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ABSTRACT. Brain-derived neurotrophic factor (BDNF) is a growth protein factor
belonging to the neurotrophin peptide family that is involved in the regulation
of several activities of the central nervous system. However, its effects on the
activity of the somatotrophic axis in ruminants have not yet been determined.
The present study aimed to verify the research hypothesis, which assumed
that BDNF can modulate key hormones of the somatotrophic axis in sheep.
The experiment involved sexually mature Polish Merino sheep (n = 24). The
animals were divided into three groups, and the following intracerebroventricular
infusions were performed: control group received Ringer-Locke solution
(480 pl/day), BDNF10 — BDNF at a dose of 10 ug/480 pl/day and BDNF60 -
BDNF at a dose of 60 ug/480 pl/day. Blood samples were collected on days
0 and 3 of infusions. After the experiment, the animals were slaughtered and
selected structures of the hypothalamus, pituitaries and plasma samples were
stored for Real-Time reverse transcription-polymerase chain reaction (Real-Time
RT-PCR) and radioimmunoassay analysis. It was revealed that central BDNF
administration induced a dose-dependent increase in growth hormone relasing
hormone (GHRH) mRNA expression in the mediobasal hypothalamus of sheep.
Moreover, central BDNF administration increased growth hormone (GH) mRNA
expression in the pituitary and the GH pulse amplitude, which, consequently,
increased the mean GH concentration in the blood plasma. These observations
suggest the up-regulation of the somatotrophic axis activity in female sheep after
BDNF infusion. So, it can be stated that BDNF is involved in the modulation of
key hormones co-creating the somatotrophic axis in mature sheep.

Brain-derived neurotrophic factor mRNA is
located in several areas of the brain; for example,

Brain-derived neurotrophic factor (BDNF),
a growth protein factor belonging to the neurotro-
phin peptide family, participates in mechanisms that
promote differentiation and survival of developing
neurons. Moreover, BDNF is involved in processes
related to neuronal neuroplasticity and neuroprotec-
tive mechanisms, such as the stimulation of nerve
growth and the formation of synaptic connections
between nerve cells (Peiris et al., 2004).

in the neocortex, hippocampus, medulla oblongata
and hypothalamus. In the mediobasal hypothala-
mus (MBH), BDNF immunoreactive material has
been identified in the paraventricular (PVN), arcu-
ate (ARC), ventromedial (VMN) or dorsomedial
(DMN) nuclei, as well as in the median eminence
(ME) (Unger et al., 2007; Cordeira et al., 2010).
The presence of tyrosine kinase receptor isoform
B (TrkB), which is a specific receptor for BDNF,
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has also been demonstrated in the above-mentioned
structures (Timmusk et al., 1993; Patapoutian and
Reichardt, 2001).

Precise information about the central mecha-
nisms that underlie the molecular interactions
between BDNF and key hormones of the soma-
totrophic axis, especially in sexually mature mam-
mals, is still insufficient. Current studies focusing on
the role of BDNF predominantly involve embryos
or newborn rodents and can only indicate its action
during the early development of the brain. Studies
conducted on rat embryonic cerebral cortical cell
cultures have demonstrated that BDNF can modu-
late somatostatin (SR/F) mRNA expression in nerve
cells. Other studies conducted on rat foetal hypo-
thalamic cell cultures have shown that BDNF has
a dose-dependent effect on the release of SRIF from
hypothalamic neurons (Marmigere et al., 2001). In
in vivo studies, it was demonstrated that the infu-
sion of BDNF in neonatal rats (1-2 days after birth)
increases SR/IFF mRNA concentrations in the anterior
neocortex (Nawa et al., 1994). It is important to note
that studies conducted on juvenile organisms do not
always reflect the processes and regulations that oc-
cur in mature individuals.

The location of BDNF mRNA and proteins, as
well as the BDNF receptor, in the above-mentioned
specific regions of the central nervous system (CNS),
suggests that BDNF is involved in the central regula-
tion of appetite modulation processes. The results of
our earlier study revealed that BDNF can affect the
activity of the main neuropeptides co-creating the
appetite regulation centre localised in the ARC nu-
cleus in the hypothalamus of sheep. Neuropeptide
Y (NPY), agouti-related peptide (4gRP) and proopi-
omelanocortin (POMC) mRNA expression increased
after BDNF intracerebroventricular (ICV) infusion
(Przybyt et al., 2020). On the other hand, our pre-
vious research demonstrated that several factors in-
volved in appetite regulation processes, such as NPY,
ghrelin and obestatin, can change the somatotrophic
axis hormones secretory activity in sheep (Wojcik-
Gladysz et al., 2014, 2018, 2019; Wojcik-Gladysz
and Szlis, 2016; Szlis et al., 2018). It is well-known
that the activity of the somatotrophic axis in the CNS
may also be modulated by several factors, such as
drugs, antibiotics and neurotrophins (Timmusk et al.,
1993; Patapoutian and Reichardt, 2001; Kennedy,
2012). Based on this information, BDNF may also
participate in the complex neurohormonal network
that modulates the somatotrophic axis activity.

The results of our earlier study revealed that in
female sheep the main activities of somatostatin-

containing neurons in the periventricular nucleus
(PEV) are known for their involvement in the con-
trol of growth hormone (GH) secretion (Polkowska
et al., 2008; Tillet et al., 2010). Additionally, this
discrete (specific) population of somatostatin neu-
rons is the most sensitive to the action of the orexi-
genic and anorexigenic peptides (hormones) like
leptin, ghrelin or obestatin (Polkowska et al., 2010;
Wojcik-Gladysz et al., 2010, 2018).

So, it can be assumed that in sheep, BDNF may
be involved in the modulation of somatotrophic axis
activity, as another regulating peptide engaged in
the complex neurohormonal network modulating
this axis function. The aim of the study was to verify
the hypothesis whether BDNF acts as a hormonal
signal affecting the activity of the main components
involved in the growth processes regulation in, i.a.,
hypothalamic growth hormone releasing hormone
(GHRH) neurons, hypothalamic SRIF neurons and
pituitary somatotrophic cells.

Material and methods

Animals and experimental design

All procedures adhered to the Code of Ethics
of the World Medical Association (Declaration of
Helsinki), as well as the EU Directive 2010/63/EU for
animal experiments, and were approved by the Local
Ethics Committee affiliated to Warsaw University
of Life Sciences — SGGW (consent no. 22/2015 of
21 May 2015) according to the Polish Law for the
Animal Care and Use (21 January 2005) and the Polish
Law for Animal Protection (16 September 2011).

Twenty-four female Polish Merino sheep
(42-week old, average weight = 38.6 = 3.5 kg) were
used in the study. The animals were housed indoors
under natural lighting conditions (52°N, 21°E) and
fed a standard diet containing hay (approximately
~2 kg per day) with commercially available con-
centrates (approximately ~0.4 kg per day). Sheep
were fed twice a day (around 8:00 and 14:00) ac-
cording to Polish recommendations for ruminants
(Strzetelski et al., 2014). Water and salt licks were
provided for each sheep ad [libitum. The repro-
ductive status of each animal was assessed every
week (from the beginning of August) by evaluating
plasma progesterone concentrations and verified by
post-mortem ovary examination (data not shown).

Stainless steel cannulas were implanted directly
into the third ventricle (IIlv) using a specialised ster-
eotaxic apparatus for sheep and based on the meth-
odology described by Traczyk and Przekop (1963).
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The animals were anaesthetised with atropinum
sulphuricum (0.44 mg/kg; Polfa, Warsaw, Poland),
ketamine (400 mg per sheep; Vetoquinol Biowet,
Gorzow Wielkopolski, Poland), and dexmedeto-
midine (0.05 mg/kg, Dexdomitor®; Orion Pharma,
Turku, Finland) during the procedure. Permanent
stainless-steel guide cannulas (0.8 mm) were in-
serted into the Illv (coordinate of guide cannulas
implantation: anteroposterior position — 31.0 mm,
horizontal position — 0.5 mm, mid-sagittal posi-
tion — 0.1 mm) according to the atlas of sheep
brain by Welento et al. (1969). The position of the
guide cannula was verified by an X-ray examina-
tion, efflux of the cerebrospinal fluid upon removal
of the guide tube stiletto and post-mortem brain
inspection. After surgery, penicillin-streptomycin
(0.1 ml/kg; ScanVet, Gniezno, Poland) and tolfenam-
ic acid (0.05 ml/kg, Tolfine®; Vetoquinol Biowet,
Gorzow Wielkopolski, Poland) were administered
by subcutaneous injection over four consecutive
days, followed by a five-week recovery period.

In all experimental animals, oestrus synchronisa-
tion was performed 21 days before the ICV infusion
using Chronogest CR sponges (MSD Animal Health,
Walton, UK). One polyester polyurethane sponge
containing 20 mg of flugestone acetate (a synthetic
analogue of progesterone) was administered intra-
vaginally and independently of body weight or the
individual day of the oestrus cycle. After 14 days, the
sponge was gently removed, and the serum gonado-
tropin of a pregnant mare was injected intramuscular-
ly (PMSG; 500 IU per animal; Folligon, Intervet Int.,
Boxmeer, Netherlands) to facilitate ovulation. Oestrus
occurred within 48—72 h after PMSG administration
(Krawczynska et al., 2019; Rekesiuté et al., 2020).
The appearance of oestrus was additionally detected
using a vasectomised ram. Animals entered the exper-
iment on days 4-5 after ovulation when a decrease in
the oestrogen concentration in the peripheral blood of
the sheep was observed (Kennedy, 2012).

The experiments were conducted from the end
of October to the first week of December. The ani-
mals were randomly divided into three experimental
groups: control group receiving an ICV infusion of
Ringer-Locke solution (artificial cerebrospinal flu-
id; 480 ul per day; n = 8), BDNF10 group receiving
an ICV infusion of BDNF (Santa Cruz Biotechnol-
ogy, Inc., Dallas, TX, USA) at a dose of 10 pg per
day (n = 8) and BDNF60 group receiving BDNF at
adose of 60 pg per day (n = 8); BDNF in both groups
was diluted in 480 pl of Ringer-Locke solution;
in all three groups an infusion rate was 120 pl/h.
The doses of BDNF used in this experiment were

chosen based on information from the literature
(Barde et al., 1982; Givalois et al., 2006; Cordeira
et al., 2010) as well as our previous experience in
neuroendocrine research (Przybyt et al., 2020).

During the experiment, cannulas were intro-
duced through the guide cannulas and locked into
position 1 h before the infusion, with their tips
placed approximately 2.0-2.5 mm above the base
of the brain; when the tips of the cannulas were
in the Illv, the cerebrospinal fluid flowed into the
infused cannulas. All sheep received four 50-min
ICV infusions at 30-min intervals, which were per-
formed from 08:40 to 13:30 on each of three con-
secutive days using a BAS Bee MD 1020 904 mi-
croinjection pump (Bioanalytica Systems Inc., West
Lafayette, IN, USA). To prevent a rapid increase
in pressure through the Ringer-Locke and BDNF
infusions into the Illv, the flow rate of the micro-
injection pump was set to 2 pl/min. The infusion
pattern was designed to mimic the pulsatile re-
lease of neurohormones synthesised in the CNS
in a sheep model (Wojcik-Gladysz et al., 2016,
2018; Herman et al., 2017; Szlis et al., 2020;
Przybyl et al., 2021). Blood samples were col-
lected a day before (day 0) and on the third day of
infusion (day 3) from 08:00 to 13.50 at 10-min in-
tervals. Immediately after the last blood sample was
collected, the animals were weighed, anaesthetised
intravenously using dexmedetomidine (0.05 ml/kg,
Dexdomitor®; Orion Pharma, Turku, Finland) and
pentobarbital (80 ng/kg, Morbital®; Vetoquinol Bio-
wet, Gorzow Wielkopolski, Poland), and decapi-
tated. Isolation of selected hypothalamic structures
(area and depth of the cut) was performed accord-
ing to the stereotaxic coordinates defining the in-
dividual hypothalamic nuclei described in the ana-
tomic atlas of the sheep hypothalamus (Welento
et al., 1969). The brain regions encompassing the
preoptic area (POA) and hypothalamus were sec-
tioned sagittally and dissected from both sides into
the following parts: anterior hypothalamus area
(AHA; cut coordinate: anteroposterior 34.75-37.70;
sagittal 0.18-2.32; horizontal +3.27—+8.34) and
MBH (cut coordinate: anteroposterior 30.82—33.62;
sagittal 0.00-2.88; horizontal 0.54—+4.53). The
depths of the cuts were 2-2.5 mm for MBH and
2.5-3 mm for AHA (W¢jcik-Gladysz et al., 2018).
The pituitary gland was removed from the skull,
weighted and divided into anterior (glandular) and
posterior (nerve) parts. All tissues were immediately
frozen in liquid nitrogen and stored at —80 °C until
Real-Time reverse transcription-polymerase chain
reaction (Real-Time RT-PCR) analysis.
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Real-Time RT-PCR

Total mRNA from the AHA, MBH and pituitary
was extracted using a NucleoSpin RNA/Protein kit
(Macherey-Nagel GmbH & Co., Diiren, Germany)
according to the manufacturer’s instructions. The
yield of isolated RNA was estimated spectrophoto-
metrically (NanoDrop Technologies Inc., Wilming-
ton, DE, USA), and its integrity was evaluated elec-
trophoretically by separation on a 1.5% agarose gel
containing ethidium bromide. For complementary
DNA (cDNA) synthesis, 1500 ng/ml mRNA from
the selected hypothalamic regions in a total volume
of 20 pl was retro-transcribed using a TranScriba
Kit (A&A Biotechnology, Gdynia, Poland) accord-
ing to the manufacturer’s protocol. Specific primers
for the sheep species (Ovis aries) that determine the
expression of housekeeping gene and genes of inter-
est were designed using the Primer 3 software (The
Whitehead Institute, Cambridge, MA, USA) and
synthesised by Genomed (Warsaw, Poland). The
primer sequences are listed in Table 1.

Table 1. Primer sequences used in the experiment

protocol: one cycle at 95 °C for 15 min (enzyme
activation), followed by 35 cycles at 94 °C for 5 s
(denaturation), 59 °C for 20 s (annealing) and 72 °C
for 15 s (elongation), followed by one cycle at 72 °C
for 7 min (product stabilisation). The melting curve
was performed over 70-95 °C at 0.5 °C intervals.
Negative controls without a cDNA template were in-
cluded for each reaction. Real-Time RT-PCR for each
cDNA sample was performed twice in triplicates. The
identities of the PCR products were confirmed by di-
rect sequencing (Genomed, Warsaw, Poland).

The relative gene expression was calculated us-
ing the comparative quantitation option of the Rotor
Gene 6000 software 1.7 (Qiagen GmbH, Hilden, Ger-
many) and determined using the Relative Expression
Software Tool (2008) by Pfaffl et al. (2002) based
on a PCR efficiency correction algorithm developed
by Pfaffl et al. (2004). In this study, glyceraldehyde-
3-phosphate  dehydrogenase (GAPDH), [-actin
(ACTB) and peptidylprolyl isomerase C (PPIC)
genes were used as housekeeping genes. Using the

Gene Primer Sequence (5'—>3) Product size, nt References

GAPDH Forward AGAAGGCTGGGGCTCACT 134 Szlis et al. (2020)
Reverse GGCATTGCTGACAATCTTGA

ACTB Forward AAGACCTCTACGCCAAACACG 145 NM_001009784.3
Reverse ACGGAGTACTTGCGCTCAG

PPIC Forward TGGCACTGGTGGTATAAGCA 145 XM_004008676.5
Reverse GGGCTTGGTCAAGGTGATAA

SRIF Forward CTCCATCGTCCTGGCTCTT 113 Szlis et al. (2018)
Reverse ACTTGGCCAGTTCCTGTTTG

GHRH Forward CCTCTCAGGATTCCACGGTA 146 Szlis et al. (2018)
Reverse CGTACCTTTGCTCCTTGCTC

GHRHR Forward CTTCTGGTGGCTGGTTCTCG 173 NM_001009454.1
Reverse GCCCAAAGTTCACCCCAACA

GH Forward CAGGTTGCCTTCTGCTTCTC 164 Liu et al. (2019)
Reverse ACCAGGCTGTTGGTGAAGAC

SSTR2 Forward GGAGCGGAGTGACAGTAAGC 178 XM_004013144.3
Reverse GGTCTCCATTGAGGAGGGTC

SSTRS Forward GTCATGAGCGTGGATCGCTA 71 NM_001009265.1
Reverse AGGTGAGGTTGCAGGTGTTC

Genes encoding: GAPDH - glyceraldehyde-3-phosphate dehydrogenase, ACTB - p-actin, PPIC - peptidylprolyl isomerase C,
SRIF - somatostatin, GHRH — growth hormone releasing hormone, GHRHR - growth hormone releasing hormone receptor, GH — growth
hormone, SSTR2 — somatostatin receptor type 2, SSTR5 — somatostatin receptor type 5

Real-Time RT-PCR was conducted using
5x FIREPol EvaGreen qPCR Mix Plus (no ROX;
Solis BioDyne, Tartu, Estonia) in a total volume
of 15 pl containing 3 pl Master Mix, 9 pl RNase
free H,0O, 2 x 0.5 pl primers (0.5 mM) and a 2-pl
cDNA template. Amplification was performed using
a Rotor Gene 6000 thermocycler (Corbett Research,
Mortlake, Australia) according to the following

Best-Keeper software (http://www.gene-quantifica-
tion.de/bestkeeper.html), GAPDH was chosen as the
best endogenous control to normalise gene expres-
sion in this study. The results are presented as rela-
tive gene expression of the target gene normalised to
the housekeeping gene (GAPDH); the relative gene
expression for the group of sheep that received only
Ringer-Locke solution infusion was set to 1.0.
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Preparation of pituitary homogenates

For homogenization, the 30 mg of anterior part
of pituitary were placed in 1 ml phosphate-buffer
(pH 7.0) containing 1.5 pl of aprotinin (Sigma-
Aldrich, St. Louis, MO, USA) to protect proteins
from degradation. Homogenization was performed
using steel balls (50 Hz, 5 min). Next samples were
centrifuged (3 000 rpm, 3 min) and the obtained
supernatant was collected and frozen at —20 °C for
radioimmunoassay analysis.

Radioimmunology of GH

The concentration of GH in pituitary and plasma
was estimated according to the protocol described
previously by Wojcik-Gladysz et al. (2018). The
GH concentration of the plasma samples was deter-
mined using a double-antibody radioimmunoassay
(RIA) with anti-ovine GH (rabbit) and anti-rabbit
gamma-globulin antisera, as described in detail
by Slaba et al. (1994). The reference standard for
GH and anti-ovine GH antiserum were provided by
Dr A.F. Parlow (National Institutes of Health,
Bethesda, MD, USA). The assay sensitivity was
0.68 ng/ml, and the intra- and inter-assay coefficients
of variability were 5.9 and 10.2%, respectively.

Statistical analysis

The pulse characteristics were determined using
the method described by Goodman and Karsch (1980)
and verified using the GraphPad Prism 5 software
(GraphPad Software Inc., La Jolla, CA, USA)
algorithms for pulse measurement. The analyses
were performed individually for each sheep, and the
entire sampling period was included. All data are
presented as mean =+ standard error of measurement
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for each group. The normal distribution of the data
was tested using the Shapiro-Wilk test.

The statistical data evaluations for gene expres-
sion were performed using a one-way analysis of
variance (ANOVA).

The mean concentrations of GH for the individ-
ual animals were calculated based on the area under
the curve (the sum of the trapezoidal areas between
the curve and the abscissa). The statistical analysis
of the data for the radioimmunoassay was carried
out using the nonparametric Kruskal-Wallis test fol-
lowed by a post-hoc test (Dunn’s multiple compari-
son test). Differences were considered statistically
significant at P < 0.05, with tendencies discussed at
P>0.05.

Results

Animals

The mean weight of the collected pituitary glands
was 0.535 £ 0.11 g (minimal weight of collected pitu-
itary was 0.414 g; maximal weight of collected pitui-
tary was 0.807 g). No differences in pituitary weight
were observed across the experimental groups.

Expression of SRIF and GHRH mRNA
in the hypothalamus

Real-Time RT-PCR analyses revealed the pres-
ence of SRIF mRNA in the AHA as well as GHRH
mRNA in the MBH in all the groups of sheep. At
the hypothalamic level, exogenous BDNF affected
GHRH mRNA expression in MBH in a dose-
dependent manner (Figure 1B). When compared
to the GHRH mRNA level in the control group,
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Figure 1. Expression of somatostatin (SRIF) mRNA in anterior hypothalamus area (A) and growth hormone releasing hormone (GHRH)
mRNA in medio-basal hypothalamus (B). All values are relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
Data are means + standard error of measurement; treatment groups: control group of animals which received Ringer-Locke infusion
at dose of 480 pl per day (n = 8), BDNF10 — group of animals which received brain derived neurotrophic factor (BDNF) infusion at dose
10 Wg/480 pl (n = 8), BDNF60 - group of animals which received BDNF infusion at dose 60 ug/480 pl (n = 8); " - indicate values significantly

different at P < 0.05 and P < 0.001, respectively
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Figure 2. Expression of growth hormone (GH, A), growth hormone releasing hormone receptor (GHRHR, B), somatostatin receptor type 2
(SSTR2, C) and somatostatin receptor type 5 (SSTR5, D) mRNA in pituitary. All values are relative to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA. Data are means + standard error of measurement; treatment groups: control group of animals which received Ringer-
Locke infusion at dose of 480 ul per day (n = 8), BDNF10 — group of animals which received brain-derived neurotrophic factor (BDNF) infusion

at dose 10 pg/480 pl (n = 8), BDNF60 — group of animals which received BDNF infusion at dose 60 pg/480 pl (n = 8); "™

significantly different at P < 0.05, P < 0.01 and P < 0.001, respectively

an increase of 2.93 = 0.13 (P < 0.05) and 6.99 =
0.06 (P<0.001) fold in GHRH transcription occurred
in the BDNF10 and BDNF60 groups, respectively.
In contrast, BDNF was ineffective in modulating
SRIF mRNA expression in the AHA (Figure 1A).

Expression of SSTR2, SSTR5, GHRHR
and GH mRNA in the pituitary

At the pituitary level, BDNF induced an increase
in GH (Figure 2A), GHRHR (Figure 2B), and SSTRS
mRNA expression (Figure 2D). In the BDNF10 and
BDNF60 groups, the expression of GH mRNA in-
creased by 2.69 £ 0.06 (P < 0.001) and 2.86 + 0.04
(P <£0.001); the expression of GHRHR mRNA in-
creased by 2.08 £ 0.03 (P < 0.01) and 2.21 £ 0.06
(P <0.001); whereas the expression of SSTR5 mRNA
increased by 1.47 + 0.05 (P < 0.01) and 1.32 +
0.05 (P < 0.05) in comparison to control group.
No effect of exogenous injection BDNF on SSTR2
mRNA expression was observed (Figure 2C).

GH concentration in the pituitary gland

The mean concentration of GH hormone
in pituitary in control, BDNF10 and BDNF60
animals was 111.35 + 3.25, 139.83 + 1.59 and

"~ indicate values

140.28 + 2.84 pg/pituitary, respectively. The GH
concentrations were higher in both BDNF-treated
groups in comparison to control group (Figure 3).
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Figure 3. The concentration of growth hormone (GH) in pituitary ho-
mogenate. Data are means + standard error of measurement; treat-
ment groups: control group of animals which received Ringer-Locke
infusion at dose of 480 ul per day (n = 8), BDNF10 — group of animals
which received brain-derived neurotrophic factor (BDNF) infusion at
dose 10 pg/480 pl (n = 8), BDNF60 — group of animals which received
BDNF infusion at dose 60 g/480 pl (n = 8); * — indicates values sig-
nificantly different at P < 0.05
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Table 2. Parameters of pulsatile growth hormone (GH) release on day 0 and day 3: mean concentration, pulses frequency and pulse amplitude

Parameters Day 0 Day 3

(all groups) control BDNF 10 BDNF 60
Mean concentration, ng/ml 4.62 +0.08° 4.80+0.112 6.39 + 0.40° 6.42 £ 0.16°
Pulse amplitude, ng/ml 2.52 £0.22° 2.18 £0.26° 4.80 +0.60° 4.05+0.62°
Pulse frequency, pulse/6h 217+0.16 241+£0.27 2.54 +0.26 3.06 £0.23

Treatment groups: control — Ringer-Locke solution 480 pl/day, BDNF10 — BDNF at a dose of 10 g per day, BDNF60 — BDNF at a dose of 60 g
per day; values are presented as means * standard error of measurement; ®® — values with different superscripts in the same row are significantly

different at P < 0.001
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10.00 — day3

8.00
6.00
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GH concentration, ng/ml

0.00

GH concentration, ng/ml
o o«
8 8

GH plasma concentration and pulsatility
pattern

In all the experimental groups, similar mean GH
plasma concentrations, pulse amplitudes and fre-
quency patterns were observed on day 0 before start-
ing the group-specific infusions (statistical analysis
not presented). After the Ringer-Locke solution ICV
injection, the GH-releasing parameters did not dif-
fer in the control animals between day 0 and day 3.
In contrast, at day 3 BDNF induced an increase
(P <£0.001) in the mean plasma GH concentration
in the BDNF10 group (6.39 £ 0.40 ng/ml) as well
as the BDNF60 group (6.42 + 0.16 ng/ml) in com-
parison to mean value at day 0 (4.62 = 0.08 ng/ml).
In addition, the GH pulse amplitude in both BDNF
groups was significantly (P < 0.001) elevated in
comparison to control animals at day 3 as well as in
comparison to basal value at day 0. No significant
changes in the pulse frequency parameters were

B
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day 0

10.00 — day3
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6.00
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Figure 4. The pulsatile pattern of growth hormone (GH) release in
representative individual sheep on day 0 and day 3 of brain-derived
neurotrophic factor (BDNF) infusion. Treatment groups: control group
of animals which received Ringer-Locke infusion at dose of 480
per day (n = 8) (A), BDNF10 — group of animals which received brain-
derived neurotrophic factor (BDNF) infusion at dose 10 pg/480
(n=8) (B), BDNF60 — group of animals which received BDNF infusion
at dose 60 pg/480 pl (n=8) (C)

observed in the experimental groups (Table 2). The
changes in the pulsatile pattern of the GH release in
the representative sheep from each group are pre-
sented in Figure 4.

Discussion

It was revealed that centrally infused BDNF af-
fects somatotrophic axis activity in female sheep in
the hypothalamus and pituitary. Exogenous BDNF
induced a dose-dependent increase in GHRH mRNA
expression in sheep MBH. Moreover, central BDNF
administration increased the GH mRNA expression
in the pituitary as well as the GH pulse amplitude,
which, consequently, increased the mean GH concen-
tration in the blood plasma. The above observations
suggest the up-regulation of the somatotrophic axis
activity in female sheep after direct BDNF infusion
into IIIv.
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Data on BDNF and its effects on somatotro-
phic axis function are still limited, and the avail-
able information does not fully reflect its physio-
logical role in the mature organism. However, there
are indications of a possible impact of BDNF on
somatotrophic axis activity and a direct link between
BDNF and hypothalamic neurons responsible for
growth regulation. In a study performed on mice,
it was shown that BDNF neurons are in strict
coexistence with GHRH and SRIF neurons in the
PVN nucleus, which is the main site of SRIF syn-
thesis in the hypothalamus. Furthermore, double-flu-
orescence immunohistochemistry analyses showed
that some BDNF neurons in the PVN nucleus can
also express GHRH and SRIF hormones (An et al.,
2015).

In our experimental model, there was a ten-
dency to decrease the expression of SRIFF mRNA in
AHA in sheep treated with BDNF; however, the ob-
served changes did not reach statistical significance.
In contrast, the ICV-injected BDNF affected SRIF
neuron activity in studies conducted on male rats.
In situ hybridisation and RIA assays revealed that after
BDNF treatment, the positive cells expressing SRIF'
mRNA in the PVN and SRIF hypothalamic content
decreased (Givalois et al., 2006). The above informa-
tion comes from studies performed on rodents — noc-
turnal, monogastric animals with different eating be-
haviour than ruminants. Therefore it should be noted
that neurohormonal mechanisms regulating growth
processes between rodents and ruminants are not the
same and as a result the regulation of GH secretion
is distinct. During malnutrition, the somatotrophic
system in rodents is attenuated, which is revealed by
a decrease in the secretory activity of GH-pituitary
cells and GH concentration in the peripheral blood
(Luque et al., 2008). On the contrary, in ruminants
under similar conditions, an increase in the synthesis
and release of GH is observed (Gtadysz et al., 2001).
Furthermore, the response of the somatotrophic axis
on the peripheral hormones engaged in the appetite
control is also opposite in ruminants and rodents. In
ruminants, obestatin administration evoked up-regu-
lation of the somatotrophic axis and as result, the aug-
mentation of GH release was stated (W6jcik-Gtadysz
et al., 2018). Contrary, in rats, a decrease in the GH
concentration as a result of the obestatin induced
withdrawal of the ghrelin stimulating effect was ob-
served (Zizzari et al., 2007; Hassouna et al., 2012).
The results of other studies revealed that peripheral
injections or infusions of obestatin to the central
nervous system did not affect the GH levels (Sibilia
et al., 2006; Nogueiras et al., 2007; Yamamoto et al.,

2007). Thus, the results obtained on sheep models
could not be transformed directly on other species.

Our research also showed that central BDNF ad-
ministration increased GHRH mRNA expression in
the MBH area. As mentioned before, BDNF and its
receptor mRNA are expressed in the VMN, DMN
and ARC nuclei, which are positioned in the MBH
(Barde et al., 1982; Unger et al., 2007). This infor-
mation constitutes a premise for a direct interaction
between BDNF and GHRH neurons. However, to
the best of our knowledge, there are no data on the
existence of BDNF receptors on GHRH or SRIF
neurons. To confirm this hypothesis, analyses, such
as double-staining immunohistochemistry, need to
be performed to ascertain the possible morphologi-
cal connections.

It is also likely that BDNF can act in a non-direct
manner via other neurotransmitters to affect GHRH
expression in MBH. Studies conducted on rodents
(in vivo and in vitro models) have revealed that
BDNF may affect NPY mRNA and protein expres-
sion, POMC (a precursor of a-MSH) and AgRP
mRNA and a-MSH protein expression in the ARC
nucleus, and receptor (MC4R) expression (Barnea
and Roberts, 2001; Nicholson et al., 2007; Xapelli
et al., 2008; Byerly et al., 2009; Takei et al., 2014;
Yoshihara and Ogawa, 2021). Furthermore, the re-
sults of our previous study showed that central BDNF
infusion induces changes in mRNA expression in
the sub-populations of NPY/AgRP and CART/o-
MSH neurons in sheep hypothalamus (Przybyt et
al., 2020). It was demonstrated that the central in-
fusion of BDNF induced dose-dependent changes
in NPY, AgRP, CART, POMC and peptidylglycine
alpha-amidating monooxygenase (PAM — gene en-
coding an enzyme that converts POMC into oa-MSH)
mRNA expression in the ARC nucleus. It is also
worth noting that BDNF may change the expres-
sion of selected miRNAs, which may be involved
in the post-transcriptional regulation of NPY, CART
and POMC mRNA expression (Unger et al., 2007,
Przybyt et al., 2020). Those suggest that BDNF as
a neuromodulator may affect the hypothalamic neu-
ronal network responsible for appetite regulation
in the ARC nucleus of sheep, thereby modulating
the somatotrophic axis activity. Moreover, as was
previously mentioned, both GHRH and the appe-
tite-regulating centre neurons are located in the
ARC, and other previous studies have reported that
neuropeptides creating these appetite-regulating net-
work can activate GHRH neurons in the ARC and

inhibit SRIF cells, which in turn affects the release
of GH.
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At the pituitary level, BDNF central administra-
tion seems to trigger alterations in mRNA expres-
sion in a specific way. In the present study, BDNF
increased GHRHR, GH and SSTR5 mRNA expres-
sion, but it did not change SSTR2 mRNA expression
in the pituitary. Furthermore, after BDNF treatment,
no changes in GH concentration in the pituitary cells
were observed, but at the same time, an increase in
GH concentration in the peripheral blood resulting
from an increase in pulse amplitude was observed.
This ‘image’ of hormone activity can be interpreted
as the enhancement of GH synthesis in the pitui-
tary somatotrophic cells and the simultaneous rapid
release of GH into the blood. Therefore, our results
indicate that BDNF may influence the secretory ac-
tivity of GH; however, the mechanism underlying
these changes should be further investigated in the
future.

Conclusions

It was shown that the central infusion of brain-
derived neurotrophic factor (BDNF) in sheep may
stimulate the somatotrophic axis, as evidenced
by the increase in the concentrations of growth
hormone in the peripheral blood. It can be assumed
that BDNF exerts its effect through the growth
hormone releasing hormone (GHRH). Therefore,
at the central nervous system level, BDNF may
be another neuropeptide that can modulate the
activity of the somatotrophic axis in female sheep.
Considering the fact that changes in mRNA levels
do not precisely reflect the respective cellular
translational activity, the exact determination of the
effect that BDNF exerts on the main components
involved in the growth processes regulation in,
e.g., hypothalamic GHRH neurons, hypothalamic
somatostatin neurons and pituitary somatotrophic
cells requires further studies.
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