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The biological role of pituitary adenylate
cyclase-activating polypeptide (PACAP)
in growth and feeding behavior in juvenile fish

Juana Maria Lugo,? Aymé Oliva,? Antonio Morales,? Osvaldo Reyes,”
Hilda Elisa Garay,® Fidel Herrera,? Ania Cabrales,® Ever Pérez®
and Mario Pablo Estrada?*

To date, many technologies have been developed to increase efficiency in aquaculture, but very few successful biotechnology
molecules have arrived on the market. In this context, marine biotechnology has an opportunity to develop products to
improve the output of fish in aquaculture. Published in vivo studies on the action of the pituitary adenylate cyclase-activating
polypeptide (PACAP) in fish are scarce. Recently, our group, for the first time, demonstrated the biological role of this
neuropeptide administrated by immersion baths in the growth and development of larval fish. In this work, we have evaluated
the effects of recombinant Clarias gariepinus PACAP administration by intraperitoneal injection on growth performance and
feeding behavior in juvenile fish. Our results showed the physiological role of this peptide for growth control in fish, including
the juvenile stage, and confirm that its biological functions are well conserved in fish, since C. gariepinus PACAP stimulated
growth in juvenile tilapia Oreochromis niloticus. In addition, we have observed that the growth-promoting effect of PACAP in
juvenile tilapia was correlated with higher GH concentration in serum. With regard to the neuroendocrine regulation of growth
control by PACAP, it was demonstrated that PACAP stimulates food intake in juvenile tilapia. In general, PACAP appears to
act in the regulation of the growth control in juvenile fish. These findings propose that PACAP is a prominent target with the
potential to stimulate fish growth in aquaculture. Copyright (¢) 2010 European Peptide Society and John Wiley & Sons, Ltd.

Keywords: PACAP; growth; food intake; PACAP antiserum; juvenile fish
|

Introduction provokes a robust stimulation of GH release from coho salmon
[12], goldfish [13], eel [14,15], grass carp [16-18], and tilapia [19]
pituitary cells, which suggests that this peptide may act as a potent
GH secretagog in lower vertebrates.

Until now, studies of PACAP in nonmammalian vertebrates,
including fish, have focused primarily on the localization, cloning,
and structural evolution of this peptide and very little is yet known
about its biological functions in vivo. Very recently, our research
group demonstrated the biological role of this neuropeptide
administered by immersion baths in larval fish growth and
development [19].

This work aims at evaluating the effects of the recombinant
Clarias gariepinus PACAP on growth performance and feeding
behaviorinjuveniles of African catfish (C. gariepinus) and Nile tilapia
(Oreochromis niloticus) after its administration by IP injection. We
also investigated, for the first time, in vivo serum GH stimulation
by PACAP correlated with its effects to increase the growth
performance in juvenile tilapia.

Pituitary adenylate cyclase-activating polypeptide (PACAP), a
member of the secretin/glucagon/vasoactive intestinal peptide
(VIP) superfamily, is a multifunctional neuropeptide that plays
many roles such as hypophysiotropic hormone, neurotransmitter,
neuromodulator, vasodilator, and neurotropic factor in mammals
[1]. It was first identified in ovine hypothalamus due to its ability
to stimulate cAMP formation in rat anterior pituitary cells [2].
This peptide exists in two molecular forms, with 38 (PACAP38)
and 27 (PACAP27) amino acids [2,3]. The sequence of PACAP has
been remarkably well preserved from tunicate to human. The high
conservation of the PACAP sequence indicates that PACAP fulfills
important biological functions in a broad spectrum of organisms,
including fish [4].

Studies examining the effect of PACAP on GH secretion in
mammals have shown contradictory results [5]. In vivo approaches
have demonstrated that PACAP increases plasma GH levels in rats
and cattle [6,7], but not in humans and ewes [8,9], suggesting
that the GH-releasing effect of PACAP may be species specific in
mammals. To date, little is known about PACAP function related to
GHrelease in fish in vivo. It has been shown that intraperitoneal (IP)
injection of goldfish PACAP38 forms (PACAP38a and PACAP38b)
elevated GH levels in goldfish at different reproductive stages
[10]. In agreement with these findings, more recently it was a Aquatic Biotechnology Department, Animal Biotechnology Division, Center for
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Figure 1. Amino acids sequences of the recombinant and synthetic peptides. (A) Recombinant PACAP38. The metheonine at N-terminus was generated
from the E. coli expression vector. (B) Synthetic PACAP-C11, which corresponds with the last 11 amino acids of the C-terminus of the PACAP38 form. A
cysteine residue was added at the C-terminus for coupling with KLH. (C) Synthetic PACAP38. (D) Synthetic PACAP27.

Materials and Methods
Fish

Juveniles of African catfish C. gariepinus and Nile tilapia O. niloticus
were provided by the Mamposton Aquaculture Research Station,
Havana, Cuba, and were kept alive in aerated freshwater under
natural photoperiod. The temperature of water was maintained
between 28 and 30°C. All experiments with animals were
previously approved by the Ethics Committee of the Center for
Genetic Engineering and Biotechnology, Havana, Cuba.

Production of an Antiserum against African Catfish
(C. gariepinus) PACAP

Synthesis of peptides

Peptides were synthesized at the Center for Genetic Engineering
and Biotechnology (Havana, Cuba) at analytical scale. Three
amidated forms of the C. gariepinus PACAP, with 38 amino acids
(PACAP38), with the first 27 amino acids from the N-terminus
(PACAP27), and with the last 11 amino acids of the C-terminus
(PACAP-C11) of the PACAP38, were prepared. An additional
cysteine residue at the C-terminus for coupling with keyhole
limpet hemocyanin (KLH) was included in PACAP-C11 (Figure 1).

Peptides were synthesized using manual parallel Fmoc/tBu
solid phase chemistry [20] on Fmoc-AM-MBHA resin (400 mg,
0.54 mmol/g). The Fmoc group was removed with 20% of
piperidine in N,N-dimethylformamide. DIC/HOBt activation was
used at least fourfold molar excess of Fmoc-amino acids in
DMF for each coupling cycle. Washings between coupling and
deprotection steps were carried out with DMF using 10 ml/g resin
for each wash. In general, no more than 2 h were needed for
the completion of the coupling reaction, which was indicated
by a negative Kaiser test. All coupling and washing steps were
performed under vigorous shaking. After final deprotection, each
peptide resin was washed with DMF, methanol, and ethyl ether
and dried under vacuum overnight.

Cleavage from the resin and deprotection of side-chain protect-
ing groups were performed by a treatment with TFA/TIS/water
(95/2.5/2.5) for 2 h. Cleavage solutions were filtered into 50-ml
centrifuge tubes containing cold ether. After centrifugation and
decanting, the precipitates were washed four times by the addi-
tion of cold, fresh ether. The peptides were finally dissolved in
10 ml of 40% acetonitrile in water and lyophilized.

In all cases, the peptides were purified by RP-HPLC and the
collected fractions were analyzed again by analytical RP-HPLC
(Figure 2 and Table 1). In short, analytical separation was achieved
inaRP C18 column (Vydac, 4.6 x 150 mm?, 5 um). A linear gradient
from% 5 to 60% of solvent B for 35 min at 0.8 ml/min flow rate,
with UV detection at 226 nm, was used. Solvent A was 0.1% (v/v)

TFA in water. Solvent B was 0.05% (v/v) TFA in acetonitrile. The
software UNICORN 4.11 (GE Healthcare, USA) was used for data
processing the RP-HPLC chromatograms. The mass of each peptide
was verified by ESI-MS (Table 1).

Molecular mass measurement of peptides

The mass spectra were acquired with a hybrid quadrupole-time-of-
flight (Q-TOF2) instrument (Waters, USA) fitted with a nanospray
ion source. The capillary and cone voltage were set to 900 and 35V,
respectively. Data acquisition and processing were performed with
the MassLynx (version 3.5) package.

Coupling of peptide to a carrier protein

To elicit a sustained immune response against the PACAP-C11
form in rabbit, we chose KLH (Sigma, USA) as the protein carrier.
KLH has proven to be effective in numerous vaccine applications
because of its many foreign epitopes, large molecular mass, and
poor solubility [27]. Using the unique thiol on peptide PACAP-C11
added at the C-terminus of the sequence as a convenient handle
for conjugation to a maleimide-functionalized KLH, we prepared
the appropriate KLH carrier complex [21].

For conjugate preparation, KLH protein was dissolved
in phosphate buffer solution pH 6 and N-succinimidyl-3-
(maleinimido)propionate (MPS) solution was added. The mixture
was stirred for 30 min at room temperature. The free MPS was
separated from the MPS-activated KLH by gel filtration on a PD10
column. Then, PACAP-C11 dissolved in phosphate buffer solution
pH 6 was added to the activated protein and the mixture was
stirred for 3 h at room temperature. The free PACAP-C11 peptide
was separated from the peptide-KLH conjugate by dialysis against
PBS solution pH 7.2 at 4 °C.

Rabbit immunization

New Zealand white rabbits (three females, 6-7 weeks old,
without placebo) were immunized with 500 ug of the PACAP-
C11 conjugated to KLH. Rabbits were immunized using complete
Freund’s adjuvant (1: 1 v/v) (Sigma, USA) on day 0 and incomplete
Freund’s adjuvant (1:1 v/v) (Sigma, USA) on day 15, 36, 51,72, and
87. They were bled on day 108. In all cases, blood samples were
obtained at day 0 (to acquire the preimmune serum) and prior to
each immunization.

Animal response was screened using a dot blot assay as follows:
5wl of synthetic PACAP38, PACAP27, and PACAP-C11, as well as
KLH in order to test the antiserum specificity (all at 1 mg/mlin PBS:
137 mm NadCl, 2.7 mm KCl, 4.3 mm Na,HPO47H20, pH 7.3), were
bound to a Hybond-ECL nitrocellulose membrane (Amersham,
UK) for 2 h at room temperature. After blocking in 5% skim milk

wileyonlinelibrary.com/journal/psc  Copyright (©) 2010 European Peptide Society and John Wiley & Sons, Ltd.

J. Pept. 5ci. 2010; 16: 633-643



Journal of

PACAP AS A GROWTH-PROMOTING FACTOR IN JUVENILE FISH Peptlde

mAU | (A)
2000

1500

1060

500

L
O & S W N\%J\'\\H_‘_‘_‘W_u_

0.0 5.0 10.0 15.0 20.0 25.0 300  min

mAU (B)
2000
1500

1000

500 “

0.0 5.0 10.0 15.0 20.0 25.0 300  min

mAU | (C)

800
600
400 1

200 4

I

0.0 5.0 10.0 15.0 20.0 min

Figure 2. RP-HLPC analysis of the synthetic peptides. Peptides were injected onto RP C18 (Vydac, 4.6 x 150 mm?, 5 um) analytical column. Linear gradient
from 5 to 60% of solvent B over 35 min at 0.8 ml/min flow rate, with UV detection at 226 nm. Solvent A was 0.1% (v/v) TFA in water. Solvent B was 0.05%
(v/v) TFA in acetonitrile. The arrows denote (A) PACAP38 form; (B) PACAP27 form; and (C) PACAP-C11 (corresponding to the last 11 amino acids of the
C-terminus of the PACAP38 form).
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Table 1. Physicochemical characterization of the synthetic peptides
RP-HPLC

Synthetic  retentiontime Purity Theoretical mass Experimental

peptide (min) (%) (daltons) mass (Da)

PACAP38 20.01 95.21 4663.50 4663.72

PACAP27 21.63 98.30 3145.65 3145.65

PACAP-C11 11.13 98.20 1637.89 1637.88

(Oxoid, UK) in PBS for 2 h, 2 ml aliquots of serially diluted sera were
spotted on antigen-coated membranes, incubated for 2 h, washed
5 min with PBS twice, incubated with horseradish peroxidase-
conjugated goatantirabbit antibodies (CIGB, Cuba) diluted 1 : 8000
in PBS for 1 h and washed 5 min with PBS twice. The immunodot
was developed using 3,3’-diaminobenzidine (DAB) substrate. In
short, 10 ul hydrogen peroxide (30%) was added to 10 ml of 0.05%
DAB in PBS and mixed well immediately. Afterward, DAB substrate
was transferred to the membranes and then incubated at room
temperature with gentle shaking in the dark. The progress of
the reaction was monitored carefully until the desired intensity
(2-5 min) was obtained.

Expression and Purification of the Recombinant C. gariepinus
PACAP

The pTYB vectors are commonly used for cloning and expression of
recombinant proteins in Escherichia coli. The pTYB1 is a C-terminus
fusion vector in which the C-terminus of the target proteins is
fused to the intein tag. This vector is part of the Intein-mediated
Purification with an Affinity Chitin-binding Tag (IMPACT™) system
(New England Biolabs, Beverly, MA, USA). In this work, the pTYB1
recombinant plasmid containing PACAP cDNA (PTYB1-PACAP),
already obtained in the laboratory [19], was transformed into
electrocompetent E. coli strain BL21 harboring the lambda DE3
lysogen that carries the T7 RNA polymerase under the control of
the lac UV5 promoter. One colony was used to inoculate 5 ml of
Luria Bertani (LB) medium containing 50 pg/mlof ampicillin for
overnight growth at 37 °C with vigorous shaking. This culture
was used to inoculate 11 of LB medium containing 50 ug/ml of
ampicillin. The expression of the recombinant PACAP as a fusion
protein was induced at an optical density at 600 nm (ODgqo)
of 0.5 by adding isopropyl-b-b-thiogalactopyranoside (IPTG) to
0.5 mMm and then the culture was grown for 5h at 28 °C. After
induction, cells were harvested by centrifugation at 5000 g for
20 min and stored frozen for later use. The frozen cell pellet was
thawed and resuspended in 50 ml of lysis buffer (20 mm Tris—HCI
pH 8, 500 mm NaCl, 1 mm EDTA, 20 mm phenylmethylsulphonyl
fluoride). The expression of the fusion protein was tested on
10% SDS-PAGE after lysing the cells using a French press. Once the
target protein expression had been determined, the clarified lysate
containing the fusion precursor was loaded onto the chitin (New
England Biolabs, Beverly, MA, USA) affinity gel column (20 ml bed
volume) previously equilibrated with 10 volumes of column buffer
(20 mm Tris-HCI pH 8, 500 mm NaCl, 1 mm EDTA). The column
chromatography was performed at 1 ml/min. The column was
washed with 10 bed volumes of column buffer to remove unbound
proteins, then with three bed volumes of cleavage buffer (column
buffer plus 50 mm dithiothreitol (DTT)). The flow was stopped and
the column was left at 4°C for 16 h. The protein was eluted by
continuing flow with column buffer. Each fraction was checked
by both tricine-sodium dodecyl sulfate-polyacrilamide gel (16.5%

T/3% C) electrophoresis (Tricine-SDS-PAGE) [22] and Western blot
analysis.

The standard methodologies for staining with Coomassie blue
or silver were used. The gels intended for the electrophoretic
separation of proteins to be later analyzed by mass spectrometry
were stained following the procedure for silver staining without
glutaraldehyde, which is downstream compatible with this
technique [23].

PACAP fractions purified by affinity chromatography were
dialyzed overnight against PBS to remove DTT. The result was
checked by Tricine-SDS-PAGE (16.5% T/3% C), Western blot, and
mass spectrometry as reported previously by us [19].

Western Blotting Analysis

To verify PACAP expression as an intein-tagged fusion protein,
Western blot analyses were carried out. The fused PACAP protein
was electrophoretically fractioned by 10% SDS-PAGE under
reducing conditions (8-mercaptoethanol to a final concentration
of 2 mmto the sample buffer), according to the standard procedure
[24] and transferred to a Hybond-ECL nitrocellulose membrane
(Amersham, UK) in duplicate. After blocking with 5% skim milk
(Oxoid, UK) in PBS, the membrane was cut into two pieces: one was
incubated with rabbit serum raised against a peptide derived from
the Bacillus circulans chitin-binding domain at 1:10 000 dilution
(New England Biolabs, Beverly, MA, USA) and the other one was
incubated with the antiserum generated against catfish PACAP-
C11 at 1:20 dilution, both for 2 h at room temperature. After
washing with PBS-T (PBS 1x, 0.05% Tween 20) once and with PBS
twice, the membranes were incubated with a 1:5000 dilution of
antirabbit polyclonal antibody horseradish peroxidase conjugate
(Amersham Biosciences, UK), as secondary antibody with gentle
shaking for 1 h at room temperature.

To check the identity of the peptide eluted from the chitin
column, the samples were electrophoretically fractioned by
17.5% SDS-PAGE, transferred to a nitrocellulose membrane,
and immunodetected as describe above, using the antiserum
generated against catfish PACAP-C11 as primary antibody at 1:20
dilution for 2 h at room temperature. To confirm the specificity of
PACAP antiserum, 5 ug of syntheticPACAP38and PACAP-C11 were
used as positive control. In addition, 5 g of synthetic PACAP27
and 5 ug of the recombinant crustacean hyperglycemic hormone
from Litopenaeus schmitti fused to intein protein (rCHH-intein)
were used as negative controls. The detections were carried out
using DAB substrate as described in Rabbit Immunization section.

Assays for Protein Concentration and Purity

Protein concentration was determined using the BCA Protein Assay
Kit (Pierce, USA) according to the manufacturer’s instructions. The
purity level of the PACAP cleavage from intein was estimated as
the percent of peptide versus total proteins in the lane of the
tris-tricine gel stained with Coomassie blue (Bio-Rad, USA). The
digital gel images used in these analyses were obtained using a
Hewlett Packard Scanjet Plus scanner. Data were processed with
Molecular Analyst software version 1.4.1 (Bio-Rad).

Growth-promoting Effects of the Recombinant C. gariepinus
PACAP in Juvenile Fish

The growth experiments were done using C. gariepinus juveniles
(40.4 £ 5.6 9; n = 18 per group) and in O. niloticus juveniles
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Table 2. Hepatosomatic index, muscle dry weight, and serum GH levels in control and recombinant PACAP-treated groups

Parameters analyzed

Muscle dry Serum GH
Species Experimental groups Hepatosomatic index® weight® (g) levels (ng/ml)
C. gariepinus (N = 10) Control© 1.09 + 0.07 0.50 +0.03 ND
PACAP 1.06 £ 0.05 0.54+£0.03 ND
O. niloticus (N = 15) Control© 1.02£0.03 0.53+0.03 5.194+1.93
PACAP 1.00 £0.02 0.56 £+ 0.02 13.37 & 2.844

4 Liver weight/body weight x 100.
b Determined using 1 g of muscle from each sample.

d Statistical difference with respect to its control group (p < 0.05).

Data represent arithmetic mean of the tilapia GH =+ SE; ND, not determined.

¢ Received E. coli proteins in an amount equivalent to contaminants present in PACAP.

(32.2 £ 2.7g9; n = 25 per group). Each experiment took place
independently. In each assay, the groups were acclimated in 500 |
tankswith running fresh water,at 28 °Cundera 12 : 12 photoperiod
regime for one week prior to the experiment. Animals were fed
with commercial pelleted feed (Cenpalab, Cuba) to satiation twice
a day.

Recombinant C. gariepinus PACAP was injected intraperitoneally
twice a week for 6 weeks at the dose of 0.1 Lg/g of body weight
(0.1 ug/g BW). The dosage was selected based on previously
published studies in which different GH secretagogs were used
to stimulate growth in fish [10,25]. The negative control received
E. coli proteins in an amount equivalent to contaminants present
in purified PACAP. These E. coli proteins were obtained from the
chitin column wash prior to PACAP elution. Body weight was
measured once a week to adjust PACAP amounts to be injected. At
the end of the test, fish were anesthetized with methanesulfonate
salt of 3-aminobenzoic ethyl ester (Sigma, USA) dissolved in water
and each fish was decapitated and dissected. Livers were collected
and weighed to determine the hepatosomatic index calculated as
the percent liver weight relative to total body weight. A 1 g fillet
from each sample was employed to determine muscle dry weight
using the Thermo Control YTC. 01 L (Sartorios, Germany). Growth-
promoting effects were evaluated by body weight increase during
42 days. Data were expressed as mean =+ standard error (SE).

Plasma Collection

Plasma was collected from the 0.5ml of heparinized blood
following centrifugation at 3000 rpm for 5 min and stored at
—80 °C until the GH ELISA was conducted.

GH Assays

To measure the serum GH levels in control and PACAP-treated
fish, a noncompetitive ELISA was done as described previously
by us [19], with minor modifications. A 96-well MaxiSorp plate
(Nalge Nunc International, Denmark) was coated for 3 h at 37°C
with antitilapia GH monoclonal antibody 1 (tiGH1 mAb) (CIGB)
at 10 ug/ml in 0.05 M carbonate buffer, pH 9.6 (100 pl per well).
Plates were washed twice with PBS-T and blocked with 3% skim
milk (Oxoid, UK) in PBS (200 ul per well) for 1 h at 37 °C. After
blocking, the plates were washed twice with PBS-T. A standard
tilapia GH curve in the range between 32 and 0.5 ng/ml was made
by twofold dilutions in 0.5% skim milk in PBS and it was dispensed
in duplicate in the same plate. Test samples were prepared by
twofold dilutions as describe above, until their optical density fell

into the linear range of the standard curve. Subsequently, the
test samples were incubated on the plates overnight at 4 °C. After
washing the plates four times with PBS-T, 100 ul of horseradish
peroxidase (HRP)-tiGH2 mAb conjugate (CIGB), diluted 1:15 000
in 0.5% skim milk in PBS, was added to each well. The plates were
incubated for 1 h at 37 °Cand then washed eight times with PBS-T.
The substrate buffer (0.2 M NayHPOg4, 0.1 M citric acid, pH 5.0)
containing 0.5 mg/ml of ortho-phenylenediamine and 5 pl of 30%
hydrogen peroxide was then added (100 pl per well). The reaction
was stopped 15 min later by adding of 50 ul per well of 2.5 m
sulphuric acid. The absorbance was measured at 492 nm using a
Titertek Multiskan Plus (Flow Laboratories, Irvine, Scotland) plate
reader.

Evaluation of Food Intake

Tilapia (O. niloticus) with an average body weight of 35 &+ 2 g was
kept in 80 | tanks with running fresh water, at 28 °Cundera 12:12
photoperiod regime. Groups of three animals (with three replicates
of each group) were assigned into three different treatments:
recombinant purified PACAP from E. coli (0.5 ug/g BW), GHRP-6
(Lipotec, Spain) at a dose of 0.5ug/g BW, and E. coli proteins
(obtained by chitin column wash prior to recombinant PACAP
elution, in an amount equivalent to contaminants present in
purified PACAP). The group treated with GHRP-6 (a synthetic
GH secretagog and agonist of the ghrelin receptor) was used as
positive control [26].

Sixteen hours before the experiments began at 10.00 am, each
fish was fed at a rate of at least 3% of total fish body weight in
each tank. All treatments were administrated by IP injection. Each
fish received only one injection at the onset of the experiment,
which continued for 16 h. Animals were fed at libitum, two times
in 16 h, with commercially prepared pellets (Cenpalab). Uneaten
feed and feces were siphoned out of each container 6 h after
the first feeding operation and 10 h after the last one. Later, they
were incubated at 50 °C until constant weight, as it was described
previously [27,28]. This amount was deducted from the amount
offered to determine food intake.

Statistical Analysis

The statistical analyses were done using GraphPad Prism Statistical
Software version 4.00.255 (GraphPad Software Inc., San Diego,
California, USA). The normality of the data was evaluated using the
Barlett test () 2). Data with normal distribution and equal variances
were analyzed using Student’s t-test. The Mann-Whitney U-test
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Figure 3. (A) Tricine-SDS-PAGE (16.5% T/3% C) analysis of C. gariepinus PACAP purification by affinity chromatography. Lanes: (1) lysis supernatant from
E. coli BL21 (DE3) transformed with pTYB1-PACAP expression vector induced with 0.5 mM IPTG at 28°C for 5 h (arrow indicates the fused protein
PACAP-intein), (2) chitin column flow-through, (3 and 4) fractions of eluted recombinant C. gariepinus PACAP (rPACAP) after self-cleavage reaction at 4 °C
overnight (arrow indicates the rPACAP). Trichloroacetic-acid-precipitated proteins from 1 ml of fractions corresponding to eluted rPACAP were loaded in
lanes 3 and 4. (B and C) Glicine-SDS-PAGE (at 17.5%) and Western blotting, respectively, for both, to confirm the expression in E. coli and purification of
the C. gariepinus PACAP by affinity chromatography and to test an antiserum raised against the last 11 amino acids of the C-terminus of the C. gariepinus
PACAP (PACAP-C11). Lanes (1) lysis supernatant from E. coli BL21 (DE3) transformed with pTYB1-PACAP expression vector; (2) recombinant C. gariepinus
PACAP purified by affinity chromatography; (3) inclusion bodies of the recombinant crustacean hyperglycemic hormone expressed in the E. coli BL21
(DE3) as intein fusion protein, (4-6) synthetics PACAP38, PACAP27, and PACAP-C11, respectively; and (7) prestained SDS-PAGE Standards Broad Range

(Bio-Rad). Arrow in lanes 1 and 2 indicates the rPACAP.

was used to evaluate differences between groups when data had
unequal variances. In the case of the food intake experiment,
differences between groups were evaluated by Newman Keuls
Multiple Comparison test. Treatments were considered to be
significantly different if p < 0.05.

Results

Expression in E. coli of the Recombinant C. gariepinus PACAP
and Its Purification by Affinity Chromatography

A 114 bp cDNA from C. gariepinus PACAP, already cloned in our
laboratory [19] into the pTYB1 expression vector, was expressed
as an intein fusion protein in E. coli.

After IPTG induction, a band corresponding to an approximately
60 kDa intein-tagged PACAP was observed, by SDS-PAGE under
reducing conditions, in the lysate supernatant of the E. coli
BL21(DE3) transformed with pTYB1-PACAP (Figure 3(A)). This band
was absent in the lysate supernatant of the E. coli BL21(DE3)
transformed with pTYB1 vector (data not shown). As reported
previously by us [19], 5h incubation was enough to induce
maximum expression of the target protein after IPTG addition
at 28°C. To identify the expressed intein-tagged PACAP, we
used rabbit serum raised against the chitin-binding domain that
recognizes the intein tag (data not shown). Additionally, we used
a rabbit serum raised against the last 11 amino acids of the
C-terminus ofthe C.gariepinus PACAP38 (PACAP-C11). The Western
blotting analysis using this antiserum showed a band of the
expected 60 kDa size in the lysate supernatant of the E. coli
BL21(DE3) transformed with pTYB1-PACAP (Figure 3(C)).

The expression vector pTYB1 allows the target gene to be
cloned adjacent to the cleavage site of the intein tag, which
results in the purification of a target protein without any extra
nonnative residues attached to its terminus. In addition, the
chitin-binding domain in the intein tag allows affinity purification
of the fusion protein. Affinity chromatography was used to purify

PACAP since this peptide contains a C-terminal intein tag. Samples
from each purification step were analyzed by Tricine-SDS-PAGE
(Figure 3(A)). The binding efficiency of the fusion precursor on the
chitin column was almost 100% as seen in Figure 3(A). The quick
flush was done using 50 mm DTT and no significant cleavage was
observed during this step.

The eluted fractions are shown in Figure 3(A). The molecular
weight of the cleavage protein (approximately 5 kDa) coincides
with the predicted molecular weight from translation of the
PACAP cDNA sequence [19]. Mass spectrometry analysis of the
cleavage protein demonstrated that this correspond to PACAP
from catfish (data not shown). The identity of the cleavage
protein was also corroborated by Western blotting analysis
using the antiserum generated against PACAP-C11 (Figure 3(B)
and (Q)). This antiserum was also able to discriminate between
synthetic PACAP38 and PACAP27 (Figure3(B) and (C)) and
specifically detected PACAP38 and PACAP-C11, and did not react
with rCHH-intein (an unrelated protein fused to an intein tag)
(Figure 3(C)). PACAP was obtained at about 5mg/l of culture
medium and approximately 90% pure after dialysis.

Growth-Promoting Activity of the Recombinant C. gariepinus
PACAP in Juvenile Fish

Growth-promoting activity in juvenile C. gariepinus

The PACAP-treated group showed a significant increase in body
weight, as compared to the control group, 30 days after treatment
(p < 0.05) (Figure 4). The weight advantage in the group injected
with PACAP (0.1 ug/g BW) at this time was 27% relative to the
control group. Statistically significant differences (p < 0.05) in
body weight increment in the PACAP-treated group, as compared
to control group, were also observed at days 36 and 42 (43% and
46% greater than in the control group, respectively) (Figure 4).
The possible detrimental effects of high C. gariepinus PACAP
levels were studied through evaluation of the hepatosomaticindex
at day 42 from the beginning of the experiment. No significant
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Figure 4. Effect on body weight of recombinant C. gariepinus PACAP injection over a 42-day period. Groups of 18 juvenile catfish (C. gariepinus) were
each intraperitoneally injected twice a week with rPACAP at 0.1 ng/g BW or with a placebo (E. coli proteins obtained by chitin column wash prior to
recombinant PACAP elution, in an amount equivalent to contaminants present in purified rPACAP). Each animal was weighed weekly. The Mann-Whitney
U-test was used to evaluate differences between groups. *Significantly different from the control group (p < 0.05). Bars indicate media + SE.
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Figure 5. Effect on body weight of recombinant C. gariepinus PACAP injection over 42-day period. Groups of 25 juvenile tilapia (O. niloticus) were each
intraperitoneally injected twice a week with rPACAP at 0.1 ug/g BW dosage or with placebo (E. coli proteins obtained by chitin column wash prior to
recombinant PACAP elution, in an amount equivalent to contaminants present in purified rPACAP). Each animal was weighed weekly. An unpaired t-test

was used to evaluate differences between groups. ***Significantly different from the control group (p < 0.001). Bars indicate media =+ SE.

difference was observed between fish treated with recombinant
PACAP and control group (Table 2). In addition, no significant
difference was observed in the muscle dry weight between fish
treated with recombinant PACAP and the control group at this
time (Table 2).

It was not possible to measure serum GH levels in juvenile
C. gariepinus due to antibody availability.

Growth-promoting activity in juvenile O. niloticus

Thirty-six days after the beginning of the experiment, the PACAP-
treated group showed a significant increase in body weight
compared with the control group (p < 0.001). The additional
increment in the body weight in the PACAP-treated group with
respect to the control group was 24% at this time (Figure 5). The
weight increase advantage in the group injected with PACAP

(1 ng/g BW) was 40% (p < 0.001) relative to the control group at
day 42 from the beginning of the experiment (Figure 5).

No significant difference was observed in the hepatosomatic
index and muscle dry weight between fish treated with recombi-
nant PACAP and the control group at the end of the experiment
(at day 42) (Table 2).

A statistically significant increase in the serum GH levels
(p < 0.05) was observed in the group treated with PACAP at
day 42 (Table 2).

Effect of the Recombinant C. gariepinus PACAP in the Tilapia
Food Intake

PACAP administration (0.5 ug/g BW) by IP injection increased
average food intake of juvenile tilapia within 6 and 16 h compared
to the control group (p < 0.05) (Figure 6). GHRP-6 (0.5 ng/g BW)
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Figure 6. Effect of intraperitoneal injection (0.5 ug/g BW) of rPACAP on food intake of juvenile O. niloticus at 6 and 16 h post treatment. A group was
treated with GHRP-6 at 0.5 Lg/g BW dosage as positive control. The negative control group was injected with placebo (E. coli proteins obtained by chitin
column wash prior to recombinant PACAP elution, in an amount equivalent to contaminants present in purified rPACAP). Each value is the mean of three
replicates (n = 3 per replicate). The Newman -Keuls multiple comparison test was used to evaluate differences between groups. *Significantly different

from the control group (p < 0.05). Bars indicate media + SE.

used as positive control also showed an increase in food intake
within 6 and 16 h compared to the control group (p < 0.05). No
statistical differences were observed between PACAP and GHRP-6
groups (Figure 6).

Discussion

Recently, we reported an efficient recombinant expression of the
mature fish C. gariepinus PACAP and PACAP-related peptide (PRP)
in E. coli, showing that the growth rate of African catfish (C.
gariepinus), Nile tilapia (O. niloticus), and Common carp (Cyprinus
carpio) larvae are enhanced by the unpurified C. gariepinus PACAP
or PRP in the E. coli lysate supernatant, when it is administered by
immersion baths [19]. In this study, we have purified PACAP using
the IMPACTsystem, in order to examine its biological function
in juveniles of African catfish (C. gariepinus) and Nile tilapia (O.
niloticus) when administered directly by IP injection. In addition, we
have obtained a PACAP antiserum, which specifically recognizes
the PACAP38 form. This antiserum was useful to identify the
recombinant peptide expressed in E. coli, in both forms, fused
to intein and cleaved from intein. To date, physiological studies
of PACAP in various tissues of nonmammalian vertebrates have
been based principally on a radioimmunoassay developed for
mammalian PACAP [15,29-31]. Until this study, there have been
only one previous published data described an antiserum against
a teleost (the stargazer) fish PACAP, specifically against PACAP27
[32].

The expression of PACAP as an intein fusion protein allowed
a rapid purification by affinity chromatography, thereby avoiding
extra purification steps and protecting the target protein from
degradation by proteases. When the column was incubated at 4 °C
for 16 h, the cleavage was almost complete and approximately
5 mg of recombinant C. gariepinus PACAP was obtained from 1|
induced culture. This result is in agreement with previous findings

that showed the production of a comparable amount (4.8 mg/I) of
maxadilan, a potent vasodilatory peptide present in the salivary
glands of the sand fly that is also agonist specific for the PAC1
receptor (a PACAP receptor), using the same purification system
[33]. In addition, because the intact fusion precursor protein and
the intein—chitin-binding domain tag remained bound to the
chitin resin during the intein-mediated cleavage and the target
peptide elution, the recombinant PACAP was obtained with high
purity (@approximately 90%).

In this work, growth experiments were performed to evaluate
the biological effect of the recombinant C. gariepinus PACAP
administered by IP injection on the growth performance of juvenile
African catfish (C. gariepinus) and Nile tilapia (O. niloticus). To date,
there has been only one previous in vivo study showing the PACAP
functions related to growth regulation in fish [19]. As mentioned
above, in this study our research group has demonstrated that
the growth rate of fish larvae is enhanced by PACAP when
administered by immersion baths [19]. Herein, we have shown
similar results in juvenile fish, confirming the physiological role of
PACAP on growth control in teleost fish. The results also confirmed
that PACAP biological functions are well conserved in fish, since C.
gariepinus PACAP stimulates growth in juvenile tilapia O. niloticus
as well as in juvenile catfish C. gariepinus.

No significant difference was observed in the hepatosomatic
index and muscle dry weight between fish treated with recombi-
nant PACAP and control groups at the end of the experiments.
This result suggests that no detrimental effects were produced by
IP injection of the recombinant catfish PACAP.

GH plays an important role as metabolic regulator, especially in
stimulating lipid mobilization and protein increase, both of which
encourage growth in fish [34]. Recently, using hemipituitary gland
culture from tilapia (O. niloticus), we established that C. gariepinus
PRP and PACAP are able to stimulate GH secretion in vitro [19].
In addition, it has been demonstrated that PACAP provokes a
robust stimulation of GH release from salmon [12], goldfish [13],
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eel [14,15], and grass carp [16-18] pituitary cells. Invivo there
are a few studies about the effect of PACAP on GH secretion in
mammals. It is known that this peptide increases the GH levels in
rat and bovine plasma in vivo [6,7], whereas in ewes and humans
it does not produce this effect [8,9]. To date, there have also been
a few previous invivo studies that show an effect of PACAP on
GH release in fish. Wong et al. in 2000 observed that IP injection
of goldfish PACAP38a and 38b (two isoforms of PACAP38) were
effective in elevating plasma GH levels in goldfish at different
reproductive stages [10]. More recently, it was demonstrated that
PACAP, instead of gonadotropin-releasing hormone, is involved
in the control of GH secretion during ovulation in goldfish [11].
In this study, a statistically significant increase in serum GH levels
was observed in the PACAP-treated group as compared to control
group at the end of the growth-promoting experiment in tilapia.
Taking into account our results and the well-known effects of
GH in vertebrate growth, the action of PACAP in juvenile fish
growth enhancement might be mediated by GH. However, further
studies are necessary to elucidate whether the action of this
neuropeptide on growth performance is achieved solely through
serum GH stimulation or in conjunction with another, more direct
mechanism, affecting cell growth.

Growth in fish is regulated by the brain neuroendocrine
GH-insulin-like growth factor axis [35]. Thus, growth can be
stimulated by manipulation of selected neuroendocrine regulators
of GH; however, it cannot occur without adequate food intake [36].
The control of food intake is highly complexandinvolves numerous
externalandinternalfactors.Recently, somereports have indicated
that PACAP may play a role in the regulation of feeding behavior
in vertebrates, including rodents [37-39], chick [40-42], and
goldfish [43-46]. In general, the information obtained from the
literature with respect to the actions of PACAP on feeding behavior
in fish, as well as in mammals, showed contradictory results. In
goldfish, the studies to investigate the effect of PACAP on food
intake described PACAP as an anorexigenic neuropeptide in the
goldfish brain [43-46]. However, although in channel catfish, .
puntatus, both central (intracerebroventricular) and peripheral (IP)
injection of glucagon-like peptide (GLP-1), another member of the
secretin/glucagon/VIP superfamily, induces anorexia, peripheral
treatment has a weaker effect, suggesting that the major effects
of GLP-1 on food intake are centrally mediated [47]. In addition,
IP injection of VIP, a closed PACAP-related peptide, at relatively
high dose (88 pmol/g BW) did not inhibit food intake and this
result suggests that IP injection of VIP at high dose may induce the
downregulation or desensitization of the food intake mechanism,
but this cause is unknown [43]. In this work, we observed an
increase in food intake when PACAP was administrated at a
dose of 0.5png/g BW by IP injection in juvenile tilapia, within
6 and 16 h compared to the control group. In accord with our
result, it was demonstrated that PACAP-knockout mice decreased
high carbohydrate food intake. In addition, PACAP stimulated
neuropeptide Y, the most potent orexigenic factor known to date
in mammals, in the arcuate nucleus [38]. Orexigenic action of
PACAP is also supported by decreased food intake in VPAC2-R (a
PACAP receptor)-deficient mice [48]. In summary, although the
reason for this apparent paradox is unclear, PACAP may exert a
dual action on the appetite-regulating system in the brain, as
PACAP shows physiological and functional variation in its effects,
as described above. Further studies are needed to fully determine
the mechanisms involved in the feeding regulation by PACAP. The
use of transgenic or gene knockout fish could be of great interest

for determining the precise mechanisms through which PACAP
interacts to regulate food intake in fish.

In conclusion, the results we obtained through IP injection
of PACAP showed the biological role of this peptide in growth
and feeding behavior in juvenile of African catfish (C. gariepinus)
and Nile tilapia (O. niloticus). These findings identify PACAP as
a prominent target with the potential to stimulate teleost fish
growth in aquaculture. Certainly, further molecular research is
needed to evaluate the practicality of developing PACAP into a
novel fish biotechnology product.
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