dispersed 
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throughout the cytoplasm.  Arrangement of cellular organelles that are present in 

engorged MEC appeared random and disorganized as a result of lipid vacuoles 

occupying most of the cytoplasm. Tissue from 2d-PP and 4d-PP frequently 

contains migrating leukocytes within the epithelium and lumina.  

The housekeeping gene, 18S, was not changed (P > 0.4) by any of the 

main effects or their respective interactions (Tables 5-8 and 5-9).  Prepartum 

CTL tissue had decreased (P < 0.02) α-lactalbumin expression, increased (P < 

0.05) expression of bax, and a tendency for increased IGFBP5 expression 

compared to CM tissue (Table 5-8 and Figure 5-15).  ABC1, CEBP-β, cyclin D1, 

p27, and bcl2 expression were not changed (P > 0.1) by dry period treatment 

(Table 5-8).  In postpartum tissue, PGE2 and the interaction of PGE2 by dry 

period length did not result in differential expression for any of the GOI (Table 5-9 

and Figure 5-16).  Expression of ABC1 and IGFBP5 was increased (P < 0.05) in 

postpartum CTL tissue compared to CM tissue (Table 5-9 and Figure 5-16).   

Postpartum expression of other GOI were not affected (P > 0.1) by dry period 

length (Table 5-8).  

DMI was measured to monitor the effects of minimizing ration changes 

during late-gestation.  DMI remained constant (P > 0.15) through wk –8 to –1 of 

gestation (Figure 5-17). DMI reached nadir at d 0 (parturition), and increased (P

< 0.05) steadily each week during the first 4 wk postpartum (Figure 5-17).  DMI is 

a whole animal measurement for which effects of half udder treatments of dry 

period length and PGE2 infusion cannot be separated.
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DISCUSSION

A two part experiment was conducted to 1) evaluate effects of CM on 

subsequent milk yield and composition, 2) compare the effects of maintenance of 

lactation in CM halves and involution in CTL halves on MEC turnover and 3) 

evaluate the lactogenic (increase milk yield) and/or mitogenic activity of PGE2

infused via IMI at parturition and 72 h postpartum.  The half-udder model was 

used to study these objectives.  Planned cessation of milking in CTL halves 

resulted in an average of 64 d dry, while spontaneous dry-off resulted in an 

average of 12.6 d dry.  Average gestation length was 283 d which is similar to the 

average gestation length for Holsteins (279 d, Macmillian, 1992).  

Milk Yield and Composition
Declining lactation in CM halves throughout the last 8 wk of gestation was 

expected as hormonal changes in advanced pregnancy had a negative affect on 

milk yield (Cowie, 1961).  The decrease in milk yield was most rapid during the 

final 3 wk of gestation when progesterone and estrogen concentrations are both 

elevated.  Milk yield from CM primiparous cows was more persistent than yield 

from CM, second-lactation halves.  Similar observations have been reported 

between CM primiparous and multiparous cows (Annen et al. 2004b).  

Reductions in subsequent milk yield from CM halves are consistent with previous 

research (Swanson, 1965; Smith et al., 1967; Remond et al., 1992; Rastani et al., 

2003; Annen et al, 2004b, In Press; Fitzgerald et al., 2004).  The only report of 

equal milk yield in CM cows and 60-d dry cows was in multiparous cows that 
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were supplemented with bST throughout late gestation and during the 

subsequent lactation (Annen et al., 2004b).  The parity sensitivity to reduced dry 

period length observed in the current study has also been observed by Remond 

et al. (1997) and Annen et al. (2004b).  The 53% reduction in milk yield in CM 

halves from first lactation cows is of similar magnitude to other half-udder studies 

using primiparous cows (Annen et al., In Press).  A 33% reduction in milk yield 

from CM, second-lactation halves is similar to results from other CM studies 

using cows of varying parities (Swanson, 1965; Smith et al., 1967; Rastani et al., 

2003).  It is possible that such dramatic reductions in milk yield are due to both a 

decrease in milk production by the CM halves and enhanced milk synthesis in 

CTL halves.  If half udder yield from CTL halves is doubled to estimate whole 

udder yields, whole udder yield would be 42 kg/d for first lactation cows and 48 

kg/d for second lactation cows through 28 days in milk.  These values are similar 

to production records from early lactation first and second lactation cows at the 

University of Arizona dairy herd and demonstrate that use of the half-udder 

experimental model did not result in enhanced or reduced production capacity of 

CTL halves.  Thus, milk yield reductions of this magnitude are most likely the 

result of removal of approximately 50% of between animal variability by using 

udder-half rather than cow as the experimental unit.  

PGE2 did not alter milk yield, which is similar to results from a lactation trial 

which utilized prepartum IMI of PGE2 at the same dose used in the current study 

(Collier et al., 2002).   The only experimental model in which milk yield has been 
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increased in PGE2-treated glands is that of induced lactation (Crooker et al., 

2003).  In this study PGE2 infusions were incorporated into induction protocols 

and subsequent milk yield was increased dramatically.  Thus, we hypothesize 

that mammary PGE2 concentrations in cows which undergo parturition and 

initiation of lactation are not limiting mammary growth or milk yield.  However, 

artificial induction of lactation may not stimulate the same increase in mammary 

PGE2 production, thus supplementation with exogenous PGE2 has beneficial 

effects on milk yield.  Also demonstrated by data of Crooker et al. (2003) was the 

fact that the PGE2 dose and methodology used in the current study has 

stimulated a biological response.  

Milk composition during late gestation was measured to determine if CM 

impacted composition or quality of milk, which could alter saleable milk and 

processing characteristics.  Similar to data of Annen et al. (In Press), milk fat and 

lactose concentrations were unchanged.  Other studies have reported increased 

prepartum milk fat content during the last 2 months of gestation in milk of CM 

cows (Wheelock et al., 1965; Remond et al., 1992; 1997).  Milk lactose 

concentration during late gestation has been shown to decrease during the last 2 

mo of gestation (Remond et al., 1997).  SCS was also unchanged although the 

temporal pattern appears to change at –4 wk where SCS begins to increase until 

parturition.  Remond et al. (1997) reported similar, but significant results for SCC.  

Milk protein percent tended to increase during late gestation, which is in 

agreement with previous studies (Wheelock et al., 1965; Remond et al., 1992; 
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1997; Annen et al., In Press).  Milk composition during spontaneous dry-off has 

not been reported previously.  Changes in milk composition and quality during 

spontaneous dry-off are likely more impacted by stage of gestation and lactation, 

as they are similar to prepartum results around the last 3 wk of gestation, which 

is when spontaneous dry-off occurred most frequently.  

Similar to previous research, postpartum milk composition was not 

affected by dry period length (Wheelock et al., 1965; Remond et al., 1992; 1997; 

Annen et al., 2004b; In Press, Fitzgerald et al., 2004).  Lactose concentration 

was of particular interest because it is the major osmoregulator and determinant 

of milk volume.  Equal lactose content in CTL and CM milk, but reduced milk 

yield in CM halves suggests fewer MEC in a secretory state.  Increased 

populations of resting and regressing alveoli were reported in CM tissue at 20 d 

postpartum (Annen et al., In Press).  Also of interest was SCS, as there have 

been some reports of negative effects of CM on postpartum udder health 

(Remond et al., 1997).  In a series of recent studies by our laboratory, SCS has 

been unchanged in CM cows or udder halves, and SCS values have 

corresponding SCC values less than 200,000 cells/ml (Annen et al., 2004b; In 

Press, Fitzgerald et al., 2004).  These results indicate that CM does not alter 

SCS, and CM cows can be managed to maintain a low SCS.  

Although a true evaluation of colostrum quality, as measured by IgG 

levels, could not be done after the frozen aliquots of colostrum were destroyed, 

colostral composition data may provide some insight into colostrum quality.   
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Most important, milk protein concentration can serve as an indicator of 

immunoglobulin content.  True protein concentration tended to decrease (20%) in 

CM samples compared to CTL samples.  Dry periods of 1 to 10 d, similar to CM 

d dry in the current study, have been reported to reduce colostral IgG content by 

30 to 40% (Remond et al., 1997).  Conversely, Annen et al. (2004b) reported 

equal IgG concentrations in colostrum from cows dry 1 to 10 d compared to 

colostrum from cows dry longer than 45 d.  Given the vital importance of 

colostrum quality to calf health, colostral IgG content following very short or no 

dry periods needs further investigation and drawing conclusions about IgG based 

on true protein content may be equivocal.  

Proliferation and Apoptosis of MEC in Lactating and Involuting Tissue
Prepartum biopsies, 3d-MS (61 d prepartum) and 7d-MS (57 d prepartum) 

were taken at key timepoints for MEC turnover during mammary involution in the 

bovine (Annen et al., 2003b).  MEC apoptosis has been demonstrated to peak 3 

d after milk stasis and decreased by 7 d after milk stasis (Annen et al., 2003b).  

Also at 7 d of the dry period, MEC proliferation was increased (E. L. Annen, A. V. 

Capuco, and R. J. Collier, unpublished).  Because mammogenic and lactogenic 

stimuli of pregnancy oppose stimuli for involution, extensive cell loss does not 

occur in dairy cows (Capuco et al., 2004) as in other species, which are typically 

non-pregnant at weaning or forced involution (Furth, 1999).  Additionally, 

advanced pregnancy at the time of milk stasis may also contribute to increased 

MEC proliferation before the involution process is complete (Capuco et al., 
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2004).  In the present study, MEC apoptosis in CTL tissue was similar to reports 

mentioned above with 50% greater apoptosis at 3d-MS compared to 7d-MS.  

These data suggest that the first stage of mammary involution had subsided and 

progression to the second phase of tissue remodeling (Furth, 1999; Capuco et 

al., 2004) occurred by 7d-MS.  MEC apoptosis remained constant in CM tissue.  

At 7d-MS apoptosis was 2-fold higher in CTL tissue than in CM tissue.  A 

comparison of MEC apoptosis in CTL and CM tissue at similar timepoints has not 

been done previously.  At timepoints later in gestation and after completion of 

involution (25 d; Capuco et al., 1997) in CTL halves, Annen et al. (In Press) did 

not detect differences between CTL and CM tissue.  Results from the current 

study, demonstrate that local control of mammary involution overrides opposing 

systemic factors of pregnancy (Capuco et al., 2004) and the influence of 

galactopoietic and milking stimulus hormones (Friesen and Cowden, 1989; Li et 

al., 1997) due to continued milk removal from the CM half.  In another half-udder 

study using non-pregnant goats, MEC apoptosis appeared to be delayed as it 

increased through d 14 of milk stasis (Li et al., 1997), whereas other reports in 

non-pregnant ewes suggest peak apoptosis occurs 4 d (Tatarczuch et al., 1997) 

or 8 d (Colitti et al., 1999) after milk stasis.  Apoptotic factors present in 

accumulated milk in involuting tissue and mechanical stress due to MEC 

engorgement are believed to be local stimuli that initiate MEC apoptosis during 

the early dry period (Marti et al., 1997; Hanwell and Linzell, 1973).  Potential 

candidates for apoptotic factors in accumulated milk are multimerized α-
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lactalbumin and IGFBP5 (Hakansson et al., 1995; Allan et al., 2004).  

Continuation of milk removal in CM halves prevented milk accumulation and 

MEC engorgement, thus apoptotic indices remained constant.  

MEC proliferation was also impacted by dry period length at prepartum 

timepoints.  By 7d-MS MEC proliferation was increased 3-fold in CTL tissue 

compared to CM tissue.  MEC proliferation was also measured by Capuco et al. 

(1997) at 7 d after milk stasis in control (dry) cows.  This study utilized a 

between-animal comparison and MEC proliferation was measured by TI.  

Although TI was increased in non-lactating tissue at later timepoints, TI 7 d after 

control cows were dried was not affected by lactation status of the tissue 

(Capuco et al., 1997).   A similar increase in Ki67 expression as early as 5 to 7 d 

after dry-off has also been detected in involuting dairy cows (E. L. Annen, A. V. 

Capuco, and R. J. Collier, unpublished).  Additionally, in non-pregnant beef cows 

TI incorporation increased in non-suckled quarters within 5 to 7 d of suckling 

cessation (Capuco and Akers, 1990) 

In summary of prepartum MEC turnover data, CM inhibited the MEC 

renewal at 3d-MS and 7d-MS.  These data combined with those of Capuco et al 

(1997) and Annen et al. (In Press) demonstrate reduced MEC proliferation in CM 

tissue throughout a majority of the last 60 d of gestation.  Accompanying 

changes in apoptosis at 3d-MS and 7d-MS and at 7 d postpartum (Annen et al., 

In Press) are likely the mechanism by which total cell numbers are maintained in 

CM tissue despite reductions in proliferation during late gestation.  Such 
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reductions in the MEC renewal process add further support to the hypothesis that 

decreased milk yield in CM cows or glands is the result of increased carryover of 

old MEC with decreased secretory capacity rather than replacement of old MEC 

with new MEC (Capuco et al., 1997; Annen et al., In Press).

Additionally, the aforementioned MEC turnover data combined with milk 

production data in Figure 5-2 demonstrate the absence of compensatory milk 

yield or mammary growth after cessation of milking in the CTL half, but continued 

milk removal from the CM half.  In a study using similar methodology to the 

current study, Annen et al. (In Press) reported a modest compensatory milk 

production response after drying one udder half, but CM of the other half.  This 

compensatory milk production was not accompanied by increased MEC growth 

in CM tissue at 7 or 20 d prepartum.  In fact, MEC proliferation was reduced in 

CM tissue.  The current study measured MEC proliferation at timepoints (3d-MS 

and 7d-MS) that corresponded to initiation of the compensatory milk production 

reported by Annen et al. (In Press).  At these timepoints, MEC proliferation was 

unchanged (3d-MS) or reduced (7d-MS) rather than increased in CM tissue.  

Compensatory milk production in the absence of compensatory MEC growth, 

suggests this increase in milk yield is through mechanisms other than mammary 

growth and that MEC are not secreting at full capacity at the time compensatory 

milk production is initiated (Henderson and Peaker, 1983).  Involution, as 

measured by MEC apoptosis and ultrastructural characteristics of tissue, occurs 

in CTL tissue with a timecourse similar to that observed in other between animal 
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involution studies (Holst et al., 1987; Annen et al., 2003b) despite continued milk 

removal from CM halves.  Opposing reports have shown that inhibition of milk 

synthesis by cessation of milking or colchicine treatment in udder halves or 

quarters, but continued suckling or milk removal from other glands results in 

compensatory milk yield (Henderson and Peaker, 1983; Hamann and Reichmuth, 

1990) and mammary growth (Capuco and Akers, 1990) in the lactating glands.  

Akers and Keys (1985) also reported delayed involution in the non-lactating 

glands.  

Postpartum MEC Proliferation and Apoptosis
Postpartum MEC proliferation was altered by dry period length.  At 2d-PP, 

MEC proliferation was 52% greater in CM tissue than in CTL tissue.  This 

observation is in contrast to a previous report of equal proliferation in CM and 

CTL tissue at 1 d postpartum (Annen et al., In Press).  In that study, MEC 

proliferation in CM tissue (1.0%) and CTL tissue (1.2%), was intermediate to 

proliferation at 2d-PP for CM and CTL from the current study.  Additionally, 

Fitzgerald et al. (2004) did not report changes in MEC growth in CM or CTL 

tissue at 2 d postpartum.  Reasons for different results between these studies 

with equal or only 24 h difference in biopsy timing is not known.  Further 

investigations on MEC growth during early lactation are needed to understand 

the impact of modified dry period length on MEC proliferation.  A decrease in 

MEC proliferation from 2d-PP to 4d-PP is similar to reports of decreasing 
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mammary growth in early lactation and minimal mammary growth (2%) extending 

beyond pregnancy in ruminants (Anderson, 1975; Baldwin, 1966).  

Postpartum MEC apoptosis was not affected by dry period length at 2d-PP 

and 4d-PP, but has been reported to prematurely decrease in CM tissue by d 7 

postpartum compared to CTL tissue (Annen et al., In Press).  For both CM and 

CTL tissue, apoptotic indices from 2d-PP were greater than those observed 

during peak apoptosis in involuting CTL tissue (3d-MS).  Apoptosis was reduced 

by 4d-PP compared to 2d-PP, but indices remained at levels comparable to that 

of involuting CTL tissue.  Until recently, it was believed that mammary involution 

was the only period of the lactation cycle with increased MEC apoptosis.  

However, recent research has provided consistent reports of high percentages of 

MEC apoptosis during early lactation (Capuco et al., 2001; Hale et al., 2003; 

Sorensen and Sejrsen, 2003; Annen et al., In Press).  A high percentage of 

apoptosis during initiation of lactation, rather than maintenance of cell numbers is 

likely due to increased shedding of old MEC that were replaced with new MEC 

generated during late gestation or undifferentiated MEC to enable atrophy and 

increased milk synthesis from remaining MEC (Sejrsen et al., 2003; Annen et al., 

In Press).  Increased apoptosis during early lactation could also be due to cells 

with errors in DNA replication that commits them to apoptosis (Alberts et al., 

2002) or apoptosis of migrating leukocytes (Hale et al., 2003), which are known 

to increase in mammary tissue during early lactation (Sordillo and Nickerson, 

1988; Annen et al., In Press).  Differences between apoptotic migrating 
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leukocytes and MEC cannot be detected with light microscopy, which is used to 

quantify TUNEL positive cells.  However, the typical appearance of apoptotic 

MEC, which are distinguishable from migrating cells with TEM were observed in 

this study and by Annen et al. (In Press).    

MEC Turnover and PGE2 Treatment
The use of PGE2 to stimulate mitogenic activity in mammary tissue during 

early lactation was unsuccessful in both CTL and CM tissue.  Collier et al. (2002) 

administered IMI of PGE2 to late-gestation beef and dairy heifers and to late-

gestation cows.  PGE2 infusions were initiated at 50 d prepartum and continued 

every 3 d for 6 infusions.  In one dairy heifer trial, half the cows were euthanized 

at 18 d prepartum and the remaining half were euthanized at parturition.  At d 18, 

prepartum wet gland weight, dry weight, and dry fat free tissue (DFFT) weight

was greater (17 to 24%) in PGE2-treated (875 µg PGE2/dose) udder halves 

compared to excipient infused halves.  By parturition, the non-treated udder 

halves were equal in dry and wet mass and DFFT weight to PGE2-treated halves.  

Beef heifers were administered lower doses (52 or 520 µg PGE2/dose) at the 

timepoints described above and euthanized post treatment.  PGE2 infusions 

increased DFFT weight by 23% with a 52 µg dose and 36% with a 520 µg dose.  

As previously mentioned prepartum PGE2 infusions in cows did not affect 

subsequent milk yield, which indicated that PGE2 concentrations in mammary 

tissue were not limiting milk yield.  In an induced lactation study, IMI of PGE2 in 

combination with a milk induction regimen resulted in dramatic increases in milk 
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yield over non-treated udder halves (Crooker et al., 2003).  These authors 

hypothesized that PGE2 increased mammary growth and thus milk yield in 

treated halves.  Collectively, results from the current study and previous PGE2

studies suggest that peripartum PGE2 is not limiting pre- or postpartum mammary 

growth.  However, in the non-pregnant animal, as used for induced lactation 

studies, exogenous supply of PGE2 is required to mimic normal PGE2

concentrations in the peripartum period.   Additionally, the methods for delivery 

and dose of PGE2 used in the current study were equal to those of Collier et al. 

(2002) and Crooker et al. (2003).  Thus, the methods for infusing PGE2 have 

been proven to result in mammary responses.  

Decreased MEC apoptosis in PGE2-treated tissue at 4d-PP compared to 

PGE2-treated and non-treated tissue at 2d-PP and non-treated tissue at 4d-PP is 

perplexing and likely does not have biological significance as PGE2 did not alter 

other cellular or production variables at this time point.  MEC apoptosis was 

increased in 2d-PP tissue from second lactation cows.  It is possible that older 

cows have more mature glands and are able to shed more MEC than younger 

cows or that mammary tissue from older cows contains excessive older MEC that 

need to be removed.  

Ultrastructure
Ultrastructural differences between involuting (CTL) and lactating (CM) 

tissue at 3d-MS and 7d-MS are similar to other ultrastructure studies evaluating 

involuting tissue (Lascelles and Lee, 1978; Holst et al., 1987; Sordillo and 
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Nickerson, 1988; Tatarczuch et al., 1997; E. L. Annen, A. V. Capuco, R. J. 

Collier, unpublished data).  Alveolar lumens and MEC were distended and 

engorged with large vacuoles of coalesced lipid and protein secretion.  

Appearance of golgi was rare and mitochondria and RER were present, but less 

abundant in engorged cells compared to MEC from lactating tissue.  The severity 

of alveolar engorgement seemed to increase as involution progressed.  At 3d-

MS, MEC had lost polarity, contained large vacuoles as well as smaller lipid 

droplets and secretory vesicles that appeared to be gathering to form vacuoles.  

Lumina were distended with protein and lipid.  By 7d-MS, MEC and lumens were 

packed with large vacuoles.  These vacuoles occupied most of the cytoplasmic

space and appeared to be causing changes in nuclear shape as free cytoplasmic 

space disappeared.  Similar observations have been reported as involution 

advanced from 2 to 4 d after cessation of milking (Holst et al., 1987) or from 1.5 d 

to 7.5 d of the dry period (E. L. Annen, A. V. Capuco, R. J. Collier, unpublished 

data).  Increasing numbers of migrating cells (MP and NT) were also evident in 

CTL tissue and have been reported previously in involuting tissue (Colditz, 1988; 

Sordillo and Nickerson, 1988). 

Postpartum ultrastructure results demonstrated that the transition into 

copious secretion and established lactation is not yet complete by 4d-PP.  At 

both 2d-PP and 4d-PP MEC contained large lipid droplets or the combination of 

large lipid droplets and smaller lipid droplets and secretory vesicles.  MEC 

appeared disorganized and lacked distinct polarity, which is a key feature in 
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lactating tissue from established lactation (20 d postpartum, Annen et al., In 

Press) or advanced lactation (3d-MS and 7d-MS CM tissue).  Similarly, women 

do not complete stage II lactogenesis until 4 d postpartum (Neville and Morton, 

2001), whereas in rodents activation of secretion is complete by parturition 

(Neville et al., 2002).  In cows, activation of secretion and alveolar organization 

may not be entirely complete until after the first week of lactation (Annen et al., In 

Press).  Additionally, apoptotic cells and cell debris in lumina were prevalent 

features of early lactation tissue and corresponded to high levels of MEC 

apoptosis during early lactation.  As previously mentioned, this observation also 

adds merit to the hypothesis that increased apoptosis during early lactation 

occurs in MEC and is not the result of increased apoptosis of MP and NT.  

Similarly, Annen et al. (In Press) observed increased prevalence of apoptosis in 

tissue from 1 and 7 d postpartum.   Frequent observations of migrating 

leukocytes infiltrating the mammary epithelium or within lumina were noted in the 

current study and are characteristic of mammary tissue from early lactation 

(Mayer and Klein, 1961; Sordillo and Nickerson, 1988; Annen et al., In Press).  

Interestingly, CA were observed during early lactation albeit a rare occurrence.  

Nickerson et al. (1985) evaluated the prevalence of CA during various stages of 

lactation and involution.  CA were present during all stages of lactation and 

involution, but were less frequently observed at 100 d postpartum or less and 

after 20 d of involution.  Others have reported the highest prevalence of CA 

during early lactation compared to any other stage of the lactation cycle (Winkler, 
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1908 ref. by Nickerson et al., 1985).  Additionally, Nickerson et al. (1985) 

reported that CA were observed more frequently in differentiated and partially 

differentiated tissue compared to undifferentiated tissue.  In the current study, CA 

were observed only in the lumen of partially differentiated alveoli. CA are thought 

to have a negative impact on lactation by interrupting secretion and milk flow, 

causing involution of surrounding tissue (Nickerson et al., 1985).  Structure of 

early lactation tissue was similar for CTL and CM udder halves.  Differences due 

to dry period treatment have not been observed until 20 d postpartum (Annen et 

al., In Press).  Coinciding with the absence of PGE2 effects on cell turnover or 

milk yield, ultrastructure was similar for PGE2-treated and non-treated tissue.   

Prepartum Gene Expression
 Genes evaluated by real-time RT-PCR were selected to compare the 

effects of 1) maintenance of lactation in CM halves, 2) involution of CTL halves 

on apoptotic and proliferative genes and 3) to determine the effects of CM and 

PGE2 on postpartum expression of apoptotic and proliferative genes.  Milk stasis 

of the CTL half resulted in a 10.6-fold decrease in α-lactalbumin expression 

compared to maintenance of lactation in the CM half.  At 7 d of milk stasis Wilde 

et al. (1997) reported a 99% decrease in α-lactalbumin mRNA.  Expression data 

from the current study are from a pooled RNA sample of 3 and 7d-MS tissue, so 

the magnitude of α-lactalbumin downregulation at 7d-MS could be similar to data 

of Wilde et al. (1997) or continued exposure to galactopoietic hormones delayed 

downregulation of α-lactalbumin in the current study.  Additionally, it should be 
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mentioned that data of Wilde et al. (1997) were based on Northern blot analyses 

and data from the current study were derived from real-time RT-PCR.  

Apoptotic genes evaluated were bax, bcl2, and IGFBP5.  Bax is a pro-

apoptotic gene and bcl2 is a pro-survival gene from the Bcl2 family of genes 

(Haughn and Hockenbery, 2003; Allan et al., 2004).  Bax is thought to induce 

apoptosis by translocating to the mitochondria and altering mitochondrial 

membrane permeability to facilitate cytochrome c.  Once cytochrome c is 

released it complexes with procaspase-9 and APAF-1 to form an apoptosome.  

The apoptosome initiates the caspase cascade, committing cells to death 

(Breckenridge and Shore, 2003).  Bcl2 is thought to protect cells from apoptosis 

by preventing bax translocation to the mitochondria by sequestering it in the 

cytosol or by another mechanism not involving direct association of bax and bcl2

(Haughn and Hockenbery, 2003).  Additionally, IGFBP5 is thought to be involved 

in MEC apoptosis during involution (Allan et al., 2004).  Expression of IGFBP5 is 

increased during increased MEC apoptosis involuting tissue (Tonner et al. 1997; 

Marshman et al., 2003).  Overexpression of IGFBP5 or addition of IGFBP5 to 

culture media also increases MEC apoptosis (Marshman et al., 2003; Tonner et 

al., 2002).   Results from the current study suggest that involution of the CTL half 

resulted in upregulation of pro-apoptosis genes (bax and IGFBP5) compared to 

the lactating CM half.  Bax expression was increased 3-fold in CTL tissue 

compared to CM tissue.  Increased bax expression has been demonstrated 

previously in involuting mammary tissue (Heermeirer et al., 1996; Li et al., 1997; 
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Colitti et al., 1999; Metcalfe et al., 1999).  Bax mRNA peaked at 1 to 3 d of milk 

stasis and declined thereafter (Heermeirer et al., 1996).  Bax localization in MEC 

increased within 3 d of milk stasis and peaked at 8 d (Colitti et al., 1999).  For the 

current study (Table 5-6) and previous studies (Heermeirer et al., 1996; Colitti et 

al., 1999), increased Bax expression corresponded to increased MEC apoptosis.  

Also, corresponding to increased apoptosis was a 2.6-fold increase in IGFBP5 

expression in CTL tissue compared to CM tissue.  IGFBP5 may function by 

preventing cell-survival actions of IGF-I or independently of IGF-I (Allan et al., 

2004).  Prolactin may also be involved in IGFBP5-mediated apoptosis, by 

blocking IGFBP5 inhibition of IGF-I (Tonner et al., 1997).  In the current study, 

IGF-I and prolactin delivery was equal to both CTL and CM halves, but local 

production and utilization of these hormones is unknown.  Despite equal 

systemic delivery of prolactin and IGF-I, IGFBP5 expression tended to increase 

in CTL tissue.  These data suggest that IGFBP5 expression is regulated locally 

or that interactions between prolactin, IGF-I, and IGFBP5 are affected by 

lactation status of the tissue.  Accorsi et al. (2002) found increased IGFBP5 

mRNA and increased apoptosis in mammary explants cultured without growth 

hormone, prolactin, or IGF-I.  In another in vitro study, MEC culture with IGF-I 

and IGFBP5 had 3-fold higher apoptosis levels than MEC cultured with only IGF-I 

(Marshman et al., 2003).  In vivo, IGFBP5 mRNA was increased by 2 d of 

involution and IGFBP5 protein in milk was increased 50-fold (Tonner et al., 

1997).  Additionally, IGFBP5 protein has been shown to increase during the first 
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3 d of involution, corresponding to increased apoptosis (Marshman et al., 2003).  

Studies with transgenic mice over-expressing mammary IGFBP5 demonstrated 

decreased MEC numbers, increased DNA laddering, increased caspase-3 and 

plasmin expression, and decreased bcl2 expression (Tonner et al., 2002).  

Phosphorylation of the IGF-I receptor and Akt were inhibited in these mice.  

Addition of an IGF-I analogue rescued mammary development, but only partially 

restored lactation.  In contrast to data of Tonner et al. (2002), a decrease in bcl2

expression did not accompany the increase in IGFBP5 expression in CTL tissue 

from the current study.   

Genes that were evaluated and are involved in regulation of MEC 

proliferation or mammary development included cyclin D1, CEBP-β, and p27.  

Cyclin D1 synthesis increases in response to growth factor stimulation to initiate 

proliferation in quiescent cells (Donjerkovic and Scott, 2000).  Cyclin D1 is 

elevated during G1-phase of the cell cycle and coordinates extracellular signals 

and cell cycle progression toward the G1 to S phases transition by binding cyclin-

dependant kinases (cdk) or by binding histone acetylase and deacetylases to 

modify chromatin structure of other genes involved in cell proliferation and 

differentiation (Donjerkovic and Scott, 2000; Fu et al., 2004).  Kinase inhibitor 

protein p27 inhibits cdk2 in early G1, which inhibits the build-up of cyclin E-cdk2 

complexes required for S-phase entry (Alkarain et al, 2004).  Mammary p27 

mRNA levels decreased during pregnancy compared to virgin or involuting tissue 

(Master et al., 2002).   The last mammary growth gene evaluated was CEBP-β.  
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In CEBP-β knockouts (all isoforms) lobulo-alveolar development is severely 

impaired, ectopic ductal structures form, and differentiation is inhibited (Robinson 

et al., 1998; Seagroves et al., 1998).  None of these proliferation genes were 

altered by dry period treatment.  MEC proliferation was greater by 7d-MS in CTL

tissue, but may not have been stimulated by cyclin D1 or CEBP- β expression or 

was masked by pooling of 3d- and 7d-MS samples for gene expression analyses.  

Both cyclin D1 and CEBP- β expression were greater during the last 20 d of 

gestation, a period of enhanced mammary development (Annen et al., In Press).  

Expression of ABCG2 (also known as breast cancer resistance protein), a 

proposed universal marker for stem cells or side-populations (SP) of proliferating 

cells.  A stem cell population has been identified in mammary tissue as transplant 

studies have demonstrated that a fully developed gland forms from progeny of a 

single cell (Kordon and Smith, 1998).  Additionally, the mammary gland contains 

three types of committed progenitor cells that form ductal structures, lobulo-

alveolar structures, or fully competent progenitors (Smith, 1996).  Methods for 

isolation of SP cells by flow cytometry have been developed in hematopoetic and 

muscle SP stem cells based on their ability to efflux Hoechst dye 33342 (Goodell 

et al., 1996; Zhou et al., 2001).  Alvi et al. (2003) adapted these methods for 

mouse and human mammary tissue.  They found that SP cells isolated using the 

aforementioned methodology consisted of an undifferentiated cell population that 

could differentiate into ductal and lobular structures, as well as myoepithelial and 

luminal MEC.  ABCG2 expression has been reported to be up regulated in SP 
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cells from several tissues and the ABC transporters are believed to be 

responsible for exporting Hoechst dye 33342 from these SP cells  (de Paiva, et 

al, 2005; Lassalle et al., 2004; Kim et al., 2002; Alvi et al, 2003, Clayton et al., 

2004, Jackson et al., 1999).  When treated with Vermapil, an ABC transporter 

inhibitor, these SP cells lose their ability to export Hoechst 33342.  Because the 

dry period may be required for replenishment of mammary stem and progenitor 

cells (Capuco and Akers, 1999), we evaluated the effects of omitting the dry 

period on expression of ABC1.  The ABC1 gene is in the same family as ABCG2

and has the same ATP-binding cassette and presumably similar transport 

function (Scotto, 2003).  ABCG2 mRNA increases markedly (approximately 25-

fold) during lactation and was consequently deemed unsuitable as a marker for 

stem cells during the periparturient period (A.V. Capuco, unpublished data).

Expression of ABC1 and other genes that correlate with stem cell activity in 

mammary gland or other tissues (e.g., telomerase, Notch 3, CXCR) was 

increased or tended to increase during the dry period (A.V. Capuco, unpublished 

data).  Similar to data of Annen et al. (In Press), ABC1 was expressed at very 

low levels in both pre- and postpartum tissue.  SP cells have been shown be 

make up less than 0.5% of the mammary epithelium (Alvi et al., 2003), so low 

levels of ABC1 transcript were expected.  Prepartum ABC1 expression was not 

increased in CTL tissue, suggesting that stem cell replenishment occurs later in 

the dry period or is not affected by CM.  Expression of ABC1 was not altered by 

CM during the last 20 d of gestation (Annen et al., In Press).   
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Postpartum Gene Expression
Postpartum expression of α-lactalbumin was not affected by dry period 

treatment.  This result was expected as milk lactose concentration was not 

altered by dry period treatment and other studies have not demonstrated 

changes in α-lactalbumin expression in CM and CTL tissue during the 

subsequent lactation (Annen et al., In Press).  Postpartum expression of cyclin 

D1, CEBP-β, and p27 were also equal in CM and CTL tissue.  Because p27 is 

primarily regulated at the protein level and is expressed at a low level in 

mammary tissue, this result might have been expected.  Although MEC 

proliferation was increased proliferation in CM tissue during early lactation, no 

change in expression of CEBP-β and cyclin D1 was detected.  Similar to 

observations from prepartum tissue, the observed increase in MEC proliferation 

must be regulated by other genes, whereas mammary growth during the final 

stages of gestation appears to be at least partially regulated by cyclin D1 and 

CEBP-β (Annen et al., In Press).   Both bax and bcl2 were also not affected by 

dry period treatment.  Differential expression of apoptotic and survival genes was 

not expected due to the fact that early lactation apoptotic indices were similar 

between CM and CTL tissue.  Interestingly, IGFBP5 expression was increased in 

CTL tissue during early lactation.  Increased IGFBP5 expression was not 

observed by Annen et al. (In Press) when a CTL tissue pool from 1, 7, and 20 d 

postpartum was compared to an equivalent pool of CM tissue.  Early lactation 

apoptosis has been shown to decrease by d 7 postpartum in CM tissue, but 

remain elevated in CTL tissue (Annen et al., In Press).  Although apoptosis was 
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similar in CM and CTL tissue during the first 4 d postpartum in the current study, 

increased IGFBP5 in CTL tissue at these timepoints may play a role in 

maintaining higher apoptotic rates in CTL tissue at later timepoints.  

Postpartum ABC1 expression was greater in CTL tissue compared to CM 

tissue.  This result would support the hypothesis that the dry period is required 

for stem cell replenishment (Capuco and Akers, 1999), but this effect may not be 

apparent until the next lactation.  Similarly, Capuco (unpublished) found that 

ABC1 increased during the dry period.  However, this same result was not found 

in mammary tissue from 1, 7, and 20 d postpartum (Annen et al., In Press).  

Additionally, postpartum MEC proliferation was reduced in CTL tissue rather than 

increased as might be expected in tissue with more stem cells.  Perhaps 

increased proliferation in CM tissue reduces the mitotic competence of some 

progenitor cells, resulting in terminal differentiation and loss of ABC1 expression 

in these cells.  Wagner et al. (2002) reported that stem cells survived lactation 

and involution through two lactations, which resulted in rescued mammogenesis 

and lactation in prolactin knockout mice by their third lactation, but did not 

compare stem cell numbers in wild-type mice with normal mammary 

development.  Others have shown that stem cells lose potency after several 

generations of serial transplantation (Daniel et al., 1968; Smith and Boulanger, 

2002).  It is possible that CM hastens terminal differentiation and loss of potency 

of stem cells, which may decrease ABC1 expression.  In opposition to this 

hypothesis, data of Annen et al. (In Press) suggest that stem cell populations 
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become similar in CM and CTL tissue at later timepoints in early lactation.  

Further research on MEC proliferation and stem cell populations in CM vs. CTL 

mammary tissue are required to improve our understanding of these data.  

Additionally, discovery of a MEC-specific stem cell marker would be beneficial 

compared to the universal stem cell marker used in the current study.  

Effect of PGE2 on Gene Expression
PGE2 treatment did not significantly alter expression of any GOI in the 

current study, but there are some arithmetic differences that warrant limited 

discussion.  A 5-fold increase in α-lactalbumin expression and a 3-fold increase 

in CEBP-β expression was observed in tissue not treated with PGE2.  These 

results did not correspond to increased milk yield or MEC proliferation, but are 

intriguing in that they were expected in tissue treated with PGE2, rather than non-

treated tissue.  PGE2 treatment has previously been demonstrated to be 

mammogenic (Collier et al., 2002; Crooker et al., 2003), so it was hypothesized 

that PGE2 treatment would increase CEBP-β expression.  PGE2 treatment did not 

alter milk yield in the current study or other studies using models including 

parturition (Collier et al., 2002), so α-lactalbumin expression was not expected to 

change.   The SEM for these two genes was higher than observed for other GOI 

tested, and are the reason a change in expression as large as 5-fold was not 

detected as significant.  This variation is largely accounted for by animal 

variation.  
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Effect of CM on Feed Intake 
As reviewed by Annen et al. (2004a) and Collier et al. (2004), the last 60 d 

of gestation essentially has two transition periods both of which are associated 

with increased health risks.  The first transition period occurs during the early dry 

period when the mammary gland undergoes involution.  The other transition 

period occurs from 3 wk prepartum to 3 wk postpartum (Grummer, 1995).  

Parturition and the onset of lactation during this period of declining DMI results in 

increased risk of metabolic disease (i.e., ketosis, milk fever, retained placenta, 

and displaced abomasum; Goff and Horst, 1997).  Both transition periods are 

complicated by at least one diet change.  Numerous acute changes in 

physiological and metabolic state and diet during the last 60 d of gestation result 

in a short period of time for cows to adapt such frequent changes.  DMI declines 

by 30 to 35% during the last 3 wk of gestation (Grummer, 1995).  Finding a 

nutritional management scheme for the last 8 wk of gestation that prevented 

such a decrease in DMI could prove beneficial in minimizing negative energy and 

protein balance and reducing health risks in early lactation cows.    

Continuous milking or 30-d dry periods have been suggested to improve 

energy balance (Lotan and Alder, 1976; Remond et al., 1992).  Improved body 

weight, decreased plasma non-esterified fatty acid levels, increased blood 

glucose levels, and enhanced milk protein synthesis are all indicators of 

improved energetic status and have been demonstrated in cows given modified 

dry periods (Lotan and Alder, 1976; Remond et al., 1992).  Other studies on 

modified dry periods have reported improved DMI (Gulay et al., 2003; Rastani et 
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al., 2003).  Cows dry 30 d tended to have increased DMI and lost less body 

condition than 60-d dry cows (Gulay et al., 2003).  Rastani et al. (2003) 

demonstrated 21% greater DMI in 28-d dry cows, and 30% greater DMI in CM 

cows compared to 56-d dry cows.  DMI was also measured in a half-udder study 

conducted by Annen et al. (In Press), which utilized the same diet changes 

described for the current study.  This elimination or reduction in diet changes 

resulted in dramatic improvements in DMI.  Decreased DMI during the last 3 wk 

of gestation was minimized to 17% (Annen et al., In Press).  Results from the 

current study demonstrate even greater improvements in DMI during late 

gestation and early lactation as a result of minimizing diet changes.  DMI was 22 

kg/d at 3 wk prepartum and only declined to 19.1 kg/d on the day of parturition.   

By wk 2 postpartum DMI exceeded 25 kg/d.  Because both CM and PGE2

treatments were half-udder treatments, their effects on whole animal DMI could 

not be tested.   The use of both first and second lactation cows in this study 

contributed to improvements over results reported by Annen et al. (In Press).  

Second lactation cows had higher DMI throughout the study than first lactation 

cows. Given the typical decrease of 30 to 35% during the last 3 wk of gestation, 

the nutritional management protocols employed may prevent such large 

decreases in DMI during the periparturient period.

CONCLUSION
Milk yield was reduced in CM halves, but to a lesser degree in halves from 

second lactation cows compared to first lactation cows.  CM eliminated the 
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period of increased MEC renewal that occurs during involution of CTL tissue 

during the early dry period.  Effects of CM on early-lactation MEC proliferation 

need further investigation.  PGE2 treatment did not recoup reductions in milk 

yield or alter measures of MEC turnover.  Therefore, mammary concentrations of 

PGE2 during the first 4 d postpartum are not limiting milk yield or mammary 

growth in CTL or CM tissue.  Although the PGE2 dose used has been 

demonstrated to elicit biological responses in mammary tissue, it is also possible 

that a larger dose is required when administered during early lactation.  Milk 

composition and quality were not affected by dry period length.  The effects of 

dry period length on colostrum quality are not completely understood and require 

further research.  Similar to conclusions of Annen et al. (In Press), analysis of 

gene expression in proliferating or apoptotic MEC, rather than in all cells within 

mammary tissue, may provide additional information on the regulation of these 

two processes and how they may be altered to improve mammary development 

or lactation performance in dairy animals.   

Data from the current study and from previous research from our 

laboratory (Annen et al., 2004b; In Press) suggest that cell division is enhanced 

in non-lactating tissue during mammary development in late gestation.  We 

hypothesize that proliferating MEC are mammary stem or progenitor cells that 

require a non-secretory, less differentiated phenotype in order to divide.  Stem or 

progenitor cells in the mammary epithelium lose potency during serial transplant 

studies (Daniel et al., 1968; Smith and Boulanger, 2002), which may also occur 
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with succeeding lactation cycles and maturity in dairy cows.  As cows and the 

mammary gland mature, the requirement for mammary development between 

lactations may be reduced and many progenitor cells may lose potency and 

terminally differentiate into secretory MEC, making older cows are less sensitive 

to dry period length between lactations.  
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Figure 5-1.  Temporal pattern of milk yield for 3 d prior and 7 d after 
mammary biopsy.  Due to the closeness of biopsy timing, d 4 for the biopsy 3 
d after milk stasis (3-d MS) is also the day of the second biopsy, 7 d after milk 
stasis (7-d MS) biopsy.  Data presented are unadjusted means. Vertical bars 
represent SEM (n = 8).
Key:  � (open squares) 3 d-MS biopsy, � (closed squares), 7 d-MS biopsy
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Figure 5-2.  Temporal pattern of milk yield in continuously milked udder 
halves from first or second lactation cows after milk stasis in the 60-d dry 
udder half.   Data presented are unadjusted means ± SEM.  

Key:  � (open squares) First Lactation Cows (n = 4), � (closed squares), 
Second Lactation Cows (n = 4)
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Figure 5-3.  Temporal pattern of milk yield in continuously milked (CM) 
udder halves from first and second lactation, late gestation cows.  Milk 
yields less than 5 kg/d during the last 2-3 wk of gestation are due to 
zero milk yields in spontaneously dried udder halves.  Data presented 
are least squares means ± SEM (n = 8).

Key:  � (open squares) CM Udder Halves from First Lactation Cows, 
� (closed squares) CM Udder Halves from Second Lactation Cows
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Figure 5-4.  Milk yield and composition during spontaneous dry-off of 
continuously milked udder-halves (n = 7).  Measurements began when half-
udder milk volume dropped below 5 kg/d (d –7).  Cessation of milking was 
initiated after 7 d of milk weights less than 5 kg/d.  Data presented are least 
squares means ± SEM. Some SEM are too small to see.   
SLC = somatic cell count linear score
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Figure 5-5.  Postpartum average daily milk yield in control (60-d dry) and 
continuously milked udder-halves (n = 16) from first and second lactation cows.  
Data presented are least squares means ± SEM for milk production through 28 d 
postpartum.   
Key:  black bars = 60-d dry, open bars = Continuously Milked 
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Figure 5-6.  Temporal pattern of milk composition of milk from continuously 
milked udder-halves during the last 7 wk of gestation.  Data presented are 
least squares means ± SEM (n = 8).  Note: No sample was taken at week –8 
due to effects of mammary biopsy on milk composition.

Abbreviation Key: SCS = somatic cell count linear score
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Figure 5-7.  Micrograph of involuting alveoli (A, C) and cells (B, D) representative of CTL tissue at 3 d after 
milk stasis.
Involuting alveoli had a disorganized arrangement of mammary epithelial cells that were moderately engorged 
with lipid.  Key: CTL=control (60-d dry), C=casein micelle, G=golgi, L=lipid, M=mitochondria, N=nucleus, 
NT=neutrophil with phagocytic vesicles, RER=rough endoplasmic reticulum, SV=secretory vesicle containing 
both lipid and protein granules, V=vacuole of coalesced lipid
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Figure 5-8.  Micrograph of a lactating alveoli (A) and cells (B) representative of 
CM tissue at 3 d after milk stasis of the CTL udder half.
Lactating alveoli contained MEC with distinct polarity, many lipid droplets and 
secretory vesicles in the apical end of the cell, and abundant cellular organelles.  
Lumina contained products of milk secretion and cellular debris.  
Key: CM=Continuously Milked, CTL=control (60-d dry), C=casein micelle, CD-
cell debris, G=golgi, L=lipid, M=mitochondria, MV=microvilli, N=nucleus, 
RER=rough endoplasmic reticulum, SV=secretory vesicle containing both lipid 
and casein 
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Figure 5-9.  Micrograph of an involuting alveolus (A) and cells  (B) 
representative of CTL tissue at 7 d after milk stasis.
Mammary epithelial cells and lumina were engorged with large stasis 
vacuoles and migrating cells were infiltrating the epithelium.    
Key: CTL=control (60-d dry), N=nucleus, NT=neutrophil with engulfed 
cellular debris and electron dense material, V=vacuole of coalesced lipid 
and protein secretion
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Figure 5-10.  Micrograph of a lactating alveolus (A) and cells (B) 
representative of CM tissue at 7 d after milk stasis in the CTL udder half.
Lactating alveoli contained mammary epithelial cells with distinct polarity, 
abundant cellular organelles, and many lipid droplets and secretory 
vesicles at the apical end of the cell.   
Key: CM=Continuously Milked, CTL=control (60-d dry), C=casein micelle, 
CD=cell debris, L=lipid, M=mitochondria, MP=macrophage entering 
mammary epithelium, N=nucleus, RER=rough endoplasmic reticulum, 
SV=secretory vesicle containing both lipid and protein granules 
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Figure 5-11.  Micrograph of immature secretory (A-B) and engorged (C-D) alveoli and cells representative 
of CTL tissue at 2 d postpartum.
Alveoli contained large and small lipid droplets, migrating cells, apoptotic cells, and luminal contents of milk 
secretion and cellular debris.   
Key: AC=apoptotic cell, CTL=control (60-d dry), CD=cell debris, G=golgi, L=lipid, M=mitochondria, 
N=nucleus, RER=rough endoplasmic reticulum, SV=secretory vesicle, V=vacuole 
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Figure 5-12.  Micrograph of immature secretory (A-B)  and  engorged (C-D) alveoli and cells representative of 
CM tissue at 2 d postpartum.  
Alveolar arrangement appeared disorganized suggesting the transition from initiation of lactation to established 
lactation was not complete.  
Key: CM=Continuously Milked, CD=cell debris, L=lipid in close proximity to protein granules, M=mitochondria, 
MV=microvilli, N=nucleus, RER=rough endoplasmic reticulum, SV=secretory vesicle containing both lipid and 



26
2

5 µm 5 µm

5 µm 2 µm

WMC

WMC

WMC

CD

AC

AC

AC
AC SV

M

V
N

V M

N

Figure 5-13.  Micrograph of immature secretory (A-B)  and engorged (C-D) alveoli and cells representative of 
CTL tissue at 4 d postpartum.  
Tissue was similar to descriptions for 2 d postpartum tissue.
Key: AC=apoptotic cell, CTL=control (60-d dry), CD=cell debris, L=lipid, M=mitochondria, N=nucleus, 
V=vacuole, WMC=whole mammary epithelial cell sloughed into lumen 
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Figure 5-14.  Micrograph of immature secretory (A-B) and engorged (C-E) alveoli and cells representative 
of CM tissue at 4 d postpartum. 
Structural characteristics of MEC were similar to observations from 48 h postpartum.  Key: CA=corpora 
amylacea, CM=Continuously Milked, C=casein micelle; G = golgi, L=lipid, M=mitochondria, 
MP=macrophage in lumen with internalized cellular debris, N=nucleus, NT=neutrophil, RER=rough 
endoplasmic reticulum, SV=secretory vesicle containing both lipid and protein granules, V=vacuole of 
coalesced lipid and protein secretion
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α-lac  ABC1   CEBP-β   CyclinD1    p27        bax        bcl2        IGFBP5

*

Prepartum

α-lac  ABC1   CEBP-β   CyclinD1    p27          bax         bcl2      IGFBP5

Postpartum

Figure 5-15.  Fold changes in gene expression measured by real time reverse-
transcription polymerase chain reaction in CTL tissue compared to CM tissue 
during prepartum and postpartum sampling periods.
Samples compared were pools were created for prepartum (3d-MS, 7d-MS) and 
postpartum (2d-PP, 4d-PP) timepoints for each udder half (n = 16). 
* Indicates a significant change in expression between CTL and CM tissue
Fold-changes in expression were determined by 2-∆∆Ct calculations. 
Abbreviation key: CTL = 60-d dry, CM = continuously milked, α-lac = α-
lactalbumin, ABC1 = adenosine 5’-triphosphate binding cassette 1, CEBP-β = 
CCAT/enhancer binding protein-β, IGFBP5 = insulin-like growth factor binding 
protein 5, p27 = kinase inhibitor protein p27

* *

*

*
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α-lac   ABC1   CEBP-β   CyclinD1    p27          bax         bcl2      IGFBP5

Figure 5-16.  Fold changes in gene expression measured by real-time 
reverse-transcription polymerase chain reaction in tissue from cows not 
treated with PGE2 compared to tissue from cows treated with PGE2.
Samples compared were pools were created for postpartum (2d-PP, 4d-
PP) timepoints for each udder half (n = 16).  
No changes in gene expression between PGE treatments were detected.
Fold changes in expression were determined by 2-∆∆Ct calculations.  
Abbreviation key: α-lac = α-lactalbumin, ABC1 = adenosine 5’-
triphosphate binding cassette 1, CEBP-β = CCAT/enhancer binding 
protein-β, IGFBP5 = insulin-like growth factor binding protein 5, p27 = 
kinase inhibitor protein p27
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Figure 5-17.  Dry matter intake (DMI) from cows with one udder half 
continuously milked and one udder half dry during late gestation.  
Data presented are least squares means ± SEM (n = 8).  DMI is a whole animal 
measurement for which effects of half udder treatments of dry period length and 
prostaglandin E2 infusion cannot be separated. 

Key:  � (closed squares) First Lactation Cows, � (open squares) Second 
Lactation Cows
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Table 5-1.  Composition of the total mixed diet fed 
to lactating cows.1

Ingredient Amount
(g/kg DM)

Alfalfa Hay 578.2
Amino Plus 32.6
Corn (steam flaked) 169.1
Dry Citrus Pulp 79.7
Energy II 15.6
Molasses (cane) 43.3
Supplement2 30.6
Whole Cottonseed 50.8
1 Diet was 48% DM and contained 19% CP, 1.74 
Mcal NEl/kg of DM, 27.4% ADF, and 41.5% NDF 
based upon analysis of the total mixed diet
2Contained 1.33 x 105 IU/lb Vitamin A, 0.16 x 105

IU/lb Vitamin D, 0.04 x 105 IU/lb Vitamin E, 0.28% 
Cl, 0.78% K, 2.84% Mg, 11.91 % Na, 5.54% P, 
0.53% S, 60 ppm Co, 490 ppm Cu, 2487 ppm Fe, 
49 ppm I, 1684 ppm Mn, 8 ppm Mo, 11 ppm Se, 
2019 ppm Zn.
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Table 5-2.  Composition of the total mixed 
diet fed to close-up dry cows.1

Ingredient Amount
(g/kg DM)

Alfalfa Hay 496.6
Bermuda Hay 115.1
Beet Pulp 78.6
Citrus Pulp (Dry) 57.2
Corn (steam flaked) 198.9
Supplement2 30.5
Whole Cottonseed 23.2
1 Diet was 53% DM and contained 18.0% 
CP, 1.72 Mcal NEl/kg of DM, 29.7% ADF, 
and 44.0% NDF based upon analysis of the 
total mixed diet
2Contained 1.85 x 105 IU/lb Vitamin A, 0.20 x 
105 IU/lb Vitamin D, 0.03 x 105 IU/lb Vitamin 
E, 21.20% Cl, 0.24% K, 2.62% Mg, 0.12 % 
Na, 2.37% P, 2.63% S, 46 ppm Co, 449 ppm 
Cu, 817.00 ppm Fe, 49 ppm I, 1269 ppm Mn, 
4 ppm Mo, 9 ppm Se, 1322 ppm Zn.
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Table 5-3. Summary of genes, primers and between plate and sample variation. 

CV, %
Gene of 
Interest Primer Sequence

Product 
Size
(bp) Inter Intra

Housekeeping 
Gene

F 5’AAACGGCTACCACATCCAAG3’18S
R 5’TCGCGGAAGGATTTAAAGTG3’

200 0.60 0.53

Lactation Gene
F 5’CTCTGCTCCTGGTAGGCATC3’α-lactalbumin
R 5’ACAGACCCATTCAGGCAAAC3’

125 0.61 0.75

Proliferation 
Genes

F 5’GCCACCTTCCTCGTTGTC3’ABC1
R 5’AAGTTGCTCACTGCCATCC3’

125 0.29 0.38

F 5’CGTGTGTACACGGGACTGAC3’CEBP-β
R 5’CCACATCAACAGCAACAACC3’

99 0.73 0.59

F 5’CTGGCCATGAACTACCTGGA3’Cyclin D1
R 5’CCACTTGAGCTTGTTCACCA3’

213 0.37 0.33

F 5’CGGGTTAGCGGAGCAGTG3’p27
R 5’AGGCTTCTTGGGCGTCTG3’

142 0.32 0.45

Apoptosis 
Genes

F 5’TTTGCTTCAGGGTTTCATCC3’bax
R 5’CAGTTGAAGTTGCCGTCAGA3’

246 0.34 0.72

F 5’ATGTGTGTGGAGAGCGTCAA3’bcl2 R 5’CAGACTGAGCAGTGCCTTCA3’
201 0.59 0.50

F 5’GAGCAAGCCAAGATCGAAAG3’IGFBP5
R 5’GAAGATCTTGGGCGAGTAGG3’

90 0.43 0.63

Abbreviation Key: 18S = ribosomal 18S, ABC1 = adenosine 5’-triphosphate 
binding cassette 1; CEBP-β = CCAT/enhancer binding protein-β; IGFBP5 = 
insulin-like growth factor binding protein 5; p27 = kinase inhibitor protein p27; bp 
= base pairs F= forward; R = reverse
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1PGE2 intramammary infusions (875 µg) were administered at parturition and after the milking closest to 72 h 
postpartum.  Milk yield data were collected daily through 28 d postpartum.  Weekly milk composition data 
were collected for weeks 2 through 4 postpartum.  Each dry period treatment group contained 8 udder halves, 
4 were PGE2-treated and 4 were non-treated.  
abcWithin a treatment (row) differences over time are indicated by different superscripts (P < 0.05)
NS=no differences between means (P > 0.10)
Abbreviation Key: CTL=60-d dry, CM=Continuously Milked, DP=dry period length, NA = not applicable, 
PGE2=prostaglandin E2 treatment, SCS=somatic cell linear score

Table 5-4.  Summary of dry period length and milk yield and composition during early lactation in 60-d dry (CTL) 
and continuously milked (CM) udder halves that were treated1 with (+PGE2) or without (-PGE2) prostaglandin E2.

-PGE2 +PGE2 P value

Variable CTL CM CTL CM SE DP PGE2 DP*PGE2

Actual Dry Period Length, d 59.6 11.0 68.4 14.1 3.0 <0.01 NA NA
Half-Udder Milk Yield, kg/d 22.7 13.8 21.9 12.7 1.7 <0.001 NS NS
Milk Composition

Fat, % 4.1 3.9 3.9 3.6 0.14 NS NS NS
True Protein, % 3.0 3.2 3.2 3.0 0.10 NS NS NS
SCS 0.96a 3.57b 3.07ab 2.41ab 0.73 NS NS 0.05
Lactose, % 4.9 4.7 4.8 4.8 0.06 NS NS NS
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Table 5-5.  Summary of first milking colostrum1 composition from 60-d dry (CTL) and 
continuously milked (CM) udder halves.

Variable CTL CM SE P value*

Fat, % 2.5 3.5 0.39 0.09
True Protein, % 14.8 11.7 1.23 0.10
Somatic Cell Count Linear Score 7.6 7.5 0.53 NS
Lactose, % 3.9 3.6 0.25 NS

1Cows were milked and colostrum from each udder half (n = 16) sampled 1 h after parturition.
*Tendency for differences between means (P ≤ 0.10)
 NS = no differences between means (P > 0.10)
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abcWithin a treatment (row) differences over time are indicated by different 
superscripts (P < 0.05)
x,yDifferences between treatments (within a column) are indicated by different 
superscripts (P < 0.05)
1Samples were obtained from each udder half (n = 16) at 3 d and 7 d after milk 
stasis of the CTL udder half.
2Proliferation was measured by expression of Ki67 nuclear proliferation antigen
3Apoptosis was measured by in situ hybridization of DNA fragments
Abbreviation Key: 3d-MS = 3 d after milk stasis in the CTL udder half, 7d-MS = 7 d 
after milk stasis in the CTL udder half, CTL=60-d dry, CM=Continuously Milked, 
DP=dry period length, T=time

Table 5-6.  Prepartum changes in mammary epithelial cell proliferation and 
apoptosis in control (60-d dry) and continuously milked udder halves1.

Sample Timepoint*

P value
Variable 3d-MS 7d-MS SEM DP T DP*T
Proliferation1 Index, %

    CTL 2 1.63a 3.10bx 0.30
CM 1.11 0.93y 0.30

0.001 0.03 0.009

Apoptotic2 Index, %
 CTL 0.52ax 0.24bx 0.04
CM 0.11y 0.12x 0.04

<0.001 NS 0.01
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x,y dry period treatment altered (P < 0.05) MEC proliferation
1Samples were obtained from each udder half (n = 16) at 2 d and 4 d postpartum, PGE2

intramammary infusions were administered at parturition and after the milking closest to 72 h 
postpartum
2Proliferation was measured by expression of Ki67 nuclear proliferation antigen
3Apoptosis was measured by in situ hybridization of DNA fragments
Abbreviation Key: 2d-PP = biopsy taken 2 d postpartum, 4d-PP = biopsy taken 4 d postpartum, CTL = 60-d dry, CM 
= Continuously Milked, DP = dry period length, MEC = mammary epithelial cell, PGE2 = prostaglandin E2 treatment, 
T = time

Table 5-7.  Effects of dry period length (CTL vs. CM) and PGE2
1 on mammary epithelial cell (MEC) proliferation 

and apoptosis during early lactation.

Sample Timepoint*

2d-PP 4d-PP P value
Variable -PGE2 +PGE2 -PGE2 +PGE2 SEM DP PGE2 T DP*T PGE2* T
Proliferation2 Index, %

CTL 0.86x 0.78 x 0.24 0.52 0.41
CM 1.73y 1.72y 0.25 0.50 0.43

0.04 NS 0.05 NS NS

Apoptotic3 Index, %
CTL 0.49 0.97 0.61 0.39 0.65
CM 0.78 0.88 0.47 0.29 0.60

NS NS 0.01 NS 0.02
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Table 5-8. Summary of ∆Ct1 (CtGOI – Ct18S) values in CTL 
and CM tissue during prepartum and postpartum periods. 
Gene of Interest CTL CM SEM
Prepartum2

α-lactalbumin  8.7a2 5.3b 0.90
ABC1 17.6 17.6 0.47
CEBP-β 11.4 11.4 0.76
Cyclin D1 9.6 9.2 0.38
p27 16.9 17.3 0.35
bax 11.5a 13.1b 0.39
bcl2 11.0 11.4 0.37
IGFBP53 12.9a 14.3b 0.58

Postpartum 2

α-lactalbumin 7.5 5.8  1.1
ABC1 16.8b 18.2c 0.39
CEBP-β 10.3 10.4 0.72
Cyclin D1 8.3 9.6 0.46
p27 16.8 17.0 0.42
bax 12.9 13.1 0.56
bcl2 11.1 11.8 0.36
IGFBP5 12.1a 14.3b 0.68

1∆Ct = CtGOI – Ct18S
2 Samples compared were pools were created for 
prepartum (3d-MS, 7d-MS) and postpartum (2d-PP, 4d-
PP) timepoints for each udder half (n = 16).  PGE2

intramammary infusions were administered at parturition 
and after the milking closest to 72 h postpartum
a,b,c—means within a row with different superscripts differ 
(P < 0.05)
3Means tended to be different (P = 0.07)
Abbreviation Key: 3d-MS = 3 d after milk stasis in the CTL 
udder half, 7d-MS = 7 d after milk stasis in the CTL udder 
half, 2d-PP = biopsy taken 2 d postpartum, 4d-PP = 
biopsy taken 4 d postpartum, CTL = 60-d dry, CM = 
continuously milked, Ct = cycle threshold, GOI = gene of 
interest, 18S = ribosomal 18S, ABC12 = adenosine 5’-
triphosphate binding cassette 1, CEBP-β = 
CCAT/enhancer binding protein-β, IGFBP5 = insulin-like 
growth factor binding protein 5, p27 = kinase inhibitor 
protein p27
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Table 5-9. Summary of ∆Ct1 (CtGOI – Ct18S) values in –PGE2
2

and +PGE tissue.
Gene of Interest -PGE +PGE SEM
α-lactalbumin 5.5 7.8 1.1
ABC1 17.9 17.2 0.40
CEBP-β 9.6 11.1 0.74
Cyclin D1 8.6 9.3 0.47
p27 17.3 16.5 0.44
bax 12.6 13.3 0.61
bcl2 11.3 11.5 0.37
IGFBP5 13.5 12.9 0.69
1∆Ct = CtGOI – Ct18S
2 Pooled samples were obtained from each udder half (n = 
16) for tissue taken at 2 d and 4 d postpartum.   PGE2

intramammary infusions were administered at parturition 
and after the milking closest to 72 h postpartum.
Abbreviation Key: -PGE = no intramammary infusion of 
prostaglandin E2, +PGE = intramammary infusion of 875 µg 
of prostaglandin E2, Ct = cycle threshold, GOI = gene of 
interest, 18S = ribosomal 18S, ABC1 = adenosine 5’-
triphosphate binding cassette 1, CEBP-β = CCAT/enhancer 
binding protein-β, IGFBP5 = insulin-like growth factor binding 
protein 5, p27 = kinase inhibitor protein p27
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APPENDIX 1 -- SUPPLEMENTAL DATA FOR CHAPTERS 3 AND 5.

Data included in this appendix are individual cow records for days in milk 

(DIM) and half-udder milk yield at 60 d prior to expected calving date (-60 d), as 

well as half-udder milk yield at spontaneous dry-off in continuously milked (CM) 

udder halves.  Individual animal data are included to demonstrate the 

relationship, or lack thereof, between occurrence of spontaneous dry-off and milk 

yield or DIM at -60 d.  

Table A1-1. Summary of spontaneous dry-off data for cows used for the study 
presented in Chapter 3.

Half-Udder Milk 
Yield at 60 d Prior 

to Expected Calving 
Date (kg/d)Cow 

ID bST CTL CM

DIM at 60 d 
Prior to 

Expected 
Calving Date

Days Dry in 
CM Udder 

Half

Half-Udder 
Milk Yield at 
Spontaneous 
Dry-off (kg/d)

338 + 11.4 10.9 444 9 0.27
359 + 10.2 9.1 387 4.5 0.32
377 + 11.9 11.5 332 0 --
401 + 15.1 14.9 285 9 0.36
409 - 12.3 15.1 353 1.5 1.86
412 - 10.0 9.1 315 0 --
413 - 10.0 10.7 291 4.5 0.10
416 - 10.7 8.9 342 6.5 0.45
Abbreviation Key: bST = bovine somatotropin, CM = continuously milked, CTL = 
control, 60-d dry; DIM = days in milk

Both the relationship between half-udder milk yield at -60 d and days dry 

and DIM at -60 d and days dry in the CM udder half were weakly correlated.  The 

correlation coefficient (r2) for the relationship of half-udder milk yield at -60 d to 

days dry in the CM udder half was 0.11; as milk yield at -60 d decreased so did 

days dry.    The relationship of DIM at -60 d to days dry in the CM udder half 
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resulted an r2 of 0.25.  This relationship was weak, but positive indicating that as 

DIM at -60 increased, the number of days dry in CM udder halves increased.

Table A1-2. Summary of spontaneous dry-off data for cows used for the study 
presented in Chapter 5.

Half-Udder Milk 
Yield at 60 d Prior 

to Expected 
Calving Date (kg/d)Cow 

ID Parity CTL CM

DIM at 60 d 
Prior to 

Expected 
Calving Date

Days Dry in 
CM Udder 

Half

Half-Udder 
Milk Yield at 
Spontaneous 
Dry-off (kg/d)

406 1 12.2 12.9 465 0 --
445 1 11.1 10.9 276 14 1.13
298 2 11.1 8.3 337 29 1.45
448 1 11.4 9.6 316 17 0.91
297 2 9.6 7.3 362 13.5 0.18
390 2 10.5 7.3 297 10.5 1.45
368 2 13.1 12.2 344 10.5 1.09
455 1 10.9 10.9 324 6 0.36
Abbreviation Key: CM = continuously milked, CTL = control, 60-d dry; DIM = days 
in milk

For animals used in Chapter 5, r2 for the relationship of half-udder milk 

yield at -60 d to days dry in the CM udder half was 0.22.  Opposite to data from 

Chapter 3, this correlation coefficient suggests that d dry in the CM halves 

decreases as milk yield at –60 d increases.  The relationship of DIM at -60 d to 

days dry in the CM udder half was resulted an r2 of -0.48, suggesting that as DIM 

at –60 decreased, days dry in the CM half increased.  The moderate, but 

negative relationship between DIM at –60 d and days dry in the CM udder half is 

perplexing and likely skewed by the fact that the cow with the longest DIM was 

the only animal in which the CM half did not spontaneously dry.  If cow 406 is 

removed from the analysis the resulting r2 value is only 0.12 and the relationship 

changes to longer DIM at -60 d resulting on longer days dry in CM halves.    
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In summary, the data do not provide evidence of a strong relationship 

between milk yield or DIM to the likeliness that a CM udder half or cow will 

spontaneously dry during late gestation.  Analysis of the relationship between 

DIM and days dry in CM halves or cows would be more appropriate for a larger 

data set. 


