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Abstract Pituitary adenylate cyclase-activating polypeptide
(PACAP) is a neuropeptide with widespread occurrence in
the nervous system and peripheral organs, including the
mammary gland. Previously, we have shown that PACAP38
is present in the human milk at higher levels than in respec-
tive blood samples. However, it is not known how PACAP
levels and the expression of PAC1 receptor change during
lactation. Therefore, the aim of our study was to investigate
PACAP38-like immunoreactivity (PACAP38-LI) in human
colostrums and transitional and mature milk during lactation
and to compare the expression of PAC1 receptors in lactat-
ing and non-lactating mammary glands. We found that
PACAP38-LI was significantly higher in human colostrum
samples than in the transitional and mature milk. PACAP38-
LI did not show any significant changes within the first

10-month period of lactation, but a significant increase
was observed thereafter, up to the examined 17th month.
Weak expression of PAC1 receptors was detected in non-
lactating sheep and human mammary glands, but a signif-
icant increase was observed in the lactating sheep samples.
In summary, the present study is the first to show changes of
PACAP levels in human milk during lactation. The pres-
ence of PACAP in the milk suggests a potential role in the
development of newborn, while the increased expressions
of PAC1 receptors on lactating breast may indicate a
PACAP38/PAC1 interaction in the mammary gland during
lactation.
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Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP)
belongs to the secretin/glucagon/vasoactive intestinal
peptide (VIP) superfamily. PACAP is found in two bioactive
forms: PACAP27 and PACAP38, with PACAP38 being the
dominant form. The amino acid sequence of PACAP is highly
conserved in mammalian species, indicating a basic biological
function (Vaudry et al. 2009). PACAP and VIP have share the
VPAC1 and VPAC2 receptors, while PAC1 receptor is
PACAP specific. PAC1 receptors are coupled to Gs and Gq

proteins and activate adenylate cyclase and phospholipase C
signal transduction pathways (Somogyvari-Vigh and Reglodi
2004).

PACAP shows widespread occurrence not only in the
nervous system, but also in peripheral organs. Not surpris-
ing, it can be found in biological fluids in addition to the
plasma, where it has a short half-life (Bourgault et al. 2011).
Since PACAP is a well-known trophic factor and plays
important regulatory roles in many different systems, it is
hypothesized that the levels of PACAP and/or its receptors
show changes under different physiological or pathological
conditions. Recently, we have identified the presence of
PACAP in human follicular fluid, and have shown correla-
tion with the number of oocytes in hyperstimulated women
(Brubel et al. 2011; Koppan et al. 2012). We have also
demonstrated an elevation of PACAP38-like immunore-
activity (PACAP38-LI) in the plasma during normal human
pregnancy and a significant drop during delivery (Reglodi et
al. 2010).

Considering human milk, an earlier study demonstrated the
presence of VIP and showed that its concentration exceeded
that in the plasma (Werner et al. 1985). Similarly to VIP, we
have recently described the presence of PACAP38 in the milk
of human and different domestic animals (cow, sheep, and
goat), and we have found that PACAP38-LI is 5–20 times
higher in the milk than in respective plasma samples (Borzsei
et al. 2009; Czegledi et al. 2011). This is in accordance with
some other hormones and growth factors, such as gonadotro-
pin releasing hormone (GnRH), somatostatin, bombesin,
insulin-like growth factor (IGF-I and -II), epidermal growth
factor (EGF), and parathyroid hormone-related protein
(PTHrP), present at higher levels in the milk compared with
the plasma (Grosvernor et al. 1992).

Breast milk is a rich source of compounds critical for the
differentiation of the neonatal tissues and that of the mam-
mary gland itself (Cohick 1998). During lactation colostrum
(1–3 day), transitional (3–15 days), and mature milk are
produced. Hormones and growth factors have the highest
concentrations in the colostrum (Aydin et al. 2006). Higher
levels of immunoglobulins, growth factors, cytokines, oli-
gosaccharides, antimicrobial, and immune regulating factors
occur in the colostrum than in the mature milk, having

protective effects in allergic and inflammatory diseases
(Kelly 2003; Yoshioka et al. 2005). The nutritional and
immunological role of the milk makes studies about its
protein content and changes in its peptide constituents
during lactation outstanding important. The first aim of
the present study was, therefore, to investigate the differences
in PACAP38-LI in human colostrum, transitional and mature
milk.

The presence of PACAP and its receptors have also been
shown in the mammary gland itself. PACAP-immunoreactive
nerve fibers have been found in the non-lactating and lactating
rat mammary gland without any immunohistochemical
changes during pregnancy and lactation but with elevated
PACAP38 concentration in the lactating samples (Skakkebaek
et al. 1999). We have also shown PACAP38-LI in lactating
sheep udder tissue samples (Czegledi et al. 2011). In addition
to the peptide, all three PACAP receptors have been identified
in normal and cancerous mammary glands, with higher ex-
pression in breast cancer (Zia et al. 1996; Moody et al. 1998,
2001; Reubi et al. 2000; Garcia-Fernandez et al. 2004, 2005;
Moody and Gozes 2007; Czegledi et al. 2011). The altered
expression of PACAP receptors in breast cancer suggests a
role in glandular growth and differentiation (Leyton et al.
1999; Moody et al. 2001), raising the question whether similar
changes occur during lactation. Therefore, the second aim of
our present study was to compare PAC1 receptor expression in
lactating and non-lactating mammary glands.

Materials and Methods

Sample Collection

One milliliter of human colostrum (n011) and transitional
milk (n08) samples were collected from mothers during the
first 4 days of lactation. All transitional milk samples were
obtained from the mothers, who provided colostrum earlier.
Samples of human mature milk (5 ml) were derived from
volunteer, healthy, non-smoking mothers (n0167) with term
infants at different stages of lactation. An approximate esti-
mation of total milk yield was carried out. The samples were
collected into ice-cold polypropylene tubes without peptidase
inhibitor and stored at −20 °C. For histological analysis of
human mammary gland, tissues were excised from patients
with breast cancer during surgery (n04). Normal peritumoral
tissues were obtained from excisions. All human sample
collections were carried out according to a protocol approved
by the Institutional Ethic Committee (PTEKK 3117, 4304). In
all cases, we obtained written consent of the volunteers.

In order to compare PAC1 receptor expression in non-
lactating and lactating mammary glands, we obtained biop-
sies from lactating sheep. The reason for using animal sam-
ples is that obtaining human lactating mammary gland
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biopsies is not ethically approvable and there is no worldwide
accepted research protocol covered by institutional ethical
permission for such sample collection. Lactating as well as
non-lactating udder biopsy samples were taken from the same
adult Merino ewes (n04) using a minimal invasive method.

Radioimmunoassay

PACAP38-LI in the milk whey was determined with specific
and sensitive radioimmunoassay (RIA) technique developed
in our laboratory (Nemeth et al. 2006; Helyes et al. 2007).
Ten-milliliter 96 % acetic acid was added to 1-ml milk and
incubated in 40 °C water bath for 5 min to precipitate the
protein content. Centrifugation was performed at 4,000 rpm
for 10min at 4 °C to obtain a solid fat component on the top of
the samples. The whey localized between the precipitated
protein and fat fractions was then removed for RIA analysis.
For the RIA analysis “88111-3” PACAP38 antiserum was
raised against a conjugate of Cys23-PACAP24-38 and bovine
thyroglobulin coupled by carbodiimide in rabbit (Arimura et
al. 1991). Tracer—mono-125I-labelled ovine PACAP24-38
C-terminal fragment was prepared in our laboratory.
Standard—ovine PACAP38 was used as a RIA standard
ranging from 0 to 1,000 fmol/ml. Buffer—the assay was
prepared in 1-ml 0.05 mol/l (pH 7.4) phosphate buffer
containing 0.1 mol/l sodium chloride, 0.25 % (w/v) BSA,
and 0.05 % (w/v) sodium azide. Assay procedure—100 μl
antiserum (working dilution 1:10,000), 100 μl RIA tracer
(5,000 cpm/tube), and 100 μl PACAP38 standard or unknown
samples were measured into polypropylene tubes with the
assay buffer. After 48–72 h incubation at 4 °C, the antibody-
bound peptide was separated from the free one by addition of
100 μl separating solution (10 g charcoal, 1 g dextran, and
0.5 g commercial fat-free milk powder in 100 ml distilled
water). Following centrifugation (1,800×g, 4 °C, 15 min) the
tubes were gently decanted and the radioactivity of the pre-
cipitates was measured in a gamma counter (Gamma, type:
NZ310). PACAP38-LI of the unknown samples were read
from a calibration curve.

Immunohistochemistry

PAC-1 receptor expression was investigated by immuno-
histochemistry. The excised mammary gland tissues were
immediately dissected in ice-cold phosphate buffered
saline (Sigma, Hungary) and fixed in 4 % paraformalde-
hyde dissolved in 0.1 M phosphate buffer (PB; pH 7.4)
for 1 day at room temperature. The tissues were then
washed in 0.1 M PB, and cryoprotected in 10 % sucrose
for 1 h, 20 % sucrose in phosphate-buffered saline (PBS)
overnight at 4 °C. For cryostat sectioning, tissues were
embedded in tissue freezing medium (Tissue-Tek, OCT
Compound, Sakura Finetech, NL), cut in a cryostat (Leica,

Nussloch, Germany) at 12 μm radial sections. The sections
were mounted on chrome-alum-gelatin coated subbed slides
and stored at −20 °C until use. At least 10 sections were
examined. Tissue sections were rinsed in PBS, permeabi-
lized by incubation for 6×5 min in 0.1 % Triton X-100 in
PBS and incubated with 0.1 % bovine serum albumin, 1 %
normal goat serum, and 0.1 % Na-azide in PBS for 1 h to
minimize nonspecific labeling. The sections were incubated
with anti-PAC1 receptor antibody raised in rabbit (synthe-
sized in the laboratory of Prof. Seiji Shioda) for overnight at
room temperature. After several washes in PBS, the sections
were incubated for 2 h at room temperature in the dark with
the corresponding Alexa Fluor “568” secondary antibody
(Southern Biotech, Hungary). The sections were then
washed in PBS and were coverslipped using Fluoromount-G
(Southern Biotech). Primary antisera were omitted for con-
trols. Digital photographs were taken with a Nikon Eclipse 80i
microscope equipped with a cooled CCD camera. Images
were taken with the Spot software package. The photographs
were further processed with the Adobe Photoshop 7.0
program. The images were adjusted for contrast only,
aligned, arranged, and labeled using the functions of the
above program.

Statistical Analysis

Data are expressed as percentage of the baseline ± SEM.
The baseline was calculated as the average of the values
measured from samples during the first 6 months. As no
significant alterations were found in mature milk samples,
the mean was considered as baseline for further compari-
sons. For statistical over time comparison, Friedman’s test
for repeated measures was used. In all cases, p<0.05 was
considered statistically significant.

Results

Similarly to our earlier data (Borzsei et al. 2009), the pres-
ence of PACAP38 in human milk samples was confirmed by
RIA. In the present study, we investigated PACAP38-LI
levels in the milk at various time-points during lactation.
Our aim was to follow PACAP38-LI changes over time.
Breastfeeding during the first 6 months of lactation is the
optimal way of nutrition for the newborn and protects the
infant against foreign proteins and pathogens to avoid allergy
(Knobil and Neill 1998). Therefore, we first analyzed
PACAP38-LI during the first 6 months, the breastfeeding
period of special importance for the development of the
newborn. We found that PACAP38-LI levels in the milk
samples were stable during the first 6 months of lactation
(Fig. 1). A decreasing tendency was observed during the
maturity of the milk: highest levels of PACAP38-LI were
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measured in the colostrum. PACAP38-LI decreased in the
transitional milk compared with the colostrum, but this de-
crease was not statistically significant. Transitional and ma-
ture milk showed similar PACAP38-LI (Fig. 2), but a
minimal further decrease was detected in the mature milk.
The difference between mature milk and colostrum was
statistically significant.

After obtaining results during the first 2 weeks of lacta-
tion, our further aim was to compare immunoreactivities in
milk samples obtained from mothers, who were breastfeed-
ing for longer periods (6–17 months), during which period
the total milk yield decreased to approximately one third of
that of the initial months. PACAP38-LI levels showed a
significant increase after the 10th month compared with
the levels of the first 10 months. A further significant
increase was observed in samples obtained between 14
and 17 months of lactation (Fig. 3).

In order to investigate the expression of PAC1 receptors
in the mammary gland, we obtained human breast samples
during breast cancer surgery. Only the non-cancerous peri-
tumoral tissues were used for immunohistological evalua-
tion. In these non-lactating human samples, a very weak
expression of PAC1 receptor immunoreactivity was detected
in a few glandular cells (Fig. 4a). In order to compare PAC1
receptor expression in non-lactating and lactating mammary

glands, we obtained biopsies from lactating sheep. The
reason for using animal samples is the ethical concern
described in the previous section. The sheep udder biopsies
originated from the same animal having lactating (active)
and non-lactating (inactive) udders. In the non-lactating
udder biopsies PAC1 receptor expression was similar to that
observed in the non-lactating human samples, with a weak

Fig. 1 Alterations of PACAP38-LI in human milk samples during the
first 6 months of lactation. The baseline was calculated as the average
of the values measured from samples during the first 6 months. Values
are expressed as percentage of the baseline ± SEM. As no significant
alterations were found in mature milk samples, the mean was consid-
ered as baseline for further comparisons

Fig. 2 PACAP38-LI determined by RIA from human colostrum, transi-
tional and mature milk samples. Values are expressed as percentage of the
baseline ± SEM. *p<0.05 vs. PACAP38-LI in mature milk

Fig. 3 PACAP38-LI of human milk samples during the first 17 months
of lactation. Values are expressed as percentage of the baseline ± SEM.
***p<0.001 vs. PACAP38-LI in 1–6 and 7–10 months samples

Fig. 4 PAC1 receptor immunostaining of human non-lactating mamma-
ry gland (a), non-lactating (b), and lactating (c) mammary gland of sheep.
The non-specific binding of the red blood cells is detectable, as an
autofluorescence in the non-lactating mammary gland sections. Scale
bar, 50 μm
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expression, but most of the glandular epithelial cells and the
connective tissue remaining PAC1 receptor negative (Fig. 4b).
In contrast, strongly increased PAC1 receptor positivity was
detected in the lactating mammary gland biopsies compared
with the non-lactating samples (Fig. 4a–c). Similarly to our
earlier findings, the PAC1 receptor immunostaining was very
intense in the epithelial cells of almost all secretory units,
while the surrounding connective tissue remained unstained
(Czegledi et al. 2011).

Discussion

The origin of PACAP in the milk is not exactly known. Some
growth factors are transported to the milk from the plasma
without any changes in structure and activity. Others are trans-
ported and synthesized in the mammary gland, such as PTHrP,
IGF, EGF, prolactin (PRL), and GnRH (Grosvernor et al.
1992). The composition of the milk varies among species
and during lactation (Catinella et al. 1996). According to our
investigations, PACAP38, similarly to motilin, gastrin (Lu et
al. 1995), leptin (Eilers et al. 2011), and β-casomorphin-5 and
7 (Jarmołowska et al. 2007) was present in the human colos-
trum in a significantly higher concentration than in the mature
milk. PACAP38-LI remains constant during the first 6 months
of lactation, but it shows a significant increase after the 10th
month. Generally, the milk yield decreases with the progress
of lactation (Lonnerdal 2003), while the total protein content
is relatively stable during a 12-month follow-up (Hartmann
and Kulski 1978). In case of our samples the initial milk yield
decreased drastically almost to the third, thus the increased
PACAP38-LI after the 10th month might suggest a relative
accumulation in the human milk as a compensation of the
reduced milk production.

The possible functions of PACAP in the milk and the
significance of the changes in its levels during lactation are
not known at the moment. Based on the already known
functions of the peptide, and the functions of other growth
factors in the milk, we hypothesize that PACAP (1) may be
required for the development of the newborn; (2) may be
important as an immunomodulator during postnatal period;
(3) based on the strong antiapoptotic effects of PACAP, it is
also possible that the peptide is an important factor in the
growth of the mammary gland itself; and (4) finally, PACAP
may play a regulatory role in lactation itself at local or at
hypothalamo/pituitary levels.

As mentioned above, one of the possible important func-
tions of PACAP in the milk is that it plays a role in postnatal
development. Similarly to other peptides and growth factors,
PACAP is a trophic factor during development of the new-
born, with special emphasis on the nervous system (Falluel-
Morel et al. 2008; Hashimoto et al. 2011; Sakurai et al. 2011;
Reglodi et al. 2011). Since the immunomodulatory roles of

PACAP are well-established (Ganea and Delgado 2003),
PACAP in the milk may also play a role in the development
of the immune system in the newborn. Like other multifunc-
tional milk components, PACAP may protect against patho-
gens and stimulate the development of the natural defense
mechanisms, especially locally in the alimentary tract. How
much PACAP actually reaches the newborn alimentary tract
and how PACAP is absorbed into the systemic circulation is
not known at the moment. However, the newborn alimentary
tract differs from the adult structure in several aspects favoring
the intact nature of various peptides and proteins. Serine
proteinase inhibitors, such as α1-antitrypsin and antichymo-
trypsin are present in the milk and these inhibitors and the low
hydrochloric acid in the stomach keep milk peptides required
for the perinatal adaptation intact (Chowanadisai and Lonnerdal
2002). Intestinal absorption of colostral proteins, including
immunoglobulins is a non-selective process mediated by
“transport vacuoles” in the newborn (Baintner 2007). The
immature immune system, the deficiency of proteolytic
enzymes, the mucosal differentiation, and the lack of the bac-
terial flora leads to a higher permeability (Jarmołowska et al.
2007). In infants the concentration of the pancreatic enzymes is
lower and the passive permeability is higher than in adults due
to the immaturity of the intestine (Weaver 1992). All of these
may facilitate the contact between PACAP and gastrointestinal
mucosa and the above mentioned potential functions in the
newborns development.

The other possibility is that PACAP plays a role in the
development of the mammary gland itself and/or in lactation
processes. Cell differentiation leads to increased amount
of milk production in lactating breasts, and apoptosis plays
an important role in the cell dynamics of the lactation
(Svennersten-Sjaunja and Olsson 2005). Apoptotic mecha-
nisms are strongly suppressed during lactation. PACAP has a
strong antiapoptotic effect mainly through the specific PAC1
receptor (Somogyvari-Vigh and Reglodi 2004; Seaborn et al.
2011). Garcia-Fernandez et al. (2005) demonstrated the
presence of PAC1 receptor in the human mammary gland, with
increased expression in breast cancer samples. Others have
described the importance and potential therapeutic use of
VPAC receptors in breast cancer (Moody et al. 2001; Moody
and Gozes 2007). In the present study, we found that the
expression of PAC1-receptor was markedly higher in the lac-
tating udder biopsies on the glandular epithelial cells than in
non-lactating samples. Our results are thus in accordance with
the observations of Garcia-Fernandez et al. (2005): higher
expression is observed in samples where suppressed apoptosis
is characteristic (i.e., cancerous or lactating samples). Further
studies are required to examine the exact role of PACAP on
mammary gland apoptosis.

Milk production and ejection are mainly controlled hor-
monally by PRL and oxytocin, respectively. Intravenous
PACAP administration has been shown to increase circulating
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PRL levels in human plasma while no change in oxytocin
levels have been observed (Chiodera et al. 1995, 1996). The
effect of PACAP on PRL secretion is, however, still unclear.
In animal experiments, both increase (Arbogast and Voogt
1994; Tohei et al. 2001) and decrease (Sawangjaroen and
Curlewis 1994; Anderson et al. 1996; Huang and Pan 1996)
of the plasma PRL level after PACAP injection have been
described. Whether the elevated PACAP38-LI has a signifi-
cant effect in the mechanism of lactation itself is not known,
but PACAP in the mammary gland may influence PRL secre-
tion via local (McFarland-Mancini et al. 2006) or feedback
mechanisms.

In summary, the present study is the first to show changes
of PACAP levels in human milk during lactation. The pres-
ence of PACAP in the milk calls attention to its potential role
in the development of newborn, while the increased expres-
sion of PAC1 receptors on lactating breast may indicate a
possible PACAP38/PAC1 interaction in regulating the apo-
ptotic changes in mammary glands during lactation.
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