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Pituitary adenylate cyclase activating polypeptide (PACAP) is a neuropeptide

originally isolated as a hypothalamic peptide. It has a widespread distribution in

the body and has a diverse spectrum of actions. Among other processes,

PACAP has been shown to be involved in reproduction. In this review we

summarize findings related to the entire spectrum of female reproduction.

PACAP is a regulatory factor in gonadal hormone production, influences

follicular development and plays a role in fertilization and embryonic/

placental development. Furthermore, PACAP is involved in hormonal

changes during and after birth and affects maternal behavior. Although most

data come from cell cultures and animal experiments, increasing number of

evidence suggests that similar effects of PACAP can be found in humans.

Among other instances, PACAP levels show changes in the serum during

pregnancy and birth. PACAP is also present in the human follicular and

amniotic fluids and in the milk. Levels of PACAP in follicular fluid correlate

with the number of retrieved oocytes in hyperstimulated women. Human milk

contains very high levels of PACAP compared to plasma levels, with colostrum

showing the highest concentration, remaining steady thereafter for the first 7

months of lactation. All these data imply that PACAP has important functions in

reproduction both under physiological and pathological conditions.
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Introduction

PACAP was discovered in the laboratory of professor Arimura in 1989 (1). The

discovery was based on finding a novel hypothalamic peptide that stimulated anterior

pituitary cells in addition to the already known releasing hormones. This led to the

isolation of a peptide composed of 38 amino acid residues, named PACAP38, from ovine

hypothalamic extracts. This was followed by the isolation of a shorter form with 27 amino

acids, named PACAP27 (2).The name PACAP comes from the abbreviation of pituitary
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adenylate cyclase activating polypeptide, referring to the first

described action, in which it stimulates adenylate cyclase

activity, and thus, cAMP in the pituitary gland. Both peptides

show structural homology to the vasoactive intestinal peptide

(VIP) and they belong to the VIP/secretin/glucagon

peptide family.

PACAP acts through G protein-coupled receptors, namely

the specific PAC1 and VPAC1 and VPAC2, which also bind VIP

with equal affinity (2). PACAP activates mainly the adenylate

cyclase/cAMP pathways, and through this, the activation of its

receptors lead to activation of protein kinase A (PKA) and

downstream pathways (3). It also activates several other

pathways (4) and transactivates tyrosine kinase receptors (5).

Moreover, PACAP38 (but not PACAP27) can enter through the

cell membrane without receptorial mechanism, but the

intracellular signaling activated this way has not been

elucidated yet (6). The specific PAC1 receptor has several

splice variants, inducing different signaling pathways, and

thus, leading to different, sometimes opposing effects (2, 7).

PACAP and its receptors have widespread occurrence and

thus, PACAP can exert variable biological actions. In the nervous

system, it acts as a neurohormone and neuromodulator, and

several different effects have been described. Among others, it

plays a role in neuronal development like patterning of the neural

tube, proliferation and migration of cortical and cerebellar

neurons, axonal growth and glial cell maturation (8). These

effects can also be observed in the mature nervous system in

case of injuries, when PACAP can exert neuroprotective effects

(9–12). Several other neuronal processes are influenced by

PACAP: it has been shown to play a role in stress and anxiety

responses (13), in diminishing the negative consequences of

aversive events (14), it influences central energy homeostasis

(15, 16), thermoregulation (17) and memory (18). In the

periphery (19, 20), several actions have been described

regarding the cardiovascular system, where the peptide

influences cardiac neuronal excitability and heart muscle

contractility (21). In the gastrointestinal and respiratory tract

PACAP plays a role in neuroendocrine secretion, smooth

muscle contractility and blood supply (22, 23). Endocrine

glands show high levels of expression of PACAP and the

peptide is involved in secretion of several hormones (19–23).

Regarding reproductive functions, several lines of evidence

show that the peptide centrally regulates gonadal hormones as

well as acts in the periphery, the ovary, the placenta, the

mammary gland and the uterus. Male reproductive functions

are also known to be influenced by PACAP at both central and

peripheral levels. At central level, PACAP influences

hypothalamic and hypophyseal gonadal hormone secretion,

while in the periphery, PACAP regulates spermatogenesis at

various stages (24–26), influences sperm cell motility (27), and

modulates Leydig and Sertoli cell functions (28–30). The

reproductive functions of PACAP seem to be evolutionarily

conserved, as it has also been revealed in several non-
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mammalian species (31). In seasonal animals, PACAP

expression and effects are season-dependent (32), while in

non-seasonal breeding species, the PACAP system shows

alterations throughout the life-span, before and after puberty,

during the hormonal cycle and during pregnancy (33). The aim

of the present mini-review is to summarize findings regarding

the effects of PACAP in the female reproductive system.
PACAP in the central regulation of
female reproductive functions

Soon after the discovery of PACAP it became evident that

the neuropeptide plays a role in modulating the secretion of

releasing hormones, such as the main hypothalamic hormone

playing a role in gonadal regulation, gonadotropin-releasing

hormone (GnRH) and pituitary hormones, including follicle-

stimulating hormone (FSH) and luteinizing hormone (LH)

influencing peripheral reproductive functions. Early studies

revealed that PACAP occurs at highest concentrations in the

hypothalamus, although several other brain areas express

significant amount of the peptide as well (2). Hypothalamic

neuronal endings release PACAP in the median eminence where

the primary capillary plexus of the hypophyseal portal system is

found. The concentration of PACAP in the hypophyseal portal

venous blood has been shown to be higher than in the periphery,

proving the release and transport of the peptide to the

adenohypophysis (34). PACAP is thus carried via the portal

vessels to the anterior pituitary where it acts, among others, on

the gonadotroph cells. Strong PACAP immunoreactivity was

found in several hypothalamic nuclei, such as arcuate,

dorsomedial, ventromedial, paraventricular nuclei, lateral and

preoptic hypothalamic areas. mRNA has also been shown in the

perikarya of some of these nuclei. Regarding PACAP binding

sites, receptors PAC1 and VPAC1/2 are present in many brain

areas. In the hypothalamus, receptors have been identified in the

arcuate, dorsomedial, ventromedial, paraventricular, supraoptic,

preoptic and suprachiasmatic nuclei, in the lateral hypothalamic

area and in the mamillary bodies. These data mostly come from

rat experiments, but subsequent studies have also mapped

PACAP and its receptors in several other species, including

the human brain (35–37). Distribution of PACAP in the human

hypothalamic nuclei closely resembles that described in rodents

(35), underlining the translational value of the rodent studies.

Various hypothalamic functions are influenced by PACAP. For

example, PACAP is involved in the hypothalamic regulation of

body temperature (38, 39), food and water intake (40–43),

energy homeostasis (16, 44) and in the circadian rhythmic

activity of the suprachiasmatic nucleus (45). All these

hypothalamic actions are in a complex interplay with the

regulatory mechanisms of reproductive functions.

The hypothalamic nuclei playing a role in the hypothalamo-

hypophyseal hormonal system can be divided into
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magnocellular and parvocellular nuclei. Magnocellular nuclei

are the supraoptic and paraventricular nuclei that produce

vasopressin and oxytocin, both of which are transported by

axonal transport via the hypothalamohypophyseal tract to the

posterior lobe of the pituitary gland, where they are released into

the bloodstream. High expression of both PACAP and its

receptors are found in these nuclei. Intracerebral injection of

PACAP increases activity of these neurons and plasma

vasopressin levels (46–48). PACAP increases oxytocin and

vasopressin release in the posterior lobe of the hypophysis

(49). Parvocellular nuclei of the hypothalamus are mainly

involved in the production of releasing hormones that

influence the production of anterior pituitary trophic

hormones, such as FSH, LH, thyroid-stimulating hormone

(TSH), adrenocorticotropic hormone (ACTH), growth

hormone (GH) and prolactin (PRL). The main parvocellular

nuclei are the ventromedial, dorsomedial, preoptic, arcuate

nuclei and the parvocellular part of the paraventricular

nucleus. PACAP has been proven to act as a modulator and

transmitter in the regulation of hypophysiotropic hormones in

the parvocellular system (2). Several lines of evidence prove that

PACAP is involved in the GnRH-gonadotropin axis (50, 51).

PACAP leads to an increase in the gene expression of GnRH,

somatostatin and corticotrope-releasing hormone (CRH), while

the injection of the PACAP antagonist PACAP6-38 inhibits

this increase.

In the adenohypophysis, PACAP receptors are found in all

endocrine cells and also in folliculostellate cells (2). Moore et al.

(52) investigated the expression of PACAP mRNA during the

estrus cycle. They found that PACAP mRNA expression in the

paraventricular nucleus and pituitary shows significant changes

during the estrous cycle, with the greatest alterations on the day

of proestrus. PACAP mRNA in the paraventricular nucleus

decreases on the morning of diestrus, while increases 3 h prior

to the gonadotropin surge and then declines in proestrus. A

moderate decline at the time of the gonadotropin surge on the

afternoon of proestrus and an increase later in the evening was

observed in the pituitary. Expression of the follistatin mRNA

increased following the rise in pituitary PACAPmRNA, after the

secondary surge in FSH beta (Fshb) gene expression. They

concluded that PACAP is involved in events before and after

the gonadotropin surge, possibly through increased sensitivity to

GnRH and suppression of Fshb subunit expression, similarly to

in vitro observations (52). Others have also confirmed the rise of

PACAP in the anterior pituitary during proestrus (53–55).

Early studies have shown that PACAP stimulates release of

GH, ACTH, LH, FSH and PRL (2). PACAP can alone stimulate

LH and FSH but also acts synergistically with GnRH (2). PACAP

also stimulates GnRH receptor gene promoter activity, while

GnRH stimulates PACAP gene expression, highlighting the

complex relationship between PACAP and GnRH systems (2).

This complexity is further deepened by the somewhat

contradictory results regarding the relationship between
Frontiers in Endocrinology 03
PACAP, GnRH and the gonadotrophs. Although some studies

found no effect of intravenous PACAP administration on LH

levels (56, 57), the same authors described inhibition of the LH

surge when PACAP was administered intracerebroventricularly.

Interestingly, PACAP27 and 38 had opposing effects: while

PACAP38 inhibited LH surge, PACAP27 elevated LH plasma

levels. Also, PACAP38 inhibited ovulation when given

intracerebroventricularly or intranasally, while PACAP27 had

no effect on it (57, 58). Others also found inhibitory action of

PACAP on LH release (59). Similarly, injection into another

area, the medial basal hypothalamus, led to decreases in LH

secretion, LH pulse frequency and ovulation (59). Contradictory

results show that the relationship between PACAP and the

gonadotropin axis is very complex, as other studies have found

stimulatory action on LH release (60–62). Most probably the

opposite findings can be explained by the different experimental

setups, as it was shown that the action of PACAP depends on the

age of the animal, time of day, gender, the day of the estrous

cycle, GnRH pulse frequency, using PACAP27 versus 38, and

there are differences also between in vitro and in vivo findings

(63). This complex system and the effects of PACAP were

thoroughly and critically analyzed in the review by Koves

et al. (51).

The first studies on PACAP and the onset of puberty showed

that neonatally administered subcutaneous PACAP delayed

puberty and a lower number of eggs were released at

ovulation, accompanied by lower pituitary LH content (64).

Another study revealed that disruption of PAC1 receptor

synthesis delayed puberty and decreased GnRH receptor and

LH in the pituitary (65). A further insight into the complexity of

the interaction between PACAP and gonadotropin system

comes from studies investigating other influencing factors,

such as other releasing hormones, interleukins, estradiol and

progesterone, and several neuropeptides (51). Recent results

indicate that PACAP acts also via kisspeptin neurons on

GnRH secretion. While PACAP can affect GnRH neurons in

the hypothalamus directly or indirectly through CRH, it can also

influence kisspeptin neurons which create the pulse generator

(51). The relationship between kisspeptin and PACAP was

suggested in studies by Mijjiddorj et al. (66). These

investigations have shown that PACAP and kisspeptin

synergistically increase gonadotropin subunit expression, Cre

promoter expression, prolactin-promoter activity and kisspeptin

increases the expression of PAC1 receptor (66, 67). Tumurbaatar

and colleagues have confirmed the relationship between

kisspeptin neurons and PACAP, as they showed a stimulation

of the gene encoding kisspeptin by PACAP in hypothalamic cells

derived from the kisspeptin-expressing periventricular and

arcuate nuclei (68).

PACAP or PAC1 receptor knockout animals have high

mortality and lower reproduction rate (69–71). PACAP KO

mice have numerous abnormalities and pathological symptoms

with several biochemical and developmental alterations (71–76).
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No exact explanation for the lower fertility is known, but several

factors seem to play a role, including hormonal differences.

Although most authors working with knockout animals have

described decreased fertility, differences can be found in the

background. While some investigators found no difference in the

onset of puberty and estrous cycle, others have found disturbed

estrous cycle (70, 77). Isaac and Sherwood (78) described lower

implantation rate associated with reduced prolactin and

progesterone levels. Shintani et al. (70) reported reduced

mating and maternal behaviour. Immune-checkpoint

molecules were investigated in decidual and peripheral

immune cells in the periphery and in the decidua of pregnant

KO mice. The only noteworthy finding was the recruitment of

galectin-9 Th cells to the decidua promoting local immune

homeostasis in PACAP KO mice, but this difference alone is

not significant enough to explain the background of the reduced

fertility, but point to a role of PACAP in the immune regulation

of pregnancy (79). A pioneer study by Ross et al. (80) provided

more insight into the relationship between neurons expressing

PACAP, kisspeptin or leptin, and thus, providing a possible

explanation for the altered estrous cycle seen in some studies.

They showed that the main site of leptin receptor and PACAP

co-expression is the ventral premamillary nucleus of the

hypothalamus. A targeted deletion of PACAP from this

nucleus led to delayed onset of puberty, measured by delayed

vaginal opening and first estrous cycle. These mice had also

dysregulated estrous cycle later and had impaired reproductive

functions, as pregnant mice had fewer pups per litter. These were

accompanied by blunted LH surge and a smaller number of

follicles maturing per cycle. As the PACAP/leptin neurons

project to kisspeptin neurons, a new role for PACAP-

expressing neurons has been suggested based on these

observations: PACAP expressing neurons in the ventral

premamillary nucleus play a role in the relay of nutritional

status to regulate GnRH release by modulating kisspeptin

neurons (80). Our preliminary results also confirm this

relationship between PACAP and kisspeptin expression and

disturbed estrous cycle in PACAP deficient animals (77).

Altogether, studies on PACAP and the hypothalamo-

hypophyseal system clearly show that PACAP plays a role in

the central reproductive functions, but more studies are needed

to resolve the controversies in the hormonal regulation.

Furthermore, the lack of human data in this regard makes the

translational value of these studies questionable, as the

reproductive functions are well-known to be highly

species-specific.
PACAP in the gonads

It is well known that interactions between peptide and

steroid hormone-signaling cascades influence the growth of

follicles, ovulation, and luteinization in the ovary. Following
Frontiers in Endocrinology 04
the gonadotropin-independent follicular development, a cohort

of hormone sensitive follicles are selected that rapidly grow into

immature and mature tertiary follicles. LH surge induces

ovulation and the formation of the corpus luteum from the

remaining granulosa and theca cells of the follicles. Follicles

produce estrogen, while corpus luteum is responsible for both

estrogen and progesterone production. Although FSH and LH

play a fundamental regulatory role in follicular maturation,

synthesis of steroids, and ovulation, several peptidergic and

non-peptidergic signaling pathways may alter their actions

(81–85). Influence of PACAP in gonadal functions is further

supported by research data showing that PACAP reduces

follicular apoptosis in the ovary (86). Follicular development

might also correlate with concentrations of PACAP in granulosa

cells. In the rat, PACAP expression in the granulosa cells of large

mature follicles prior to ovulation is stage-specific, whereas

weaker expression could be detected in immature antral and

pre-antral follicles (87–89). Both PACAP and PAC1 receptors

are found in the rat corpus luteum (90). Moreover, PACAP

might also be involved in the regulation of primordial germ cell

proliferation (91), as well as cyclic recruitment of immature

follicles (89), follicular apoptosis (86, 92), and ovarian hormone

and enzyme production in humans, rats, and cows (93–96).

These effects have been reviewed by our research group (97) and

by Canipari and colleagues (98). A recent study has suggested a

novel link between kisspeptin and PACAP at the ovarian level:

suppressed PACAP expression after ablation of kisspeptin

signaling in oocytes may be an additional factor in the

ovulatory failure in mice (99). These studies clearly indicate

that PACAP plays a role in follicular development, both through

hormonal interactions and locally, influencing oogenesis.
PACAP in the uterus and placenta

Isaac and Sherwood reported a lower rate of reproduction in

PACAP deficient mice, mainly due to insufficient implantation

(78). Although the uterine and placental functions of the

neuropeptide are somewhat neglected in the literature,

findings of the above study might indicate a placental role of

endogenous PACAP. Expression of PACAP27 and PACAP38 in

human placentas and uterus was first confirmed by

radioimmunoassay and immunocytochemistry (100). The

uterus consists of a body and cervix, with an isthmus at the

border of the two parts. The uterine wall has three layers:

endometrium (a columnar epithelial layer), myometrium (a

thick smooth muscle layer) and perimetrium (a part of the

peritoneum with a thin squamous cell layer) from inside to

outside. After implantation, the placenta is formed, consisting of

a maternal and a fetal part. Maternal part is the decidua basalis,

made up of the pregnant endometrium facing the embryo, while

the fetal part consists of the chorion frondosum, which has cyto-

and syncytiotrophoblast cells and extraembryonic mesoderm. In
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the human placenta, PACAP38 concentrations were higher than

PACAP27 levels, uterus and placenta had similar levels of

immunoreactivity, but the umbilical cord showed weaker

intensity (100). Uterine isthmus and myometrium showed

stronger immunoreactivity than pregnant uterus, but no

immunoreactive nerve fibers could be detected in the placenta

or umbilical cord. Radioimmunoassay studies have revealed

similar levels of PACAPs in different parts of the human

placenta (central/peripheral maternal, central/peripheral fetal).

PACAP38-like immunoreactivity was stronger in both maternal

and fetal sides in full-term placenta compared to younger

samples, while PACAP27-like immunoreactivity increased only

on the maternal side (101). Similar to the above data, Scaldaferri

and colleagues observed PACAP and PAC1 receptor in both rat

and full-term human placentas using Northern blot analysis,

polymerase chain reaction (PCR) and immunohistochemistry

(102). In human placentas, a marked difference was observed in

the immunohistochemical staining characteristics of different

parts of the placenta, showing strong staining in stromal cells

around blood vessels and weaker signal in vessel walls in stem

villi. In terminal villi, stromal cell PACAP38 immunoreactivity

was obvious. In stem villi, the stromal immunoreactivity showed

a spatial distribution pattern with immunoreactivity only in the

periphery, while terminal villi had dispersed positivity in the

entire stroma. RT-PCR studies have revealed expression of

different isoforms of the PAC1 receptor in rat and human

placentas. In the rat placenta, 3 isoforms were described: the

short, hip or hop variant and the hip-hop variant. In contrast, in

the human placenta only expression of the SV2 form was

detected, that is homologous to the rat hop form. PACAP27,

PACAP38 had almost equipotent binding to these receptors,

while VIP had weaker binding affinity (102).

PAC1 receptor mRNA has been recently demonstrated in the

uterus of healthy pigs, and the abundance of PAC1 receptor

protein was reduced in inflammatory conditions (103).

Endometrial inflammation also leads to changes in PACAP

expression of the dorsal root ganglia supplying the porcine

uterus (104). PACAP is expressed in the cervix, lumbosacral

dorsal root ganglion and spinal cord supplying the uterus,

showing time-dependent changes during pregnancy: initial

elevation is later followed by decrease during the end of

pregnancy in rats (105). Rat placenta is comprised of decidua

basalis, junctional and labyrinth zones, where PACAP and PAC1

receptor mRNAs were detected in decidual cells, as well as in

chorionic vessels and stromal cells of the labyrinth zone (106). In

the decidua, strongest signals were detected on day 13.5, with

decreasing strength in more advanced stages. The junctional zone

showed no signal, while the labyrinth zone branching villi, stem

villi and chorionic vessels showed a gradually increasing signal

parallel with advancing pregnancy age (106). Expression of

PACAP and PAC1 receptor mRNA from human legal abortions

of 6–7 weeks, from induced abortions of 14–24 weeks (second

trimester) and term placentas was proven by in situ hybridization
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in stem villi and terminal villi (107). In first and second trimester

samples, moderate PACAP mRNA expression was detected in

stroma cells surrounding blood vessels within stem villi, while

strong expression was found in full term placentas (107). Only

weak expression was found in cyto- and syncytiotrophoblasts.

PAC1 receptor expression showed a similar distribution pattern:

stronger expression was described in the villus stroma, while

weaker expression in the trophoblast cells. This increasing

expression pattern of mRNA for both PACAP and its receptor

suggests a potential role of the peptide in placental growth and

development. Radioimmunoassay also confirmed an increase in

the levels of PACAP and its specific receptor in late placentas

compared to early placentas (101). Oride and colleagues reported

on the presence of PACAP mRNA and PACAP immunoreactive

cells in mouse primary placental cell cultures (108). PACAP

expression was increased upon treatment with estradiol,

progesterone, GnRH or kisspeptin. Conversely, PACAP induced

kisspeptin expression in the placenta, showing that PACAP,

kisspeptin, and GnRH are interrelated also at the placental

level (108).

There are only a few studies dealingwith the actions of PACAP

in the uterus and placenta. According to a recent study, PACAP

treatment leads to decrease of amplitude and an increase in

frequency of myometrium contraction in pigs (103). Effects of

PACAP on blood vessels and smooth muscle contractility in the

uteroplacentalunitwasalso thoroughly investigated.Preincubation

with PACAP or VIP significantly inhibited the norepinephrine-

induced contraction of arteries of the myometrium and stem villus

in a concentration-dependent manner (100). The high

concentration needed for significant relaxation indicates the

necessity of local peptide release to achieve for the in vivo effect.

Most results show that PACAP leads to placental vessel relaxation,

but no effect could be observed on amplitude, tone, or frequency of

strips of spontaneously contracted myometrium of pregnant

women (100). Data altogether support the view that PACAP may

be involved in the regulation of the uteroplacental blood flow, and

results from Spencer and colleagues suggest that PACAP could

facilitate endometrial blood flow, thus increasing availability of

metabolic substrates to thedevelopingdeciduaor the embryo (109).

Involvement of PACAP placental hormone secretion has also been

suggested, probably due to an induction of cAMP secretion. As

PACAP and VIP acted similarly, these effects are most probably

mediated by VPAC receptors (110). A recent study has detected a

robust elevation of PACAP mRNA in female mice uteri with

blastocyst embryos compared with non-blastocysts. Also,

correlation was found between PACAP and HB-EGF (coding

region of heparin-binding EGF-like growth factor) mRNA

expression, which is an early embryo implantation marker. This

result also supports the role of PACAP during the peri-

implantation period of early mouse development (111).

Actions of PACAP have also been investigated in normal and

tumorous trophoblast cells. PACAP is well-known for its general

cytoprotective and survival-promoting effects in numerous cell
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types (19, 20). This could be confirmed in non-tumorous

trophoblast cells (HTR-8/SV cells). PACAP pretreatment led to

increased survival rate, increased proliferation, while it had no

effect on invasion (112). However, PACAP decreased the invasion

in another trophoblast cell line, HIPEC, which are invasive,

proliferative extravillous trophoblast cells (112). Regulating

angiogenesis may also be a function of PACAP during placental

growth, as several angiogenic factors were found to be altered

upon PACAP treatment of trophoblast cells (112). The disturbed

intracellular signaling cascades in tumorous cells can alter the

antiapoptotic, thus survival-promoting, effects of PACAP, as it has

been shown in various tumour cell lines. In some tumours,

PACAP has no effect on survival, while in others, PACAP is

antiapoptotic, similarly to its general effects. And yet in others,

PACAP is proapoptotic, thus enhances cell death, in contrast to its

general protective effects. This was the case in choriocarcinoma

cells, where PACAP treatment led to further decrease in survival

in cells exposed to hydrogen peroxide-induced oxidative stress or

chemically induced in vitro hypoxia (113). However, no effect was

observed in lipopolysaccharide-, ethanol or methotrexate-treated

cells (113, 114). Furthermore, in JAR choriocarcinoma cells,

PACAP influenced the expression of several signaling

molecules, such as ERK1/2, JNK, Akt, GSK, Bax, p38 MAPK

(113). Altogether, these data show that PACAP and its receptors

are present in the uterus and placenta, and propose some

functions on blood supply, contractions, and growth both under

physiological and pathological conditions, but more studies are

needed to elucidate the exact function of PACAP at this level.
Human findings

The role of PACAP in a multitude of physiological processes

has drawn the attention to elucidating the physiological roles of

PACAP in the human body. As the possibility of exogenous

PACAP administration in humans is limited, only a few such

examples are known from the literature. Regarding hormonal

regulations, for example, intravenous PACAP was shown to

stimulate vasopressin and PRL levels but not those of oxytocin,

gonadotrophs or GH in normal men (115, 116). However, no

data are available in women. Based mainly on the cytoprotective

functions of PACAP, there are several promising data for its

potential future therapeutic use, such as in diabetes (117),

multiple sclerosis (118), the intranasal administration in

neurodegenerative diseases, cognitive impairment and stroke

(119–121), in form of eye drops in corneal and retinal lesions

(122, 123) and dry eye disease (124). In contrast, the migraine-

provoking effect of PACAP has drawn the interest towards

antagonizing PACAP’s effects in migraine therapy (125, 126).

More studies are available on the distribution of PACAP in

the human body and several papers have described changes of

PACAP levels in different body fluids and tissues in

physiological and pathological conditions. PACAP has been
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previously investigated in body fluids with mass spectrometry

(MS), radioimmunoassay (RIA) and enzyme-linked

immunosorbent assay (127), and has been found in several

human body fluids: blood plasma (128–130), cerebrospinal

fluid (CSF) (131) and ovarian follicular fluid (132, 133), milk

(134, 135) and synovial fluid (136). The source of PACAP in

human biological fluids is mainly unknown, but these studies

have highlighted the potential use of PACAP as a biomarker in

certain diseases, where changes can reflect the presence and/or

progression of a disease (127). Among others, PACAP has a

potential biomarker value in dilatative cardiomyopathy, cardiac

infarct, Parkinson’s disease, migraine, polytrauma and chronic

rhinosinusitis (127, 137–141). A most recent study has

highlighted the potential use of PACAP, together with

calcitonin gene related peptide (CGRP), in differentiating

pediatric migraine from non-migraine headaches (142), while

another recent study has shown the association between

COVID-survival and VIP/PACAP plasma levels (143).

Regarding reproductive functions, PACAP has been measured

in the serum during pregnancy and delivery, and high levels of

PACAP were detected in human ovarian follicular fluid, milk

and amniotic fluid, as detailed below.
PACAP in the human follicular fluid

PACAP has been detected in the human ovarian follicular

fluid after superovulation treatment, with mass spectrometry

(132) and radioimmunoassay (133). The potential role of

PACAP in the regulation of follicular growth and maturation

is further demonstrated by results showing a correlation between

human follicular fluid PACAP concentration and ovarian

response to superovulation treatment in infertile women (133).

In this study, PACAP could be detected in all follicular fluid

samples, implying an important biological role for PACAP in

this culture medium for the developing oocyte. These data are in

line with those demonstrating receptors for PACAP in

developing follicles (92, 144). Interestingly, it appeared that

low-PACAP concentrations did not correlate with the oocyte

numbers: both low and high values could be measured.

However, high-PACAP levels correlated with low-oocyte

numbers in all cases, allowing us to conclude that below a

given threshold value of PACAP it may not have a significant

impact on the number of developing oocytes, while above that

value, PACAP may override other intraovarian regulatory

mechanisms lowering the final number of retrievable oocytes.

This finding might draw attention to a derailed regulatory

mechanism behind a well-known iatrogenic and potentially

life-threatening condition, known as ovarian hyperstimulation

syndrome (OHSS). This condition results from excessive ovarian

stimulation with an incidence between 1 and 10% of IVF cycles

(145). Patients have a higher chance to develop OHSS after

superovulation treatment if they have significantly more follicles
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on the day of human chorionic gonadotropin (hCG) treatment

compared with those without developing OHSS (146, 147). An

earlier prospective study demonstrated that the cutoff number of

developing follicles on the day of hCG administration for the

occurrence of OHSS is 13 follicles (148), that is in harmony with

our data (133), where a significant decrease in PACAP

concentrations of the follicular fluid was found. From these a

conclusion could be drawn that higher PACAP concentrations

in the follicular fluid might indicate a well-regulated follicular

development, while decreased concentrations could demonstrate

a condition favoring the development of OHSS. The exact

physiological role of PACAP in the intraovarian regulatory

mechanisms influencing follicular maturation and growth is

still unclear. However, based on the above data, the

neuropeptide found in follicular fluid might play a role in

oocyte recruitment and follicular development. Moreover, it

appears that higher PACAP concentrations are associated with

lower number of developing oocytes, while low PACAP

concentrations might correlate with a significantly higher

number of retrievable ova, thus predicting a higher chance for

ovarian hyperstimulation.
PACAP during pregnancy and in human
amniotic fluid

During pregnancy, plasma PACAP38-like immunoreactivity

(PACAP38-LI) was found increased in the 2nd and 3rd

trimesters, indicating that the neuropeptide might be

synthesized by either the placenta or other maternal tissues

(33). However, in the same study, a rapid decrease in maternal

plasma PACAP level could be found during labour, which might

indicate a role between PACAP synthesis/function and the

uteroplacental circulation and/or uterine contractions. Three

days after delivery the PACAP38-LI decreased to normal levels

(33). These data are not surprising, because PACAP38 was

earlier detected with RIA and immunocytochemistry in each

part of the uteroplacental unit (100). Further supporting the

view of PACAP having significant role in placental functions,

full-term placentas showed stronger PACAP38-LI on both the

maternal and fetal sides, while PACAP27-LI increased only on

the maternal side (101).

The amniotic fluid is a complex biological fluid, initially

deriving from maternal plasma and passing through fetal

membranes according to hydrostatic and osmotic pressure

(149). Composition of the fluid is similar to that of fetal

plasma until fetal skin keratinization, which usually occurs

between 19 and 20 weeks of gestation. In a recent study,

amniotic fluid samples were collected between the 15–19th

weeks of gestation from volunteering pregnant women

undergoing amniocentesis as a prenatal diagnostic tool.

Samples were processed to detect PACAP38-LI with
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radioimmunoassay (150), revealing PACAP38-LI in each

amniotic fluid sample, with an average level of 401 ± 142

fmol/ml. Earlier data showed higher levels of PACAP in

maternal serum in late pregnancy (33) and the increasing

content of PACAP in the placenta during pregnancy (101),

indicating its probable placental and/or maternal origin. The

higher PACAP levels found in umbilical arteries compared to

the umbilical veins suggest fetal PACAP synthesis (33). Based on

above results and the fact that the composition of amniotic fluid

is similar to fetal plasma in this period (151), we can suggest a

fetal and/or placental origin of PACAP in the amniotic fluid,

with a yet unknown physiological role.
PACAP in the human milk

Experimental data suggest that PACAP is involved in the

regulation of lactation and milk ejection via influencing prolactin

and oxytocin production and release. However, the central

regulatory role of PACAP in these processes is not yet clear, as

contradictory data are available on the effects of PACAP on

prolactin secretion (152). While no effect was also described,

stimulatory and even inhibitory effects on prolactin release have

also been found depending on the route of administration, on the in

vitro conditions and on the timing of the injections (153, 154).

Prolactin mRNA was found to be stimulated by PACAP, but

injection into the arcuate nucleus reduces concentration of

prolactin in the plasma (51). Oxytocin has also been described to

be stimulated by PACAP (155). Regarding human data, extremely

high levels of PACAP-LI were measured in the human milk by RIA

(134), exceeding those of plasma by about 10 times. Even higher

levels were measured in the colostrum compared to transitional and

mature human milk samples (135, 156). During the first 10 months

of lactation, a stable high level can be observed (135). The presence

of these high levels was also confirmed in domestic animals the milk

of which is commonly consumed and in human milk formulas

(157–159). Although the exact function of PACAP in themilk is not

known at themoment, it can be suggested that it is either needed for

the postnatal development or for the growth of the mammary gland

itself, as several effects on the growth, differentiation and

proliferation on mammary glandular epithelial cells have been

described (156, 159, 160).

In summary, in the present review we summarized main

findings on PACAP and reproduction (Figures 1, 2). As seen from

the experimental and human data, PACAP and its receptors are

present in the hypothalamo-hypophyseal system, in the gonads

and in the uterus and placenta. Several roles of PACAP have been

described in the central regulation of the reproductive functions,

although there are still controversial issues that need to be

resolved. In addition, the peptide influences reproductive

functions in the periphery, at the ovarian and placental levels.

Human data indicate that PACAP is present not only in the
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reproductive tissues and brain, but can also be detected in the

follicular and amniotic fluid, and levels change during pregnancy.

In addition, PACAP can be found in the mammary gland and

milk, however, its exact function at this level still awaits future

investigation. Recent data have provided evidence that PACAP

might be a central regulator of puberty and female hormonal

cycles, via interactions with the kisspeptin-GnRH system. The
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clinical importance of kisspeptin in several diseases has been

highlighted in recent publications (161, 162). Studies

summarized in the present review prove that PACAP is both a

central and peripheral modulator of reproductive functions and

call for further investigations to elucidate the exact role in some

processes and to evaluate the potential diagnostic and/or

therapeutic use of PACAP in biological fluids as a biomarker, as
FIGURE 1

Schematic drawing of the main effects of PACAP in the female reproductive system at hypothalamic and pituitary. The main hormones/factors
playing a role in reproduction and influenced by PACAP are highlighted. hypothalamic nuclei, PON (preoptic), SCH (suprachiasmatic), PVN
(paraventricular), AHN (anterior hypothalamic), SON (supraoptic), DMN (dorsomedial), VMN (ventromedial), ARC (arcuate), PN (posterior), MB
(mammillary body). GnRH: gonadotropin releasing hormone; TRH, thyreotropin releasing hormone; CRH, corticotropin releasing hormone;
GHRH, growth hormone releasing hormone; FSH, follicule stimulating hormone; LH, luteinizing hormone; ACTH, adrenocorticotropic hormone;
GH, growth hormone; ADH, antidiuretic hormone.
FIGURE 2

Schematic drawing of the main effects of PACAP in the female reproductive system at peripheral level.
frontiersin.org

https://doi.org/10.3389/fendo.2022.982551
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Koppan et al. 10.3389/fendo.2022.982551
it has been also shown for the other players in these complex

regulatory mechanisms.
Author contributions

MK, ZN, IB, DR conceptualized, and wrote the manuscript,

conceptualized and designed the figure. All authors contributed

to the article and approved the submitted version.
Funding

Supported by theThematic ExcellenceProgram2021Health Sub-

program of theMinistry for Innovation and Technology in Hungary,

within the framework of the EGA-16 project of the Pecs of University.

This studywas supportedby theNationalResearch,Development, and

Innovation Fund (FK129190, K119759, K135457); National Brain

Research Program (NAP2017-1.2.1-NKP-2017-00002); ELKH-TKI-

14016; FIKP III. ProjectNo. TKP2020-IKA-08was implementedwith

the support provided from the National Research, Development, and

InnovationFundofHungary,financedunder the2020-4.1.1-TKP2020

funding scheme.
Frontiers in Endocrinology 09
Acknowledgments

The authors thank Lili Schwieters for proofreading

the manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Miyata A, Arimura A, Dahl RR, Minamino N, Uehara A, Jiang L, et al.
Isolation of a novel 38 residue-hypothalamic polypeptide which stimulates
adenylate cyclase in pituitary cells. Biochem Biophys Res Commun (1989)
164:567–74. doi: 10.1016/0006-291x(89)91757-9

2. Vaudry D, Falluel-Morel A, Bourgault S, Basille M, Burel D, Wurtz O, et al.
Pituitary adenylate cyclase-activating polypeptide and its receptors: 20 years after
the discovery. Pharmacol Rev (2009) 61:283–357. doi: 10.1124/pr.109.001370

3. Langer I, Jeandriens J, Couvineau A, Sanmukh S, Latek D. Signal
transduction by VIP and PACAP receptors. Biomedicines (2022) 10:406.
doi: 10.3390/biomedicines10020406

4. May V, Johnson GC, Hammack SE, Braas KM, Parsons RL. PAC1 receptor
internalization and endosomal MEK/ERK activation is essential for PACAP-
mediated neuronal excitability. J Mol Neurosci (2021) 71:1536–42. doi: 10.1007/
s12031-021-01821-x

5. Moody TW, Lee L, Jensen RT. The G protein-coupled receptor PAC1
regulates transactivation of the receptor tyrosine kinase HER3. J Mol Neurosci
(2021) 71:1589–97. doi: 10.1007/s12031-020-01711-8

6. Doan ND, Chatenet D, Letourneau M, Vaudry H, Vaudry D, Fournier A.
Receptor-independent cellular uptake of pituitary adenylate cyclase-activating
polypeptide. Biochim Biophys Acta (2012) 1823:940–9. doi: 10.1016/
j.bbamcr.2012.02.001

7. Li J, Remington JM, Liao C, Parsons RL, Schneebeli S, Braas KM, et al. GPCR
intracellular loop regulation of beta-arrestin-mediated endosomal signaling
dynamics. J Mol Neurosci (2022) 72:1358–73. doi: 10.1007/s12031-022-02016-8

8. Watanabe J, Nakamachi T, Matsuno R, Hayashi D, Nakamura M, Kikuyama
S, et al. Localization, characterization and function of pituitary adenylate cyclase-
activating polypeptide during brain development. Peptides (2007) 28:1713–9.
doi: 10.1016/j.peptides.2007.06.029

9. Reglodi D, Tamas A, Jungling A, Vaczy A, Rivnyak A, Fulop BD, et al. Protective
effects of pituitary adenylate cyclase activating polypeptide against neurotoxic agents.
Neurotoxicology (2018) 66:185–94. doi: 10.1016/j.neuro.2018.03.010

10. D’Amico AG, Maugeri G, Vanella L, Pittala V, Reglodi D, D’Agata V.
Multimodal role of PACAP in glioblastoma. Brain Sci (2021) 11:994. doi: 10.3390/
brainsci11080994
11. Martinez-Rojas VA, Jimenez-Garduno AM, Michelatti D, Tosatto L,
Marchioretto M, Arosio D, et al. ClC-2-like chloride current alterations in a cell
model of spinal and bulbar muscular atrophy, a polyglutamine disease. J Mol
Neurosci (2021) 71:662–74. doi: 10.1007/s12031-020-01687-5

12. Broome ST, Musumeci G, Castorina A. PACAP and VIP mitigate rotenone-
induced inflammation in BV-2 microglial cells. J Mol Neurosci (2022). doi: 10.1007/
s12031-022-01968-1

13. Boucher MN, Aktar M, Braas KM, May V, Hammack SE. Activation of
lateral parabrachial nucleus (LPBn) PACAP-expressing projection neurons to the
bed nucleus of the stria terminalis (BNST) enhances anxiety-like behavior. J Mol
Neurosci (2022) 72:451–8. doi: 10.1007/s12031-021-01946-z

14. Levinstein MR, Bergkamp DJ, Lewis ZK, Tsobanoudis A, Hashikawa K,
Stuber GD, et al. PACAP-expressing neurons in the lateral habenula diminish
negative emotional valence. Genes Brain Behav (2022) 21(7):e12801. doi: 10.1111/
gbb.12801

15. Gastelum C, Perez L, Hernandez J, Le N, Vahrson I, Sayers S, et al. Adaptive
changes in the central control of energy homeostasis occur in response to variations
in energy status. Int J Mol Sci (2021) 22:2728. doi: 10.3390/ijms22052728

16. Maunze B, Bruckner KW, Desai NN, Chen C, Chen F, Baker D, et al.
Pituitary adenylate cyclase-activating polypeptide receptor activation in the
hypothalamus recruits unique signaling pathways involved in energy
homeostasis. Am J Physiol Endocrinol Metab (2022) 322:E199–210. doi: 10.1152/
ajpendo.00320.2021

17. Banki E, Pakai E, Gaszner B, Zsiboras C, Czett A, Bhuddi PRP, et al.
Characterization of the thermoregulatory response to pituitary adenylate cyclase-
activating polypeptide in rodents. J Mol Neurosci (2014) 54:543–54. doi: 10.1007/
s12031-014-0361-0

18. Ciranna L, Costa L. Pituitary adenylate cyclase-activating polypeptide
modulates hippocampal synaptic transmission and plasticity: new therapeutic
suggestions for fragile X syndrome. Front Cell Neurosci (2019) 13:524.
doi: 10.3389/fncel.2019.00524

19. Toth D, Szabo E, Tamas A, Juhasz T, Horvath G, Fabian E, et al. Protective
effects of PACAP in peripheral organs. Front Endocrinol (Lausanne) (2020) 11:377.
doi: 10.3389/fendo.2020.00377
frontiersin.org

https://doi.org/10.1016/0006-291x(89)91757-9
https://doi.org/10.1124/pr.109.001370
https://doi.org/10.3390/biomedicines10020406
https://doi.org/10.1007/s12031-021-01821-x
https://doi.org/10.1007/s12031-021-01821-x
https://doi.org/10.1007/s12031-020-01711-8
https://doi.org/10.1016/j.bbamcr.2012.02.001
https://doi.org/10.1016/j.bbamcr.2012.02.001
https://doi.org/10.1007/s12031-022-02016-8
https://doi.org/10.1016/j.peptides.2007.06.029
https://doi.org/10.1016/j.neuro.2018.03.010
https://doi.org/10.3390/brainsci11080994
https://doi.org/10.3390/brainsci11080994
https://doi.org/10.1007/s12031-020-01687-5
https://doi.org/10.1007/s12031-022-01968-1
https://doi.org/10.1007/s12031-022-01968-1
https://doi.org/10.1007/s12031-021-01946-z
https://doi.org/10.1111/gbb.12801
https://doi.org/10.1111/gbb.12801
https://doi.org/10.3390/ijms22052728
https://doi.org/10.1152/ajpendo.00320.2021
https://doi.org/10.1152/ajpendo.00320.2021
https://doi.org/10.1007/s12031-014-0361-0
https://doi.org/10.1007/s12031-014-0361-0
https://doi.org/10.3389/fncel.2019.00524
https://doi.org/10.3389/fendo.2020.00377
https://doi.org/10.3389/fendo.2022.982551
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Koppan et al. 10.3389/fendo.2022.982551
20. Horvath G, Reglodi D, Fabian E, Opper B. Effects of pituitary adenylate
cyclase activating polypeptide on cell death. Int J Mol Sci (2022) 23:4953.
doi: 10.3390/ijms23094953

21. Parsons RL, May V. PACAP-induced PAC1 receptor internalization and
recruitment of endosomal signaling regulate cardiac neuron excitability. J Mol
Neurosci (2019) 68:340–7. doi: 10.1007/s12031-018-1127-x

22. Chiba Y, Ueda C, Kohno N, Yamashita M, Miyakawa Y, Ando Y, et al.
Attenuation of relaxing response induced by pituitary adenylate cyclase-activating
polypeptide in bronchial smooth muscle of experimental asthma. Am J Physiol
Lung Cell Mol Physiol (2020) 319:L786–93. doi: 10.1152/ajplung.00315.2020

23. Karpiesiuk A, Palus K. Pituitary adenylate cyclase-activating polypeptide
(PACAP) in physiological and pathological processes within the gastrointestinal
tract: a review. Int J Mol Sci (2021) 22:8682. doi: 10.3390/ijms22168682

24. Reglodi D, Cseh S, Somoskoi B, Fulop BD, Szentleleky E, Szegeczki V, et al.
Disturbed spermatogenic signaling in pituitary adenylate cyclase activating
polypeptide-deficient mice. Reproduction (2018) 155:129–39. doi: 10.1530/REP-
17-0470

25. Meggyes M, Lajko A, Fulop BD, Reglodi D, Szereday L. Phenotypic
character i zat ion of tes t icu la r immune ce l l s express ing immune
checkpoint molecules in wild-type and pituitary adenylate cyclase-activating
polypeptide-deficient mice. Am J Reprod Immunol (2020) 83:e13212.
doi: 10.1111/aji.13212

26. Prisco M, Rosati L, Morgillo E, Mollica MP, Agnese M, Andreuccetti P, et al.
Pituitary adenylate cyclase-activating peptide (PACAP) and its receptors in mus
musculus testis. Gen Comp Endocrinol (2020) 286:113297. doi: 10.1016/
j.ygcen.2019.113297

27. Brubel R, Kiss P, Vincze A, Varga A, Varnagy A, Bodis J, et al. Effects of
pituitary adenylate cyclase activating polypeptide on human sperm motility. J Mol
Neurosci (2012) 48:623–30. doi: 10.1007/s12031-012-9806-5

28. Heindel JJ, Powell CJ, Paschall CS, Arimura A, Culler MD. A novel
hypothalamic peptide, pituitary adenylate cyclase activating peptide, modulates
sertoli cell function in vitro. Biol Reprod (1992) 47:800–6. doi: 10.1095/
biolreprod47.5.800

29. El-Gehani F, Tena-Sempere M, Huhtaniemi I. Evidence that pituitary
adenylate cyclase-activating polypeptide is a potent regulator of fetal rat
testicular steroidogenesis. Biol Reprod (2000) 63:1482–9. doi: 10.1095/
biolreprod63.5.1482

30. Matsumoto S, Arakawa Y, Ohishi M, Yanaihara H, Iwanaga T, Kurokawa N.
Suppressive action of pituitary adenylate cyclase activating polypeptide (PACAP)
on proliferation of immature mouse leydig cell line TM3 cells. BioMed Res (2008)
29:321–30. doi: 10.2220/biomedres.29.321

31. Yamashita J, Nishiike Y, Fleming T, Kayo D, Okubo K. Estrogen mediates
sex differences in preoptic neuropeptide and pituitary hormone production in
medaka. Commun Biol (2021) 4:948. doi: 10.1038/s42003-021-02476-5

32. Tang Z, Yuan X, Bai Y, Guo Y, Zhang H, Han Y, et al. Seasonal changes in
the expression of PACAP, VPAC1, VPAC2, PAC1 and testicular activity in the
testis of the muskrat (Ondatra zibethicus). Eur J Histochem (2022) 66:3398.
doi: 10.4081/ejh.2022.3398

33. Reglodi D, Gyarmati J, Ertl T, Borzsei R, Bodis J, Tamas A, et al. Alterations
of pituitary adenylate cyclase-activating polypeptide-like immunoreactivity in the
human plasma during pregnancy and after birth. J Endocrinol Invest (2010)
33:443–5. doi: 10.1007/BF03346621

34. Dow RC, Bennie J, Fink G. Pituitary adenylate cyclase-activating peptide-38
(PACAP)-38 is released into hypophysial portal blood in the normal male and
female rat. J Endocrinol (1994) 142:R1–4. doi: 10.1677/joe.0.142R001

35. Palkovits M, Somogyvari-Vigh A, Arimura A. Concentrations of pituitary
adenylate cyclase activating polypeptide (PACAP) in human brain nuclei. Brain
Res (1995) 699:116–20. doi: 10.1016/0006-8993(95)00869-r

36. Yon L, Alexandre D, Montero M, Chartrel N, Jeandel L, Vallarino M, et al.
Pituitary adenylate cyclase-activating polypeptide and its receptors in amphibians.
Microsc. Res Tech. (2001) 54:137–57. doi: 10.1002/jemt.1129

37. Jolivel V, Basille M, Aubert N, de Jouffrey S, Ancian P, le Bigot J-F, et al.
Distribution and functional characterization of pituitary adenylate cyclase–
activating polypeptide receptors in the brain of non-human primates.
Neuroscience (2009) 160:434–51. doi: 10.1016/j.neuroscience.2009.02.028

38. Garami A, Pakai E, Rumbus Z, Solymar M. The role of PACAP in the
regulation of body temperature. In: D Reglodi and A Tamas, editors. Pituitary
adenylate cyclase activating polypeptide - PACAP, vol. . p. Switzerland: Springer
International Publishing (2016). p. 239–57. doi: 10.1007/978-3-319-35135-3_15

39. Machado NLS, Saper CB. Genetic identification of preoptic neurons that
regulate body temperature in mice. Temp. (Austin) (2022) 9:14–22. doi: 10.1080/
23328940.2021.1993734

40. Puig de Parada M, Parada MA, Hernandez L. Dipsogenic effect of pituitary
adenylate cyclase activating polypeptide (PACAP38) injected into the lateral
hypothalamus. Brain Res (1995) 696:254–7. doi: 10.1016/0006-8993(95)00824-a
Frontiers in Endocrinology 10
41. Kiss P, Reglodi D, Tamas A, Lubics A, Lengvari I, Jozsa R, et al. Changes of
PACAP levels in the brain show gender differences following short-term water and
food deprivation. Gen Comp Endocrinol (2007) 152:225–30. doi: 10.1016/
j.ygcen.2006.12.012

42. Sureshkumar K, Saenz A, Ahmad SM, Lutfy K. The PACAP/PAC1 receptor
system and feeding. Brain Sci (2021) 12:13. doi: 10.3390/brainsci12010013

43. Martins AB, Brownlow ML, Araujo BB, Garnica-Siqueira MC, Zaia DAM,
Leite CM, et al. Arcuate nucleus of the hypothalamus contributes to the hypophagic
effect and plasma metabolic changes induced by vasoactive intestinal peptide and
pituitary adenylate cyclase-activating polypeptide. Neurochem Int (2022)
155:105300. doi: 10.1016/j.neuint.2022.105300

44. Le N, Sayers S, Mata-Pacheco V, Wagner EJ. The PACAP paradox: dynamic
and surprisingly pleiotropic actions in the central regulation of energy homeostasis.
Front Endocrinol (Lausanne) (2022) 13:877647. doi: 10.3389/fendo.2022.877647

45. Lindberg PT, Mitchell JW, Burgoon PW, Beaule C, Weihe E, Schafer MKH,
et al. Pituitary adenylate cyclase-activating peptide (PACAP)-glutamate co-
transmission drives circadian phase-advancing responses to intrinsically
photosensitive retinal ganglion cell projections by suprachiasmatic nucleus. Front
Neurosci (2019) 13:1281. doi: 10.3389/fnins.2019.01281

46. Murase T, Kondo K, Otake K, Oiso Y. Pituitary adenylate cyclase-activating
polypeptide stimulates arginine vasopressin release in conscious rats.
Neuroendocrinology (1993) 57:1092–6. doi: 10.1159/000126475

47. Seki Y, Suzuki Y, Baskaya MK, Saito K, Takayasu M, Shibuya M, et al.
Central cardiovascular effects induced by intracisternal PACAP in dogs. Am J
Physiol (1995) 269:H135–9. doi: 10.1152/ajpheart.1995.269.1.H135

48. Nomura M, Ueta Y, Serino R, Yamamoto Y, Shibuya I, Yamashita H. Effects
of centrally administered pituitary adenylate cyclase-activating polypeptide on c-
fos gene expression and heteronuclear RNA for vasopressin in rat paraventricular
and supraoptic nuclei. Neuroendocrinology (1999) 69:167–80. doi: 10.1159/
000054416

49. Lutz-Bucher B, Monnier D, Koch B. Evidence for the presence of receptors
for pituitary adenylate cyclase-activating polypeptide in the neurohypophysis that
are positively coupled to cyclic AMP formation and neurohypophyseal hormone
secretion. Neuroendocrinology (1996) 64:153–61. doi: 10.1159/000127113

50. Counis R, Laverriere JN, Garrel-Lazayres G, Cohen-Tannoudji J, Lariviere S,
Bleux C, et al. What is the role of PACAP in gonadotrope function? Peptides (2007)
28:1797–804. doi: 10.1016/j.peptides.2007.05.011

51. Koves K, Szabo E, Kantor O, Heinzlmann A, Szabo F, Csaki A. Current state
of understanding of the role of PACAP in the hypothalamo-hypophyseal
gonadotropin functions of mammals. Front Endocrinol (Lausanne) (2020) 11:88.
doi: 10.3389/fendo.2020.00088

52. Moore JP, Burger LL, Dalkin AC, Winters SJ. Pituitary adenylate cyclase
activating polypeptide messenger RNA in the paraventricular nucleus and anterior
pituitary during the rat estrous cycle. Biol Reprod (2005) 73:491–9. doi: 10.1095/
biolreprod.105.041624

53. WuttkeW, Benter S, Jarry H. Evidence for a steroid modulated expression of
pituitary adenylate cyclase activating polypeptide (PACAP) in the anterior
pituitary of rats. Neuroendocrinology (1994) 60(suppl. 1):17.

54. KovesK,KantorO, Scammell JG,ArimuraA. PACAPcolocalizeswith luteinizing
and follicle-stimulating hormone immunoreactivities in the anterior lobe of the pituitary
gland. Peptides (1998) 19:1069–72. doi: 10.1016/s0196-9781(98)00049-7

55. Heinzlmann A, Kirilly E, Meltzer K, Szabo E, Baba A, Hashimoto H, et al.
PACAP is transiently expressed in anterior pituitary gland of rats: In situ
hybridization and cell immunoblot assay studies. Peptides (2008) 29:571–7.
doi: 10.1016/j.peptides.2007.12.009

56. Koves K, Molnar J, Kantor O, Gorcs TJ, Lakatos A, Arimura A. New aspects
of the neuroendocrine role of PACAP. Ann N Y Acad Sci (1996) 805:648–54.
doi: 10.1111/j.1749-6632.1996.tb17535.x

57. Kantor O, Molnar J, Arimura A, Koves K. PACAP38 and PACAP27
administered intracerebroventricularly have an opposite effect on LH secretion.
Peptides (2000) 21:817–20. doi: 10.1016/s0196-9781(00)00214-x

58. Heinzlmann A, Olah M, Koves K. Intranasal application of PACAP and b-
cyclodextrin before the “critical period of proestrous stage” can block ovulation.
Biol Futur (2019) 70:62–70. doi: 10.1556/019.70.2019.08

59. Anderson ST, Sawangjaroen K, Curlewis JD. Pituitary adenylate cyclase-
activating polypeptide acts within the medial basal hypothalamus to inhibit
prolactin and luteinizing hormone secretion. Endocrinology (1996) 137:3424–9.
doi: 10.1210/endo.137.8.8754770

60. Hart GR, Gowing H, Burrin JM. Effects of a novel hypothalamic peptide,
pituitary adenylate cyclase-activating polypeptide, on pituitary hormone release in
rats. J Endocrinol (1992) 134:33–41. doi: 10.1677/joe.0.1340033

61. Szabo E, Nemeskeri A, Arimura A, Koves K. Effect of PACAP on LH release
studied by cell immunoblot assay depends on the gender, on the time of day and in
female rats on the day of the estrous cycle. Regul Pept (2004) 123:139–45.
doi: 10.1016/j.regpep.2004.04.021
frontiersin.org

https://doi.org/10.3390/ijms23094953
https://doi.org/10.1007/s12031-018-1127-x
https://doi.org/10.1152/ajplung.00315.2020
https://doi.org/10.3390/ijms22168682
https://doi.org/10.1530/REP-17-0470
https://doi.org/10.1530/REP-17-0470
https://doi.org/10.1111/aji.13212
https://doi.org/10.1016/j.ygcen.2019.113297
https://doi.org/10.1016/j.ygcen.2019.113297
https://doi.org/10.1007/s12031-012-9806-5
https://doi.org/10.1095/biolreprod47.5.800
https://doi.org/10.1095/biolreprod47.5.800
https://doi.org/10.1095/biolreprod63.5.1482
https://doi.org/10.1095/biolreprod63.5.1482
https://doi.org/10.2220/biomedres.29.321
https://doi.org/10.1038/s42003-021-02476-5
https://doi.org/10.4081/ejh.2022.3398
https://doi.org/10.1007/BF03346621
https://doi.org/10.1677/joe.0.142R001
https://doi.org/10.1016/0006-8993(95)00869-r
https://doi.org/10.1002/jemt.1129
https://doi.org/10.1016/j.neuroscience.2009.02.028
https://doi.org/10.1007/978-3-319-35135-3_15
https://doi.org/10.1080/23328940.2021.1993734
https://doi.org/10.1080/23328940.2021.1993734
https://doi.org/10.1016/0006-8993(95)00824-a
https://doi.org/10.1016/j.ygcen.2006.12.012
https://doi.org/10.1016/j.ygcen.2006.12.012
https://doi.org/10.3390/brainsci12010013
https://doi.org/10.1016/j.neuint.2022.105300
https://doi.org/10.3389/fendo.2022.877647
https://doi.org/10.3389/fnins.2019.01281
https://doi.org/10.1159/000126475
https://doi.org/10.1152/ajpheart.1995.269.1.H135
https://doi.org/10.1159/000054416
https://doi.org/10.1159/000054416
https://doi.org/10.1159/000127113
https://doi.org/10.1016/j.peptides.2007.05.011
https://doi.org/10.3389/fendo.2020.00088
https://doi.org/10.1095/biolreprod.105.041624
https://doi.org/10.1095/biolreprod.105.041624
https://doi.org/10.1016/s0196-9781(98)00049-7
https://doi.org/10.1016/j.peptides.2007.12.009
https://doi.org/10.1111/j.1749-6632.1996.tb17535.x
https://doi.org/10.1016/s0196-9781(00)00214-x
https://doi.org/10.1556/019.70.2019.08
https://doi.org/10.1210/endo.137.8.8754770
https://doi.org/10.1677/joe.0.1340033
https://doi.org/10.1016/j.regpep.2004.04.021
https://doi.org/10.3389/fendo.2022.982551
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Koppan et al. 10.3389/fendo.2022.982551
62. Kanasaki H, Purwana IN, Miyazaki K. Possible role of PACAP and its PAC1
receptor in the differential regulation of pituitary LHbeta- and FSHbeta-subunit
gene expression by pulsatile GnRH stimulation. Biol Reprod (2013) 88:1–5.
doi: 10.1095/biolreprod.112.105601

63. Kanasaki H, Oride A, Tselmeg M, Sukhbaatar U, Kyo S. Role of PACAP
and its PACAP type I receptor in the central control of reproductive hormones.
In: D Reglodi and A Tamas, editors. Pituitary adenylate cyclase activating
polypeptide - PACAP. Switzerland: International Publishing, (2016). p. 375–87.
doi: 10.1007/978-3-319-35135-3_22

64. Szabo F, Horvath J, Heinzlmann A, Arimura A, Koves K. Neonatal PACAP
administration in rats delays puberty through the influence of the LHRH neuronal
system. Regul Pept (2002) 109:49–55. doi: 10.1016/s0167-0115(02)00185-4

65. Choi EJ, Ha CM, Kim MS, Kang JH, Park SK, Choi WS, et al. Central
administration of an antisense oligodeoxynucleotide against type I pituitary
adenylate cyclase-activating polypeptide receptor suppresses synthetic activities
of LHRH-LH axis during the pubertal process. Brain Res Mol Brain Res (2000)
80:35–45. doi: 10.1016/s0169-328x(00)00116-9

66. Mijiddorj T, Kanasaki H, Oride A, Hara T, Sukhbaatar U, Tumurbaatar T,
et al. Interaction between kisspeptin and adenylate cyclase-activating polypeptide 1
on the expression of pituitary gonadotropin subunits: a study using mouse pituitary
lbetaT2 cells. Biol Reprod (2017) 96:1043–51. doi: 10.1093/biolre/iox030

67. Hara T, Kanasaki H, Tumurbaatar T, Oride A, Okada H, Kyo S. Role of
kisspeptin and Kiss1R in the regulation of prolactin gene expression in rat
somatolactotroph GH3 cells. Endocrine (2019) 63:101–11. doi: 10.1007/s12020-
018-1759-1

68. Tumurbaatar T, Kanasaki H, Oride A, Okada H, Hara T, Tumurgan Z, et al.
Effect of pituitary adenylate cyclase-activating polypeptide (PACAP) in the
regulation of hypothalamic kisspeptin expression. Gen Comp Endocrinol (2019)
270:60–6. doi: 10.1016/j.ygcen.2018.10.006

69. Jamen F, Rodriguez-Henche N, Pralong F, Jegou B, Gaillard R, Bockaert J,
et al. PAC1 null females display decreased fertility. Ann N Y Acad Sci (2000)
921:400–4. doi: 10.1111/j.1749-6632.2000.tb07004.x

70. Shintani N, Mori W, Hashimoto H, Imai M, Tanaka K, Tomimoto S, et al.
Defects in reproductive functions in PACAP-deficient female mice. Regul Pept
(2002) 109:45–8. doi: 10.1016/s0167-0115(02)00169-6

71. Hashimoto H, Shintani N, Baba A. New insights into the central
PACAPergic system from the phenotypes in PACAP- and PACAP receptor-
knockout mice. Ann N Y Acad Sci (2006) 1070:75–89. doi: 10.1196/annals.1317.038

72. Yamada K, Matsuzaki S, Hattori T, Kuwahara R, Taniguchi M, Hashimoto
H, et al. Increased stathmin1 expression in the dentate gyrus of mice causes
abnormal axonal arborizations. PloS One (2010) 5:e8596. doi: 10.1371/
journal.pone.0008596

73. Reglodi D, Kiss P, Szabadfi K, Atlasz T, Gabriel R, Horvath G, et al. PACAP
is an endogenous protective factor - insights from PACAP-deficient mice. J Mol
Neurosci (2012) 48:482–92. doi: 10.1007/s12031-012-9762-0

74. Maasz G, Pirger Z, Reglodi D, Petrovics D, Schmidt J, Kiss P, et al.
Comparative protein composition of the brains of PACAP-deficient mice using
mass spectrometry-based proteomic analysis. J Mol Neurosci (2014) 54:310–9.
doi: 10.1007/s12031-014-0264-0

75. Reglodi D, Jungling A, Longuespee R, Kriegsmann J, Casadonte R,
Kriegsmann M, et al. Accelerated pre-senile systemic amyloidosis in PACAP
knockout mice - a protective role of PACAP in age-related degenerative
processes. J Pathol (2018) 245:478–90. doi: 10.1002/path.5100

76. Ivic I, Balasko M, Fulop BD, Hashimoto H, Toth G, Tamas A, et al. VPAC1
receptors play a dominant role in PACAP-induced vasorelaxation in female mice.
PloS One (2019) 14:e0211433. doi: 10.1371/journal.pone.0211433

77. Vertes V, Reglodi D, Fulop B, Abraham IM, Nagy Zs. (2019). Stereology of
gonadotropin-releasing hormone (GnRH) and kisspeptin (KP) neurons in PACAP
gene deficient female mice. Poster presented at the Akira Arimura Memorial VIP/
PACAP and Related Peptides Symposium: 30 Years After PACAP Discovery.

78. Isaac ER, Sherwood NM. Pituitary adenylate cyclase-activating polypeptide
(PACAP) is important for embryo implantation in mice. Mol Cell Endocrinol
(2008) 280:13–9. doi: 10.1016/j.mce.2007.09.003

79. Lajko A, Meggyes M, Fulop BD, Gede N, Reglodi D, Szereday L.
Comparative analysis of decidual and peripheral immune cells and immune-
checkpoint molecules during pregnancy in wild-type and PACAP-deficient mice.
Am J Reprod Immunol (2018) 80:e13035. doi: 10.1111/aji.13035

80. Ross RA, Leon S, Madara JC, Schafer D, Fergani C, Maguire CA, et al.
PACAP neurons in the ventral premammillary nucleus regulate reproductive
function in the female mouse. Elife (2018) 7:e35960. doi: 10.7554/eLife.35960

81. Bodis J, Koppan M, Kornya L, Tinneberg HR, Torok A. Influence of
melatonin on basal and gonadotropin-stimulated progesterone and estradiol
secretion of cultured human granulosa cells and in the superfused granulosa cell
system. Gynecol. Obstet. Invest (2001) 52:198–202. doi: 10.1159/000052973
Frontiers in Endocrinology 11
82. Kornya L, Bodis J, Koppan M, Tinneberg HR, Torok A. Modulatory effect of
acetylcholine on gonadotropin-stimulated human granulosa cell steroid secretion.
Gynecol. Obstet. Invest (2001) 52:104–7. doi: 10.1159/000052952

83. Bodis J, Koppan M, Kornya L, Tinneberg HR, Torok A. The effect of
catecholamines, acetylcholine and histamine on progesterone release by human
granulosa cells in a granulosa cell superfusion system. Gynecol. Endocrinol (2002)
16:259–64. doi: 10.1080/gye.16.4.259.264

84. Richards JS. Novel signaling pathways that control ovarian follicular
development, ovulation, and luteinization. Recent Prog Horm Res (2002) 57:195–
220. doi: 10.1210/rp.57.1.195

85. Koppan M, Bodis J, Verzar Z, Tinneberg H-R, Torok A. Serotonin may alter
the pattern of gonadotropin-induced progesterone release of human granulosa cells
in superfusion system. Endocrine (2004) 24:155–60. doi: 10.1385/ENDO:24:2:155

86. Lee J, Park HJ, Choi HS, Kwon HB, Arimura A, Lee BJ, et al.
Gonadotropin stimulation of pituitary adenylate cyclase-activating polypeptide
(PACAP) messenger ribonucleic acid in the rat ovary and the role of PACAP as a
follicle survival factor. Endocrinology (1999) 140:818–26. doi: 10.1210/
endo.140.2.6485

87. Gras S, Hannibal J, Georg B, Fahrenkrug J. Transient periovulatory
expression of pituitary adenylate cyclase activating peptide in rat ovarian cells.
Endocrinology (1996) 137:4779–85. doi: 10.1210/endo.137.11.8895347

88. Park JY, Park JH, Park HJ, Lee JY, Lee YI, Lee K, et al. Stage-dependent
regulation of ovarian pituitary adenylate cyclase-activating polypeptide mRNA
levels by GnRH in cultured rat granulosa cells. Endocrinology (2001) 142:3828–35.
doi: 10.1210/endo.142.9.8384

89. Gras S, Høst E, Fahrenkrug J. Role of pituitary adenylate cyclase-activating
peptide (PACAP) in the cyclic recruitment of immature follicles in the rat ovary.
Regul Pept (2005) 128:69–74. doi: 10.1016/j.regpep.2004.12.021

90. Kotani E, Usuki S, Kubo T. Rat corpus luteum expresses both PACAP and
PACAP type IA receptor mRNAs. Peptides (1997) 18:1453–5. doi: 10.1016/s0196-
9781(97)00142-3

91. Pesce M, Canipari R, Ferri GL, Siracusa G, de Felici M. Pituitary adenylate
cyclase-activating polypeptide (PACAP) stimulates adenylate cyclase and promotes
proliferation of mouse primordial germ cells. Development (1996) 122:215–21.
doi: 10.1242/dev.122.1.215

92. Vaccari S, Latini S, Barberi M, Teti A, Stefanini M, Canipari R.
Characterization and expression of different pituitary adenylate cyclase-activating
polypeptide/vasoactive intestinal polypeptide receptors in rat ovarian follicles. J
Endocrinol (2006) 191:287–99. doi: 10.1677/joe.1.06470

93. Zhong Y, Kasson BG. Pituitary adenylate cyclase-activating polypeptide
stimulates steroidogenesis and adenosine 3’,5’-monophosphate accumulation in
cultured rat granulosa cells. Endocrinology (1994) 135:207–13. doi: 10.1210/
endo.135.1.8013355

94. Apa R, Lanzone A, Mastrandrea M, Miceli F, de Feo D, Caruso A, et al.
Control of human luteal steroidogenesis: role of growth hormone-releasing
hormone, vasoactive intestinal peptide, and pituitary adenylate cyclase-activating
peptide. Fertil. Steril. (1997) 68:1097–102. doi: 10.1016/s0015-0282(97)00370-1

95. Apa R, Lanzone A, Miceli F, Vaccari S, Macchione E, Stefanini M, et al.
Pituitary adenylate cyclase-activating polypeptide modulates plasminogen
activator expression in rat granulosa cell. Biol Reprod (2002) 66:830–5.
doi: 10.1095/biolreprod66.3.830

96. Sayasith K, Brown KA, Sirois J. Gonadotropin-dependent regulation of
bovine pituitary adenylate cyclase-activating polypeptide in ovarian follicles prior
to ovulation. Reproduction (2007) 133:441–53. doi: 10.1530/REP-06-0188

97. Reglodi D, Tamas A, Koppan M, Szogyi D, Welke L. Role of PACAP in
female fertility and reproduction at gonadal level – recent advances. Front
Endocrinol (Lausanne) (2012) 3:155. doi: 10.3389/fendo.2012.00155

98. Canipari R, di Paolo V, BarberiM, Cecconi S. PACAP in the reproductive system.
In: D Reglodi and A Tamas, editors. Pituitary adenylate cyclase activating polypeptide -
PACAP, vol. p . Switzerland: Springer International Publishing (2016). p. 405–20.
doi: 10.1007/978-3-319-35135-3_24

99. Ruohonen ST, Gaytan F, Usseglio Gaudi A, Velasco I, Kukoricza K,
Perdices-Lopez C, et al. Selective loss of kisspeptin signaling in oocytes causes
progressive premature ovulatory failure. Hum Reprod (2022) 37:806–21.
doi: 10.1093/humrep/deab287

100. Steenstrup BR, Jørgensen JC, Alm P, Hannibal J, Junge J, Fahrenkrug J,
et al. Pituitary adenylate cyclase activating polypeptide (PACAP): occurrence and
vasodilatory effect in the human uteroplacental unit. Regul Pept (1996) 61:197–204.
doi: 10.1016/0167-0115(95)00156-5

101. Brubel R, Boronkai A, Reglodi D, Racz B, Nemeth J, Kiss P, et al. Changes
in the expression of pituitary adenylate cyclase-activating polypeptide in the
human placenta during pregnancy and its effects on the survival of JAR
choriocarcinoma cells. J Mol Neurosci (2010) 42:450–8. doi: 10.1007/s12031-010-
9374-5
frontiersin.org

https://doi.org/10.1095/biolreprod.112.105601
https://doi.org/10.1007/978-3-319-35135-3_22
https://doi.org/10.1016/s0167-0115(02)00185-4
https://doi.org/10.1016/s0169-328x(00)00116-9
https://doi.org/10.1093/biolre/iox030
https://doi.org/10.1007/s12020-018-1759-1
https://doi.org/10.1007/s12020-018-1759-1
https://doi.org/10.1016/j.ygcen.2018.10.006
https://doi.org/10.1111/j.1749-6632.2000.tb07004.x
https://doi.org/10.1016/s0167-0115(02)00169-6
https://doi.org/10.1196/annals.1317.038
https://doi.org/10.1371/journal.pone.0008596
https://doi.org/10.1371/journal.pone.0008596
https://doi.org/10.1007/s12031-012-9762-0
https://doi.org/10.1007/s12031-014-0264-0
https://doi.org/10.1002/path.5100
https://doi.org/10.1371/journal.pone.0211433
https://doi.org/10.1016/j.mce.2007.09.003
https://doi.org/10.1111/aji.13035
https://doi.org/10.7554/eLife.35960
https://doi.org/10.1159/000052973
https://doi.org/10.1159/000052952
https://doi.org/10.1080/gye.16.4.259.264
https://doi.org/10.1210/rp.57.1.195
https://doi.org/10.1385/ENDO:24:2:155
https://doi.org/10.1210/endo.140.2.6485
https://doi.org/10.1210/endo.140.2.6485
https://doi.org/10.1210/endo.137.11.8895347
https://doi.org/10.1210/endo.142.9.8384
https://doi.org/10.1016/j.regpep.2004.12.021
https://doi.org/10.1016/s0196-9781(97)00142-3
https://doi.org/10.1016/s0196-9781(97)00142-3
https://doi.org/10.1242/dev.122.1.215
https://doi.org/10.1677/joe.1.06470
https://doi.org/10.1210/endo.135.1.8013355
https://doi.org/10.1210/endo.135.1.8013355
https://doi.org/10.1016/s0015-0282(97)00370-1
https://doi.org/10.1095/biolreprod66.3.830
https://doi.org/10.1530/REP-06-0188
https://doi.org/10.3389/fendo.2012.00155
https://doi.org/10.1007/978-3-319-35135-3_24
https://doi.org/10.1093/humrep/deab287
https://doi.org/10.1016/0167-0115(95)00156-5
https://doi.org/10.1007/s12031-010-9374-5
https://doi.org/10.1007/s12031-010-9374-5
https://doi.org/10.3389/fendo.2022.982551
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Koppan et al. 10.3389/fendo.2022.982551
102. Scaldaferri ML, Modesti A, Palumbo C, Ulisse S, Fabbri A, Piccione E, et al.
Pituitary adenylate cyclase-activating polypeptide (PACAP) and PACAP-receptor
type 1 expression in rat and human placenta. Endocrinology (2000) 141:1158–67.
doi: 10.1210/endo.141.3.7346

103. Jana B, Całka J, Witek K. Investigation of the role of pituitary adenylate
cyclase-activating peptide (PACAP) and its type 1 (PAC1) receptor in uterine
contractility during endometritis in pigs. Int J Mol Sci (2022) 23:5467. doi: 10.3390/
ijms23105467

104. Bulc M, Całka J, Meller K, Jana B. Endometritis affects chemical coding of
the dorsal root ganglia neurons supplying uterus in the sexually mature gilts. Res
Vet Sci (2019) 124:417–25. doi: 10.1016/j.rvsc.2019.05.003

105. Papka RE, Workley M, Usip S, Mowa CN, Fahrenkrug J. Expression of
pituitary adenylate cyclase activating peptide in the uterine cervix, lumbosacral
dorsal root ganglia and spinal cord of rats during pregnancy. Peptides (2006)
27:743–52. doi: 10.1016/j.peptides.2005.08.005

106. Koh PO, Kwak SD, Kim HJ, Roh G, Kim JH, Kang SS, et al. Expression
patterns of pituitary adenylate cyclase activating polypeptide and its type I receptor
mRNAs in the rat placenta. Mol Reprod Dev (2003) 64:27–31. doi: 10.1002/
mrd.10221

107. Koh PO, Won CK, Noh HS, Cho GJ, Choi WS. Expression of pituitary
adenylate cyclase activating polypeptide and its type I receptor mRNAs in human
placenta. J Vet Sci (2005) 6:1–5. doi: 10.4142/jvs.2005.6.1.1

108. Oride A, Kanasaki H, Mijiddorj T, Sukhbaatar U, Yamada T, Kyo S.
Expression and regulation of pituitary adenylate cyclase-activating polypeptide in
rat placental cells. Reprod Sci (2016) 23:1080–6. doi: 10.1177/1933719116630421

109. Spencer F, Chi L, Zhu MX. Temporal relationships among uterine pituitary
adenylate cyclase-activating polypeptide, decidual prolactin-related protein and
progesterone receptor mRNAs expressions during decidualization and gestation in
rats. Comp Biochem Physiol C Toxicol Pharmacol (2001) 129:25–34. doi: 10.1016/
s1532-0456(01)00177-6

110. Desai BJ, Burrin JM. PACAP-38 positively regulates glycoprotein hormone
a-gene expression in placental cells. Mol Cell Endocrinol (1994) 99:31–7.
doi: 10.1016/0303-7207(94)90143-0

111. Somoskoi B, Torok D, Reglodi D, Tamas A, Fulop BD, Cseh S. Possible
effects of pituitary adenylate cyclase activating polypeptide (PACAP) on early
embryo implantation marker HB-EGF in mouse. Reprod Biol (2020) 20:9–13.
doi: 10.1016/j.repbio.2020.01.005

112. Horvath G, Reglodi D, Brubel R, Halasz M, Barakonyi A, Tamas A, et al.
Investigation of the possible functions of PACAP in human trophoblast cells. J Mol
Neurosci (2014) 54:320–30. doi: 10.1007/s12031-014-0337-0

113. Boronkai A, Brubel R, Racz B, Tamas A, Kiss P, Horvath G, et al. Effects of
pituitary adenylate cyclase activating polypeptide on the survival and signal
transduction pathways in human choriocarcinoma cells. Ann N Y Acad Sci
(2009) 1163:353–7. doi: 10.1111/j.1749-6632.2008.03630.x

114. Horvath G, Nemeth J, Brubel R, Opper B, Koppan M, Tamas A, et al.
Occurrence and functions of PACAP in the placenta. In: D Reglodi and A Tamas,
editors. Pituitary adenylate cyclase activating polypeptide - PACAP. Switzerland:
Springer International Publishing (2016). p. 389–403. doi: 10.1007/978-3-319-
35135-3_23

115. Chiodera P, Volpi R, Capretti L, Coiro V. Effects of intravenously infused
pituitary adenylate cyclase-activating polypeptide on arginine vasopressin and
oxytocin secretion in man. Neuroreport (1995) 6:1490–2. doi: 10.1097/00001756-
199507310-00006

116. Chiodera P, Volpi R, Capretti L, Caffarri G, Magotti MG, Coiro V. Effects
of intravenously infused pituitary adenylate cyclase-activating polypeptide on
adenohypophyseal hormone secretion in normal men. Neuroendocrinology
(1996) 64:242–6. doi: 10.1159/000127124

117. Sanlioglu AD, Karacay B, Balci MK, Griffith TS, Sanlioglu S. Therapeutic
potential of VIP vs PACAP in diabetes. J Mol Endocrinol (2012) 49:R157–67.
doi: 10.1530/JME-12-0156

118. Jansen MI, Thomas Broome S, Castorina A. Exploring the pro-phagocytic
and anti-inflammatory functions of PACAP and VIP in microglia: implications for
multiple sclerosis. Int J Mol Sci (2022) 23:4788. doi: 10.3390/ijms23094788

119. Soles-Tarres I, Cabezas-Llobet N, Vaudry D, Xifro X. Protective effects of
pituitary adenylate cyclase-activating polypeptide and vasoactive intestinal peptide
against cognitive decline in neurodegenerative diseases. Front Cell Neurosci (2020)
14:221. doi: 10.3389/fncel.2020.00221

120. Cherait A, Maucotel J, Lefranc B, Leprince J, Vaudry D. Intranasal
administration of PACAP is an efficient delivery route to reduce infarct volume
and promote functional recovery after transient and permanent middle cerebral
artery occlusion. Front Endocrinol (Lausanne) (2021) 11:585082. doi: 10.3389/
fendo.2020.585082

121. Guo X, Tian Y, Yang Y, Li S, Guo L, Shi J. Pituitary adenylate cyclase-
activating polypeptide protects against cognitive impairment caused by chronic
Frontiers in Endocrinology 12
cerebral hypoperfusion. Mol Neurobiol (2021) 58:4309–22. doi: 10.1007/s12035-
021-02381-2

122. Nakamachi T, Ohtaki H, Seki T, Yofu S, Kagami N, Hashimoto H, et al.
PACAP suppresses dry eye signs by stimulating tear secretion. Nat Commun (2016)
7:12034. doi: 10.1038/ncomms12034

123. Szabo E, Patko E, Vaczy A, Molitor D, Csutak A, Toth G, et al.
Retinoprotective effects of PACAP eye drops in microbead-induced glaucoma
model in rats. Int J Mol Sci (2021) 22:8825. doi: 10.3390/ijms22168825

124. Hirabayashi T, Shibato J, Kimura A, Yamashita M, Takenoya F, Shioda S.
Potential therapeutic role of pituitary adenylate cyclase-activating polypeptide for
dry eye disease. Int J Mol Sci (2022) 23:664. doi: 10.3390/ijms23020664

125. Togha M, Ghorbani Z, Ramazi S, Zavvari F, Karimzadeh F. Evaluation of
serum levels of transient receptor potential cation channel subfamily V member 1,
vasoactive intestinal polypeptide, and pituitary adenylate cyclase-activating
polypeptide in chronic and episodic migraine: the possible role in migraine
transformation. Front Neurol (2021) 12:770980. doi: 10.3389/fneur.2021.770980

126. Dominguez-Moreno R, Do TP, Ashina M. Calcitonin gene-related peptide
and pituitary adenylate cyclase-activating polypeptide in migraine treatment. Curr
Opin Endocr inol Diabetes Obes (2022) 29 :225–31. doi : 10.1097/
MED.0000000000000717

127. Reglodi D, Helyes Z, Nemeth J, Vass RA, Tamas A. PACAP as a potential
biomarker: Alterations of PACAP levels in human physiological and pathological
conditions. In: D Reglodi and A Tamas, editors. Pituitary adenylate cyclase
activating polypeptide - PACAP. Switzerland: Springer International Publishing
(2016). p. 815–32. doi: 10.1007/978-3-319-35135-3_48

128. Birk S, Sitarz JT, Petersen KA, Oturai PS, Kruuse C, Fahrenkrug J, et al. The
effect of intravenous PACAP38 on cerebral hemodynamics in healthy volunteers.
Regul Pept (2007) 140:185–91. doi: 10.1016/j.regpep.2006.12.010

129. Li M, Maderdrut JL, Lertora JJL, Batuman V. Intravenous infusion of
pituitary adenylate cyclase-activating polypeptide (PACAP) in a patient with
multiple myeloma and myeloma kidney: A case study. Peptides (2007) 28:1891–
5. doi: 10.1016/j.peptides.2007.05.002

130. Sarszegi Z, Szabo D, Gaszner B, Konyi A, Reglodi D, Nemeth J, et al.
Examination of pituitary adenylate cyclase-activating polypeptide (PACAP) as a
potential biomarker in heart failure patients. J Mol Neurosci (2019) 68:368–76.
doi: 10.1007/s12031-017-1025-7

131. Bukovics P, Czeiter E, Amrein K, Kovacs N, Pal J, Tamas A, et al. Changes
of PACAP level in cerebrospinal fluid and plasma of patients with severe traumatic
brain injury. Peptides (2014) 60:18–22. doi: 10.1016/j.peptides.2014.07.001

132. Brubel R, Reglodi D, Jambor E, Koppan M, Varnagy A, Zs B, et al.
Investigation of pituitary adenylate cyclase activating polypeptide in human
gynecological and other biological fluids by using MALDI TOF mass
spectrometry. J Mass Spectrom. (2011) 46:189–94. doi: 10.1002/jms.1884

133. Koppan M, Varnagy A, Reglodi D, Brubel R, Nemeth J, Tamas A, et al.
Correlation between oocyte number and follicular fluid concentration of pituitary
adenylate cyclase-activating polypeptide (PACAP) in women after superovulation
treatment. J Mol Neurosci (2012) 48:617–22. doi: 10.1007/s12031-012-9743-3

134. Borzsei R, Mark L, Tamas A, Bagoly T, Bay C, Csanaky K, et al. Presence of
pituitary adenylate cyclase activating polypeptide-38 in human plasma and milk.
Eur J Endocrinol (2009) 160:561–5. doi: 10.1530/EJE-08-0911

135. Csanaky K, Banki E, Szabadfi K, Reglodi D, Tarcai I, Czegledi L, et al.
Changes in PACAP immunoreactivity in human milk and presence of PAC1
receptor in mammary gland during lactation. J Mol Neurosci (2012) 48:631–7.
doi: 10.1007/s12031-012-9779-4

136. Sun BY, Sun ZP, Pang ZC, Huang WT, Wu SP. Decreased synovial fluid
pituitary adenylate cyclase-activating polypeptide (PACAP) levels may reflect
disease severity in post-traumatic knee osteoarthritis after anterior cruciate
ligament injury. Peptides (2019) 116:22–9. doi: 10.1016/j.peptides.2019.04.009

137. Hu S, Huang S, Ma J, Li D, Zhao Z, Zheng J, et al. Correlation of decreased
serum pituitary adenylate cyclase-activating polypeptide and vasoactive intestinal
peptide levels with non-motor symptoms in patients with parkinson’s disease.
Front Aging Neurosci (2021) 13:689939. doi: 10.3389/fnagi.2021.689939

138. Tamas A, Toth D, PhamD, Loibl C, Rendeki S, Csontos C, et al. Changes of
pituitary adenylate cyclase activating polypeptide (PACAP) level in polytrauma
patients in the early post-traumatic period. Peptides (2021) 146:170645.
doi: 10.1016/j.peptides.2021.170645

139. Mihalj H, Butkovic J, Tokic S, Stefanic M, Kizivat T, Bujak M, et al.
Expression of oxidative stress and inflammation-related genes in nasal mucosa and
nasal polyps from patients with chronic rhinosinusitis. Int J Mol Sci (2022) 23:5521.
doi: 10.3390/ijms23105521

140. Pham D, Polgar B, Toth T, Jungling A, Kovacs N, Balas I, et al.
Examination of pituitary adenylate cyclase-activating polypeptide in parkinson’s
disease focusing on correlations with motor symptoms. Geroscience (2022) 44:785–
803. doi: 10.1007/s11357-022-00530-6
frontiersin.org

https://doi.org/10.1210/endo.141.3.7346
https://doi.org/10.3390/ijms23105467
https://doi.org/10.3390/ijms23105467
https://doi.org/10.1016/j.rvsc.2019.05.003
https://doi.org/10.1016/j.peptides.2005.08.005
https://doi.org/10.1002/mrd.10221
https://doi.org/10.1002/mrd.10221
https://doi.org/10.4142/jvs.2005.6.1.1
https://doi.org/10.1177/1933719116630421
https://doi.org/10.1016/s1532-0456(01)00177-6
https://doi.org/10.1016/s1532-0456(01)00177-6
https://doi.org/10.1016/0303-7207(94)90143-0
https://doi.org/10.1016/j.repbio.2020.01.005
https://doi.org/10.1007/s12031-014-0337-0
https://doi.org/10.1111/j.1749-6632.2008.03630.x
https://doi.org/10.1007/978-3-319-35135-3_23
https://doi.org/10.1007/978-3-319-35135-3_23
https://doi.org/10.1097/00001756-199507310-00006
https://doi.org/10.1097/00001756-199507310-00006
https://doi.org/10.1159/000127124
https://doi.org/10.1530/JME-12-0156
https://doi.org/10.3390/ijms23094788
https://doi.org/10.3389/fncel.2020.00221
https://doi.org/10.3389/fendo.2020.585082
https://doi.org/10.3389/fendo.2020.585082
https://doi.org/10.1007/s12035-021-02381-2
https://doi.org/10.1007/s12035-021-02381-2
https://doi.org/10.1038/ncomms12034
https://doi.org/10.3390/ijms22168825
https://doi.org/10.3390/ijms23020664
https://doi.org/10.3389/fneur.2021.770980
https://doi.org/10.1097/MED.0000000000000717
https://doi.org/10.1097/MED.0000000000000717
https://doi.org/10.1007/978-3-319-35135-3_48
https://doi.org/10.1016/j.regpep.2006.12.010
https://doi.org/10.1016/j.peptides.2007.05.002
https://doi.org/10.1007/s12031-017-1025-7
https://doi.org/10.1016/j.peptides.2014.07.001
https://doi.org/10.1002/jms.1884
https://doi.org/10.1007/s12031-012-9743-3
https://doi.org/10.1530/EJE-08-0911
https://doi.org/10.1007/s12031-012-9779-4
https://doi.org/10.1016/j.peptides.2019.04.009
https://doi.org/10.3389/fnagi.2021.689939
https://doi.org/10.1016/j.peptides.2021.170645
https://doi.org/10.3390/ijms23105521
https://doi.org/10.1007/s11357-022-00530-6
https://doi.org/10.3389/fendo.2022.982551
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Koppan et al. 10.3389/fendo.2022.982551
141. Szabo D, Sarszegi Z, Polgar B, Saghy E, Reglodi D, Toth T, et al. PACAP-38
and PAC1 receptor alterations in plasma and cardiac tissue samples of heart failure
patients. Int J Mol Sci (2022) 23:3715. doi: 10.3390/ijms23073715

142. Liu J, Wang G, Dan Y, Liu X. CGRP and PACAP-38 play an important role
in diagnosing pediatric migraine. J Headache Pain (2022) 23:68. doi: 10.1186/
s10194-022-01435-7

143. Temerozo JR, Sacramento CQ, Fintelman-Rodrigues N, Pao CRR, Freitas
CS, Dias SSG, et al. VIP Plasma levels associate with survival in severe COVID-19
patients, correlating with protective effects in SARS-CoV-2-infected cells. J Leukoc
Biol (2022) 111:1107–21. doi: 10.1002/JLB.5COVA1121-626R

144. Barberi M, Muciaccia B, Morelli MB, Stefanini M, Cecconi S, Canipari R.
Expression localisation and functional activity of pituitary adenylate cyclase-
activating polypeptide, vasoactive intestinal polypeptide and their receptors in
mouse ovary. Reproduction (2007) 134:281–92. doi: 10.1530/REP-07-0051

145. D’Angelo A, Brown J, Amso NN. Coasting (withholding gonadotrophins)
for preventing ovarian hyperstimulation syndrome. In: A D’Angelo, editor.
Cochrane database of systematic reviews. Chichester, UK: John Wiley & Sons,
Ltd (2011). p. CD002811. doi: 10.1002/14651858.CD002811.pub3

146. Navot D, Bergh PA, Laufer N. Ovarian hyperstimulation syndrome in
novel reproductive technologies: prevention and treatment. Fertil. Steril. (1992)
58:249–61. doi: 10.1016/s0015-0282(16)55188-7

147. Jayaprakasan K, Herbert M, Moody E, Stewart JA, Murdoch AP. Estimating
the risks of ovarian hyperstimulation syndrome (OHSS): implications for egg donation
for research. Hum Fertil. (Camb) (2007) 10:183–7. doi: 10.1080/14647270601021743

148. Papanikolaou EG, Pozzobon C, Kolibianakis EM, Camus M, Tournaye H,
Fatemi HM, et al. Incidence and prediction of ovarian hyperstimulation syndrome in
women undergoing gonadotropin-releasing hormone antagonist in vitro fertilization
cycles. Fertil. Steril. (2006) 85:112–20. doi: 10.1016/j.fertnstert.2005.07.1292

149. Underwood MA, Gilbert WM, Sherman MP. Amniotic fluid: Not just fetal
urine anymore. J Perinatol. (2005) 25:341–8. doi: 10.1038/sj.jp.7211290

150. Toth D, Veszpremi B, Koppan M, Tamas A, Szogyi D, Brubel R, et al.
Investigation of pituitary adenylate cyclase activating polypeptide (PACAP) in
human amniotic fluid samples. Reprod Biol (2020) 20:491–5. doi: 10.1016/
j.repbio.2020.07.013

151. Cho CK, Shan SJ, Winsor EJ, Diamandis EP. Proteomics analysis of human
amniotic fluid.Mol Cell Proteomics (2007) 6:1406–15. doi: 10.1074/mcp.M700090-
MCP200

152. Oride A, Kanasaki H, Kyo S. Role of pituitary adenylate cyclase-activating
polypeptide in modulating hypothalamic-pituitary system. Reprod Med Biol (2018)
17:234–41. doi: 10.1002/rmb2.12094
Frontiers in Endocrinology 13
153. Nagy GM, Vigh S, Arimura A. PACAP induces prolactin and growth
hormone release in lactating rats separated from their pups. Endocr. J (1993)
40:169–73.

154. Tohei A, Ikeda M, Hokao R, Shinoda M. The different effects of i.c.v.
injection of pituitary adenylate cyclase activating polypeptide (PACAP) on
prolactin secretion in adult male and lactating rats. Exp Anim (2009) 58:489–95.
doi: 10.1538/expanim.58.489

155. Jamen F, Alonso G, Shibuya I, Widmer H, Vacher CM, Calas A, et al.
Impaired somatodendritic responses to pituitary adenylate cyclase-activating
polypeptide (PACAP) of supraoptic neurones in PACAP type I -receptor
deficient mice. J Neuroendocrinol. (2003) 15:871–81. doi: 10.1046/j.1365-
2826.2003.01075.x

156. Tamas A, Vass RA, Helyes Z, Csanaky K, Szanto Z, Nemeth J, et al.
Examination of PACAP during lactation. In: D Reglodi and A Tamas, editors.
Pituitary adenylate cyclase activating polypeptide - PACAP. Switzerland:
Springer International Publishing (2016). p. 833–40. doi: 10.1007/978-3-319-
35135-3_49

157. Czegledi L, Tamas A, Borzsei R, Bagoly T, Kiss P, Horvath G, et al.
Presence of pituitary adenylate cyclase-activating polypeptide (PACAP) in the
plasma and milk of ruminant animals. Gen Comp Endocrinol (2011) 172:115–9.
doi: 10.1016/j.ygcen.2010.12.012

158. Csanaky K, Reglodi D, Banki E, Tarcai I, Mark L, Helyes Z, et al.
Examination of PACAP38-like immunoreactivity in different milk and infant
formula samples. Acta Physiol Hung (2013) 100:28–36. doi: 10.1556/
APhysiol.100.2013.1.2

159. Pohoczky K, Tamas A, Reglodi D, Kemeny A, Zs H, Czegledi L. Pituitary
adenylate cyclase activating polypeptide concentrations in the sheep mammary
gland, milk, and in the lamb blood plasma after suckling. Physiol Int (2020) 107:92–
105. doi: 10.1556/2060.2020.00006

160. Csanaky K, Doppler W, Tamas A, Kovacs K, Toth G, Reglodi D. Influence
of terminal differentiation and PACAP on the cytokine, chemokine, and growth
factor secretion of mammary epithelial cells. J Mol Neurosci (2014) 52:28–36.
doi: 10.1007/s12031-013-0193-3

161. de Assis Rodrigues NP, Laganà AS, Zaia V, Vitagliano A, Barbosa CP, de
Oliveira R, et al. The role of kisspeptin levels in polycystic ovary syndrome: a
systematic review and meta-analysis. Arch Gynecol. Obstet. (2019) 300:1423–34.
doi: 10.1007/s00404-019-05307-5

162. Cintra RG, Wajnsztejn R, Trevisan CM, Zaia V, Laganà AS, Bianco B, et al.
Kisspeptin levels in girls with precocious puberty: A systematic review and meta-
analysis. Horm Res Paediatr (2020) 93:589–98. doi: 10.1159/000515660
frontiersin.org

https://doi.org/10.3390/ijms23073715
https://doi.org/10.1186/s10194-022-01435-7
https://doi.org/10.1186/s10194-022-01435-7
https://doi.org/10.1002/JLB.5COVA1121-626R
https://doi.org/10.1530/REP-07-0051
https://doi.org/10.1002/14651858.CD002811.pub3
https://doi.org/10.1016/s0015-0282(16)55188-7
https://doi.org/10.1080/14647270601021743
https://doi.org/10.1016/j.fertnstert.2005.07.1292
https://doi.org/10.1038/sj.jp.7211290
https://doi.org/10.1016/j.repbio.2020.07.013
https://doi.org/10.1016/j.repbio.2020.07.013
https://doi.org/10.1074/mcp.M700090-MCP200
https://doi.org/10.1074/mcp.M700090-MCP200
https://doi.org/10.1002/rmb2.12094
https://doi.org/10.1538/expanim.58.489
https://doi.org/10.1046/j.1365-2826.2003.01075.x
https://doi.org/10.1046/j.1365-2826.2003.01075.x
https://doi.org/10.1007/978-3-319-35135-3_49
https://doi.org/10.1007/978-3-319-35135-3_49
https://doi.org/10.1016/j.ygcen.2010.12.012
https://doi.org/10.1556/APhysiol.100.2013.1.2
https://doi.org/10.1556/APhysiol.100.2013.1.2
https://doi.org/10.1556/2060.2020.00006
https://doi.org/10.1007/s12031-013-0193-3
https://doi.org/10.1007/s00404-019-05307-5
https://doi.org/10.1159/000515660
https://doi.org/10.3389/fendo.2022.982551
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Female reproductive functions of the neuropeptide PACAP
	Introduction
	PACAP in the central regulation of female reproductive functions
	PACAP in the gonads
	PACAP in the uterus and placenta
	Human findings
	PACAP in the human follicular fluid
	PACAP during pregnancy and in human amniotic fluid
	PACAP in the human milk

	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


