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Abstract

Background

Green light penetrates the skull and has directly affected on the secretion of melatonin in

plasma, which regulates the endocrine activities to influence the muscle growth, satellite cell

mitotic activity and quality properties of meat from the embryonic period to posthatch in

chick. Pituitary adenylate cyclase-activating polypeptide 6–38 (PACAP6-38) could inhibit

the synthesis and secretion of pineal melatonin. Finding a new way for exploring the mecha-

nism of light-regulated muscle growth in ovo is essential for promoting the productive perfor-

mance in poultry.

Methods

Chick embryos were exposed to darkness (D-group) and green light (G-group) throughout

the embryonic period, and injected with PACAP6-38 or saline at embryonic day 8. Plasma

hormone, skeletal muscle fiber areas, satellite cell proliferation activity, paired domain

homeobox transcription factor 7 and myogenic regulatory factors were observed.

Results

By saline treatment, the percentage of proliferating cell nuclear antigen immunoreactive

cells and mitotic activity of satellite cells in skeletal muscle were higher in G-group than

those of in D-group at post-hatching day 0. With the increase of plasma melatonin, green

light promoted the secretion of growth hormone (GH) and insulin like factor 1 (IGF-1) in

plasma, the satellite cell proliferation, the size of muscle fiber, as well as the mRNA expres-

sions of Pax7, myogenic regulatory factors and IGF-1R. After PACAP6-38 treatment to

inhibit the secretion of melatonin in ovo, aforementioned parameters were remarkably

decreased and the difference of these parameters was disappeared between D-group and

G-group.
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Conclusion

These data indicated that stimulation with monochromatic green light during incubation

enhanced the secretion of melatonin and up-regulation of GH-IGF-1 axis to activate the sat-

ellite cells proliferation and myofiber formation, involving the expression of Pax7 and myo-

genic regulatory factors.

Introduction

Birds are very sensitive to detecting a broader spectrum of colors, which is one of the most

important environmental factors [1]. Light penetrate the skull and have direct effects on avian

pineal gland or hypothalamus [2, 3], which regulate the endocrine activities to affect the physi-

ological functions, including muscle growth [4], morphogenesis of interlimb stepping [5], sat-

ellite cell mitotic activity [6] and quality properties of meat [7]. Meanwhile, monochromatic

green light influences the satellite cell proliferation activity, number, myofiber areas and mus-

cle mass from the embryonic period in chick [8–10]. However, how monochromatic light

affect the satellite cell proliferation is unclear.

Satellite cells are the primary contributors to muscle growth and regeneration [11–13]. The

proliferation of satellite cells is a complicated dynamic process which is affected by growth

hormone (GH) [14, 15]. Accumulated evidences have shown that genetic networks are

involved in myogenesis [16–18]. Satellite cells express the paired domain

homeobox transcription factor 7 (Pax7), which is essential for maintenance of adult skeletal

muscle satellite cells and skeletal muscle regeneration [19]. Transcription factor myogenic fac-

tor 5 (MYF5) and myoblast determination protein (MYOD) are up-regulated in the activation

of satellite cells. And the up-regulation of muscle-specific regulatory factor 4 (MRF4) and myo-

genin are involved in myoblast differentiation. These myogenic regulatory factors (MRFs)

determine the myogenic capacity of muscle progenitors in transcription and epigenetics [16].

Our preliminary research have shown that in ovo exposure to monochromatic lights affected

late-embryonic [10] and posthatch [8] muscle growth and satellite cell proliferation by insulin

like factor 1 (IGF-1) signaling. However, how light information affects the satellite cell prolifer-

ation during the chick embryo development is not fully understood.

Miyata et al. have isolated pituitary adenylate cyclase-activating polypeptide (PACAP) from

the ovine hypothalamus [20]. PACAP is a 27- or 38- amino acid neuropeptide, which belongs

to the vasoactive intestinal polypeptide (VIP)—glucagon—growth hormone releasing hor-

mone (GHRH)—secretin super family [21, 22]. PACAP stimulates cAMP formation and regu-

lates the synthesis and secretion of pineal melatonin in mice [23], rat [24, 25] and chick [26–

28]. In bird, PACAP is mainly distributed in diencephalon, brain stem, telencephalon, tectum

and cerebellum [29]. Chick embryo has already expressed PACAP mRNA at embryonic days

3.5 (E3.5) [30]. PACAP content in the suprachiasmatic nucleus may be changed by lighting

conditions in rat [31]. Moreover, PACAP6-38 (a PACAP antagonist) has the ability to inhibit

the functions of PACAP [22, 27]. In addition, treatment with PACAP6-38 in ovo at E8 has an

effect on motor activity and social behavior in chicken [32, 33]. However, few studies have

reported the effect of PACAP on avian muscle growth, satellite cell proliferation and secretion

of IGF-1. Wang et al. have considered that monochromatic light affects the secretion of IGF-1

via the anti-oxidation pathway and JAK2/STAT3 signaling in chick embryo liver, which

involve melatonin and melatonin receptor Mel1c [34, 35]. Therefore, exploring the effect of

PACAP6-38 on muscle growth of broilers provides a new way for further clarifying the mecha-

nism of light-regulated growth in bird.

In ovo photostimulation affects satellite cell proliferation
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Materials and methods

Animal treatment

Fertilized eggs of Arbor Acre fertile broiler chicken obtained from a local hatchery (Beijing

Huadu Breeding Co, Beijing, China) were weighed and selected with an average of 65 g (range

from 63 to 67g). The eggs were randomly divided into two experimental groups: darkness (D-

group) and green light (560 nm, G-group, light intensity was 15 lx). Continuous green light

was measured with a digital luxmeter (Mastech MS6610, Precision Mastech Enterprises, Hong

Kong, China) and was applied throughout the whole incubation period. Incubation conditions

were set at a temperature of 37.5 ± 0.1˚C and a relative humidity of 60%. The egg turning fre-

quency was 12 times a day, every 2 hours turning once and every time lasting for 3 min.

The process and the dose of PACAP 6–38 injection were reference to the earlier descrip-

tions [32, 36]. At the end of E8, following candling to locate the position of the air cell, the eggs

were disinfected with 75% ethanol and a small window was made on the eggshell with a sterile

needle. Meanwhile, the concentrations of PACAP6-38 (0 μg, 10 μg, 20 μg, 40 μg and 60 μg per

egg; n = 6, a total of 30) were explored to eliminate the differences between the individuals at

E8 in D-group, showed in Fig 1. The results showed that 20 μg/egg of PACAP6-38 as the best

concentration had significantly inhibited the secretion of melatonin and the growth of pectoral

muscle fiber. Furthermore, a total of 48 eggs included two experimental groups of D-group

and G-group. Each group was administrated with 20 μg PACAP6-38 dissolved in 25 μL physi-

ological saline (n = 12) and only with 25 μL saline (n = 12) at E8. After injection, the hole was

cellotaped with wax. Chicken embryos went on incubating until posthatch. All experimental

procedures were approved by the Animal Welfare Committee of Agricultural Research Orga-

nization, China Agricultural University.

Sample collection

Upon hatching, at post-hatching day 0 (P0), each chick from each group was weighed (BW, g).

A total of 2 mL of blood was obtained from the hearts, and plasma was collected from the

blood samples for ELISA assay.

Fig 1. Effect of various doses of PACAP6-38 on plasma melatonin contents and myofiber area. (A) A dose-dependent decreased (0, 10, 20, 40 and 60 ng) in

plasma melatonin contents with PACAP6-38 treatment. (B) A dose-dependent decreased (0, 10, 20, 40 and 60 ng) in the fiber area with PACAP6-38 treatment.

Data are mean ± SEM. � p< 0.05 Vs. 0 μg PACAP6-38 injected dose.

https://doi.org/10.1371/journal.pone.0216392.g001
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Birds were anaesthetized with Nembutal (30–40 mg/g). The major pectoral muscle and the

gastrocnemius muscle were taken and weighted. Both indexes of pectoral muscle and gastroc-

nemius muscle were recorded [organ index = muscle mass weight (g)/ BW (g) ×100%]. Two

parts of each muscle sample were taken. One part was fixed in 4% paraformaldehyde in 0.1 M

phosphate buffer solution (PB, pH 7.4, 4˚C) for 48 h, and the other part was stored in -80˚C

refrigerators. The samplings were analyzed by the methods of haematoxylin eosin staining

(HE), immunohistochemical staining and RT-PCR.

Measurement of myofiber area

At least 25 random fields in five HE-stained sections of each muscle sample were photo-

graphed using a ×40 objective on a microscope (BX51, Olympus, Tokyo, Japan), and 100 fibers

per field and a total of 15000 fibers (6 chicks) per treatment were analyzed. Myofiber area was

then determined using Image-Pro plus 6.0 software (Media Cybernetics, Inc. Rockville, USA).

Immunohistochemical staining for PCNA

The paraffin sections of muscle sample were immunohistochemically stained for proliferating

cell nuclear antigen (PCNA). Sections were incubated overnight at 4˚C with the primary anti-

body (mouse anti-PCNA, Abcam, 1:2000). Then, the sections were rinsed incubated with bio-

tinylated donkey anti-mouse IgG (1:300, CoWin Biotech Co Inc., Beijing, China) for 2 h at

25˚C. After being washed, the tissues were incubated with streptavidin-horseradish peroxidase

(1:300, Vector Laboratories, Burlingame, CA, USA) for 2 h at 25˚C. Immunoreactivity was

visualized by 0.05% 3’3-diaminobenzidine tetrahydrochloride (DAB, Sigma) and 0.003%

hydrogen peroxide in 0.01 M PBS for 10 min. Nucleus were counterstained with hematoxylin.

The positive cells were present yellow-brown staining in the nucleus. The percentage of

PCNA-positive nuclei of the total nuclei was counted in 5 random fields of each section under

a ×40 objective on a microscope (BX51, Olympus, Tokyo, Japan). A total of 150 fields (6

chicks) per treatment were observed.

Satellite cell isolation and preparation

Tissues (major pectoral muscle) were taken from 6 chicks in each group. Satellite cells were

obtained using a previously described method [6]. The tissues were incubated with collagenase

1 (Sigma, Saint-Quentin Fallavier, France, 1 g/L) for 30 min and then with trypsin (2.5 g/L) for

20 min. Subsequently, satellite cells were collected by density gradient centrifugation at 200 g

for 10 min and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM: complete media;

Gibco BRL, Grand Island, NY, USA) supplemented with 10% (vol/vol) heat-inactivated fetal

calf serum, 100 IU/mL penicillin, 100 mg/mL streptomycin, and 25 mM HEPES buffer

(Sigma, USA). Then, the satellite cells were filtered through a mesh (200 μm). The pure satellite

cells were obtained from the pectoral muscle using the differential adherent method. Cells via-

bility (> 95%) was estimated by trypan blue exclusion test, and seeded at a density of 1×105

cells/cm2 in six-well plates coated with carry sheet glass and 96-well microtitre plates (Costar

3599, Corning Inc., Corning, NY, USA) at 37˚C in a 5% CO2 incubator. Immunofluorescences

for desmin and Pax7 were used to identify the satellite cells, and more than 95% of the cells we

obtained were satellite cells.

Satellite cell proliferation assay

Satellite cell proliferation was measured with the methyl thiazolyl tetrazolium (MTT) assay, a

previously described method [6, 8, 37]. Satellite cells were cultured in 6 repetitions into 96-well
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microtiter plates in an incubator (37˚C, 5% CO2) for 66 h. Subsequently, 10 μL of 3-(4,

5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium diluted to a concentration of 5 mg/mL was

added to each well, and then incubated for 4 h continually. 100 μL of 10% SDS was added in a

0.04 M HCl solution to lyse the cells and solubilize the MTT crystals. After 30 min, the OD

value (570 nm) of each sample was detected using an automated microplate reader (Bio-Rad

Inc., St Louis, MO, USA).

ELISA assay

The plasma melatonin, GH and IGF-1 were measured using commercial chicken-specific

ELISA kits (melatonin: SEA908Ga; GH: SEA044Ga; IGF-1: SEA050Ga; Cloud-Clone Corp.,

Houston, TX) according to the manufacturer’s protocol.

The kit for melatonin in gallus plasma is a competitive inhibition enzyme immunoassay.

The detection range was 12.35–1000 pg/mL, the intra-assay CV was 9.7%, and the inter-assay

CV was 11.2%. The kits for GH and IGF-1 in gallus plasma are sandwich enzyme immunoas-

say. The detection range was 0.156–10 ng/mL and 0.7–25 ng/mL, the intra-assay CV was 6.1%

and 7.9%, and the inter-assay CV was 7.5% and 8.5%, respectively.

RT-PCR

Total RNA extraction was performed by using TRIzol (CW0580, CwBiotech Co., Inc., Beijing,

China). The isolated total RNA was resuspended in 20 μL of diethylpyrocarbonate-treated

water, and quality-checked by NanoPhotometer UV/Visible spectrophotometer (Pearl 330,

Implen, Germany). A reverse transcription (RT) kit (Thermo Fisher Scientific, USA) was used

for cDNA synthesis. RT reactions were performed for 1 h at 42˚C containing 2 μg of total

RNA and oligodT18 primers 1 μL, and superscript reverse transcriptase 1 μL in a final volume

of 20 μL for standard PCR. PCR amplification with Taq DNA polymerase was performed as

follows: 94˚C for 30 s, 56˚C for 30 s, and 72˚C for 30 s. The PCR primers are listed in Table 1.

According to standard techniques, the PCR products were analyzed by electrophoresis on

a 2% agarose gel in Tris-acetate-EDTA buffer. The data are shown as the integral optical den-

sity (IOD) of the bands normalized to the IOD of the corresponding glyceraldehydes-3-phos-

phate dehydrogenase (GAPDH) by the image analysis software (Gel-pro analyzer 4.5, Media

Cybernetics Inc., Bethesda, MD, USA), and the results were obtained from three separate

experiments.

Table 1. Primer sequences for RT-PCR analysis.

Genes Primer sequences Fragment size (bp) Cycles GenBank number

Pax7 F: GTGATTCAGCAACCGACGAG
R: CATGGTGGATGGTGGCAAG

214 30 NM_001303185.1

MyoD F: CTACAGCGGGGAGTCAGATG
R: CCCATGCTTTGGGTCATTTGG

148 34 NM_204214.1

myogenin F: GGCTTTGGAGGAGAAGGACT
R: CAGAGTGCTGCGTTTCAG

184 34 NM_204184

Myf5 F: CAACCCCAACCAGAGACTCC
R: TCCCGGCAGGTGATAGTAGT

115 32 NM_001030363.1

IGF-1R F: CTGTGTCCGACAAATGGGGA
R: TGACGGTCAGTTTCGGGAAG

169 33 NM_205032.1

GAPDH F: ATCACAGCCACACAGAAGACG
R: TGACTTTCCCCACAGCCTTA

124 27 NM_204305

F = forward primer; R = reverse primer.

https://doi.org/10.1371/journal.pone.0216392.t001
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Statistical analysis

The data are presented as mean ± SEM. Differences among treatments were examined by one-

way and two-way ANOVA followed by Tukey HSD post hoc test with R version 3.5.2 (R Core

Team, Vienna, Austria). Using Pearson’s correlation coefficient with GraphPad prim 5, the

correlation among the plasma melatonin and myofiber area, melatonin and GH, GH and IGF-

1, melatonin and IGF-1, and the absolute and relative numbers of satellite cells were analyzed,

respectively. Values of p< 0.05 were considered significant difference.

Results

Determination of PACAP6-38 injected dose

Effects of different concentrations of PACAP6-38 on plasma melatonin and myofiber area

were shown in Fig 1. A reduction of plasma melatonin concentrations responded to PACAP6-

38 in a dose-dependent fashion was observed (F = 23.624, Fig 1B). Compared with control

saline group, the administration of exogenous PACAP6-38 decreased the plasma melatonin

(6.67% in 10 μg group, p = 0.478; 24.50% in 20 μg group, p< 0.05; 25.049% in 40 μg group,

p< 0.05; and 32.84% in 60 μg group, p< 0.05) in a dose-dependent manner. No significant

differences were observed among 20 μg, 40 μg and 60 μg group (p> 0.05). A similar change

was found that injection of exogenous PACAP6-38 induced a decrease of myofiber area in a

dose-dependent fashion (F = 7.746, Fig 1A). Interestingly, the myofiber area was significantly

decreased in 20 μg group than that of in control group (28.47%, p< 0.05), which was obviously

consistent with plasma melatonin (p< 0.001; r2 = 0.986), while there was no significance

between 10 μg and control group (p = 0.559). These results indicated that the optimal injected

concentration of PACAP6-38 was 20 μg per egg.

Effect of PACAP6-38 on light-induced melatonin, GH and IGF-1 secretions

As shown in Fig 2, the concentrations of plasma melatonin, GH and IGF-1 were affected by

light illumination (melatonin: F = 11.020, p = 0.003; GH: F = 5.836, p = 0.025; IGF-1 = 17.84,

p< 0.05) and PACAP6-38 injection (melatonin: F = 70.102, p< 0.05; GH: F = 88.087, p <

0.05; IGF-1 = 75.71, p< 0.05). The interaction of light illumination and PACAP6-38 injection

has an effect on hormones (melatonin: F = 6.174, p = 0.022; GH: F = 4.010, p = 0.049; IGF-

1 = 10.683, p = 0.004). In control saline treatment, the plasma melatonin level of G-group was

higher by 21.24% than that of D-group (p = 0.003; Fig 2A). After PACAP6-38 treatment, the

Fig 2. Effect of PACAP6-38 on plasma hormone contents in D-group and G-group. (A) melatonin, (B) growth hormone, and (C) IGF-1. Data are

mean ± SEM. # p< 0.05 Vs. D-group control; � p< 0.05 Vs. different reagent treatment in the same light groups. Green light promotes the plasma contents

of melatonin, growth hormone and IGF-1. After PACAP6-38 treatment, the difference in plasma contents of melatonin, growth hormone and IGF-1 in D-

group and G-group disappeared. Meanwhile, the plasma hormone contents were significantly lower than control treatments.

https://doi.org/10.1371/journal.pone.0216392.g002
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plasma melatonin level was decreased by 21.54% (p = 0.002) and 32.77% (p< 0.05) compared

with the control treatment both in D-group and G-group, respectively. The PACAP6-38 treat-

ment resulted in few light-induced differences in the plasma melatonin level between G-group

and D-group (p = 0.934).

Similar to the concentration of melatonin, the plasma GH and IGF-1 of G-group were

higher by 16.08% (p = 0.025) and 26.56% (p< 0.05) than those of D-group in the control saline

treatment, respectively (Fig 2B and 2C). Compared with the control saline treatment, the

PACAP6-38 decreased the plasma levels of GH and IGF-1 either in D-group (GH: 26.81%,

p< 0.05; IGF-1: 19.15%, p = 0.005) or in G-group (GH: 35.68%, p< 0.05; IGF-1: 33.47%,

p< 0.05), and no difference were observed between G-group and D-group in GH (p = 0.991)

and IGF-1 (p = 0.908).

Pearson correlation analysis showed the positive correlations among the plasma melatonin,

GH and IGF-1 concentrations (melatonin & GH, p = 0.001, r2 = 0.981; GH & IGF-1, p = 0.027,

r2 = 0.947; melatonin & IGF-1, p = 0.004, r2 = 0.991), respectively.

Effect of PACAP6-38 on light-induced skeletal muscle growth

Body weight, and pectoral and gastrocnemius muscle weight at P0 were affected by light illu-

minance (body weight: F = 4.522, p = 0.046; pectoral muscle weight: F = 0.001, p = 0.978; gas-

trocnemius muscle weight: F = 0.246, p = 0.625) and PACAP6-38 (body weight: F = 58.605,

p< 0.05; pectoral muscle weight: F = 65.949, p< 0.05; gastrocnemius muscle weight:

F = 38.133, p< 0.05; Table 2). The interaction of light illumination and PACAP6-38 injection

has an effect on body weight (F = 1.377, p = 0.254), pectoral muscle weight (F = 5.541,

p = 0.028) and gastrocnemius muscle weight (F = 2.213, p = 0.152). In control saline treatment,

the body weight was higher by 10.36% in G-group than that of in D-group (p = 0.124). After

PACAP6-38 treatment, the body weight was decreased by 20.34% (p< 0.05) and 25.11%

(p< 0.05) compared with the control treatment both in D-group and G-group, respectively.

However, there was no difference in body weight between G-group and D-group after

PACAP6-38 treatment (p = 0.906).

Similar to the change of body weight, the PACAP6-38 treatment decreased the index of pec-

toral and gastrocnemius muscles either in G-group (23.35% in pectoral muscle, p< 0.05;

21.63% in gastrocnemius muscle, p< 0.05) or in D-group (20.34% in pectoral muscle,

Table 2. Effect of PACAP 6–38 on hatching weight, pectoral muscle weight and gastrocnemius muscle weight of

chicken in D-group and G-group at P0.

Items D-group G-group

Hatching weight1 (g)

Control (n = 20) 51.71±0.77 57.06±1.31

PACAP6-38 (n = 20) 41.21±1.97� 42.74±1.97�

Pectoral muscle weight (0.1 g)

Control (n = 20) 12.72±0.23 13.44±0.14

PACAP6-38 (n = 20) 10.28±0.15� 10.28±0.52�

Gastrocnemius muscle weight (0.1 g)

Control (n = 20) 6.36±0.13 6.50±0.1

PACAP6-38 (n = 20) 5.50±0.11� 5.14±0.32�

Data are mean ± SEM.

� p < 0.05 Vs. different reagent treatment in the same light groups.
1Average BW of all hatching chicks (both male and female) of each treatment group.

https://doi.org/10.1371/journal.pone.0216392.t002
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p = 0.003; 13.39% in gastrocnemius muscle, p = 0.017) compared with the control saline treat-

ment. No difference was observed between G-group and D-group (pectoral muscle, p = 0.358;

gastrocnemius muscle, p = 0.512).

The myofiber cross-sectional area of pectoral and gastrocnemius muscle were affected by

light (pectoral muscle: F = 5.950, p = 0.024; gastrocnemius muscle: F = 9.234, p = 0.006) and

PACAP6-38 (pectoral muscle: F = 61.672, p< 0.05; gastrocnemius muscle: F = 233.718,

p< 0.05). The interaction of light illumination and PACAP6-38 injection has an effect on the

myofiber cross-sectional area of pectoral (F = 2.956, p< 0.05). In control saline treatment, the

myofiber cross-sectional area of pectoral and gastrocnemius muscle in G-group were larger by

19.30% (p = 0.037) and 10.28% (p = 0.023) than those of in D-group (Fig 3). After PACAP6-38

treatment, the myofiber area was decreased by 29.32–31.75% (p = 0.000–0.002) and 34.80–

45.30% (p < 0.05) compared to the control treatment both in D-group and G-group, respec-

tively. The PACAP6-38 treatment resulted in few light-induced differences in pectoral

(p = 0.956) and gastrocnemius muscle (p = 0.678).

Fig 3. Effect of PACAP6-38 on myofiber areas of pectoral and gastrocnemius muscles in D-group and G-group. Representative images of pectoral

(A-D) and gastrocnemius (E-H) muscles in different treatments of D-group and G-group. (I) and (J) are quantitation of fiber area. A, C, E, G: D-group; B,

D, F, H: G-group; A, B, E, F: Control treatments; C, D, G, H: PACAP6-38 treatments. Data are mean ± SEM. # p< 0.05 Vs. D-group control; � p< 0.05 Vs.

different reagent treatment in the same light groups. Green light significantly increased cross-sectional area of myofiber compared with D-group. PACAP6-

38 treatment had significantly decreased myofiber cross-sectional area. And no significant difference was observed between D-group and G-group. Scale

bar = 20 μm.

https://doi.org/10.1371/journal.pone.0216392.g003
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Effect of PACAP6-38 on light-induced PCNA-positive cell number

PCNA-immunohistochemical staining was used to evaluate the satellite cell proliferation of

broilers exposed to green light during the incubation period. The positive cells displayed

brownish yellow granules in the cell nucleus (Fig 4). The expression of PCNA in pectoral and

gastrocnemius muscles were influenced by light illuminance (pectoral muscle: F = 9.019,

p = 0.007; gastrocnemius muscle: F = 22.25, p< 0.05) and PACAP6-38 (pectoral muscle:

F = 56.568, p< 0.05; gastrocnemius muscle: F = 88.07, p< 0.05). The interaction of light illu-

mination and PACAP6-38 injection has an effect on the expression of PCNA in pectoral

(F = 6.811, p = 0.017) and gastrocnemius muscles (F = 4.47, p = 0.047). In control saline treat-

ment, the percentage of PCNA-positive cells was significantly higher in G-group than that of

in D-group (33.51% in pectoral muscle, p = 0.004; 32.45% in gastrocnemius muscle, p< 0.05).

However, the PACAP6-38 treatment resulted in few light-induced differences in the

Fig 4. Effect of PACAP6-38 on the expression of PCNA in pectoral and gastrocnemius muscles in D-group and G-group. Characterization of PCNA-

immunohistochemical staining in pectoral (A-D) and gastrocnemius (E-H) muscles in different treatments of D-group and G-group. (I) and (J) are quantitation

of the expression of PCNA. A, C, E, G: D-group; B, D, F, H: G-group; A, B, E, F: Control treatments; C, D, G, H: PACAP6-38 treatments. Data are mean ± SEM.

# p< 0.05 Vs. D-group control; � p< 0.05 Vs. different reagent treatment in the same light groups. Green light promotes the expression of PCNA in pectoral

and gastrocnemius muscle compared with D-group. PACAP6-38 treatment had significantly decreased the expression of PCNA. And no significant difference

was observed between D-group and G-group. Scale bar = 20 μm.

https://doi.org/10.1371/journal.pone.0216392.g004
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percentage of PCNA-positive cells between G-group and D-group (p> 0.05). After PACAP6-

38 treatment, the percentage of PCNA-expressing cells was decreased by 29.32–34.49%

(29.32% in pectoral muscle, p = 0.011; 34.49% in gastrocnemius muscle, p< 0.05) and 41.21–

45.30% (p < 0.05) compared with the control treatment both in D-group and G-group,

respectively.

Effect of PACAP6-38 on light-induced satellite cell number

We isolated and cultured satellite cells in vitro from the skeletal muscle. Desmin labeled the

cellular structure (Fig 5A, 5C and 5E), and the Pax7 expressed in cell nucleus (Fig 5B, 5D and

5F). The relative and absolute numbers of satellite cells from pectoral muscle were examined

(Fig 5G and 5H).

As shown in Fig 5G, the skeletal muscle consisted of a high proportion of satellite cells to

per gram muscle upon hatching in broilers. The relative number of the satellite cell was

Fig 5. Effect of PACAP6-38 on number and proliferation of satellite cells in pectoral muscle. Identification of satellite cells by immunofluorescent staining of

desmin (A: Desmin; C: DAPI; E: Merger) and Pax7 (B: Pax7; D: DAPI; F: Merger) in primary cultured cells. (G) Relative number of satellite cells. (H) Absolute number

of satellite cells. (I) Proliferation of satellite cells. Data are mean ± SEM. # p< 0.05 Vs. D-group control; � p< 0.05 Vs. different reagent treatment in the same light

groups. Desmin labeling the cellular structure (A, red), Pax7 expressed in cell nucleus (B, red), and nuclei are stained with DAPI (C and D, blue). The arrows indicate

the positive cells (E, F). Green light increased the relative numbers, absolute numbers and proliferation of satellite cells compared with D-group. PACAP6-38 decreased

the relative numbers, absolute numbers and proliferation of satellite cells, and the differences of these disappeared between D-group and G-group. Scale bar = 20 μm.

https://doi.org/10.1371/journal.pone.0216392.g005
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affected by light illumination (F = 4.749, p = 0.042) and PACAP6-38 (F = 38.461, p< 0.05).

After PACAP6-38 treatment, the relative satellite cell proportion significantly decreased by

20.97–32.13% than that of control saline treatment (p< 0.05). In control saline treatment, the

relative number of satellite cells of G-group was higher by 19.04% than that of in D-group

(p = 0.048). The PACAP6-38 treatment resulted in few light-induced differences in the relative

number of satellite cells between G-group and D-group (p = 0.994).

Effect of PACAP6-38 on light-induced absolute number of satellite cells was shown in Fig

5H. The absolute number of satellite cells was affected by light illumination (F = 13.124,

p = 0.002) and PACAP6-38 (F = 157.133, p< 0.05). The interaction of light illumination and

PACAP6-38 injection has an effect on the absolute number of satellite cells (F = 9.811,

p = 0.005). In control saline treatment, the absolute number of satellite cells was higher by

28.26% in G-group than that of in D-group (p< 0.05). After PACAP6-38 treatment, the abso-

lute number of satellite cells significantly decreased by 39.38% and 51.12% (p< 0.05) com-

pared with the control treatment both in D-group and G-group. However, the difference of

light-induced disappeared in PACAP6-38 treatment (p> 0.05). Furthermore, Pearson correla-

tion analysis showed a positive correlation between the absolute and relative numbers of satel-

lite cells (p = 0.002; r2 = 0.996).

Additionally, an MTT assay for cell proliferation was used to evaluate satellite cells mitotic

activity (SCMA) (Fig 5I), which was influenced by light illumination (F = 5.605, p = 0.028) and

PACAP6-38 (F = 33.830, p< 0.05). Green light stimulation increased the expression of the

SCMA (15.41%, p = 0.138) compared with D-group in control saline treatment. And the

SCMA in PACAP6-38 treatment was lower by 23.81 (p = 0.011) and 27.67% (p< 0.05) than

that of in control treatment both in D-group and G-group, respectively.

Effect of PACAP6-38 on light-induced myogenic gene expression

The expression of Pax7, MyoD, Myf5 and Myogenin mRNA level were affected by light illumi-

nation (Pax7: F = 21.27, p< 0.05; MyoD: F = 2.526, p = 0.128; Myf5: F = 7.708, p = 0.012; Myo-
genin: F = 31.99, p< 0.05) and PACAP6-38 (Pax7: F = 109.7, p< 0.05; MyoD: F = 47.690,

p< 0.05; Myf5: F = 135.412, p< 0.05; Myogenin: F = 625.61, p< 0.05; Fig 6). The interaction

of light illumination and PACAP6-38 injection has an effect on the expression of Pax7
(F = 20.40, p< 0.05) and Myogenin (F = 18.26, p< 0.05). In control saline treatment, Pax7,

MyoD, Myf5 and Myogenin mRNA expression were higher (Pax7, 18.77%, p< 0.05; MyoD,

10.85%, p = 0.347; Myf5, 13.48%, p = 0.009; Myogenin, 17.94%, p< 0.05) in G-group than

those of in D-group. After PACAP6-38 treatment, Pax7, MyoD, Myf5 and Myogenin mRNA

expression decreased (Pax7, 12.25–25.96%, p< 0.05; MyoD, 21.10–26.33%, p< 0.05; Myf5,

32.58–36.63%, p< 0.05; Myogenin, 35.89–43.78%, p< 0.05) compared with control saline

treatment. The PACAP6-38 treatment resulted in few light-induced differences in Pax7,

MyoD, Myf5 and Myogenin mRNA expression (p> 0.05).

Effect of PACAP6-38 on light-induced IGF-1 receptor mRNA expression

The expression of IGF-1 receptor (IGF-1R) mRNA were detected in the pectoral muscle (Fig

7), which was influenced by light illumination (F = 8.468, p = 0.009) and PACAP6-38

(F = 61.959, p< 0.05). The interaction of light illumination and PACAP6-38 injection has an

effect on the expression of IGF-1R (F = 5.919, p = 0.025). IGF-1R mRNA level of pectoral mus-

cle in G-group was higher by 17.39% than that of in D-group in control saline treatment

(p = 0.006). Compared with control saline treatment, the PACAP6-38 treatment decreased the

expression of IGF-1R mRNA in D-group (17.70%, p = 0.005) and G-group (28.57%, p< 0.05),

and resulted in few differences between G-group and D-group (p> 0.05).
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Discussion

Previous study have suggested that the light schedule [38], intensity [39] and wavelength [4, 6,

40] affect growth and development in birds. However, the number of muscle fibers remains

constant after hatching, and the growth of skeletal muscle depends on the embryonic muscle

development to a certain extent [41]. Therefore, it is important to study the effect of mono-

chromatic light stimulation on growth and development during embryogenesis in broilers.

Our results showed that the 0-day old broilers stimulated with monochromatic green light

during embryogenesis had a heavier body weight (10.36%), a larger muscle weight (5.64% in

pectoral muscle and 2.28% in gastrocnemius muscle), and a bigger myofiber cross-sectional

area (pectoral muscle: 19.30%; gastrocnemius muscle: 10.28%) than those of D-group. Further-

more, our study demonstrated that monochromatic green light promoted satellite cell prolifer-

ation and increased the number of satellite cells in control saline treatment. These findings are

Fig 6. Effect of PACAP6-38 on myogenic genes expression in D-group and G-group. Electropherogram of RT-PCR

for Pax7, MyoD, Myf5 and Myogenin of skeletal muscle (A). Histograms demonstrating changes in Pax7 (B), MyoD
(C), Myf5 (D) and Myogenin (E) expression by PACAP6-38 treatment both in D-group and G-group. Data are

mean ± SEM. # p< 0.05 Vs. D-group control; � p< 0.05 Vs. different reagent treatment in the same light groups.

Green light promoted the mRNA expression of Pax7, MyoD, Myf5 and Myogenin compared with D-group. PACAP6-

38 decreased the expression of myogenic genes, and no difference was observed between D-group and G-group.

https://doi.org/10.1371/journal.pone.0216392.g006
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consistent with our previous results, that is stimulation with monochromatic green light dur-

ing incubation enhanced the skeletal muscle growth and satellite cell proliferation in late-

embryogenesis (E15-E20) [10] and early stage (P1-P21) [8] of chicks. In this study, we further

investigated the effects of monochromatic green light stimulation on the expression of Pax7
and Myogenic regulatory factors (MRFs). We found that green light stimulation increased the

mRNA expressions of Pax7 (18.77%) and myogenic regulatory factors (MyoD, 10.85%, Myf5,

13.48% and Myogenin, 17.79%), which performed the satellite cell myogenic program. How-

ever, how does color of light affect the intracellular events, such as the expression of Pax7 and

MRFs in ovo should be further explored.

A more likely explanation is that monochromatic green light in embryogenesis indirectly

affects myoblast proliferation via the endocrine system. IGF-1 and GH are important growth

factors in the regulation of muscle development, which has been demonstrated both in avian

[42] and mammals [43]. IGF-1 promotes embryonic myoblast proliferation in chickens by

binding IGF-1R [44]. Exogenous rhIGF-1 could also affect the development of muscle in duck

embryos [45]. The proliferation activity of the satellite cells harvested from the posthatched

chick was increased by addition of a dose-depended rhIGF-1[6, 8]. Interestingly, in our study,

the plasma IGF-1 and the expression of IGF-1R on skeletal muscle of G-group were higher by

26.49% and 16.67% than those of D-group (Figs 2C and 7), which was similar to the results of

Liu and Bai et al. [6, 8]. Some reports suggested that light penetrate the skull and stimulate the

pineal in bird [46, 47]. Light conditions affect the secretion of serotonin and melatonin in Jap-

anese quail [38]. In our study, the concentration of melatonin and GH in plasma was higher

by 21.21% and 16.08% in G-group than those of in D-group in saline control treatment (Fig

2A and 2B). These finding was similar to the result of Zhang et al., which green light stimula-

tion increased the secretion of GH in young broilers [48]. Pearson correlation analysis showed

that the positive correlations between the changes of the plasma melatonin, GH and IGF-1

concentrations. Meanwhile, all parameters positively associated with the positive rate of PCNA

and the number of satellite cell. Moreover, green light significantly increased the number of

PCNA and Pax7 positive cells compared with dark group at P0, whose expression trends were

Fig 7. Effect of PACAP6-38 on IGF-1R expression of skeletal muscle in D-group and G-group. Data are

mean ± SEM. # p< 0.05 Vs. D-group control; � p< 0.05 Vs. different reagent treatment in the same light groups.

Green light promoted the mRNA expression of IGF-1R compared with D-group. PACAP 6–38 decreased the

expression of IGF-1R, and no difference was observed between D-group and G-group.

https://doi.org/10.1371/journal.pone.0216392.g007
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similar (data not shown). Our results suggested that the green light stimulation promoted the

proliferation of satellite cell by melatonin, GH and IGF-1. Given these findings, we speculate

that melatonin could mediate light-induced GH and IGF-1 secretion, and finally promoted

satellite cell proliferation of chick.

In order to confirm the role of melatonin, we injected PACAP6-38 in ovo to inhibit the pro-

duction of melatonin at E8. The plasma melatonin levels dropped significantly at P0 after

PACAP6-38 treatment (lower by 32.77% in G-group and by 21.55% in D-group, Fig 2A). The

PACAP6-38 treatment resulted in few light-induced differences in the plasma melatonin level

between G-group and D-group. These results demonstrated that PACAP6-38 eliminated the

light-induced differences in melatonin secretion. Meanwhile, the plasma GH and IGF-1 levels

decreased by 26.80–35.74% and 19.30–33.41% after PACAP6-38 treatments, which indicated

that melatonin mediated green light promoted GH secretion. It was supported by a previous

report showed that melatonin mediates monochromatic light-induced GHRH expression in

the hypothalamus and GH secretion in broilers [49]. Moreover, compared with the control

treatment, the mRNA expression of myogenic factors had dropped (Pax7, 11.94–26.00%;

MyoD, 21.18–25.81%; Myf5, 33.33–36.00% and Myogenin, 35.52–43.33%) with muscle devel-

opment after PACAP6-38 treatment (Fig 6). Therefore, PACAP6-38 treatment declined the

proliferation of satellite cells by 21.67–26.47% (Fig 5) and the development of myofiber size by

28.48–37.24% (f 3), respectively. Our results show that PACAP6-38 treatment caused changes

in plasma melatonin, and long-lasting reduction in muscle growth. Moreover, the differences

in all indicators related to muscle growth and hormone levels induced by color light were dis-

appeared after PACAP6-38 treatment. These changes were significantly related to the plasma

melatonin (p< 0.05). Therefore, PACAP6-38 treatment could eliminate the promotion of

monochromatic green on satellite cell proliferation by inhibiting melatonin secretion.

Additionally, our previous studies confirmed that monochromatic green light enhanced the

development of the chick embryo liver via an antioxidation pathway involving melatonin and

melatonin receptor, Mel1c [35], and promoted IGF-1 secretion by the liver via JAK2/STAT3

in chick embryos [34]. Meanwhile, IGF-1 promote the satellite cell proliferation, differentia-

tion and skeletal myotube hypertrophy by triggering the PI(3)K/Akt/mTOR and PI(3)K/Akt/

GSK3 pathways and binding to IGF-1R [50]. Therefore, monochromatic green light acceler-

ates the satellite cell proliferation by regulating GH-IGF-1 axis related to melatonin in chick

embryo.

Conclusion

Stimulation with monochromatic green light during incubation enhanced the secretion of

melatonin and up-regulation of GH-IGF-1 axis. Subsequently, IGF-1 binds IGF-1R contribut-

ing to the proliferation of satellite cells and myofiber formation, involving the expression of

Pax7 and myogenic regulatory factors. However, these phenomena could be inhibited by

PACAP6-38 treatment.
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