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Abstract

We tested the hypothesis that divergent genetic merit for fertility of dairy cows is due to aberrant reproductive neuroendocrine function. The
kisspeptin status of non-pregnant cows of either positive (POS) or negative (NEG) breeding values (BVs) for fertility was studied in three groups
(n=28), based on their previous post-partum period: POS cows, which had spontaneous ovarian cycles (POS-CYC) and NEG cows, which either
cycled (NEG-CYC) or did not cycle (NEG-NONCYC). Ovarian cycles were synchronized, blood samples were taken to define endocrine status,
and the animals were slaughtered in an artificial follicular phase. The brains and the pituitary glands were collected for quantitative polymerase
chain reaction (gPCR) and in situ hybridization of hypothalamic GNRH1, Kiss1, TAC3, and PDYN and pituitary expression of LHB and FSHB.
Gonadotropin releasing hormone (GnRH) and kisspeptin levels were quantified in snap frozen median eminence (ME). GNRH1 expression and
GnRH levels in the ME were similar across groups. Kiss1 expression in the preoptic area of the hypothalamus was also similar across groups,
but Kiss7 in the arcuate nucleus was almost 2-fold higher in POS-CYC cows than in NEG groups. TAC3 expression was higher in POS-CYC cows.
The number of pituitary gonadotropes and the level of expression of LHB and FSHB were similar across groups. We conclude that the lower

levels of Kiss7 and TAC3 in NEG cows with low fertility status and may lead to deficient GnRH and gonadotropin secretion.
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Introduction

Delayed resumption of estrus post-partum and reduced fer-
tility in dairy cows is influenced by many factors including
increased metabolic demand for milk production, negative
energy balance, immune dysfunction and inflammation, and
mineral deficiency and associated metabolic disorders [1,
2]. This is notwithstanding genetic factors [3]. Fertility has
decreased across time, such as shown in a UK study, com-
paring data for the period between 1975 and 1982 with that
from 1995-1998 [4]; the rate of pregnancy to first service in
untreated cows fell from 65% in the earlier period to 43% in
the later period. The low heritability of reproductive traits [5]
exacerbates efforts to correct the problem, but certain traits
of moderate-high heritability, such as age at puberty, may be
worthy of consideration [6].

Reproduction is driven by the brain, through the secretion
of gonadotropin releasing hormone (GnRH), which stimulates
the synthesis and secretion of the gonadotropins, luteinizing
hormone (LH) and follicle stimulating hormone (FSH) from
the pituitary gonadotropes. Anovulation in the post-partum
dairy cow is associated with reduced gonadotropin secretion
[7], but there are no available data on the secretion of GnRH
in such cows. In spite of this, methods to improve fertility in
the transition dairy cow have been developed, particularly the
OvSynch procedure, which involves timed sequential treat-
ment with prostaglandin and GnRH [8] in various iterations

[9]. This is predicated upon the likelihood that post-partum
anestrus is due to deficient GnRH secretion.

GnRH secretion is regulated by a number of brain systems
and the feedback effects of gonadal steroids [10]. In particular,
kisspeptin is a hypothalamic neuropeptide that stimulates
GnRH secretion and mediates sex steroid feedback effects on
GnRH secretion [11]. Kisspeptin cells are located in the preop-
tic area (POA) and the arcuate nucleus (ARC) of the ungulate
brain including the bovine [12, 13]. Although not detailed in
the bovine, studies in the ewe show that the ARC Kisspeptin
cells mediate negative feedback effects of gonadal steroids,
estrogen, and progesterone [14]. The positive feedback effect
of estrogen, which causes the preovulatory GnRH/LH surge,
is initiated in the ARC Kisspeptin cells in ewes [15] and is
facilitated by the kisspeptin cells in the POA of the ewe [16].
In addition to production of kisspeptin, the kisspeptin cells of
the ARC of the ewe and other species also produce dynorphin
and neurokinin B [17]. These ARC cells have been referred
to as KNDY cells; it has been shown that dynorphin inhibits
and neurokinin B stimulates kisspeptin production/secretion
by these cells [18]. In turn, the combined function of these
three neuropeptides controls the pulsatile secretion of GnRH
[18]. In particular, kisspeptin cells in the ARC project into the
median eminence (ME) in sheep to drive pulsatile release of
GnRH at this level [19]. Further evidence of the role of ARC
Kisspeptin neurons driving pulsatile GnRH secretion is found
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in a recent study in mice, whereby conditional knockout of
ARC Kiss1 was shown to cause marked reduction in pulsatile
secretion of LH [20]. Mutations in the kisspeptin gene (Kiss1)
and its receptor may cause hypogonadotropic hypogonadism
in some species, although the phenotype is variable [21].
Nevertheless, Kisspeptin is regarded as an essential factor in
the stimulation of pulsatile GnRH secretion from the hypotha-
lamus [22].

Genetic merit for fertility in dairy cows in New Zealand
is based on a fertility BV (FBV), which takes account of eight
phenotypic traits and is expressed as the calving rate (%) in the
first 42 days after the start of the seasonal calving period [23].
Using this predictor, a custom-bred herd of Holstein-Friesian
female dairy cattle with either high (+5%) or low (—5%) FBV
has been established [24-26]; these are referred to as POS or
NEG animals [26]. In particular, Meier et al. [26] show that
NEG animals have delayed resumption of estrus post-partum.
These two divergent cohorts provide an excellent opportunity
to identify factors that relate directly to fertility. Relatively
little is known about the hypothalamo-pituitary axis of dairy
cows in relation to fertility, although the fact the parturition-
to-conception period can be reduced with “OvSynch” suggests
a deficiency in GnRH/gonadotropin secretion in low fertility
cows. As indicated above, “OvSynch” involves sequential
treatment with GnRH and a prostaglandin F2« analog [9,27].
In addition, ovulation can be advanced in the post-partum
period by administration of Senktide, which acts via NK3R
receptors to activate Kisspeptin cells [28]. This suggests that
the activation of Kisspeptin cells, leading to increased GnRH
secretion, may mitigate poor fertility in the post-partum dairy
cow. In the present study, we quantified hypothalamic Kiss1
and GNRH1 and GnRH and Kisspeptin peptide levels in
NEG and POS cows. Because of the role that Neurokinin
(NKB encoded by the gene TAC3) and Dynorphin (encoded
by PDYN) play in the regulation of Kisspeptin secretion [29,
30], expression in the ARC of genes for these peptides was
also quantified. In addition, the function of the pituitary
gonadotropes was measured. We tested the hypothesis that
divergent genetic merit for fertility traits (FBVs) of dairy cows
is due to aberrant function of key neuroendocrine factors.

Materials and methods
Ethics

The experiment was approved prior to commencement by the
Ruakura Animal Ethics Committee (Hamilton, New Zealand)
and was conducted at Ruakura, New Zealand (37.78°S,
175.28°E) in May 2018.

Animal experimentation

Primiparous, non-pregnant Holstein-Friesian cows were
selected from a research herd established to compare
performance of animals with POS and NEG genetic merit
for fertility based on the FBV, as previously described [24-
26] and detailed in Supplementary S1. These cows were
approximately 34 months old, had not become pregnant
during the prior seasonal artificial breeding period between
October and December 2017 and had completed their first
lactation at the commencement of the study in May—June
2018. Typically, these cows have similar BVs for milk volume,
milk fat percentage, and milk protein percentage [26]. POS
FBV cows have a score of approximately +5, and NEG FBV
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cows have a value of approximately —35. Initially, 39 cows
were selected in three groups as follows:

e POS FBV cows (POS-CYC; n=13) that displayed estrous
cycles throughout the first 6 weeks of the 2017 seasonal
breeding period;

¢ NEG FBV cows (NEG-CYC; n=11) that displayed estrous
cycles during the first 6 weeks of the 2017 seasonal
breeding period;

e NEG FBV cows (NEG-NONCYC; n=16) that did not
display estrous cycles within 6 weeks of the 2017 seasonal
breeding period

The experimental timeline is presented in Figure 1. In May-
June 2018, approximately 45 weeks after calving, the cows
were administered 2 i.m. injections of 500 ug Cloprostenol
(Ovuprost®, Bayer New Zealand Ltd) 10 h apart on Day
1 of the study and were observed for signs of estrus for
30 min twice-daily over the following 6 days (detailed in Sup-
plementary S1). Transrectal ultrasound (5-15 MHz probe—
SonoScope S6V, Euromed Medical Systems) was performed
on Day 7 to determine presence or absence of a corpus
luteum (CL), signifying ovulation following the Cloprostenol
treatment. Then, eight cows from each of the three groups
described above were selected, based on genetic merit for
FBV, body weights and body condition score BVs, as detailed
in Supplementary S1 (Table 1), to undergo further synchro-
nization of estrous cycles prior to slaughter and tissue col-
lection. All cows in these three experimental groups had
CL and had displayed estrus within the previous 7 days
(following the above treatment). The POS-CYC group had
higher (P < 0.001) FBV than the other two groups (Table 1).
Although bodyweights were similar, body condition score BVs
were lower (P < 0.05) in the NEG-CYC group than the POS-
CYC group and tended to be lower (P=0.06) in the NEG-
NONCYC group than in the POS-CYC group. The post-
partum anoestrus interval (PPAI) for the NEG-NONCYC
cows was longer than that of the POS-CYC (P <0.01) and
the NEG-CYC cows (P < 0.05) (Table 1).

The cows within each of the three groups were assigned
to three replicates (n=2-3) to allow logistic collection of
tissues at slaughter over 3 days with regular slaughter times
(Figure 1). The following details the protocol for Group 1
(G1), which are identical for the other two groups, stag-
gered by 1 day. On Day 7 the cows received an intravaginal
controlled internal drug releasing device (CIDR®) containing
1.38 g of progesterone (Pfizer Animal Health) and an i.m.
injection of 8 ug of Buserelin, a synthetic GnRH analog
(Receptal®, MSD Animal Health). At 1500 h on Day 14,
the CIDR were removed and the cows received 500 ug
Cloprostenol i.m. to ensure the luteolysis of any residual CL.
On the day of slaughter blood samples were collected (vide
infra), the cows were transported to an abbatoir and were
killed between 1500 and 1600 h (Figure 1). The cows were
humanely slaughtered by captive bolt directed into the hind-
brain so as not to damage the hypothalamus and pituitary
gland. Thus, slaughter and tissue collection were performed
23-25 h after CIDR withdrawal, during the induced early- to
mid-follicular phase of the induced estrous cycle.

Sample collection

In order to confirm that the hormonal status of the cows was
consistent with their being in the early stage of the follicular
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Figure 1. Timeline of treatments and slaughter. The cows of NEG and POS cohorts were divided into three groups (G1, G2, and G3) for treatment and
for slaughter, so that the collection of brains was within a 1-hour period. The assignment to groups balanced POS and NEG cows as much as was
possible. Initially, the estrous cycles of all cows were synchronized with two injections of Cloprostenol as indicated in Materials and methods. Between
Days 1 and 7, the estrus detection was carried out as indicated in Supplementary 1 and on Day 7, ultrasound was performed on all cows. Thereafter, the
treatment of G1, G2, and G3 was staggered by 1 day. Buserelin was administered and the cows received CIDRs for 6 days. Commencing on Day 13 and
staggered by one day for each group, the CIDRs were withdrawn and the cows were given Cloprostenol to ensure the demise of any corpora lutea. One
day later, the cows were blood sampled, transported to a local abattoir, and killed between 1500 and 1600 h.

Table 1. Mean (& SEM) genetic indices, bodyweights, and prior PPAI of the fertility groups. BV were generated from 2017 New Zealand Animal
Evaluation Limited, incorporating data from a number of generations (Supplementary S1). *P < 0.05, **P < 0.01, **P < 0.001 compared with POS-CYC;
#P < 0.05 compared with NEG-CYC. The difference between NEG-CYC and NEG-NONCYC for body condition score BV almost attained significance

(P=0.056)

Parameter POS-CYC(n=38) NEG-CYC(n=8) NEG-NonCYC(n=38)
Fertility BVBodyweight (kg) 4.7+£0.27456.9 £17.51 —5.3+0.47 **465.7 £11.90 —4.44+0.49 **472.5+11.70
Body condition score BV 0.05+0.02 —0.06 £0.03* —0.04+£0.02

2017 PPAI (days) 47.5+8.48 65.1+9.54 101.0 £ 11.31%#

phase, three blood samples (32 mL) were collected prior
to slaughter, from a coccygeal vessel into Lithium heparin
Vacutainers® (Becton Dickinson) at 30 min intervals (1230,
1300 and 1330 h on the day of slaughter). The samples
were centrifuged, and the plasma harvested and stored at
—20°C for subsequent progesterone, LH, and FSH assay (vide
infra).

Heads were skinned and a craniotomy performed using a
band saw to enable removal of the brain and pituitary gland.
The hypothalami, ME, and pituitary glands were dissected
out. The ME were removed by cutting below the hypotha-
lamus at the level where white matter joined the pink tissue of
the pars tuberalis and was snap frozen on crushed dry ice. For
the hypothalamus, cuts were made along the lateral fissures of
the hypothalamus, on the base of the brain with a rostral cut
made 5 mm anterior to the optic chiasma and a caudal cut
immediately behind the mammillary bodies. Hypothalamic
tissue was halved, with one-half being placed into RNAlater®
(Ambion) and the other half into 10% formalin in saline.
Notably, the walls of the third ventricle (3 V) were clearly
visible on both halves of the hypothalamic tissues, verifying
midline dissection. The tissues were kept at room temperature.
The diaphragma sella was sliced off the top of the pituitary
gland in situ and a v-section made to remove the posterior
pituitary/intermediate lobe. One-half of the pars distalis of the

pituitary was placed in RNA later and the other placed into
10% formalin (as above).

Quantitative polymerase chain reaction analysis

The hypothalamic halves and pituitary halves (pars distalis)
that were snap frozen were placed on a cold stainless-steel
plate and dissected into two regions. A POA block was taken
from the posterior margin of the optic chiasm. The optic
chiasm tissue was discarded, and the resulting rostral block
was retained. An ARC block was taken from the rostral
cut, extending caudally to include the mammillary bodies,
with a horizontal cut made at a tangent to the base of the
thalamus. The POA and ARC blocks and a block of pituitary
tissue taken from the center of the anterior lobe of the gland
were extracted for quantitative polymerase chain reaction
(qPCR) using QIAzol Lysis Reagent (Qiagen Cat# 79306)
and the standard protocol. Following RNA extraction, cDNA
was prepared, and genomic DNA removed using QuantiTect
Reverse Transcription Kit (Qiagen cat#205310). Real-time
qPCR reactions for each sample were set up using 50 ng
¢DNA, in triplicate, using a QuantiNova SYBR Green Kit
(Qiagen cat#208052) on the Rotor-Gene Q real-time PCR
machine (95°C 2 min; combined extension and annealing
60°C 1 min for 40 cycles) for all primer pairs. In each
case, purified DNA of known concentration was used as the
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Table 2. Primer sequences for genes of interest and reference genes

Name Accession number Forward primer Reverse primer

Kiss1 NM_001306104 GTGCAGCGGGAGAAGGAC AGGCCGAAGGAGTTCCAGT
GNRH1 XM_015093089 CTGGAGGAAAGAGAAATGC TTCAATCAGACTTTCCAGAG
LHB NM_001009380 GGCTACTGCCTCAGCATGAA AAGGAGACCATTGGGTCCAC
FSHB NM_001009798 TATTGCTACACCCGGGACTT TTTCACCGTCTCGTACACCA
PPIA NM_001308578 GCATACAGGTCCTGGCATCT CATGCCCTCTTTCACTTTGC
GAPDH NM_001190390 TCAAGAAGGTGGTGAAGCAG CCCAGCATCGAAGGTAGAA
MDH1 AF233351 CGTTGCAGAGCTGAAGGATT GGTGCACTGAGAGATCAAGG

assay standard. Optimization of each primer set involved the
separation of qPCR products by agarose gel electrophoresis,
followed by purification and sequencing to determine identity.
The levels of expression of each mRNA and the estimated con-
centrations were determined relative to the standard prepara-
tion using Qiagen Rotor-Gene Q computer software. Similar
amounts of RNA were used for each amplification and the
ratio of each mRNA to the geometric mean of three reference
genes (PPIA, GAPDH, and MDH1) was calculated to correct
for differences in the total amount of RNA used between
samples. Expression of the GnRH gene (GNRH1) (POA only)
and Kiss1 expression (ARC and POA) and pituitary gene
expression of the LHB and FSHB was measured using qPCR
(Qiagen Rotor-Gene Q machine) with primer sequences as
given in Table 2.

In situ hybridization for Kiss1, GNRH1, TAC3, and
PDYN

The hypothalami that had been fixed in 10% formalin were
equilibrated to 15% sucrose, followed by 30% sucrose
in 0.1 M phosphate buffer. The tissues were then cut by
cryostat at 30 um and stored in cryoprotectant solution
(2% paraformaldehyde, 0.05 MPB, 30% ethylene glycol,
20% glycerol) at -20°C. Dissection of POA and ARC was
as described above.

Antisense riboprobes for ovine Kiss1, GNRH1, TAC3, and
PDYN were synthesized with SP® or T7 transcription kits
(Ambion, Austin, TX, USA) as previously described (Li et al.
[31] using corresponding DNA fragments as templates. In situ
hybridization (ISH) was performed as described previously
[32] using S3°-labeled probes. For Kiss1, TAC3, and PDYN
ISH, three sections representing rostral, middle and caudal
area of ARC and for GNRHI, three sections representing
rostral, middle and caudle area of POA were chosen for each
cow. Sections were mounted on SuperFrost plus slides and air-
dried overnight. Following 0.001% proteinase K treatment
for 30 min at 37°C, sections were acetylated with 0.0025%
acetic anhydride in 0.1 M TEA buffer for 10 min. After
rinsing in 2 x SSC (sodium chloride and sodium citrate), the
sections were dehydrated through ascending series of ethanol,
delipidated in chloroform, rinsed in absolute ethanol and
air-dried. The hybridization solutions containing $3° labeled
antisense probe (5 x 10® cpm/mL) in a cocktail solution
of 50% formamide, 5 x SSC, pH 7.0, 250 pg/mL herring
sperm DNA, 100 pug/mL yeast tRNA, 5% dextran sulfate,
1x Denhardt’s solution, 0.1% Tween-20 was applied to sec-
tions and hybridized overnight at 53°C. After hybridization,
sections were washed in decreasing concentrations of SSC,
dehydrated, and coated with emulsion (Ilford Imaging, Mel-
bourne). Exposure was for 1 week in dark at 4°C.

Image analysis was carried out under dark-field illumina-
tion with software designed to count the total number of cells
and the number of silver grains per cell (ImagePro plus, Media
Cybernetics, Inc., Silver Springs, MD). Cells were counted
when silver grain density was greater than five times back-
ground. Data are expressed as the mean number of identifiable
cells per section and the mean number of silver grains per cell
(a semiquantitative index of mRNA expression/cell).

Immunohistochemistry to quantify LHB and FSH§
cells in anterior pituitary tissue

Formalin-fixed tissues were initially treated as for hypothala-
mic tissues. Three free floating pituitary sections were washed
in PBS and incubated with guinea pig anti-LH (Antibodies
Australia, 1:2000) and mouse anti-FSH (Thermo Fisher Sci-
entific, 1:1000) antibodies in Tris-buffered saline/0.3 % triton
X-100/5% normal goat serum. The LH and FSH immunoreac-
tive (—ir) cells were revealed by Alexa 488 goat anti-guinea pig
IgG and Alexa 546 goat anti-mouse IgG secondary antibody
(Thermo Fisher Scientific).

The image analysis of fluorescent staining of immunohis-
tochemistry for LH and FSH was processed under Zeiss flu-
orescent microscope. Cell numbers were counted from three
microphotographs at 10 x magnification (0.98 mm?) taken in
areas of low, medium and high density from pituitary of each
animal to obtain total cell numbers.

ME extraction for radioimmunoassay

Frozen ME were weighed and placed in a tube containing
1 mL of 2 N acetic acid and homogenized. The homogenate
was centrifuged (14,000 g; 20 min; 4°C) after which the
supernatant was collected and diluted 1:10 for Kisspeptin RIA
and 1:1000 for GnRH RIA.

Peptide/hormone RIA

For all assays, the samples were assayed in duplicate. The
GnRH was measured in ME extracts by RIA, using EL14
(courtesy of TM Nett, Colorado State University) as a primary
antiserum GnRH for iodination (Auspep) and assay stan-
dard. The extracts were assayed as described previously [33],
with all samples were included in a single assay; sensitivity
3.1 pg/mL and intra-assay coefficient of variation (CV) <10%
between 29 and 101 pg/mL.

Kisspeptin was also measured in ME extracts by RIA,
using a rabbit-anti-Kiss primary antiserum (#564) (RRID
2314708), courtesy of M. Beltramo (INRA, France) and ovine
Kisspeptin-10 (Auspep) as the assay standard and for iodi-
nation. All samples were assayed in a single assay; sensitiv-
ity 64 pg/mL and intra-assay CV <10% between 0.58 and
6.18 ng/mL.
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The bovine LH RIA was performed using AFP-240580
rabbit anti-bovine primary antiserum and bovine LH (AFP-
11118B) as standard (Dr A.E Parlow; Lundquist Institute for
Biomedical Innovation, Torrance, CA). The procedure was
as described previously [34]. All samples were assayed in a
single assay with a sensitivity of 0.07 ng/mL and intra-assay
CV < 10% between 0.54 and 7.55 ng/mL.

The bovine FSH radioimmunoassay (RIA) was performed
using bovine FSH primary antiserum raised in rabbit (AFP-
7722291) (Dr A.E Parlow) and bovine FSH (AFP-9294C) (Dr
ALF. Parlow) as the assay standard. The samples were assayed
in a single assay; sensitivity 0.08 ng/mL and intra-assay CV
<10% between 1.18 and 9.05 ng/mL.

Concentrations of progesterone were determined using a
commercial double-antibody RIA (ImmuChem, MP Biomed-
icals, CA). The manufacturer’s protocol was followed with
the exception that all reagent volumes were halved. This
modification was validated for repeatability, parallelism, and
recovery. For repeatability, 14 assay reaction tubes for each of
two control plasma samples resulted in CV% of 10.9 and 14.3
for standard concentrations of 1.45 and 0.24 ng/mL, respec-
tively. For parallelism, two standard samples were diluted
100:0, 75:25, 50:50, and 25:75 with the kit diluent and
parallelism was confirmed visually against the standard curve.
For recovery, two plasma control samples were spiked with
either 0.5, 2, or 5 ng/mL progesterone standards, with aver-
age recoveries being 89.9 and 92.0% for the two control
samples. We also tested samples that had been previously
assayed in a routinely used and validated kit (Coat-a-count,
Siemens, Cat. # TKPG) and determined a good relationship
(y=1.26+X +0.7; R?=0.94) between these two kits. The
sensitivity of the assay was 0.3 ng/mL and intra-assay CV
of 13.2%. Samples with a concentration less than sensitivity
were assigned a value of 0.15 ng/mL before data analy-
sis.

Statistical analysis

Data are presented as means = standard error of mean (SEM).
Following Bartlett’s test for heterogeneity of variance [35]
and repeated measures analysis of variance (ANOVA) (SPSS)
was used to ascertain statistical differences in means for gene
expression and peptide levels. Progesterone data were logy
transformed then analyzed by repeated measures ANOVA
(SAS/STAT 15.1; SAS Institute Inc., 2018). Differences were
considered significant at P < 0.05.

Results

One experiment was undertaken to determine whether
changes in the steady-state expression of genes within the
hypothalamo-pituitary axis were associated with high or low
fertility in dairy cows. Cows of high or low fertility were
prepared by synchronizing estrous cycles. Blood samples
were taken to measure plasma LH, FSH and progesterone
levels and the cows were slaughtered in the early follicular
phase of the cycle. Brains and pituitary glands were collected
for quantification of gene expression in particular genes
of interest, as detailed in the Introduction. In particular,
we focused on genes expressed by the kisspeptin cells of
the hypothalamus, but also quantified gene expression
for in GnRH cells, GnRH, and kisspeptin peptide levels

Kiss1 expression related to fertility, 2022, Vol. 106, No. 4

Figure 2. ISH displayed GNRHT and Kiss7 cells with minimal background
labeling. Panel A: Example of GNRHT expression in single cells of the
preoptic area visualized by clusters of silver grains. Panel B: Example of
Kiss1 expression in the arcuate nucleus. The left-hand images are low
power visualization of cells under dark field and the right-hand images
show silver grains over cells under light field and higher power (arrows).

in the ME and beta-subunit expression in the pituitary
gland.

Plasma LH, FSH, and progesterone concentrations
No difference was observed in mean plasma LH concen-
trations of the three groups of cows (data not shown).
FSH was undetectable (<0.1 ng/mL) in plasma. Plasma
progesterone concentrations at the time of CIDR removal
were 7.1+ 0.52 ng/mL and were reduced (P < 0.001) to non-
detectable levels over the period —2.5 to —1.5 h prior to
slaughter, with no treatment replicate interaction. These data
showed that hormone levels in these cows were consistent
with their being in the early- to mid-follicular phase of an
estrous cycle.

GNRH1 expression in the POA and GnRH peptide
levels in the ME

The expression of GNRH1in the POA, measured by qPCR,
was similar in the three groups as were GnRH peptide lev-
els in the ME (Table 3). ISH provided a sample of GnRH
cells that are scattered through the POA/septal region and
the mediobasal hypothalamus. Because the sampling method
displayed only a fraction of the total number of GnRH cells,
expression is only given on a per cell basis (silver grains/cell).
In order to accurately count the number of GnRH cells in the
hypothalamus, it would have been necessary to examine serial
sections across the entire region, which was beyond the scope
of the study. An example of the visualization of cells (clusters
of silver grains) is shown in Figure 2A. Mean (=SEM) GnRH1
gene expression/cell was similar in all groups (n=8) (POS-
CYC: 149 +5.9; NEG-CYC: 146.5 £12.0; NEG-NONCYC:
159.0+£11.9).

Kiss1 expression in the POA and Kisspeptin peptide
levels in the ME

Kiss1 expression in the POA was assessed by qPCR only and
was similar in the three groups (Table 3). Kiss1 expression was
at least 2-fold higher (P <0.01) in the ARC from POS-CYC
cows than in the NEG cow groups (Figure 3A).
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Table 3. Mean (= SEM) GNRH1 and Kiss1 expression in the POA and GnRH and Kiss peptide levels in the ME of POS-CYC, NEG-CYC, and
NEG-NONCYC cows (n =8/group). Levels of expression are given relative to the housekeeping genes, as indicated in Materials and methods

Group POS-CYC NEG-CYC NEG-NONCYC
POA GNRH1 5.73+0.67 6.47 + 0.94 6.01 +1.29
POA Kiss1 25.69 £ 5.06 22.06 £+ 3.34 22.69 £ 3.34
ME GnRH peptide (ng/mg) 1.14 £ 0.10 1.05 £0.14 0.90 +0.13
ME Kiss peptide (ng/mg) 0.037 & 0.037 0.044 £ 0.026 0.035 £ 0.042
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Figure 3. gPCR and ISH indicated that expression of Kiss7 in the arcuate nucleus of NEG cows was lower than that in POS cows. Mean + SEM
expression of Kiss1in the arcuate nucleus of POS-CYC (n =7), NEG-NONCYC (n =8) and NEG-CYC cows (n = 6). Panel A shows quantification by qPCR,
being relative to the geometric mean of housekeeping genes. Panels B (number of cells) and C (expression/cell silver grains/cell—gpc) show results

from ISH. *P < 0.05, **P < 0.01, **P < 0.001.

Two NEG-CYC cows and one POS-CYC cow were elimi-
nated from the ISH analysis because of dissection error. The
separation of the ME from the basal hypothalamus by gross
dissection can sometimes be such that a portion of the latter
is taken with the former. This results in loss of kisspeptin cells
from the hypothalamic block, giving a false representation
of the entire nucleus when analyzed by ISH. An example
of the ISH signal is shown in Figure 2B, indicating a dense
population of Kiss1 positive cells.

The number of cells expressing Kiss1 was higher in the
POS-CYC group than in the NEG-CYC and NEG-NONCYC
groups across the entire nucleus (P < 0.001; Figure 3B), with
examples shown in Figure 4. Expression/cell was greater in the
POS-CYC group in the caudal region of the nucleus (P < 0.01;
Figure 2C), as displayed in Figure 4.

Kisspeptin peptide levels in the ME were similar in the three
groups (Table 3).

TAC3 and PDYN expression in the ARC

gPCR analysis showed that TAC3 expression in the ARC
was 87% higher in POS-CYC cows than in NEG-NONCYC
(P <0.01) and NEG-CYC cows (P <0.05) cows (Figure 5A).
ISH analysis showed that TAC3 expression/cell was higher
in the mid-ARC region of the POS-CYC cows than in the
NEG FBV cows (Figure 5C), with no difference in the num-
ber of cells expressing TAC3 (Figure 5B). PDYN expression
measured by qPCR was 27% higher (P <0.05) in POS-CYC
cows than in NEG-CYC cows (Figure 6A) but cell number
and expression/cell for PDYN was similar in all groups when
measured by ISH (Figure 6B and C).
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POS-CYC NEG-CYC NEG-NONCYC

Figure 4. Examples of expression of Kiss7 in the ARC of POS-CYC, NEG-NONCYC, and NEG-CYC cows.
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Figure 5. Mean + SEM expression of TAC3 in the ARC of POS-CYC (n=7), NEG-NONCYC (n =8), and NEG-CYC cows (n =6). Panel A shows
quantification by gPCR, being relative to the geometric mean of housekeeping genes. Panels B (number of cells) and C (expression/cell—silver
grains/cell—gpc) show results from ISH. *P < 0.05, **P < 0.01. TAC3 expression was higher in POS cows when measured by gPCR, with higher
expression/cell detected by ISH in cells of the mid-region of the ARC.
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Figure 7. Mean + SEM number of pituitary gonadotropes and levels of gene expression for LHB and FSHB in the anterior pituitary gland POS-CYC,
NEG-NONCYC, and NEG-CYC cows (n =8/group). There were no significant differences.

Gonadotropin subunit gene expression (ISH) in the
anterior pituitary

There was no difference in the number of LHB/FSHB express-
ing cells between the three groups (Figure 7), as was the level
of expression of these genes (Figure 7).

Discussion

The most significant finding in this study is the difference
in ARC Kiss1 expression in cows of POS FBV and NEG
FBV. Kisspeptin became prominent as a major element in
the regulation of reproduction in 2003, with the publication
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of two papers indicating that inactivating mutations in the
kisspeptin receptor gene (Kiss1R) caused pubertal failure in
mice and humans [36, 37]. Kisspeptin cells of the ARC express
estrogen and progesterone receptors and are believed to be
the major intermediary of sex steroid regulation of GnRH
secretion [17]. The estrous cycle is a finely tuned series of
events that are dictated by the action of estrogen and pro-
gesterone on the brain and pituitary gland [10], so kisspeptin
function is integral to this. In ewes, the kisspeptin cells of
the ARC mediate negative feedback throughout the majority
of the estrous cycle and also initiate positive feedback in the
follicular phase, leading to the GnRH/LH surge and ovulation
[11]. The lower level of expression of Kiss1 in cows of NEG
FBV, whether displaying cycles or not in the previous breeding
period, presumably compromises this cyclic function. This
could be due to genetic variation in the 5’ regulatory region
of the gene or differences in the 3’ untranslated region that is
important for post-translational processing; testing this was
beyond the scope of the present study. Other factors that
may have contributed to the difference in Kiss1 expression
in the ARC are discussed below. Alternatively, “upstream”
regulators of kisspeptin cell activity in the ARC, such as
Neurokinin (TAC3) or DYN, could be responsible for this
difference. We believe that this is the first time non-binary
variation in the level of expression of Kiss1 can be directly
associated with genetic merit for FBVs in dairy cattle or in
any other species.

Variants in Kiss1 have also been reported in humans with
idiopathic hypothalamic hypogonadism (IHH) [38-40], but
these are rare. In addition, activating variants in Kiss1 and
Kiss1R genes have been observed in cases of central preco-
cious puberty [41]. Inactivating mutations also occur in the
GNRH1 [42, 43] and the GnRH receptor gene (GNRHR)
[44] the latter accounting for up to 40% of familial cases of
IHH in humans [45]. We do not know of any cases of such
mutations occurring naturally in ungulates to cause infertility,
but the present results indicate they may occur as a result
of genetic selection for POS or NEG fertility. Importantly,
however, conditional knockout of Kiss1 in ARC neurons in
mice (Pdyn-Cre/Kiss1f/fl) by markedly reduces pulsatile LH
secretion and causes hypogonadism and persistent diestrus
[20]). This transgenic model, generated by embryonic manip-
ulation reduces Kiss1 expression by 90%, so it much more
severe than that observed in NEG cows. On the other hand,
work in humans suggests that lack of kisspeptin function
may be the cause of infertility in certain circumstances. Thus,
kisspeptin treatment stimulates LH pulsatility and the secre-
tion of estrogen and inhibinB from the ovaries of hyper-
prolactinemic, hypogonadotropic amenorrheic women [46],
suggesting that the cause of infertility may be due to lack
of kisspeptin signaling. Other work in humans shows that
continuous intravenous infusion of kisspeptin may increase
pulsatile LH secretion in women with hypothalamic amen-
orrhea (HA) [47], which the authors inferred was due to
action on the ME to increase GnRH secretion. Notably, there
has been no follow-up study to indicate whether kisspeptin
infusion restores fertility in women with HA [48]. In anestrous
ewes, in which ARC expression of kisspeptin is lower than in
ewes during the breeding season [14], continuous intravenous
infusion elicits a rise in pulsatile LH secretion that culminates
in a preovulatory surge and ovulation [49]. As far as we
are aware, the association between relatively low kisspeptin
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expression in the ARC, rather than the profound reduction
seen in transgenic mouse models, and lack of ovarian cyclicity
in seasonally anestrous ewes is the only other instance, apart
from the present work, in which these two parameters may be
associated.

In sheep, kisspeptin cells also produce DYN and NKB
[17], the former acting as a negative regulator of kisspeptin
secretion and the latter being a stimulator [50, 51]. Fur-
thermore, loss-of-function mutations in TAC3 or the NKB
receptor gene (TACR3) cause hypothalamic hypogonadism
in humans [52]. In the present study, we examined TAC3
and PDYN expression throughout the ARC because there
are cells apart from kisspeptin cells that produce these pep-
tides. TAC3 expression was higher in POS-CYC cows than
in the NEG-CYC and NEG-NONCYC cows, as determined
by gPCR. This difference was in the mid-region of the ARC,
as determined by ISH, so it is most likely due to a differ-
ence in NKB cells that are not kisspeptin cells (which are
predominantly in the caudal region). In the ewe, virtually
all NKB cells express estrogen receptors [53]. Of particular
relevance to the lactating dairy cow, one recent study [28]
showed that Senktide, a TAC3R agonist, can advance the
timing of first ovulation post-partum. Accordingly, higher
TAC3 expression in POS-CYC cows, compared with NEG
cows, may be related to the higher expression of TAC3 in
the former, which may, in turn, drive higher expression of
Kiss1. Further work to confirm the role of NKB/TAC3 in
the regulation of reproduction in the dairy cow would be
warranted. Although we found higher expression of PDYN
in HIGH-CYC cows using qPCR, this was not confirmed by
ISH studies, so the role of DYN as a negative regulator of
Kiss1 cells (and GnRH secretion) in post-partum cows seems
unlikely.

It is salient that the difference in expression of the Kiss1
was seen in the ARC, and not the POA. In addition to the
role of NKB and DYN in the regulation of Kiss cells, a high
percentage of kisspeptin cells also receive input from gamma
amino-butyric acid and glutamatergic cells in sheep at least
[19], so the function of these afferent cells could also be
relevant. Further work is required to ascertain if such input
to kisspeptin cells is of relevance to fertility in post-partum
dairy cows.

The difference in ARC expression of Kiss1 and TAC3
between cows of divergent FBV is remarkable given that we
did not observe a difference in expression of GNRHI or
Kiss1 in the POA. This is consistent with the importance of
the ARC Kisspeptin cells in feedback regulation of GnRH
secretion in ruminants as indicated above. Other work in
sheep indicates that the kisspeptin cells of the POA facilitate
the positive feedback effect of estrogen that causes ovula-
tion [16, 54]. The level of GnRH and kisspeptin peptide in
the ME was similar in cows of POS and NEG FBV. The
origin of the Kiss peptide in the ME is the ARC cells [55].
Firstly, this indicates that the production of GnRH is not
compromised in NEG FBV cows. Secondly, the equivalent
amounts of kisspeptin in the ME of POS and NEG FBV
cows suggests that the function of the ARC Kisspeptin cells
rather than the absolute ability to produce kisspeptin may
be the cause of low fertility in the NEG cows. Whether
this is an inherent lesion in the ARC Kisspeptin cells or
it is a function of lower NKB input remains to be deter-
mined.
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We did not show any difference between NEG and POS
cows in the level of GNRHI1 expression in cells. This is
consistent with a number of studies showing that levels of
GnRH in the brain do not change with reproductive state of
adult females (or males) [56]. In general, changes in repro-
ductive status with season are not generally accompanied
by changes in GnRH synthesis, whereas the change in the
secretion of GnRH does so. This reflects the fact that secretion
is controlled by a range of neuronal inputs to GnRH cells,
whereas GnRH stores are maintained [10, 11, 54]. This is
not withstanding changes in the synthesis of GnRH that
may occur in the prepubertal period or with aging [56].
Thus, barring genetic mutations, it is the pattern of GnRH
secretion rather than the synthesis of GnRH that determines
reproductive status and kisspeptin controls GnRH secretion
at the level of the ME [19]. We did not quantify the numbers
of GnRH cells in the brains of the POS and NEG cows,
but this would have required examination of serial sections
across the entire POA and hypothalamus, a significant task
that was beyond the scope of the study. Nevertheless, the
equivalent levels of GnRH in the ME of the two groups,
suggest that GnRH production is not a limiting factor in
NEG cows.

Our current model for control of pulsatile GnRH secretion
is that it is regulated by kisspeptin cells that project from the
ARC to the ME in sheep [19] and the bovine [13]. Although
we did not show any difference in the levels of LH in the two
groups of cows, this might be expected because of the lim-
ited number of samples taken. Samples taken shortly before
slaughter were intended to demonstrate that the cows were
in early/mid-follicular phase, displaying low progesterone and
gonadotropin levels, rather than in a preovulatory state where
surge levels of LH would be expected. In order to ascertain
whether there are differences in the secretion of GnRH, LH,
and FSH, much more extensive sampling protocols would be
required and this was not an objective of the present study. It
would have also been desirable to measure plasma estrogen
levels, although this would have been relevant only if we had
conducted serial sampling at short intervals over a longer
period to determine values following LH pulses. It is possible
that the difference in expression of Kiss1 and TAC3 is due
to differences in estrogen status, which will require further
studies of the endocrine status of POS and NEG cows. Because
pulses of estrogen secretion follow pulses of LH [57], accurate
measurement of the former would necessitate serial sampling
and to undertake such an exercise would have imposed a
significant further experimental manipulation. We adopted
the protocol as shown in Figure 1 to cause minimal disruption
to the cows.

This study did not extend to the quantification of the
expression levels of kisspeptin receptors by GnRH cells or
the expression of the GnRH receptor on gonadotropes and
both could be compromised in NEG FBV cows. What is
clear from the present study, however, is that production
of gonadotropins by the pituitary gonadotropes is similar
in cows of POS and NEG FBYV, indicating that a pituitary
factor is unlikely to be the cause of the difference in fertility.
It seems more likely that lowered function of kisspeptin
cells in the ARC of NEG FBV cows would lead to reduced
GnRH secretion, with consequent lowering of the pulsatile
secretion of LH and FSH. Serial blood sampling of such cows
would be instructive in this regard. The condition may be
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compared to that of seasonally anestrous ewes, in which
pulsatile GnRH/LH secretion is lower than during the
breeding season, when ewes are displaying regular estrous
cycles [58]. The issue of whether there might be a difference
in the pulsatile secretion of FSH is somewhat more difficult
to predict, since the pattern of FSH secretion, in the ewe at
least, is not tightly linked to that of GnRH/LH, displaying an
entropic nature with some pulses linked to those of LH and
others not so [59].

It could be argued that the difference seen in ARC gene
expression in POS and NEG cows relates to a particular trait
taken into account for the calculation of FBV, but this would
require identification of cows that segregate specifically for a
single trait; this would require a very significantly expanded
program of genetic selection that is well beyond the scope of
the present work. Furthermore, in focusing on any specific
trait used for FBV calculation, it is most likely that other traits
would segregate with the same, making it virtually impossible
to isolate each trait as a single non-linked entity. In essence,
we are interested in identifying factors that may relate to the
differing levels of fertility and provide an indication of the
possible utility of remediation of infertility. The present data
suggest that, as for anestrous ewes, therapeutic enhancement
of kisspeptin status, whether by TAC3 agonist or a kisspeptin,
may be efficacious.

In conclusion, we have demonstrated reduced expression
of Kiss1 and TAC3 in the ARC of NEG FBV cows, strongly
suggesting that this is a causative factor in their lowered fertil-
ity. There were no differences between NEG-CYC and NEG-
NONCYC cows, suggesting that the compromise in fertility in
the latter could also have other causes. Nevertheless, given the
importance of kisspeptin in the control of GnRH secretion, the
present results indicate at least one cause of lowered fertility.
Such an observation is novel since we know of no other case
where reduced steady-state expression of a key gene is directly
associated with fertility. The production of GnRH and the
gonadotropins is not different in POS and NEG FBV cows,
so the function of kisspeptin and NKB cells in the ARC is
the singular neuroendocrine lesion identified. This suggests
that fertility might be improved in such cows by treatment
with a TAC3R receptor agonist, such as Senktide [28] or with
a kisspeptin agonist [60]. This may provide an alternative
to the progesterone-Ovsynch protocol, which is considered
expensive [61]. Finally, in depth genetic analysis of the TAC3
and Kiss1 genes (and/or other genes regulating kisspeptin
cells) may identify a genetic cause for the low expression of
these genes in NEG FBV cows.
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