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ABSTRACT Low-egg-producing hens (LEPH) ovulate
less frequently than high-egg-producing hens (HEPH)
and exhibit differences in mRNA levels for components of
the hypothalamo–pituitary–gonadal (HPG) axis, sug-
gesting differential responsiveness to trophic stimulation.
Ovulation frequency is governed by the production of the
pituitary gonadotropins and feedback of the ovarian fol-
licle steroid hormones, which are regulated by HPG axis
stimulation and inhibition at the hypothalamic level. The
pituitary and follicle cells from LEPH and HEPH were
subjected to in vitro hormonal treatments to stimulate or
inhibit the HPG axis, followed by expression analysis of
mRNA levels for HPG axis genes and radioimmunoassays
for steroid hormone production. Statistical analysis was
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performed using the mixed models procedure of SAS. The
pituitary cells from HEPH showed upregulation of genes
associated with ovulation stimulation, whereas cells from
LEPH showed upregulation of genes associated with in-
hibition of ovulation. High-egg-producing hens’ follicle
cells displayed a higher sensitivity and responsiveness
to gonadotropin treatment. Level of egg production
impacted ovulation-related gene expression in the pitui-
tary cells as well as steroid hormone production in the
follicle cells, with HEPH displaying a greater positive
response to stimulation. These findings indicate that dif-
ferences in egg production among turkey hens likely
involve differential responsiveness of the cells within the
HPG axis.
Key words: hypothalamo–pituitary–gonadal axis, gonadotropin production, steroid hormone production, avian,
ovulation
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INTRODUCTION

Differences in egg production rates among turkey hens
in a flock result in low-egg-producing hens (LEPH) and
high-egg-producing hens (HEPH). Low egg production
in breeding hens costs the industry in lost poult produc-
tion and is correlated with decreased ovulation frequency
(Liu et al., 2001). Follicle ovulation in avian species
is controlled by the hypothalamo–pituitary–gonadal
(HPG) axis, which is composed of the hypothalamus,
pituitary, and a single ovary. A preovulatory surge
(PS) precedes each ovulation and consists of increased
progesterone and luteinizing hormone (LH), produced
by the ovary and pituitary, respectively (Paster, 1991).
Steroid hormones, such as estradiol and progesterone,
feedback on the HPG axis to regulate ovulation timing
(reviewed in Ottinger and Bakst, 1995).

The HPG axis can be stimulated by gonadotropin-
releasing hormone (GnRH) or inhibited by
gonadotropin-inhibitory hormone (GnIH), both produced
in the hypothalamus with the anterior pituitary as their
target tissue. Neuron terminals containing GnRH extend
into the external layer of the median eminence for neuro-
peptide release into the hypophysial portal vascular
system(B�ed�ecarrats, 2014).Theneuron terminals contain-
ing GnIH also extend into the median eminence but also
have direct contact with GnRH neurons, suggesting the
capability of GnIH regulation of GnRH synthesis and
release (B�ed�ecarrats et al., 2016). Gonadotropin-releasing
hormone or GnIH regulate pituitary gonadotropin
production by binding to either gonadotropin-releasing
hormone receptor (GnRHR) or gonadotropin-inhibitory
hormone receptor (GnIHR), both located on pituitary
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gonadotrophs. Gonadotropin-releasing hormone receptor
and GnIHR are G-protein-coupled receptors (GPCRs)
present on pituitary gonadotroph cells, with GnRHR
coupling to Gas and Gaq and GnIHR coupling to Gai
(Tsutsui et al., 2006).

The ovary is composed of follicles in varying states of
maturation, developing from quiescent primordial folli-
cles to preovulatory follicles awaiting ovulation. Steroido-
genesis occurs in ovarian follicles, with primary steroid
production varying with follicle development and follicle
cell type (Porter et al., 1989a). Most ovarian estradiol
production occurs in the small white follicles (SWFs),
which are slow-growing follicles that have yet to enter
the preovulatory hierarchy (Johnson, 1992). Small white
follicles comprise granulosa, theca interna, and theca
externa cells. Ovarian progesterone production primarily
occurs in the granulosa cells of the largest preovulatory
follicle (F1G), which is the next follicle in line to ovulate
(Bahr et al., 1983). The SWFs are mainly responsive to
follicle-stimulating hormone (FSH), whereas F1G are
responsive to LH. Follicle-stimulating hormone receptor
(FSHR) and LH receptor (LHCGR) are also GPCRs
that couple to Gas to increase the transcription of genes
involved in steroidogenesis through the cAMP-signaling
pathway, such as steroidogenic acute regulatory protein
(STAR) and aromatase (CYP19A1) (Li et al., 2014).

Previous studies comparing HPG axis gene expression
of LEPH and HEPH found that HEPH displayed gene
expression levels consistent with increased ovulation
stimulation and decreased ovulation inhibition in the hy-
pothalamus and pituitary. In addition, HEPH showed
upregulation of genes related to progesterone production
in the F1G and related to estradiol production in the
SWFs (Brady et al., 2020). High-egg-producing hens
showed decreased gene expression of GNIH in the hypo-
thalamus, increased expression of both gonadotropin
beta subunits in the pituitary, increased gene expression
of STAR and cholesterol side chain cleavage enzyme
(CYP11A1) in the F1G, and increased gene expression
of 17b-hydroxysteroid dehydrogenase (HSD17B1) and
CYP19A1 in the SWFs.

Based on previous gene expression differences between
LEPH and HEPH, it was hypothesized that HEPHwould
showan increased sensitivity and responsiveness toGnRH
treatment in the pituitary, to LH treatment in the F1G,
and to FSH treatment in the SWFs, whereas LEPHwould
show an increased sensitivity and responsiveness to GnIH
treatment in the pituitary. The present study sought to
compare LEPH and HEPH in the responsiveness of iso-
lated pituitary cells to GnRH and GnIH stimulation as
well as in the responsiveness of the cells responsible for
estradiol and progesterone production, SWF cells and
F1G cells, to FSH and LH stimulation, respectively.
MATERIALS AND METHODS

Hen Selection

Females (200 hens) from a commercial line (Hybrid
Turkey, Kitchener, Ontario) were housed at the Beltsville
Agricultural Research Center in individual wire cages.
Turkey hens were maintained under standard poultry
management practices with artificial lighting (14L:10D)
and were provided feed ad libitum to NRC standards.
The hens were sampled at 35 wk of age. Daily egg records
were used to calculate each hen’s number of eggs per day
(EPD) by dividing the total number of eggs produced by
the number of days in production. Hens were classified
as LEPH when EPD ,0.6 and as HEPH when EPD
.0.8. The egg production cutoffs were based on the distri-
bution of flock egg production as previously described
(Brady et al., 2020). Blood samples were taken from the
wing vein immediately before sampling, collected in hepa-
rinized tubes, and fractionated by centrifugation
(2,000 ! g for 10 min at room temperature). Plasma
samples were stored at220�C before assessment through
radioimmunoassays as described in the following. The pi-
tuitary, F1 follicle, and SWFs were isolated from 4 LEPH
and 4 HEPH. All hens were sampled at the same time
during the daily lighting schedule, sampled outside of
the PS, and sampled on the second day of the hen’s
sequence, as previously described (Brady et al., 2019).
The timing of the PS was estimated for each hen based
on the oviposition–ovulation cycle as previously described
(Brady et al., 2019). Plasma progesterone levels were
examined to confirm correct sampling time during the
ovulatory cycle. All animal procedures were approved by
the Institutional Animal Care and Use Committees at
the Beltsville Agricultural Research Center and at the
University of Maryland.
Cell Isolation and Culture

All cell isolation procedures were performed using
Minimum Essential Medium, Spinner modification
(SMEM) or Dulbecco’s Modified Eagle Medium
(DMEM) as noted in the following. The medium was
supplemented with 0.1% bovine serum albumen,
100-U/mL penicillin G (P), and 100-mg/mL strepto-
mycin sulfate (S) (0.1% BSA and P/S).
Isolated pituitaries were minced and dispersed in

SMEM (0.1% BSA and P/S) using trypsin and collage-
nase (1 mg/mL of each) for 90 min at 37�C in a shaking
water bath. After dispersion, the cells were filtered
through 70 mm nylon mesh and washed twice with
DMEM (0.1% BSA and P/S). The cells were diluted to
a concentration of 200,000 cells/mL and plated in
serum-free medium (DMEM/F12) supplemented with
0.1% bovine serum albumen, 5-mg/mL human insulin,
100-U/mL penicillin G, and 100-mg/mL streptomycin
sulfate. The cells were plated in 24-well poly-L lysine–
coated plates (Corning Life Sciences, Lowell, MA) at
100,000 cells/well and were allowed to attach for 2 h
before treatment. Pituitary cells were treated with
chicken GnRH-I or chicken GnIH (Phoenix Pharmaceu-
ticals, Burlingame, CA) at 0, 1029, 1028, or 1027 M for 6
or 24 h. Time points were selected to examine short- and
long-term changes in mRNA levels due to treatment.
The F1 follicle was removed from the ovary and placed

in ice-cold SMEM (0.1% BSA and P/S) until isolation of
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the granulosa cell layer. The follicle was drained of yolk,
everted, and the granulosa cell layer was peeled off of the
follicle wall. The granulosa cell layer was dispersed in
SMEM (0.1% BSA and P/S) using trypsin (1 mg/mL)
as previously described (Brady et al., 2019). After disper-
sion, the cells were filtered through a 70-mm nylon mesh
and layered onto a 50% Percoll solution to remove the
remaining yolk particles. The cells were washed twice
with SMEM(0.1%BSA andP/S) and diluted to a density
of 10,000 cells/mL for culture.TheF1Gcellswere cultured
in SMEM (0.1% BSA and P/S) in 12 ! 75 mm polypro-
pylene tubes (1 ! 105 cells per tube). The cells were
treated with ovine LH (National Hormone&Peptide Pro-
gram, Torrance, CA) at 0, 1, 10, 100, or 1,000 ng/mL for
5 h as previously described (Porter et al., 1989a).
The SWFs were minced and dispersed in SMEM (0.1%

BSA and P/S) using trypsin (1 mg/mL) for 60 min at
37�C in a shaking water bath. After dispersion, the cells
were filtered through a 70-mm nylon mesh and layered
onto a 50% Percoll solution to remove remaining red
blood cells. The resulting SWF cells were washed twice
with SMEM (0.1% BSA and P/S) and diluted to a den-
sity of 10,000 cells/mL for culture. The SWF cells were
cultured in SMEM (0.1% BSA and P/S) in 12 !
75 mm polypropylene tubes (1 ! 105 cells per tube).
The cells were treated with porcine FSH (National Hor-
mone & Peptide Program, Torrance, CA) at 0, 1, 10,
100, or 1,000 ng/mL for 5 h as previously described
(Porter et al., 1989b).
The cells were maintained in a 37.5�C, 5% CO2 atmo-

sphere during incubation. Pituitary cells were harvested
at the completion of each incubation by retrypsinization,
immediately frozen in liquid nitrogen, and stored at
280�C until RNA extraction. The media from the F1G
and SWF cell cultures were recovered and stored at
220�C for progesterone and estradiol radioimmunoas-
says, respectively.
RT-qPCR

Total RNA was isolated from pituitary cell cultures
with RNeasy Mini kits (Qiagen, Valencia, CA),
including on-column deoxyribonuclease digestion.
Quantification of RNA, RT, and RT-qPCR were per-
formed as previously described (Brady et al., 2019)
with the following exception. Reverse transcription reac-
tions were performed on 50 ng total RNA with Super-
Script III (Thermo Fisher Scientific, Waltham, MA)
and an anchored oligo-dT primer (50-CGGAAT
TCTTTTTTTTTTTTTTTTTTTTV-30) (Integrated
DNA Technologies, Skokie, IL). A pool of total RNA
was made and the reaction conducted without reverse
transcriptase as a control for genomic DNA contamina-
tion. Reactions were diluted to 40 mL before PCR anal-
ysis. PCR reactions (15 mL) were carried out as
previously described using a CFX Connect Real-Time
PCR System (Bio-Rad, Hercules, CA) (Brady et al.,
2019). Data were normalized to phosphoglycerate kinase
1 (PGK1) and analyzed by the 22DD Ct method. All PCR
reactions for each gene in a given tissue were analyzed in
a single run within a 96-well plate, allowing accurate per-
formance of relative quantification without the need to
include a reference control sample in each plate. Primers
(Integrated DNA Technologies, Skokie, IL) for turkey
PGK1, gonadotropin-releasing hormone receptor III
(GNRHR), gonadotropin-inhibitory hormone receptor
I (GNIHR), and luteinizing hormone beta-subunit
(LHB) mRNA were designed and used with cycling pa-
rameters described previously (Brady et al., 2019).
Data are presented as fold increase over levels in basal
cells for each hormone treatment and time point. To
calculate the ratio of GNIHR mRNA level to GNRHR
mRNA level, average cycle threshold (Ct) values were
normalized and log2-transformed before dividing
GNIHR expression by GNRHR expression.

Radioimmunoassay

The RIAs used for progesterone and estradiol were
coated tube kits (MP Biomedicals, Solon, OH). All pro-
tocols were performed as directed by the supplier. All
samples were assayed in duplicate. All samples were
measured in a single RIA for each hormone. Plasma sam-
ples were ether extracted and analyzed for progesterone
to determine that hens were sampled outside of the PS.
The culture media from the F1G and SWF cell cultures
were assayed for progesterone and estradiol content,
respectively. The standard curve was assessed for line-
arity as well as dilutional parallelism using serial plasma
or culture media dilutions. The intra-assay coefficients of
variation determined by pools run every 30 samples were
5.61% for progesterone and 6.63% for estradiol.

Statistics

All data were analyzed using SAS software (SAS
Institute, Cary, NC). Normalized RT-qPCR data
were log2-transformed before statistical analysis. A
three-way ANOVA using the mixed models procedure
(PROC MIXED) was conducted to compare the log2-
transformed pituitary gene expression and the calcu-
lated GNIHR:GNRHR ratios between LEPH and
HEPH. A two-way ANOVA using the mixed models
procedure (PROC MIXED) was used to compare
plasma hormone concentrations and culture media hor-
mone concentrations between LEPH and HEPH. The
least squares means for each group were compared using
the test of least significant difference (PDIFF state-
ment) when the ANOVA indicated an overall signifi-
cance level of P , 0.05.
RESULTS

Expression of GNRHR in response to GnRH treat-
ment is presented in Figure 1A. After GnRH treatment
for 6 h, pituitary cells from HEPH showed higher
GNRHR expression relative to cells from LEPH at
1029 and 1028 M GnRH, whereas cells from LEPH
showed higher GNRHR expression relative to cells
from HEPH at 1027 M GnRH. Cells from LEPH showed



Figure 1. Relative pituitary expression of (A) gonadotropin-releasing hormone receptor (GNRHR), (B) gonadotropin-inhibitory hormone receptor
(GNIHR), and (C) the beta subunit of luteinizing hormone (LHB) after gonadotropin-releasing hormone (GnRH) treatment in low-egg-producing
hens (LEPH) and high-egg-producing hens (HEPH). Normalized data are presented relative to LEPH basal expression for each gene. Significant
expression differences between LEPH and HEPH for a given condition are denoted with an asterisk (*P � 0.05, **P � 0.01, and ***P � 0.001),
whereas, significant differences between basal and a specific GnRH treatment for a given egg production group are denoted with a dagger
(yP � 0.05, yyP � 0.01, and yyyP � 0.001).
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increased GNRHR expression relative to the basal
expression in response to GnRH treatment only at
1027 M. Cells from HEPH showed increased GNRHR
expression relative to the basal expression in response
to GnRH treatment only at 1028 M. Expression of
GNRHR was not affected by GnRH treatment for 24 h.



Figure 2. Relative pituitary expression of (A) gonadotropin-releasing hormone receptor (GNRHR), (B) gonadotropin-inhibitory hormone receptor
(GNIHR), and (C) the beta subunit of luteinizing hormone (LHB) after gonadotropin-inhibitory hormone (GnIH) treatment in low-egg-producing
hens (LEPH) and high-egg-producing hens (HEPH). Normalized data are presented relative to LEPH basal expression for each gene. Significant
expression differences between LEPH and HEPH for a given condition are denoted with an asterisk (*P � 0.05, **P � 0.01, and ***P � 0.001),
whereas, significant differences between basal and a specific GnIH treatment for a given egg production group are denoted with a dagger
(yP � 0.05, yyP � 0.01, and yyyP � 0.001).
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Expression of GNIHR in response to GnRH treatment
is presented in Figure 1B. After GnRH treatment for 6 h,
the GNIHR expression was significantly affected by egg
production level, but a response to GnRH treatment was
not seen. After GnRH treatment for 24 h, pituitary cells
from LEPH showed higherGNIHR expression relative to



Figure 3. Gonadotropin-inhibitory receptor (GNIHR) to gonadotropin-releasing hormone (GNRHR) mRNA ratio following (A) gonadotropin-
releasing hormone (GnRH) treatment and (B) gonadotropin-inhibitory hormone (GnIH) treatment. Normalized mRNA levels were used to calculate
the GNIHR:GNRHR ratio. Significant ratio differences between LEPH and HEPH for a given condition are denoted with an asterisk (*P � 0.05,
**P � 0.01, and ***P � 0.001), whereas, significant ratio differences between basal and a specific gonadotropin treatment for a given egg production
group are denoted with a dagger (yP � 0.05, yyP � 0.01, and yyyP � 0.001).
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cells from HEPH under basal conditions, but HEPH
demonstrated higher GNIHR expression at 1029 M
GnRH. Cells from LEPH showed decreased GNIHR
expression relative to the basal expression in response
to all GnRH treatments. Cells from HEPH did not
show a response in GNIHR expression to GnRH
treatment.

Expression of LHB in response to GnRH treatment is
presented in Figure 1C. After GnRH treatment for 6 h,
pituitary cells from HEPH showed higher LHB expres-
sion relative to cells from LEPH at all GnRH concentra-
tions. Cells from LEPH did not show a response in LHB
expression after GnRH treatment. Cells from HEPH
showed increased LHB expression relative to the basal
expression in response to GnRH treatment at 1028 M
and decreased expression relative to the basal expression
at 1027 M GnRH. After GnRH treatment for 24 h, pitu-
itary cells from HEPH showed higher LHB expression
relative to cells from LEPH at all GnRH concentrations.
Cells from LEPH showed decreased LHB expression af-
ter GnRH treatment at 1029 M. Cells from HEPH
showed increased LHB expression relative to the basal
expression in response to GnRH treatment at 1029 and
1028 M.
Expression of GNRHR in response to GnIH treatment

is presented in Figure 2A. After GnIH treatment for 6 h,



Figure 4. Progesterone production in F1 follicle granulosa cells (F1G) from low-egg-producing hens (LEPH) and high-egg-producing hens (HEPH)
after luteinizing hormone (LH) treatment. Significant differences between LEPH and HEPH for a given condition are denoted with an asterisk
(*P� 0.05, **P� 0.01, and ***P� 0.001), whereas, significant differences between basal and a specific LH treatment for a given egg production group
are denoted with a dagger (yP � 0.05, yyP � 0.01, and yyyP � 0.001).
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pituitary cells from HEPH showed higher GNRHR
expression relative to cells from LEPH at 1029 M
GnIH, whereas cells from LEPH showed higher GNRHR
expression relative to cells from HEPH at 1027 M GnIH.
Cells from LEPH showed increased GNRHR expression
relative to the basal expression in response to GnIH
treatment at 1028 and 1027 M. Cells fromHEPH showed
increased GNRHR expression relative to the basal
expression in response to GnIH treatment at 1029 and
1028 M before returning to the basal expression. After
GnIH treatment for 24 h, pituitary cells from HEPH
showed higher GNRHR expression relative to cells
from LEPH under basal conditions, whereas cells from
LEPH showed higher GNRHR expression relative to
cells from HEPH at 1027 M GnIH. Cells from LEPH
showed increased GNRHR expression relative to the
Figure 5. Estradiol production in small white follicle (SWF) cells from low
follicle-stimulating hormone (FSH) treatment. Significant differences betwe
(*P � 0.05, **P � 0.01, and ***P � 0.001), whereas, significant differences
group are denoted with a dagger (yP � 0.05, yyP � 0.01, and yyyP � 0.001)
basal expression in response to all the GnIH concentra-
tions, whereas cells from HEPH did not show changes
in GNRHR expression across GnIH treatments.

Expression of GNIHR in response to GnIH treatment
is presented in Figure 2B. After GnIH treatment for 6 h,
pituitary cells from LEPH showed higher GNIHR
expression relative to cells from HEPH at 0, 1029, and
1028 M GnIH. Cells from LEPH showed increased
GNIHR expression relative to the basal expression in
response to GnIH treatment at 1029 and 1028 M before
returning to the basal expression. Cells from HEPH
showed increased GNIHR expression relative to the
basal expression in response to GnIH treatment at
1029 and 1027 M. After GnIH treatment for 24 h, pitu-
itary cells from LEPH showed higher GNIHR expression
relative to cells from HEPH at 0, 1029, and 1028 M
-egg-producing hens (LEPH) and high-egg-producing hens (HEPH) after
en LEPH and HEPH for a given condition are denoted with an asterisk
between basal and a specific FSH treatment for a given egg production
.
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GnIH. Cells from LEPH showed decreased GNIHR
expression relative to the basal expression in response
to GnIH treatment at 1027 M. Cells from HEPH showed
decreased GNIHR expression relative to the basal
expression before returning to the basal expression in
response to GnIH treatment at 1029 M.

Expression of LHB in response to GnIH treatment is
presented in Figure 2C. After GnIH treatment for 6 h, pi-
tuitary cells from HEPH showed higher LHB expression
relative to cells from LEPH at 1029 and 1028 M GnIH,
while LEPH showed higher LHB expression at 1027 M
GnIH. Cells from LEPH showed decreased LHB expres-
sion relative to the basal expression in response to GnIH
treatment at 1029 and 1028 M before returning to the
basal expression. Surprisingly, cells from HEPH showed
increased LHB expression relative to the basal expres-
sion in response to GnIH treatment at 1029 and
1028 M before reducing expression at 1027 M GnIH.
Similarly, after GnIH treatment for 24 h, pituitary cells
from HEPH showed increased LHB expression relative
to cells from LEPH at 1029, 1028, and 1027 M GnIH.
Cells from LEPH showed decreased LHB expression
relative to the basal expression in response to GnIH
treatment at 1029 and 1028 M before returning to the
basal expression. Cells from HEPH showed increased
LHB expression relative to the basal expression in
response to all GnIH concentrations.

The calculated ratio of GNIHR expression to GNRHR
expression after GnRH or GnIH treatment is presented
in Figure 3A and Figure 3B, respectively. Under basal
conditions, regardless of hormone treatment or time
point, pituitary cells from LEPH exhibit an increased
GNIHR:GNRHR compared with cells from HEPH. After
both GnRH treatment and GnIH treatment for 6 h, the
GNIHR:GNRHR ratio in the pituitary cells from HEPH
was lower than that seen in the pituitary cells from
LEPH at all treatment concentrations except at the
highest treatment concentration of GnRH and GnIH.
After GnRH treatment for 6 h, the GNIHR:GNRHR ra-
tio in pituitary cells from LEPH further increased from
the basal levels in response to GnRH treatment at
1028 M, whereas the GNIHR:GNRHR ratio did not
change significantly from the basal levels in pituitary
cells from HEPH. Treatment with GnIH at the highest
treatment concentration for 6 h decreased the
GNIHR:GNRHR ratio in cells from LEPH from the
basal levels but increased the GNIHR:GNRHR ratio
from the basal levels in cells from HEPH. Interestingly,
treatment with GnRH or GnIH at all treatment concen-
trations for 24 h reduced the GNIHR:GNRHR ratio in
the pituitary cells from LEPH to a similar ratio seen in
the pituitary cells from HEPH. On the other hand, treat-
ment with GnRH or GnIH for 24 h did not significantly
change the GNIHR:GNRHR ratio in pituitary cells from
HEPH.

F1G cell progesterone production in response to LH
treatment is presented in Figure 4. Basal progesterone
production from F1G cells from LEPH and HEPH did
not differ significantly. F1G cells from HEPH responded
to LH treatment with increased progesterone production
compared with the basal levels at 10, 100, and 1,000 ng/
mL, whereas F1G cells from LEPH did not respond to
LH treatment with increased progesterone production
compared to basal levels at the 4 experimental concen-
trations. Progesterone production differed significantly
between F1G cells from LEPH and HEPH after treat-
ment with 10, 100, and 1,000 ng/mL of LH.
Small white follicle cell estradiol production in

response to FSH treatment is presented in Figure 5.
Basal estradiol production from SWF cells from LEPH
and HEPH did not differ significantly. Small white folli-
cle cells from HEPH responded to FSH treatment with
increased estradiol production compared with the basal
levels at 10, 100, and 1,000 ng/mL, whereas SWF
cells from LEPH only responded to FSH treatment
with increased estradiol production compared with the
basal levels at 100 and 1,000 ng/mL. Estradiol produc-
tion differed significantly between SWF cells from
LEPH and HEPH after treatment with 10, 100, and
1,000 ng/mL of FSH.
DISCUSSION

The present study showed that pituitary, F1G, and
SWF cells from LEPH and HEPH respond differently
to HPG axis hormone stimulation and inhibition. Previ-
ous studies have focused on HPG axis hormone re-
sponses in the pituitary and ovarian cells during the
initiation of egg production or during gonadal regression
in both chicken and turkey hens (Porter et al., 1991b;
Gu�emen�e and Williams, 1999). In addition, previous
studies have compared ovarian responses with gonado-
tropin stimulation in broiler and layer line chicken
hens (Hocking and McCormack, 1995). This is the first
study to examine HPG axis hormone response differ-
ences in hens with differential egg production from the
same flock. Differences in in vitro responses to stimula-
tion and inhibition coupled with previously identified
differences in HPG axis gene expression suggest core dif-
ferences in the regulation and responsiveness of HPG
axis function between LEPH and HEPH.
Under basal conditions, cells isolated from LEPH and

HEPH exhibited several key differences that could ulti-
mately impact the responsiveness of the cell to reproduc-
tive stimulation and inhibition. Across all time points,
LEPH pituitary cells displayed increased basal mRNA
levels for GNIHR. Increased GNIHR and GNIH
mRNA levels in LEPH under basal conditions have
been previously reported (Brady et al., 2020). The
GNIHR mRNA levels have been inversely correlated
with GNRHRmRNA levels in isolated chicken hen pitu-
itaries across various time points of the reproductive cy-
cle (Shimizu and Bedecarrats, 2006). Although not
consistent at all basal time points, pituitary cells from
HEPH did exhibit increased basalGNRHRmRNA levels
compared to pituitary cells from LEPH. Although
plasma estradiol was not measured in this study, our pre-
vious study found higher plasma estradiol levels in
HEPH than in LEPH (Brady et al. 2020). Estradiol in-
jection increased the equilibrium dissociation constant
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and maximum binding capacity of GnRHR in the pitui-
tary of laying chicken hens (Kawashima et al. 1993). In
addition, estradiol treatment of chicken pituitary cells
in vitro decreased GNIHR mRNA levels (Maddineni
et al., 2008). It is plausible that GNIHR regulation of
GNRHRmRNA levels in LEPH and estradiol regulation
of GnRHR and GNIHR levels/binding in HEPH could
result in the significantly different ratios of the releasing
factor receptors in the pituitary cells seen under basal
conditions in the present study. The GnIHR:GnRHR ra-
tio in pituitary cells has been shown to impact receptibil-
ity to both GnRH and GnIH during sexual maturation,
initiation of egg lay, and cessation of egg lay (Shimizu
and Bedecarrats, 2006). The fluctuation of this ratio
during the ovulatory cycle and the possible role of this
ratio in releasing factor sensitivity during the ovulatory
cycle remains unclear and warrants further investiga-
tion. Previous studies in laying hens reported a
GnIHR:GnRHR ratio of 1:2 in hens during peak egg pro-
duction (Shimizu and Bedecarrats, 2006). In the present
study, under basal conditions, pituitary cells from LEPH
exhibited an average GNIHR:GNRHR ratio of 1:1.6,
whereas pituitary cells from HEPH exhibited an average
GNIHR:GNRHR ratio of 1:4. The differences in
GNIHR:GNRHR ratios under basal conditions between
hens with different egg production levels may lead to
different levels of responsiveness to stimulatory and
inhibitory inputs in these groups of hens.
High-egg-producing hens also tended to display

increased basal LHB mRNA levels compared with
LEPH, although this finding was not consistent across
all basal wells and requires further experimental testing
to draw conclusions. Inconsistencies in basal mRNA
levels across similar time points could be due to varia-
tions in ovulation intervals between hens, whereas incon-
sistencies in basal mRNA levels across different time
points may be due to time-related regulation of the genes
examined. In the follicle cells examined, LEPH and
HEPH did not differ in basal progesterone or estradiol
production. However, in our previous study, we found
that LEPH exhibited lower mRNA levels for several
key genes involved in progesterone production in the
F1G and in estradiol production in the SWFs when
compared with HEPH (Brady et al. 2020). Higher
expression of steroidogenic genes in HEPH under basal
conditions may allow for a more rapid response in the fol-
licle cells when stimulated by LH or FSH.
The GnRH stimulation of pituitary cells impacted

mRNA levels for GNRHR, GNIHR, and LHB in both
LEPH and HEPH, although cells from hens with
different egg production levels showed dissimilar re-
sponses to GnRH treatment, which could ultimately
result in differing ovulation frequencies. Short-term
GnRH treatment increased GNRHR mRNA levels in pi-
tuitary cells from both groups of hens, but increases in
cells from HEPH were seen at lower treatment concen-
trations compared with cells from LEPH. Although the
effects of GnRH treatment on GNRHR expression have
not been examined in avian species, a similar increase
in GNRHR mRNA after a short-term GnRH treatment
was seen in isolated rat pituitary cells (Janjic et al.
2019). The upregulation of GNRHR mRNA levels in
HEPH pituitary cells at lower GnRH treatment concen-
trations could indicate that cells from HEPH are more
responsive to GnRH treatment than cells from LEPH.
In cells from HEPH, GNIHR mRNA levels were not
impacted by GnRH treatment at either time point, but
long-term GnRH treatment downregulated GNIHR in
cells from LEPH, reducing GNIHR mRNA levels to
those seen in cells from HEPH. The GnRH downregula-
tion of GNIHR mRNA has also been reported in fish but
the opposite trend is seen in rats (Choi et al. 2016;
Sukhbaatar et al., 2014). A higher GnIHR:GnRHR ratio
in pituitary cells from LEPH under basal conditions, as
was seen at a transcriptional level in the present study,
could lead to cells from LEPH being less responsive to
GnRH treatment. In addition, in the present study, pro-
longed exposure to GnRH or GnIH drastically improved
the GNIHR:GNRHR ratio in pituitary cells from LEPH
to levels seen in pituitary cells from HEPH. The require-
ment of a long-term GnRH treatment to downregulate
the high GNIHR mRNA levels seen in cells from LEPH
may represent this ratio being adjusted to be more
responsive to GnRH treatment. Pituitary cells from
HEPH responded to short-term and long-term GnRH
treatment with upregulation of LHB mRNA levels.
This response has been previously shown in avian spe-
cies, including desensitization at high GnRH concentra-
tions (Proudman et al., 2006; Wilson et al., 1989; King et
al., 1986). Pituitary cells from LEPH did not show upre-
gulation of LHB mRNA after GnRH treatment. It is
possible that increased basal expression of GNIHR in
cells from LEPH prevented GnRH stimulation of LHB
mRNA levels. In chickens, GnIHR signaling has been re-
ported to block GnRHR signaling in pituitary gonado-
trophs, as GnIHR has been shown to couple to Gai and
block the activation of adenylyl cyclase normally seen
during GnRHR coupling to Gas (Son et al., 2012;
Shimizu and Bedecarrats, 2010). Increased responsive-
ness to GnRH in cells from HEPH, in terms of LHB
and GNRHR expression, may result in increased ovula-
tion rates in these hens, through increased gonadotropin
production. Conversely, increased GNIHR expression in
cells from LEPHmay prevent GnRH stimulation, result-
ing in less frequent ovulation.

Although GnIH treatment resulted in similar expres-
sion patterns for GNRHR and GNIHR in pituitary cells
from both groups of hens, LHB showed opposite re-
sponses in cells from LEPH and HEPH. Upregulation
of GNRHRmRNA levels required higher treatment con-
centration of GnIH and longer exposure to GnIH in
LEPH. While GNIHR and GNRHR mRNA levels were
inversely correlated in isolated pituitaries, the impact
of in vitro GnIH treatment on GNRHR mRNA levels
has not been determined, although in vitro activation
of GnIHR through GnIH binding has been shown to
reduce GnRHR function in chicken pituitary cells
(B�ed�ecarrats et al., 2009). It is plausible that GnIH
treatment causes a decrease in GnRHR function through
increased GnIHR signaling and that pituitary cells
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compensate for the reduced function by upregulating
GNRHR mRNA levels. If this hypothesis is correct, the
requirement of higher GnIH treatment concentrations
and longer-term GnIH exposure to upregulate GNRHR
mRNA levels seen in pituitary cells from LEPH would
suggest that LEPH are not as capable of compensating
for reduced GnRHR function as HEPH. Short-term
GnIH treatment has been shown to increase GNIHR
expression in the chicken (Maddineni et al., 2008). Cells
from LEPH and HEPH both showed short-term upregu-
lation of GNIHR after GnIH treatment, although cells
from LEPH displayed higher overall GNIHR mRNA
levels than cells from HEPH. Expression ofGNIHR after
long-term exposure to GnIH has not been assessed in
avian species but in the present study resulted in
depressed GNIHR mRNA levels in cells from both
groups of hens. However, higher GnIH treatment con-
centrations were required to depress GNIHR mRNA
levels in cells from LEPH. Downregulation of several
G-protein-coupled receptors after prolonged ligand
exposure has been previously reported and could ac-
count for the downregulation of GNIHR mRNA levels
seen in pituitary cells from both groups of hens after
long-term GnIH treatment (reviewed in Gainetdinov
et al., 2004). If this hypothesis is correct, it would suggest
that the GnIHR in pituitary cells from HEPH is desensi-
tized at a lower concentration of GnIH than is seen in
cells from LEPH, possibly leading to the downregulation
of HPG axis inhibitory pathways at lower circulating
concentrations of GnIH in HEPH. Conflicting reports
within and between species exist on the effect of GnIH
on gonadotropin production and release. In the quail,
GnIH has been shown to depress LHB mRNA levels
and LH release (Tsutsui et al., 2000; Ubuka et al.,
2006). In studies examining sexually mature chickens,
one study found that GnIH did not decrease LH release,
whereas another study found that GnIH decreased LH
release but not LHB mRNA levels (Ciccone et al.,
2004; Maddineni et al., 2008). A reduction in LHB
mRNA levels was seen in cells from LEPH after GnIH
treatment but, surprisingly, upregulation of LHB
mRNA levels in response to GnIH treatment was seen
in cells from HEPH. This is the first report of GnIH
increasing LHB mRNA levels and is also the first study
to examine the effects of GnIH in a turkey hen. Chicken
GnIH was utilized in this study and shares 90% similar-
ity at the peptide level to the proposed turkey GnIH
sequence, whereas the chicken and putative turkey
GnIHR protein sequences shares 94.5% similarity
(Ubuka and Tsutsui, 2014). Although issues with
GnIH bioactivity are not likely, due to the high conser-
vation of the ligand and receptor sequences, the species
differences should be noted. Another possible explana-
tion for the opposite responses of LHB to GnIH in hens
with differing egg production levels are structural or
functional differences in the GNIHR receptor resulting
in alternative coupling or additional factors which pre-
vent the repression of LHB transcription in HEPH
downstream of coupling to Gai. It should also be noted
that GnIH treatment was only evaluated at the mRNA
level in this study and that the impact of GnIH treat-
ment on LH release may be different from the observed
effects on LHB mRNA levels. If GnIH upregulates
LHB mRNA levels and LH release in HEPH, this could
be a possible mechanism to decrease ovulation intervals
and increase egg production rates.
A dose-dependent progesterone production response

to LH treatment was seen in F1G cells from HEPH,
whereas cells from LEPH did not respond to LH treat-
ment in terms of progesterone production. Results seen
in cells from HEPH are consistent with previously pub-
lished studies in chicken and turkey hens (Bakst et al.,
1983; Porter et al., 1991a). Progesterone production
from the F1G cells is imperative for the PS to occur
and induce ovulation. Lack of response to LH stimulation
in F1G cells from LEPH may contribute to decreased
ovulation rates seen in this group of hens. The lack of
response seen in F1G cells from LEPH could be due to
the decreased basal mRNA levels of STAR and choles-
terol side-chain cleavage enzyme (CYP11A1) reported
in LEPH (Brady et al. 2020). STAR and CYP11A1 are
required for progesterone production, with transport of
cholesterol into the inner mitochondrial membrane by
STAR as the rate-limiting step of progesterone produc-
tion (Johnson et al., 2002). The lack of response seen in
F1G cells from LEPH could also be due to decreased
LHCGR expression. Previous studies did not observe dif-
ferences in LHCGR mRNA levels in F1G cells isolated
from LEPH and HEPH, although mRNA levels and pro-
tein levels are often not analogous (Brady et al. 2020). An
estradiol production response to FSH treatment was seen
in cells isolated from the SWFs of LEPH and HEPH.
However, SWF cells from HEPH responded at a lower
dose of FSH treatment and responded with significantly
higher estradiol production when compared with cells
from LEPH. Results seen in HEPH were also consistent
with previous studies in chicken and turkey SWFs
(Etches and Cheng, 1981; Porter et al., 1989b). Similar
to F1G cells from LEPH, SWF cells from LEPH were
also found to exhibit decreased mRNA levels of all 3
key genes involved in estradiol production, which could
slow the response of SWF cells from LEPH to FSH stim-
ulation (Brady et al., 2020). Differences in FSHRmRNA
levels in SWF cells from LEPH and HEPH were not
found in previous studies (Brady et al., 2020); however,
differences in FSHR protein levels cannot be ruled out
and could contribute to the response difference to FSH
treatment that were seen in hens with different egg pro-
duction levels. Follicle cells from LEPH and HEPH
appear to respond differently to gonadotropin stimula-
tion, impacting the steroid hormone production capabil-
ities in these groups of hens. Increased progesterone and
estradiol production in ovarian cells from HEPH may
lead to increased egg production levels and decreased
ovulation intervals through local ovarian effects or
through HPG axis feedback at the hypothalamic and pi-
tuitary levels through regulation of releasing factors,
releasing factor receptors, and gonadotropins.
The HPG axis response differences between LEPH

and HEPH seen in the present study may also be
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explained on a more global level by genetic variance in
regions impacting the regulation of key reproductive
genes, by regulation of the HPG axis through hormones
or transcription factors not examined in this study, or
by differences in ovulation intervals leading to stage
differences in the ovulatory cycle at sampling. Single-
nucleotide polymorphisms (SNPs) are the most common
type of genetic variation and can impact transcription,
translation, and post-translational function of a gene
product. Recent studies in chickens have found SNPs
associated with increased egg production localized to
key genes of the HPG axis, such as GNIH and GNRHR
(Fatemi et al., 2012; Hu et al., 2015). Investigation
into the localization and functional effects of significant
SNPs between hens with differing egg production levels
may help to understand the noted differences of hormone
responsiveness between LEPH and HEPH. Several addi-
tional factors that were not examined in this study have
been shown previously to impact HPG axis function at
the neuroendocrine and ovarian levels in avian species,
such as activins/inhibins, thyroid hormones, androgens,
and prolactin. Activins/inhibins, thyroid hormones, and
androgens act locally at the ovarian level to regulate ste-
roidogenesis and feedback at the neuroendocrine level to
regulate releasing factors and gonadotropin production
(Lovell et al., 2001; Rangel et al., 2009; Sechman et al.,
2009). In addition, prolactin is of particular interest in
turkey hens because of the role it plays in broodiness
and ovarian regression (Chaiseha and El Halawani,
2015). Finally, possible differences in the amount of
time between ovulations have not been established be-
tween LEPH and HEPH. Previously, HEPH were found
to have longer durations of egg lay and shorter durations
without egg lay, but differences in ovulation intervals
could also contribute to the egg production levels seen
(Brady et al. 2020). Changes in hypothalamic releasing
factor activity and receptibility have been established
during the ovulatory cycle in avian and mammalian spe-
cies (Gibson et al., 2008; B�ed�ecarrats et al., 2016). If
ovulation intervals are different between LEPH and
HEPH, HEPH would have been further along in the
ovulatory cycle than LEPH, which could allow HEPH
to be more receptive to the stimulatory effects of the
HPG axis while leaving LEPH more susceptible to the
inhibitory effects of the HPG axis. This also could help
explain inconsistencies among basal LHB mRNA levels
in HEPH. If the ovulation interval is shorter in HEPH,
sampling of hens closer to the PS, with elevated LHB
mRNA levels yet basal plasma progesterone levels,
would be more likely in HEPH than in LEPH.
In summary, HEPH displayed increased responsive-

ness to GnRH in pituitary cells, to LH in F1G cells,
and to FSH in SWF cells. On the other hand, pituitary
cells from LEPH displayed increased responsiveness to
the inhibitory properties of GnIH, whereas pituitary cells
from HEPH showed paradoxical positive responses to
GnIH treatment. These findings demonstrate that
HPG axis responsiveness differs between LEPH and
HEPH, with LEPH favoring the inhibitory pathways
of the axis and HEPH favoring the stimulatory
pathways of the axis. Understanding how HPG axis hor-
mone responsiveness ultimately impacts egg production
on a molecular level would be imperative to improve the
reproductive efficiency of LEPH in the turkey industry.
Dissecting the egg-production–associated differences in
responsiveness of HPG axis to hormonal stimulation
and inhibition, as well as the crosstalk between these 2
pathways, requires a further understanding of the role
of GnRH/GnIH and their associated receptors in the
regulation of the ovulatory cycle, the influences of path-
ways outside of the HPG axis on this regulation, and
species-specific impacts on the function and feedback
mechanisms of GnRH and GnIH.
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