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Abstract Biological transport of intact proteins across epi-
thelial cells has been documented for many absorptive and
secretory tissues. Immunoglobulins were some of the earliest
studied proteins in this category. The transcellular transport
(transcytosis) of immunoglobulins in neonatal health and
development has been recognized; the process is especially
significant with ungulates because they do not transcytose
immunoglobulins across the placenta to the neonate. Rather,
they depend upon mammary secretion of colostrum and in-
testinal absorption of immunoglobulins in order to provide
intestinal and systemic defense until the young ungulate de-
velops its own humoral defense mechanisms. The neonatal
dairy calf’s ability to absorb immunoglobulins from colostrum
is assisted by a ~24 h “open gut” phenomenon where large
proteins pass the intestinal epithelial cells and enter the sys-
temic system. However, a critical problem recognized for
newborn dairy calves is that an optimum mass of colostrum
Immunoglobulin G (IgG) needs to be absorbed within that
24 h window in order to provide maximal resistance to dis-
ease. Many calves do not achieve the optimum because of
poor quality colostrum. While many studies have focused on
calf absorption, the principal cause of the problem resides with
the extreme variation (g to kg) in the mammary gland’s
capacity to transfer blood IgG1 into colostrum. Colostrum is
a unique mammary secretory product that is formed during
late pregnancy when mammary cells are proliferating and
differentiating in preparation for lactation. In addition to the
transcytosis of immunoglobulins, the mammary gland also
concentrates a number of circulating hormones into

colostrum. Remarkably, the mechanisms in the formation of
colostrum in ungulates have been rather modestly studied.
The mechanisms and causes of this variation in mammary
gland transcytosis of IgG1 are examined, evaluated, and in
some cases, explained.
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Abbreviations
IgG1 Immunoglobulin G1
IgA Immunoglobulin A
IgM Immunoglobulin M
FcRn Fc Receptor of the neonate
Rab GTPases Rab25, Rab11a and Rab11b
Rho-GTPases RhoB
FcGRT Fc fragment of IgG Receptor

Transporter alpha
FcGRTsplice Splice variant of FcGRT missing

trans-membrane domain
β-2-M β-2-microglobulin
MFGM Milk Fat Globule Membrane
SAAM CONSAM software program
E2 17β-estradiol
P4 Progesterone

Introduction

The mammary gland of adult mammals is one of a few tissues
to have the capacity to go through successive developmental
series that are controlled by the endocrine system. The alter-
ations that occur during pregnancy, lactation, and involution
have been described as Lactogenesis I (growth, differentia-
tion, colostrogenesis), Lactogenesis II (lactation, copious milk
production), and Involution (regression to a non-lactating
state) [1]. During Lactogenesis I, the pregnancy induced
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endocrine changes stimulate the proliferation of mammary
epithelial cells that will provide for copious milk production
(Lactogenesis II). Recent studies in colostrogenesis that we
describe here suggest that this process is distinct, can be very
fast, and appears be to principally terminated by parturition.

At some time during pregnancy, either before or during the
colostrogenesis period, cells also must differentiate into the
multiple cell types that comprise the functional mammary
gland (endothelium; fibroblasts; epithelial; myoepithelial;
etc.). Also during this time, but prior to parturition, the mam-
mary epithelial cells carry out a process of secreting a unique
fluid that upon the first milking after parturition provides the
secretion called colostrum. The word “colostrum” seems to
have first appeared in the 16th century (1570–80; < Latin
colostrum, colostrum beestings). The process of forming co-
lostrum is designated as colostrogenesis. Milk proteins that
are predominant during lactation (caseins, others) also appear
in colostrum, and their rather minor appearance is the result of
mRNA induction that occurs a few days prepartum. Some of
the protein products in the secretions originate from the sys-
temic system and are transported through the mammary epi-
thelial cells by a mechanism that was first hypothesized by
Brambell et al. [2, 3] for immunoglobulin movement into the
yolk sac. Brambell [4] also suggested that a similar mecha-
nism accounted for IgG having the longest systemic half-life
among proteins in the circulation. Subsequently, this specific
cellular transfer process was identified by techniques devel-
oped by the Palade Group (en.wikipedia.org/wiki/
George_Emil_Palade) with the use of electron microscopy
and was termed transcytosis by Simionescu [5]. Of the
transcytosed proteins, immunoglobulins are the most studied.
Reviews of transcytosis of various protein components across
the mammary gland are available [6–8].

The identification and recognition of the importance of
mammalian colostrum immunoglobulin began in the late
19th century, and knowledge on differences between mammal
colostrum began to emerge in the early 20th century [9]. The
identification of specific immune components of milk and
colostrum established differences between ungulates and pri-
mates composition of colostrum. Immunoglobulin IgG1 was
predominant in bovine colostrum secretions while IgA was
principal in primates [10–12]. The debate over the origin
(mammary and/or systemic) of these protein secretions in
colostrum remained controversial until the Lascelles group
[13] related the previously identified decline in serum IgG1
near parturition [14] to an increase in mammary secreted
IgG1. However, some of the decline in blood IgG concentra-
tions are known to be related to an immunosuppressed status
[15]. The Lascelles group [13] also provided the groundwork
of the concept that colostrogenesis occurs 3–4 weeks prior to
parturition in the bovine species. Work from Larson’s lab
[16–18] subsequently showed direct transfer of labeled sys-
temic IgG1 into the mammary secretions during the

preparturm colostrogenesis period. Butler [19] provided early
information to characterize immunoglobulins found in colos-
trum and milk, and Butler and others have contributed reviews
on the topic [19–22]. While the appearance of plasma cells in
mammary secretions may also contribute immunoglobulins to
colostrum, recent findings of Ig gene expression and protein
production in mammary epithelial cells [23, 24] provides new
awareness that mammary epithelial cells may also contribute to
immunoglobulin presence in secretions. This does not diminish
the transcytosis mechanism, but may explain the rather low
concentration appearance during Lactogenesis II [1].

Appearance of Components in Bovine Colostrum
and Milk

The known passageways for the secretion of all components
into the mammary gland lumen are illustrated in Fig. 1.
Passageways 1–3 represent the means for copious milk secre-
tion during lactation and are responsible for milk proteins and
lactose, milk fat, and water, respectively. Passageway 4 illus-
trates transcytosis that is predominant in the colostrum
forming phase and accounts for the mass appearance of
IgG1 and other components such as endocrine factors like
prolactin [7, 25]. Passageways 5 and 6 represent extracellular
(paracellular) pathways between the epithelial cells by leaky
tight junctions [26] and the appearance of blood cells (neutro-
phils, macrophages, lymphocytes) in mammary secretions via
diapedesis [27, 28]. Mammary epithelial cell components
(enzymes, ribosomes, etc.) in the secretions appear in cyto-
plasmic crescents [29, 30] (passageway 7) where components
of the cell are randomly included during the formation of the
fat globule with the apical plasma membrane. Species varia-
tion in cytoplasmic crescent appearance is known [31].
Passageway 8 illustrates a cellular transport system that does
not contribute to colostrum or milk components, but rather
recycles systemic proteins and thereby protects them from
rapid extracellular turnover. Both IgG and albumin have been
shown to exhibit very long systemic half-lives that have
recently been attributed to the Fc Receptor of the neonate
(FcRn) [32–35]. Unlike other Fcγ receptors [36], the FcRn
does not signal; rather it plays a major role in mediating
transplacental immunoglobulin G (IgG) transport frommother
to fetus and IgG transport from colostrum to neonates. The
bovine mammary gland IgG1 transcytosis activity is highly
regulated during the colostrogenesis period [37], yet in other
numerous tissues the FcRn mediates recycling and transport
of albumin and IgG throughout life. For example, in endothe-
lial cells, the FcRn is located within endosomes where it binds
and directs IgG and albumin into recycling and averts entrance
into the lysosomal pathway preventing their degradation and
promotes increased half-life in the circulation (~ 3 weeks).
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The FcRn is known to conduct both transcytosis and
recycling [38]. Intestinal cells bind IgG1 at the basal side
and then enclose the complex forming an endosome, which
will be either transcytosed to the apical side of the cell or
recycled to the basal side [32]. Alternatively, IgG1 and albu-
min may enter some cells by fluid phase endocytosis and
become bound to the FcRn after endosome acidification
[39]. The regulation of recycling or transcytosis of the endo-
some is controlled by intracellular proteins termed small
GTPases [40]. Rab25, Rab11a and Rab11b belong to the
family of small Rab GTPases and they are some of the
proteins that control the formation of endosomes and recruit-
ment of effector proteins that alter vesicle traffic activity and
direction [40]. Rab11a and Rab11b are located on endosomes
which appear to be directing recycling [41], while Rab25 has
been associated with endosomes that become destined for
transcytotic movement [42]. RhoB, a family member of the
Rho-GTPases, regulates the GDP/GTP-exchange reaction of
GTPases; thus it modifies the vesicle traffic flux [42, 43].

We have reported that cultured primary bovine mammary
epithelial cells obtained from two different cows showed high-
ly different overall expression levels of these GTPases mRNA.
However, their relative expression patterns in response to
hormone treatments were similar [44]. This work identified
Rab25, RhoB and bFcGRT as genes that have potential for the
regulation of mammary epithelial cell transcytosis of IgG1
during the colostrogenesis period. While other gene mRNAs
were strongly expressed (Rab11a and Rab11b), they exhibited
no endocrine treatment alterations. To confirm tissue regula-
tion of the bFcGRT and Rab25, we demonstrated their altered
gene expression from bovine mammary tissue obtained by
biopsy during colostrogenesis and the early lactation periods.
Figure 2 shows that both the bFcGRT and bRab25 mRNA
decrease as parturition approaches along with bLactoferrin

Fig. 1 Model of the various
pathways for components to
appear in colostrum and milk
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Fig. 2 Expression of mRNA from genes related to colostrogenesis. Data
is mammary tissue components qPCR results for total RNA extracted
from bovine mammary tissue obtained by biopsy. Data represent 5 cows
that were biopsied ~30 day prepartum (Pre-Colost); ~15 day prepartum
(Mid-Colost); ~3 day lactation (Early-Lact). The induced lactation cows
were biopsied 3 day prior to first milking (n =3). Data is from [45]

J Mammary Gland Biol Neoplasia (2014) 19:103–117 105



mRNA expression. The induced lactation tissue extract also
shown in Fig. 2 was obtained at 3 days prior to first milking of
the dairy cows [45].

In addition to immunoglobulin, colostrum has high con-
centrations of biologically active endocrine factors [25,
47–53]. While some of these factors may be found in mature
milk, the concentrations in colostrum can be many times
higher than those in milk and serum. These findings led many
to speculate that colostrumwas not only a deliverymechanism
for nutrients and immunoglobulins, but also provided adaptive
components for intestinal development as well as provision to
the circulation for systemic regulation [9]. This topic has been
the subject of multiple meetings on “Milk Hormones” [54]
and the Wilderness Conference held in North Central
Pennsylvania (Cedar Run, PA). Recently, Bartol et al. [55]
introduced a concept termed the “lactocrine hypothesis” that
links biologically active factors found in colostrum with the
development of tissues and physiological functions in the
neonate. While the concept has been described numerous
times over the years [56, 57], the lactocrine hypothesis has
renewed the spotlight on colostrum factors and their impor-
tance in the developing neonate. One wonders what may
contribute to “colostrum quality” in addition to immunoglob-
ulin content.

Colostrum Immunoglobulin Variation

There is an extremely large cow-to-cow variation in colostrum
IgG1 concentration [11.8 to 74.2 mg/mL] [58] and mass [59]
(30 g to >2 Kg). A disconnect between colostrum production
and milk production [60] suggests that colostrogenesis and
mature milk production are separate and unrelated, but over-
lapping processes. The variation in colostrum formation is the
primary source of neonatal health distress because the bovine
neonate requires adequatemass of immunoglobulin in order to
reduce the risk of intestinal disease [61]. Because the bovine
neonate has limited fluid intake capacity during the 24 h
period prior to gut closure, adequate absorption of IgG1 mass
is challenging. Currently, the source of this colostrum IgG1
variation is not well understood. Differential endocrine regu-
lation [62] has been suggested as a cause. We have hypothe-
sized that a slow rate of IgG1 transfer coupled with variable
length of the colostrum period among animals are contributors
to this variation. Finally, genomic differences are also likely
contributors. Colostrum with an IgG1 concentration of >40–
50 mg/ml has been recongnized as high quality [63].

Mechanism of IgG1 Transcytosis

The receptor complex thought to move IgG1 into the mam-
mary secretory lumen during colostrogenesis is the FcRn,

which is composed of two proteins: the Fc fragment of IgG
Receptor Transporter alpha (FcGRT ) and β-2-microglobulin
(β-2-M ) [64]. The FcRn was initially identified in rodent
intestine [65] where ingested IgG was transported from the
intestinal lumen to systemic circulation [66, 67]. Although
FcRn mRNA is present in neonatal calf intestine [68], it
apparently does not function in IgG1 absorption. Equal
amounts of IgG1 and IgG2, if provided, appear in systemic
circulation possibly through the “open gut” mechanism [69]
because FcRn does not transport IgG2. Perhaps it functions to
recycle the intestinal lumen IgG1, thereby providing a longer
period of gut protection.

The proposed functional unit of the FcRn transportor is a
dimer of the FcGRT binding to one IgG1 with membrane
stability provided byβ-2-M [38]. Cloning and crystallograph-
ic evaluation of the FcRn showed that it was a major histo-
compatibility complex, class I structure that was in association
with β-2-M [70–72]. While the FcRn has been viewed as a
neonatally expressed molecule, it is now known to have a
broader expression and function that prevails in multiple cell
types throughout mammalian life [72, 73].

Most recently, studies have revealed that the FcRn complex
also binds albumin at a separate and non-competitive site [74,
75]. Previously, the presence of albumin was considered evi-
dence of tight junction openings that provided a paracellular
pathway (Fig. 1; passageway 5) for appearance in mammary
secretions [76]. Monks and Neville [77] studied albumin
movement through mouse mammary tissue and concluded
that albumin is transported via a clatherin-mediated endocytic
pathway that is also utilized by the polymeric IgR receptor
[78]. Mice are known to transfer IgG through the placenta as
well as the mammary gland [19]. Their colostrum immuno-
globulins are somewhat balanced between IgG, IgA, and IgM,
and IgA appears in secretions for a long period after parturi-
tion. The new finding of albumin binding to the FcRn sug-
gests that the FcRn may be the sole mechanism or perhaps
another mechanism of albumin transcytosis in all mammary
glands. Furthermore, the appearance of IgG and albumin [79,
80] during a mastitis infection [81] may be the result of the
FcRn transcytosis mechanism being activated. To date, no
evidence of this mechanism in the bovine has appeared in
the literature.

The binding of albumin and IgG1 to the FcRn is strictly pH
dependent with binding occurring at pH<6.5, but not at a
neutral pH or above [82]. If the FcRn functions to transcytose
IgG1 and albumin in the bovine mammary gland, its binding
and release is not like that of intestinal tissue. Transcytosis in
the intestines of rodents occurs at the luminal intestinal epi-
thelial membrane under low pH resulting from acid secretion
in the stomach [64]. Upon internalization and endosome
transcytosis to the basal side of the enterocyte, a neutral pH
causes release into the extracellular space, and the FcRn
receptor is recycled [38]. In the bovine mammary gland, the
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transfer of IgG1 and albumin is reversed (basal to apical) with
a more neutral pH in the extracellular space, which would not
provide IgG1 or albumin binding to the FcGRT receptor.
Nevertheless, transfer of IgG1 has been shown to occur in
the placenta with fluid phase uptake of IgG1 occurring and
subsequent acidification in the endosome [83, 84]. The FcRn
fluid phase uptake is now known to be the mechanism of
uptake of many tissues that provide the long half-life of IgG1
and albumin [75]. In vivo support of this occurrence has been
demonstrated with FcRn deficient mice that exhibit
hypogammaglobulinemia and hypoalbuminemia and de-
creased serum half-lives [85–88]. Thus, similar to placenta
and perhaps other tissues, it is likely that the mammary gland
takes up the IgG1 via fluid phase endocytosis.

Cianga et al. [89] localized the FcRn to mouse mammary
epithelial cells, but because of an inverse binding affinity of
milk transported IgGs, they suggested that the FcRn main role
was recycling of IgG. They subsequently proposed a similar
action for human mammary cells [90]. These conclusions
need to be evaluated on the basis that the experiment was
conducted during lactation and not colostrogenesis. Although
the mouse mammary gland does not abruptly stop transcytosis
of IgA immunoglobulin at parturition, it does stop IgG1
transcytosis similar to that of cows. Studies conducted during
colostrogenesis have shown preferential binding of IgG1 to
bovine mammary epithelial cells [91, 92] and staining with
IgG antiserum identified mammary epithelial cells to contain
the serum protein [93]. Mayer et al. [94, 95] showed homo-
geneous distribution of the FcRn receptor in ruminant mam-
mary epithelial cells during colostrogenesis and a redistribu-
tion to the apical plasma membrane after parturition. This has
also been shown with Egyptian water buffalo mammary tissue
[96]. How an apical (secretory lumen) distribution could
contribute to postparturm serum recycling and extended
half-life is not clear [97].

The bovine FcRn (bFcRn) has been cloned [98]. Its over-
expression of the bFcRn in the mouse mammary gland result-
ed in increased blood and milk IgG1 concentrations [33].
Because of the increased concentrations in both blood and
milk, the blood to milk ratio indicated no specific transfer to
milk. Thus, an increased recycling occurred without a specific
increase in mammary transcytosis. However, the mouse im-
munoglobulin transfer into colostrum secretions is mainly IgA
and the transcytosis occurs by a different mechanism [78]. For
the bovine, little IgG1 transfer occurs after parturition and
what does appear could be local synthesis [24]. Studies con-
ducted during lactation likely do not reflect the
colostrogenesis mechanisms as the redistribution of the recep-
tor to the apical membrane suggests [94–96]. It remains un-
known if the transgenic mice [33] would have shown in-
creased mammary secretion of IgG during colostrogenesis.
Cervenak and Kocskovics [97] emphasized the recycling
mechanism of the FcRn in livestock species. They considered

the function of FcRn in the transcytosis of IgG1 during colos-
trum formation to be not firmly established.

More recent studies with dendritic cells have shown that
IgGmolecules may be transported bidirectionally by the FcRn
with specific antigens attached [99]. In a mouse model with
human FcRn andβ-2-M expression, intestinal luminal antigen
has been retrieved by intravenously administered antigen spe-
cific immunoglobulin molecules [100]. These complexes
were then transported to the lamina propria where they could
be internalized by antigen presenting cells. Such transport has
protected mice from specific infections [100]. These findings
link the FcRn expression with epithelial infections and sys-
temic immune activation. Finally, the FcRn has been linked to
antigen cross-presentation [101]. In light of the reported FcRn
apical plasma membrane distribution during lactation
[94–96], could this be an active mechanism of defense in
bovine mammary tissue, especially during mastitis?

Components of the FcRn in Bovine Mammary Cells

We and others reported the presence of the FcRn mRNA
components in mammary cells [44, 95, 102] and their endo-
crine regulation (steroids) in bovine mammary cells in vitro
[44]. Figure 3 shows the presence of the FcGRT mRNA
expression obtained from biopsy extracts of bovine mammary
tissue during involution and lactation. It is surprising that we
did not detect vast differences in the expression of the FcGRT
mRNA during the two different physiological states (Fig. 3).
Perhaps these results support the concept that this transition
occurs in the shifting between recycling and transcytosis that
is controlled by small GTPases [40] while the expression of
the FcRn remains stable. The presence of the FcGRT mRNA

Fig. 3 Expression image of mRNA for FcGRT for bovine mammary
tissue during lactation or involution. Expression of the bFcGRT variants
in eight cow mammary mRNA obtained by biopsy during lactation (L)
and involution (3 week; I). The 319 bp band represents the full FCGRT
(*) and the 200 bp the reported FCGRT splice (♦) variant [103]. Bands at
~360 & ~180 are currently unknown. cDNA from [104]

J Mammary Gland Biol Neoplasia (2014) 19:103–117 107



and a FcGRTsplice variant has been reported [95] and this
splice variant lacks the transmembrane domain of the FcGRT.
Provided that the FcGRTsplice proteins are not degraded, this
protein modification would prevent the FcGRT from mem-
brane insertion and may allow the FcGRTsplice to appear in
the soluble colostrum whey fraction. The additional bands at
higher and molecular weights (Fig. 3) are unknown, but
multiple splice variants of the FcGRT have been reported
(HGNC:3621). Figure 4 shows a model of the FcRn with
the FcGRT exhibiting a non-covalent bond with β-2-M that
provides membrane stability [71] to the complex. The model
also shows the FcGRT component of the complex binding
albumin at a separate site that is non-competitive with IgG
binding location [35, 74, 102]. Considering that the FcRn
dimer binds one immunoglobulin G1 protein and each
FcGRT binds a single albumin, the total complex would be
expected to exhibit a molecular weight of ~384 kDa (Fig. 5),
but FcGRT alternative splicing exists that produces multiple
transcript variants. One could speculate that different combi-
nations of the FcGRT could be found associated with mam-
mary cell membranes or in the aqueous phase of colostrum
(Fig. 5), especially if the FcGRT splice and other potential
protein variants are present. Finally, IgG glycosylation has
been reported [105] and could influence the apparent molec-
ular weights of the modeled complex.

In addition to that found in colostrum whey, we have
detected the FcRn protein in the Milk Fat Globule
Membrane (MFGM ) isolated from bovine colostrum and
milk Fig. 6 showns that the main FcGRT band appears around
60 kDa. The MFGM is the secretory product of the apical
plasma membrane of the mammary cell [106, 107]. Western
blots of prepartum colostrum and first milked colostrum
MFGM obtained from the same animal showed that the
FcRn is detected in prepartum MFGM and then begins to
diminish with the transition to first milked colostrum and
mature milk (Fig. 6). TheMFGMFcRn protein decline occurs

as lactogenesis II proceeds. This agrees with the rapid decline
in IgG1 transcytosis during the transition from colostrogenesis
to copious milk synthesis, but does not concur with the pre-
viously described labeled appearance of the FcRn on apical
plasmamembranes [94–96]. Surprisingly, the blot of the FcRn
in first milked colostrum whey indicated a high concentration
of the receptor in the soluble colostrum fraction. The pH of
colostrum is < 6.2 [59] and such acidity would not accommo-
date IgG1 release from the FcRn. Perhaps the FcRn protein is
secreted with the immunoglobulin and albumin. Additionally,
the acidity coming from the transcytosis module maybe the
source of the low pH found in colostrum. Recent preliminary
studies with native gel electrophoresis andWestern blotting of
colostrum whey have indicated that the three proteins (FcRn,
IgG1, and albumin), appear to be located together in a large
molecular weight complex. This suggests that the bovine
mammary gland secretes that IgG1 as a composite as de-
scribed in Fig. 5.

The Timing of Bovine Colostrogenesis

The general consensus based upon previous work [13] is that
colostrum formation begins 3–4 weeks prior to parturition.
However, Brandon et al. [13] showed the blood concentration
of IgG1 at -5 weeks was 15 mg/ml while the mammary
secretions were around 45 mg/ml at the same period with a
calculated selective index of 8 to 9. Clearly, selective concen-
tration of IgG1 had already occurred and thus, colostrogenesis
was occurring at -5 weeks. The beginning of colostrogenesis
(when concentration is significantly greater in the secretions
compared to the serum) is not known. It has been reported that
mammary secretory IgG1 concentrations are significantly
higher than that of the blood within 8 days [46, 108] after the
start of an induced lactation protocol similar to that utilized by
Macrina et al. [109] with non-pregnant dairy cows. The

Fig. 4 Model of the FcRn
complex in an endosome
membrane of mammary cells
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beginning of colostrogenesis becomes important because dif-
ferent animals may start the process at different times prior to
parturition; if the process is slow, those animals with an earlier
start may gain much higher concentrations and mass, thereby
accounting for some of the animal variation that has been
documented [59, 110]. This differential timing may be related
to different circulating concentrations of steroids and/or differ-
ential sensitivity of the receptors in the mammary glands.

The Rate of IgG1 Transcytosis

The gradual increase in mammary IgG1 concentration in the
later stages of pregnancy [13] suggests that this is a slow
process. Studies on IgG1 kinetics during the colostrum phase
in cows [17, 18] support this supposition. The authors showed
that maximum disappearance of blood IgG1 occurred 1 to
3 days prepartum and that there was a reduction in blood
turnover (T½) from 7.9 days to 5.5 days prepartum during
this colostrogenesis period.We retrospectively applied model-
based compartmental analysis and the SAAM program [111]
to provide some insights into IgG1 flux in dairy cows using
the Sasaki et al. published data [17, 18]. Figure 7 shows the
SAAM model-based compartmental analysis [112] that pro-
vides a new perspective on IgG1 movements during
colostrogenesis. A three component model provided a good
fit to the data on plasma kinetics of IgG1. This model predicts
that IgG1 remains in plasma (compartment 1) for an average
of 22.3 h before it transfers to a delay component (#2) where it
remains for 20 h (endothelial recycling?) before moving to the
third compartment (extravascular space?) where it can either
recycle to plasma (4.2 % h-1) or be transferred to what we
assume is colostrum (3.4 % h-1). The transfer rate of IgG1 to
colostrum was estimated by this model to be 5 g/h. At that
rate, the mammal that accumulates >2,000 g of IgG1 in the
first colostrum [59] would require >15 days to reach such
mass. Thus, the slow transfer rate is supported by this model.
Why don’t all animals (i.e., low vs high IgG1 mass transfer

FcGRT

Splice

Fig. 5 Model and molecular
weights of potential binding
components of the FcRn

Fig. 6 Image of Western blot of MFGM, milk and colostrum whey from
dairy cows. Electrophoresis was conducted on SDS-PAGE (10 % gradi-
ent gel). Lanes are 2, 3 & 4 are different μg loads of ColostrumWhey; 5 is
MFGM from milk; 6 is MW marker stds ; 7, 8 and 9 are MFGM
prepared from Pre-Colostrum (26 h prepartum), 1st Milking Colostrum,
and Milk (7 day postpartum) from the same cow. Lanes 5 and 7 to 9 are
different cows
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animals) accumulate the same relative amount of immuno-
globulins over that time period? We have hypothesized that
the difference is due to endocrine regulation controlling the
time period of colostrogenesis. The model shown in Fig. 7
also predicts that, on average, a molecule of IgG1 recycles to
plasma 1.23 times before being secreted into colostrum and
that the extravascular pool of IgG1 is 1.5 times that of the
plasma pool.

To test part of this rate hypothesis, we conducted a prelim-
inary experiment where we milked the separate mammary
gland quarters of a pregnant dairy cow approximately 26 h
prior to parturition and again at 4 h after parturition. While
IgG1 concentration following parturition exhibited approxi-
mately 25 % of the prepartum concentration, the mass from
the quarters was ~100% recovered by 4 h postpartum (Fig. 8).
Yet, it was not known what would have been appearing in the
first milked colostrum if the animal was not pre-parturition
milked. This figure suggests that the transfer of IgG1 via a
transcytosis mechanism can be very fast when the transport
resistance imposed by the luminal contents is removed or that
the time prior to parturition is naturally rapid. When consid-
ering biological transport of nutrients, concentration gradient
plays a large role in biological transport [113]. However, it is
unknown if transcytosis mechanisms involving a receptor that
moves across the cell has characteristics that mimic nutrient
transport kinetics through membranes. In a subsequent study
with pregnant cows with a standard dry period (Table 1), we
extended our preliminary data to show that IgG1 transcytosis
is a rapid process in the bovine mammary glands of some
animals after pre-partum milking [114]. Milking prepartum
produced a IgG1 concentration that was equivalent to that of

control animal post colostrum IgG1 concentration. However,
the difference between the prepartum milked cows (~6–77 h)
and the same cows milked postpartum (4 h) showed that the
concentration was significantly lower at ~50 % of the control
or prepartum milking. It is important to note that animal was a
very large source of variation (58 %) in the analysis model.
Furthermore, IgG1 recovered in postpartum colostrum, con-
centration, and mass was independent of the time between the
two milking (data not shown). The appearance of the mass
data in Table 1 shows that the prepartum and postpartummass
from the same animals was not different. Thus, the mass is
recovered in the time between the two milking that was also
independent of time. However, the mass of IgG1 in these two
milkings was significantly less than control cow mass, show-
ing that if the gland is not milked prepartum, more mass
accumulates in the secretion during the hours before parturi-
tion. Interestingly, if the twomilkings from experimental cows
are summed, the mass is not different than that of the control
mass. This seems to indicate that IgG1 transcytosis is accel-
erating in this final period [114] when compared to the mass
accumulated during many days prepartum [13]. Finally, the

Fig. 7 Compartmental Model of Sasaki (1976) data utilizing Simulation,
Analysis and Modeling (SAAM; [111] computer program conducted by
M. H. Green (Penn State U). Data shows IgG flux between hypothesized
compartments as either fractional rate or g/h
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changes in secretion (Table 1) adds understanding to IgG1
analysis results. Between prepartum and postpartum milking
of the experimental cows, a greater amount of secretion ap-
pears. This is a result of an increase in milk secretion (lactose;
data not shown) that accounts for the concentration decrease,
but would not affect the mass calculations. These findings
show that the transcytosis mechanism of IgG1 can be very
fast, but extremely variable between animals.

Continuousmilking of cows at two times per day that omits
the dry period results in an increased IgG concentration in the
mammary gland secretions that starts approximately 6 days
before parturition [115]. Following this increase, the concen-
tration then remains rather constant until after parturition and
decreases within 2 days in a normal fashion. First milked
colostrum IgG concentration in cows that had no involution
(dry off) period did not differ (due to large variance) from
those of controls which experienced a 6-week dry period. This
data indicates that colostrogenesis occurs concurrently with
that of copious milk secretion. This recent finding [115] does
not agree with some early reports about the length of the dry
period, but does agree with more recent reports [116].
However, in this most recent study [115], mature milk volume
production was much lower in the prepartum milked group,
and hence IgG mass in their first colostrum was lower.

Endocrine Regulation of Colostrogenesis

Mammary IgG1 transcytosis appears to function effectively
during the weeks prepartum when it is clearly induced by
estrogen and progesterone provided by the pregnancy concep-
tus [46, 117]. The mechanism responsible for termination of
this process in the gastrointestinal tract of rodents has been
speculated to be a result of cell replacement [38] because
intestinal cell turnover is rapid. A similar decline in IgG1
transfer to colostrum in the mammary gland following partu-
rition is clear [117]. However, cell replacement in the mam-
mary gland is unlikely to explain the decline in transfer as cell
turnover (apoptosis) is very low following parturition [118]. A
more likely explanation is endocrine-induced changes that
regulate the movement of endosomes [33, 40] by replacing
transcytosis activity with that of recycling.

Table 2 shows an incomplete compilation of the studies that
have been conducted in vivo and in vitro in an attempt to
understand the initiation and termination of colostrogenesis.
The colostrogenesis process has been hypothesized to begin
approximately 4 to 5 weeks prepartum [13] when levels of
circulating 17β-estradiol (E2) are increasing and progesterone
(P4) is maintained or slightly decreasing [119, 120]. The artifi-
cial induction of lactation [46, 121, 122] clearly establishes E2
and P4 as critical components in the initiation of
colostrogenesis [117]. Other studies have shown this process
is specific [13, 17, 18]. Progesterone (P4) has been shown to
obstruct lactogenesis II differentiation [37, 123, 124] and the
decline in P4 occurring at the end of pregnancy [119, 120] has
been thought to contribute to the end of colostrogenesis and the
removal of the inhibition of lactogensis II. Prolactin is known to
induce lactogenesis II [125, 126] and is reported to inhibit
colostrogenesis [127] as well as the IgG1 receptor [124].

Similarly, Glucocorticoids appear to inhibit the appearance
of IgG1 in colostrum [13, 126]. Finally, it is interesting that
prepartum milking (mammary empting of colostrum) seems
to stimulate increased differentiation [128] and therefore has
an influence on the decline in colostrum IgG1 concentration at
the first milking. Our recent findings shown in Table 1 agree
with this finding of concentration changes, but mammary
transcytosis of IgG is not affected as shown by the replace-
ment of mass.

Our recent studies with artificial induction of lactation [46]
using a 7 day E2/P4 injection series described in [109] to
study colostrogenesis has shown that the appearance of IgG1
in mammary secretions was increased within 7–8 day after the
start of the experiment (Fig. 9). The increase in secretory IgG1
continued over days reaching a high at day 22. Surprisingly,
the pattern exhibited a bimodal increase with significant dif-
ferences between d14 and d17; between d17 and d23; and d14
and d22 (Fig. 9). Variation among individual quarters within
and among cows was observed. Evidence of this bimodal
induction of colostrogenesis has appeared in other similar
studies [13, 108], but these studies collected blood and secre-
tion samples that were not as frequent as our data shown in
Fig. 8, perhaps explaining why significant changes in the d17
to d22 periodwere not reported. A decline in the concentration
of mammary secretion IgG1 occurring at day 17 during the
induced lactation procedure might be explained by a delay in

Table 1 Data are LSMEAN±
SEM. Columns with different let-
ter are significant (P<0.05); Col-
umns with lower case letters are
significant (P<0.10). Data from
[114]

Sample (time pre/post) n IgG1 Conc. (g/L) Secretion (g) IgG1 Mass (g)

Experimental cows 11

Prepartum milking (~3–77 h) 129.7±22.9A 5938±923.9Aa 751±160A

Postpartum milking (<4 h) 66.31±23.67B 8054±694Ab 519±170A

Total 13489.3±951B 1270±160B

Control cows 10

Postpartum milking (4 h) 138.33±25A 8240.2±993C 1130±170B
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the transcytosis mechanism while α-lactalbumin is increasing
to cause the incorporation of more water into the secretions
and thus a decreased IgG1 concentration. Still another possi-
bility might be an increase in IgG1 recycling to the blood via
the FcRn receptor while transcytosis is maintained or dimin-
ished. What this hypothetical delay mechanism may entail is
unknown and may well be a function of the induced lactation
protocol. Normal cow pregnancy blood and mammary secre-
tion changes during earlier colostrogenesis have not been
reported. Both recycling and transcytosis of IgG1 occur via
the FcRn receptor [64].

Because significant increases in mammary IgG1 concen-
trations occurred within 8 day in the artificial induction of
lactation animals, the process of colostrogenesis had begun at
that time. In the pregnant dairy cow, it is likely that colostrum
formation begins earlier than the 4–5 weeks prior to parturi-
tion dogma [13]. Indeed, close inspection of the data from
Brandon et al. [13] shows that at 5 weeks prepartum, the
concentration of IgG1 in mammary secretions was well over
that in blood. Thus, it appears that colostrogenesis begins

earlier than the 4–5 week preparturm period and its start
may be variable in individual animals and dependent upon
some unknown E2 and P4 blood concentrations. Currently,
there is no evidence to support such a concept.

Gross et al. [114] recently reported that IgG1 appearance in
mammary secretions appears to be totally independent of the
circulating P4 decline and the circulating PRL increase in pre-
parturition milked cows as well as post-parturition milked cows
as shown in Table 1. Estradiol was not reported in the study and
could be an important signaling molecule. The only clear effect
observed on IgG mass was parturition resulting in the cessation
of IgG transcytosis [114]. It would appear that the endocrine
termination of colostrogenesis needs more examination.

MammaryGland Mass Transfer

During one of the author’s seminars about colostrum IgG1
mass variation among animals, a questionwas posed: “Do you
expect quarter variation in IgG1 mass?” It was hypothesized
that they would be similar. After some thought, we decided
that this needed to be tested with the stated hypothesis that
quarters were similar in IgG1 mass in first milked colostrum
of a dairy cow. Our rationale was that the quarters contain the
same DNA and experienced the same blood concentrations of
hormones, nutrients, etc. Figure 10 suggests that this hypoth-
esis may need to be rejected; the separate mammary gland
quarters within an animal are not equal in first milked colos-
trum mass transfer. This figure shows the analysis of 12
quarters from 4 cows milked within 3 h after parturition
(Baumrucker et al., unpublished). There are concentration
and mass differences of IgG1 between different animal mam-
mary gland quarters as well as within quarters of individual
cows. Some cows were not different in IgG1 concentration
among their quarters (Fig. 10; cow 1601) while others were
clearly different (Cow 1269 concentration and mass) and cow
1640 (only mass). It is known that while eachmammary gland
of the udder is independent, the lactating tissue is developed
during lactogenesis I from the same general copies of DNA. It
is possible that previous lactation cells remaining for the
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Table 2 Endocrine regulation of
colostrogenesis Findings System Source

Prepartum transfer Appearance of IgG [13]

Endocrine changes at colostrogenesis Increases in estradiol, cortisol, growth hormone &
prolactin; decrease in progesterone

[119, 120]

Artificially- induced colostrum forms E2 and P4 injections [46, 121, 122]

Colostrum IgG is from serum Biochemical characterization [1718]

IgG1 transport is specific Radiolabeled IgG1 [13, 18]

P4 changes colostrogenesis P4 measures [37, 123]

Prolactin decreases colostrogenesis In vivo application & bromocriptine [124, 127]

Glucocorticoid inhibits IgG1 appearance Glucocorticoid at parturition [13, 108, 126]

Prepartum milk increased differentiation Cellular morphology [128]
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subsequent lactation may be contributors to this variation and
a similar evaluation of 1st lactation cows is underway.
However, genetic contribution to this quarter variation cannot
be explained unless epigenetic mechanisms [129] are contrib-
uting to colostrogenesis and are influenced independently
within each quarter. It is possible that blood flow to each
quarter is different, and this might explain differential hor-
monal induction. Also, greater flow would provide more
nutrient transport as well as more access to circulating IgG1
[130]. Perhaps, stochasticity in gene expression [131] may
also be included in the list of unknown regulatory factors. Still
another explanation may be the effect of differential expres-
sion of local factors, paracrine or autocrine that likely contrib-
ute to the colostrogenesis mechanisms induced by steroids.
However, quarter differential expression of these and other
factors within the same animal is not currently documented.

Finally, it may be possible that mastitis events [132] dam-
ages cow mammary tissue and thereby reduces mammary
colostrogenesis capacity, explaining the mass differences be-
tween cow udder quarters shown in Fig. 10. We collected
animal veterinarian records or these animals and show each
event per year (#) for quarters of the cows. Clearly, cow 1601
had multiple yearly episodes of mastitis in the front quarters,
yet mass output is equivalent with the other quarters. While

this data is clearly inconclusive about the effect of mastitis on
colostrogenesis; this line of research needs to be fully
explored.

Requirement of Colostrogenesis

Recent work with the requirement of the dry period timing
(Table 3) has indicated that with a shortened dry period
(involution period) and even with the lack of an opportunity
for involution, the mammary gland still produces high IgG1
concentrations [114, 117, 132–135]. It appears that the effect
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Table 3 Effect of decreased dry period length or continuous milking on
IgG1concentration in first milked colostrum

Treatment Colostrum IgG1 Literature

Continuous milking Reduced IgG1 concentration [133, 134]

Continuous milking No change in IgG1 concentration [115]

Prepartum unilateral
milking

Reduced IgG1 concentration [114]

Shortened dry period No change in IgG1 concentation [117, 134–136]

J Mammary Gland Biol Neoplasia (2014) 19:103–117 113



of an involution period on colostrum IgG content is variable
[136]. These and other findings [115] findings suggest that
colostrum formation is a requirement of subsequent copious
milk production and recent evidence suggests that the two
processes are independent in secretion production [114].
Must a mammary epithelial cell first differentiate with a
colostrogenesis mechanism occurring before evolving to ma-
ture milk production (Lactoenesis II)?

Conclusions

Colostrogenesis is a separate process of mammary epithelial
cells that occurs during late pregnancy and is responsible for
the mass transfer of blood IgG1 to the secretions. However,
this process has been shown to be extremely variable in dairy
cows. The production of quality colostrum with high IgG1
concentrations is important for neonatal health. It is clear that
colostrogenesis is induced by circulating steroids (E2/P4)
produced by the conceptus or can be artificially induced by
injections of steroids. During pregnancy, the process had been
thought to begin 3–4 weeks before parturition, but recent
evidence suggests the concentration of IgG1 in mammary
secretions occurs much earlier. While the endocrine induction
of colostrogenesis appears to be mostly resolved, the termina-
tion, based upon earlier research, is not clear. Previous studies
implicated the decline in steroids or the appearance of prolac-
tin and cortisol as the causative agents of termination. While
the accumulation of IgG1 by the bovine mammary gland and
appearance in colostrum has been reported many times, the
specific mechanism has remained unclear. It is the mechanism
that is contributing to the variation in colostrum of varying
quality. Most evidence suggests that the FcRn is the likely
contender for the transcytosis mechanism and the recent dis-
covery for the binding of albumin to the FcRn receptor en-
hances this candidacy for both. Because of pH restrictions, the
IgG1 is likely taken up by fluid phase endocytosis, but its
release mechanism into the colostrum secretion is unknown.
Ribonucleic acid and protein expression of FcRn occur in the
gland, but its potential dual role as a recycling and transcytosis
agent and potential switching between the two functions re-
mains unclear in mammary epithelial cells. Another mystery
is how the transcytosis mechanisms could be aligned with the
major appearance of the FcRn in colostrum whey and its
potential association with multiple proteins. While
colostrogenesis has been thought to be a very slow process
taking weeks to achieve the higher concentrations of IgG1,
our recent experiments have shown that the process may occur
extremely fast achieving a mass recoverywithin 48–24 h. This
finding opens a new experimental paradigm (accelerated
transcytosis) to explore the process and that of certain circu-
lating hormones that are concentrated in colostrum secretions.
Another important finding is that the individual glands of the

udder may express different concentrations and mass of IgG1.
It is not known if this is the result of disease or a natural
process of development in the bovine and perhaps all species.
Lateral symmetry is not identical in mammals. While this
discovery provides one explanation for the extreme variation
occurring among animals, the biological explanation of this
finding requires more research. It may also suggest that sam-
pling of one mammary gland may not reflect all mammary
gland functions. Finally, the understanding of colostrogenesis
and colostrum content (bioactive components) impact upon
the neonate mostly remains undefined. Mammary gland biol-
ogists should be encouraged by the potential opportunities for
discovery and application.
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