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Abstract Follicular growth, ovulation, and luteinization are
influenced by interactions of peptide and steroid hormone-
signaling cascades in the ovary. Pituitary adenylate cyclase-
activating polypeptide (PACAP) plays an important role in the
regulation of several endocrine processes and is present in
ovarian follicular fluid (FF). However, little is known about
PACAP in FF with regard to maturation, ovulation, fertiliza-
tion, and successful pregnancy. The aim of this pilot study was
to investigate whether there is a correlation between PACAP
concentration in FF and ovarian response to superovulation
treatment in infertile women, performed in volunteers (n=
132; aged between 20 and 35). After treatment, the number
of harvested oocytes was recorded and PACAP immunoreac-
tivity in FF was measured by radioimmunoassay. All the
corresponding PACAP concentrations were below 290 fmol/
ml in cases when the number of harvested oocytes exceeded 14

M. Koppan (P<) + A. Varnagy - J. Bodis

Department of Obstetrics and Gynecology, University of Pecs,
Clinical Center,

Edesanyak Str. 17,

7624 Pecs, Hungary

e-mail: mkoppan@gmail.com

M. Koppan * D. Reglodi * R. Brubel © A. Tamas

Department of Anatomy,

MTA-PTE Lendulet PACAP Research Group, University of Pecs,
Pecs, Hungary

J. Nemeth

Department of Pharmacology and Pharmacotherapy,
University of Debrecen,

Debrecen, Hungary

L. Mark

Department of Biochemistry and Medical Chemistry,
University of Pecs,

Pecs, Hungary

per patient, while in all cases above 290 fmol/ml, the number of
oocytes was below 14. Using these cutoff values, we deter-
mined three study groups: high-PACAP concentration, high-
oocyte number, and low-PACAP concentration—low-oocyte
number groups. Median values of PACAP concentration in
these groups were 411.2, 106.5, and 101.0 fmol/ml, respective-
ly, while the median values of harvested oocytes were 5.5, 19.0,
and 5.0, respectively. Differences were significant, indicating a
correlation between concentration of PACAP in FF and the
number of recruited oocytes. Higher concentrations of PACAP
in FF might be associated with lower number of developing
oocytes, while low concentrations of PACAP might correlate
with a markedly higher number of ova retrieved, thus predict-
ing a higher chance for ovarian hyperstimulation. Our present
study is among the first few human clinical studies with direct
conclusions drawn for possible clinical impact of PACAP.

Keywords RIA - Follicular fluid - Superovulation
treatment - Human - Neuropeptide

Introduction

Follicular growth, ovulation, and luteinization are influenced
by interactions of peptide and steroid hormone-signaling cas-
cades in the ovary. Although the pituitary gonadotropins
follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) play critical regulatory roles in follicular maturation,
steroidogenesis, and ovulation, their actions are also depen-
dent on other peptidergic and non-peptidergic signaling path-
ways (Bodis et al. 2001, 2002; Koppan et al. 2004; Kornya
et al. 2001; Richards et al. 2002). Pituitary adenylate cyclase-
activating polypeptide (PACAP) was originally isolated from
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the hypothalamus and was named after its cAMP-increasing
effect in pituitary cells (Arimura 2007; Miyata et al. 1989). It
is found in two amino acid forms, PACAP38 and PACAP27,
with the 38 amino acids form being predominant in human
tissues (Arimura 2007; Brubel et al. 2010; Miyata et al. 1989;
Sherwood et al. 2007). Although during the last two decades it
has been revealed that PACAP is much more than a hypothal-
amo/hypophyseal neuropeptide, its involvement in functions
of the endocrine system is still aimed by extensive research
(Brubel et al. 2010; Sherwood et al. 2000; Vaudry et al. 2009).
PACAP has been shown to play an important role in the
regulation of several different endocrine processes, such as
gonadotropin secretion (Koves et al. 2003; Sherwood et al.
2000; Szabo et al. 2004), fertility, receptivity, implantation,
reproductive behavior (Apostolakis et al. 2004; 2005;
Sherwood et al. 2007), and placental functions (Reglodi
et al. 2008). Furthermore, in gonadal regulation, PACAP
delays puberty (Szabo et al. 2002) and reduces follicular
apoptosis in the ovary (Lee et al. 1999). Also, PACAP has
been shown to have several functions in follicular develop-
ment. In the rat, PACAP is stage-specifically expressed in the
granulosa cells of large mature follicles before ovulation,
while weaker expression has been shown in immature antral
and pre-antral follicles (Gras et al. 1996; 2005; Park et al.
2001). Furthermore, PACAP is thought to play a role in
primordial germ cell proliferation (Pesce et al. 1996), cyclic
recruitment of immature follicles (Gras et al. 2005), follicular
apoptosis (Lee et al. 1999; Vaccari et al. 20006), as well as
ovarian hormone and enzyme production in human, rat, and
bovine (Apaetal. 1997; 2002; Sayasith et al. 2007; Zhong and
Kasson 1994). Since PACAP is known to be a trophic factor in
the development of nearly all organs and since the follicular
fluid is a culture medium for the maturing oocyte and its
cellular environment, we hypothesize that PACAP might play
a regulatory role in the follicular fluid (Sherwood et al. 2000;
Vaudry et al. 2009). As a first step, we provided evidence that
PACAP occurs in the human ovarian follicular fluid (FF) after
superovulation treatment, using mass spectrometry analysis
(Brubel et al. 2011). However, little is known about PACAP
levels in FF with regard to follicular maturation, ovulation,
fertilization, and successful pregnancy. Thus, the aim of this
present pilot study was to investigate whether there is any
correlation between PACAP concentration in FF and ovarian
response to superovulation treatment in infertile women.

Materials and Methods
Patients and Treatments
Superovulation treatment was performed in female volunteers

by follicular puncture after controlled ovarian hyperstimula-
tion during the in vitro fertilization procedure (n=132; aged
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between 20 and 35). All the necessary examinations, such as
cervical sample, serum hormone measuring (FSH, LH, pro-
lactin, estradiol, progesterone, testosterone, and TSH) on the
3rd and on the 21st day of the unstimulated cycle, HIV and
HBsG screening, andrological examination, and hysteroscopy
were performed before sample collection.

Gonadotropin-releasing hormone agonist triptorelin
(0.05 mg, Decapeptyl; Ferring) was used in a long (from the
21st day of the previous cycle) or short (from the first day of
the cycle) protocol. Stimulation was performed with individual
dosages of human recombinant gonadotropin (Gonal-F;
Serono or Puregon; Organon), varying from 100 to 200 U
from the 3rd day of the cycle. Follicular development was
detected by ultrasound every second day from day 6 of the
cycle onward, along with monitoring serum LH and estradiol
levels. We changed the gonadotropin amount administered
individually based on the size of the maturing follicles. Ovu-
lation was induced by injection of 250 pg (7,500 IU) human
recombinant chorionic gonadotropin (Ovitrelle; Serono). Clin-
ical outcome data for the short term after in vitro fertilization
(IVF) were recorded in all patient files and later compared with
biochemical and ultrasound data.

Sample Collection

Follicular fluid was collected at 36 h after ovulation induction
by ultrasound-guided vaginal puncture, and sample collection
for the study was performed according to a protocol approved
by the institutional ethics committee (PTE AOK no. 3117/
2008, 3610/2009). FF from all follicles of one individual
patient was pooled and then processed as one sample, deter-
mining PACAP concentrations on a per patient basis. Patients
provided written approval of the sample collection in all cases.
Peptidase inhibitor aprotinin was added to all samples (30
pl/ml). The number of harvested oocytes was recorded to all
individual patient files.

Radioimmunoassay

The samples were weighed and centrifuged (12,000 rpm, 4°C,
30 min), and the supernatant was further processed for radio-
immunoassay (RIA) analysis of PACAP38-like immunoreac-
tivity, as previously described (Borzsei et al. 2009). Briefly,
antiserum PACAP38 “88 111-3” was a kind gift of Prof. A.
Arimura, New Orleans; working dilution was 1:10,000). The
tracer mono-125I-labeled ovine PACAP24-38 was prepared in
our laboratory (5,000 cpm/tube). Ovine PACAP38 was used as
an RIA standard ranging from 0 to 1,000 fmol/ml, while the
assay was prepared in 1 ml of 0.05 mol/l (pH 7.4) phosphate
buffer containing 0.1 mol/l sodium chloride, 0.25 % (w/v)
BSA, and 0.05 % (w/v) sodium azide. Incubation time was
48—72 h at 4°C. Separation solution was charcoal/dextran/milk
powder (10/1/0.5 g in 100 ml distilled water).
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Statistical Analysis

A number of harvested oocytes and PACAP concentrations in
FF samples were analyzed and expressed as mean + standard
deviation (SD). We created cutoff values for the PACAP
concentration and the number of harvested oocytes above
mean = SD for PACAP and number of oocytes, thus creating
three groups of data as follows: high-PACAP concentration
(hP), high number of oocytes (hO), and low-PACAP concen-
tration—low-number of oocytes (IP-10) groups. Raw data of the
groups were then processed by Kruskal-Wallis one-way anal-
ysis of variance on ranks. To isolate the group or groups
differing from the others in case of statistical significance, the
analysis was completed by pairwise multiple comparison pro-
cedure (Dunn's method). Results are expressed as median + 1st
and 3rd quartile (1st quartile—25 % of point below; 3rd
quartile—75 % of points below).

Results

The mean number of oocytes harvested was 8.08+6.02, rang-
ing between 0 and 30 with a median value of 6.5 (Fig. 1 and
Table 1). PACAP was detected in all FF samples with a mean
value of 143.58+110.78 fmol/ml, ranging between 28.0 and
690.0 fmol/ml with a median value of 107.75 fmol/ml (Fig. 2
and Table 1).

PACAP Concentrations

Using a cutoff value of 290 fmol/ml for PACAP concentration
and 14 oocytes/patient for the number of harvested oocytes, the
median values of PACAP concentration in hP (n=12), hO (n=
17), and 1P-10 (n=103) groups were 411.2 fmol/ml (312.5—
492.0 fmol/ml), 106.5 fmol/ml (61.0-180.5 fmol/ml), and
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Fig. 1 Distribution of data regarding oocyte number harvested. Vertical
axis shows the frequency of a given number of oocytes per patient

Table 1 Descriptive statistics of follicular fluid concentrations of PACAP (PACAP) and number of harvested oocytes (ovum) in the entire sudy group (total), in the high-PACAP concentration group

(hP), in the high-oocyte number group (hO), in the low-PACAP concentration and low-oocyte number group (IP-10), and in the OHSS group (OHSS)

25 % 75 %

Median

Min

Max

Range

C.I. of mean

Standard error

Standard deviation

Missing Mean

No.

Group

173.000
12.000

76.500
4.000

107.750
6.500

28.000
0.000

690.000
30.000

662.000
30.000

19.074
1.038
73.930
2.481

9.642

110.780
6.027

143.588
8.083

132
132
12
12
17
17

PACAP—total

0.525
33.590
1.127
18.338
1.219
5.467
0.403

Ovum—total

492.000
10.000

312.500
4.000

411.250

5.500

305.000
2.000

690.000

14.000

385.000

116.358
3.904

425917
6.833

PACAP—hP

12.000
251.000

Ovum—hP

180.500
21.750

61.000
15.000
72.750
3.000
86.500
6.500

106.500
19.000

36.500
15.000
28.000
0.000

287.500
30.000

38.876
2.583

75.611
5.024

122.824
19.353

PACAP—hO

15.000
247.000

Ovum—hO

139.000
10.000

101.000
5.000

275.000
14.000

10.843
0.799

55.482
4.090

114.123
6.369

103
103
3
3

PACAP—IP-10

14.000
233.000

Ovum—IP-10

261.250
17.000

109.000
8.000

79.000
6.000

312.000
20.000

314.872
18.810

73.181
4372

126.753
7.572

166.667
11.333

PACAP—OHSS

14.000

Ovum—OHSS

@ Springer



620 J Mol Neurosci (2012) 48:617-622
o Table 2 Comparison of data using pairwise multiple comparison proce-
dure (Dunn's method) between high-PACAP concentration group (hP),
50 4 o high-oocyte number group (hO), and low-PACAP concentration and low-
oocyte number group (IP-10)
409 Difference QO P
- — of ranks
3 30
Q PACAP
204 PACAP—hP vs PACAP—IP-10 66.024 5.659 <0.05
PACAP—hP vs PACAP—hO 65.853 4.566 <0.05
10 PACAP—hO vs PACAP—IP-IO  0.171 0.0171 NS
r Oocyte number
=] | i_l—l_l—r—. S Ovum—hO vs ovum—IP-10 66.447 6.636  <0.05
' WA e W Ovum—hO vs ovum—hP 62.167 4311 <0.05
Ovum—hP vs ovum—IP-10 4.280 0.367 NS

Fig. 2 Distribution of data regarding follicular fluid concentration of
PACAP expressed in femtomoles per milliliter. Vertical axis shows the
frequency of a given concentration

101.0 fmol/ml (72.7-139.0 fmol/ml), respectively. The differ-
ences in the median values among the groups were statistically
significant (Fig. 3 and Tables | and 2).

Number of Harvested Oocytes

Using the same cutoff values and groups as above, the median
values of harvested oocytes per patient in the hP (n=12), hO
(n=17), and 1P-10 (n=103) groups were 5.5 (4.0-10.0), 19.0
(15.0-21.7), and 5.0 (3.0-10.0), respectively. The differences
in the median values among the groups were statistically
significant (Fig. 3 and Tables 1 and 2).
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Fig. 3 Scatter plot showing number of harvested oocytes along with the
corresponding concentration of PACAP in follicular fluid. Vertical
dashed line represents the cutoff value of 290 fmol/ml for the PACAP
concentration. Horizontal dashed line represents the cutoff value of 14
oocytes/patient for the number of harvested oocytes. Filled circles high-
PACAP concentration group. Empty circles high number of oocytes
group. Inverted triangle low-PACAP concentration—low-number of
oocytes group

@ Springer

NS nonsignificant
Clinical Outcome Data

Within this cohort of patients, we encountered three cases of
mild ovarian hyperstimulation syndrome (OHSS). In these
three cases, PACAP concentrations in FF and number of
oocytes retrieved were as follows: (1) 109 fmol/ml, 6/patient;
(2) 312 fmol/ml, 8/patient; and (3) 79 fmol/ml, 20/patient. The
median+ 1st and 3rd quartile results for the data of these three
patients are 109.0 fmol/ml (86.5-261.25 fmol/ml) for the
PACAP and 8.0 (6.5-17.0) for the number of oocytes/patient.

Discussion

The present study provided evidence that PACAP occurs at
different concentrations in human ovarian follicular fluid after
superovulation treatment. Furthermore, PACAP38 was pres-
ent at a detectable level without exception in all samples
examined. This is in accord with our previous finding, where
we showed the presence of PACAP with mass spectroscopy in
all samples from a series of 40 FF of patients after the super-
ovulation treatment (Brubel et al. 2011). The fact that PACAP
occurs in all of the ovarian follicular fluid samples indicates an
important biological role for PACAP in this culture medium
for the developing oocyte. However, our earlier study provid-
ed no data whether PACAP concentration in FF and ovarian
response to gonadotropins are related to each other. All data
were obtained from the patients after superovulation treat-
ment. Since there is no worldwide accepted research protocol
covered by institutional ethical permission for sample collec-
tion under general anesthesia using transvaginal puncture of
spontaneously cycling female volunteers, we have not had the
chance to investigate follicular fluid samples of such individ-
uals to compare PACAP concentrations with that of controlled
hyperstimulated subjects. However, to our knowledge, the
present pilot study is the first aiming to find a correlation
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between oocyte number and PACAP concentration in the
follicular fluid. A recent study pointed out the possible corre-
lation between the PACAP levels and post-traumatic stress
syndrome in serum of human subjects suffering from this
disease (Ressler et al. 2011). Thus, it is an emerging field in
PACAP research to find a correlation between physiologic/
pathologic conditions and PACAP levels in the blood and
other biological fluids.

It is well known that FF serves as a culture medium for the
developing oocyte, thus providing an important milieu for germ
cell development. PACAP has been shown to play an important
role in follicular maturation. This neuropeptide is expressed in a
stage-specific manner in the granulosa cells of large mature
follicles before ovulation, and, although in a weaker manner,
expression has also been shown in the wall of premature antral
and pre-antral follicles (Gras et al. 1996; 2005; Park et al.
2001). Also, receptors for PACAP have been demonstrated in
developing follicles (Barberi et al. 2007; Vaccari et al. 2006).
Moreover, both PACAP and PACI1 receptors have been found
in the corpus luteum of the rat (Kotani et al. 1997). The peptide
is thought to play a role in primordial germ cell proliferation
(Pesce et al. 1996), cyclic recruitment of immature follicles
(Gras et al. 2005), follicular apoptosis (Lee et al. 1999; Vaccari
et al. 2006), and ovarian hormone and enzyme production (Apa
et al. 1997; 2002; Sayasith et al. 2007; Zhong and Kasson
1994). These data are in line with our previous and current
findings about the presence of the neuropeptide in human FF.

In the present pilot study, we found two important cutoff
values, one for PACAP concentration in FF and the other one
for the number of developing follicles. In all cases when the
number of harvested oocytes exceeded 14/patient, all the
corresponding PACAP concentrations were below 290 fmol/
ml, with a median value of 106.5 fimol/ml. Beyond that, in all
cases when PACAP concentrations were above 290 fmol/ml
(with a median value of 411.2 fmol/ml), the number of har-
vested oocytes was below 14/patient. The difference between
PACAP concentrations of these two groups, as well as between
the number of harvested oocytes proved to be statistically
significant. The reason for presenting our data as separate
subgroups below PACAP concentrations of 290 fmol/ml (i.e.,
low-PACAP/low-oocyte and high-oocyte groups) is that low-
PACAP concentrations do not seem to correlate with the oocyte
numbers: both low and high values occur. However, high-
PACAP concentrations are always correlated to low-oocyte
numbers. Thus, we conclude that below the threshold value
of PACAP, the neuropeptide may not have a significant impact
on the number of developing oocytes. However, above that
value, it may override other intraovarian regulatory mecha-
nisms lowering the final number of oocytes retrieved.

This finding might draw attention, especially in the light of
the pathomechanism, to the OHSS. This is an iatrogenic and
potentially life-threatening condition resulting from excessive
ovarian stimulation with a varying incidence between 1 and

10 % of IVF cycles (D'Angelo et al. 2011). It has been
previously shown that patients were more likely to develop
OHSS after superovulation treatment when they had signifi-
cantly more follicles on the day of human chorionic gonado-
tropin (hCG) administration compared with patients without
the syndrome (Jayaprakasan et al. 2007; Navot et al. 1992). A
prospective study demonstrated that the cutoff number of
follicles on the day of hCG administration for developing
OHSS is 13 follicles (Papanikolaou et al. 2006). This cutoff
value is in the range with ours, where we found a significant
decrease in PACAP concentrations of the FF. This could mean
that higher concentrations of PACAP in FF might be an
indicator for a well-regulated follicular development in the
ovary, while decreased PACAP concentrations would demon-
strate a condition in favor of developing OHSS. The link
between follicle number and FF concentration of PACAP is
unclear. In our study, only very limited data were available for
analyzing the examined variables in OHSS patients. That is
why we cannot draw firm conclusion from them. However, it
can be recognized that two of the OHSS patients had low-
PACAP concentrations, and in the 3rd one, the concentration
was in the first quartile of the group (312 fimol/ml). The overall
significance of these observations promising predictive value
of PACAP concentration in controlled superovulation treat-
ment is to predict the potentially life-threatening OHSS.

In summary, our present data show, for the first time, a
correlation between the concentration of PACAP in FF and
the number of recruited and retrieved oocytes. The exact phys-
iological role of PACAP in this scenario is unclear. However,
based on the known effects of PACAP in oogenesis, as well as
in ovarian hormonal secretion, the peptide in FF might play a
role in oocyte recruitment and follicular development. Based on
our present results, one might conclude that higher concentra-
tions of PACAP in FF are associated with lower number of
developing oocytes, while low concentrations of PACAP might
correlate with a markedly higher number of ova retrieved, thus
predicting a higher chance for ovarian hyperstimulation. Our
present study is among the first few human clinical studies with
direct conclusions drawn for possible clinical impact of PACAP.
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