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Introduction: Pituitary growth hormone (GH) secretion is primarily controlled by
GH-releasing hormone (GHRH) and somatostatin (SST), peptides produced by
hypothalamic neurons. Evidence indicates that dopamine also modulates GH
secretion, potentially via D2 dopamine receptor (D2R). Additionally, a subset of
GHRH neurons in the arcuate nucleus of the hypothalamus expresses tyrosine
hydroxylase (TH), the rate-limiting enzyme of dopamine biosynthesis. However,
the role of dopamine release from GHRH neurons and the neuronal population
that expresses D2R to regulate GH secretion remain currently unknown.
Methods: Mice lacking TH speci cally in GHRH cells were generated.

Results: GHRHP™ mice display relatively normal body growth and pulsatile GH
secretion compared to control animals. Next, the effects of D2R deletion in
GHRH or SST neurons were examined. GHRHPP™®? male mice tended to have
reduced lean mass and increased adiposity compared to controls, along with
decreased basal GH secretion. SSTPP™2 male mice also exhibited reduced body
weight and lean mass. Total and pulsatile GH secretion, as well as serum insulin-
like growth factor 1 (IGF-1) levels, were not different between groups. No
signi cant differences in body growth, GH secretion pattern, and serum IGF-1
concentration were observed among control, GHRHPP™? and SSTPP2 females.
Discussion: Dopamine production in GHRH neurons is not necessary for
regulating body growth or GH secretion. D2R ablation in GHRH or SST
neurons has a small impact on lean mass and GH secretion, indicating that
these neurons mediate only a minor part of the effects induced by complete D2R
absence in male mice.
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1 Introduction

Pituitary growth hormone (GH) secretion is primarily
regulated by hypothalamic neurohormones (1-3). In this regard,
neurons in the hypothalamus produce GH-releasing
hormone (GHRH), which stimulates GH secretion, while
somatostatin (SST) inhibits the activity of somatotropic cells (1-
3). These peptides are released in the median eminence by
hypophysiotropic neurons and travel to the anterior pituitary
via the hypophyseal portal system (1-3). Besides the well-
established roles of GHRH and SST in regulating GH secretion,
other neuromodulators may also directly or indirectly regulate
GH production. For example, several studies have shown that
neuropeptide Y in uences GH secretion by affecting the activity of
either GHRH or SST neurons (4-8). Ding et al. 2025 have shown
that noradrenergic neurons in the locus coeruleus control GH
secretion by increasing wakefulness (9).

GH secretion is regulated by negative feedback loops (1-3). Our
research group has mapped the distribution of GH-responsive
neurons using the ability of a high-dose GH injection to induce
the phosphorylation of the signal transducer and activator of
transcription 5 (pSTAT5) (10, 11). Using this method, we
demonstrated that tyrosine hydroxylase (TH)-expressing neurons
in the arcuate nucleus of the hypothalamus (ARH) express GH-
induced pSTATS (12, 13). ARH ™™ neurons produce dopamine, and
they classically regulate prolactin secretion (14). Notably, knocking
out the GH receptor (GHR) in TH-expressing cells results in
increased body growth and GH secretion in male mice, typical
signs of negative feedback loss. Conversely, GHR deletion in
dopamine beta-hydroxylase neurons, which are essential for
converting dopamine into noradrenaline, does not impact growth
or GH secretion. These ndings collectively indicate that dopamine
neurons are involved in the negative feedback regulation of the GH
axis (13). Several studies have shown that a subset of ARHSHRH
neurons expresses TH (13, 15-18). Therefore, GHRH and
dopamine can be coreleased by a subset of ARH neurons.
However, the role of dopaminergic transmission in GHRH
neurons to regulate GH secretion and, consequently, body growth
has not been studied to date. Thus, the rst objective of the present
study was to investigate whether mice lacking TH in GHRH
neurons present alterations in body growth and GH secretion.

Dopamine controls GH secretion probably via the D2
dopamine receptor (D2R). In accordance with this idea, D2R
agonists, such as cabergoline, in uence GH secretion and are
used to treat acromegaly (19, 20). Additionally, D2R knockout
mice exhibit decreased body growth and reduced pituitary GH
secretion (21, 22). Of note, this effect is seen only in male mice (21).
D2R expression is found in the hypothalamus and pituitary gland,
so dopamine might regulate GH secretion through both tissues.
However, mice with a neuron-speci ¢ D2R deletion also show
reduced body growth, indicating that central dopamine signaling
likely controls the GH axis (23). In the rodent hypothalamus, D2R
expression is observed in the ARH, periventricular nucleus (PV),
and paraventricular nucleus (PVH), regions where GHRH and SST
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hypophysiotropic neurons are located (24, 25). Given this
information, it is plausible to hypothesize that GHRH and SST
neurons may express D2R and thus be in uenced by dopaminergic
transmission. Therefore, our second goal was to determine whether
D2R expression in GHRH- or SST-expressing neurons is necessary
for regulating GH secretion and body growth in male and
female mice.

2 Materials and methods
2.1 Animals

To inactivate the Th gene in GHRH-expressing cells, GHRH®™
mice (26) (RRID: IMSR_JAX:031096, The Jackson Laboratory, Bar
Harbor, ME, USA) were crossed to TH ®/ ° animals (27) until
generating TH ¢/ ®:GHRHC" mice (named GHRH®™) and their
respective control animals (TH °* °%). For histological
experiments, GHRH"™ mice were crossed with Rosa26°¢
LoXPSTOPLOXP-eGFP-LIOA mjce (26), leading to the expression of
enhanced green uorescent protein (eGFP) only in Cre-
expressing cells. GHRH®™ and SST®™ mice (RRID:
IMSR_JAX:018973; The Jackson Laboratory) were crossed with
Dr2d °* °* mice (RRID: IMSR_JAX:020631; The Jackson
Laboratory), generating Drd2 °* °::GHRH®™ mice (named
GHRHPP™2) Drd2 ¢/ °%:SSTC"® mice (named SSTP™?), and the
control group (Drd2 ¢ °%). Mice were maintained in the C57BL/6J
background and housed in a 12-h light/dark cycle, with lights on at
8:00. The mutations were genotyped using polymerase chain
reaction on DNA extracted from the tail tip (REDExtract-N-
AmpTM Tissue PCR Kit, MilliporeSigma, St. Louis, MO, USA).
The animal procedures were approved by the Ethics Committee on
the Use of Animals of the Institute of Biomedical Sciences at the
University of S&o Paulo.

2.2 Immuno uorescence staining

Mice expressing eGFP in GHRH neurons were perfused with
saline, followed by formalin. Thirty-um-thick brain sections were
obtained using a freezing microtome. Then, brain slices were rinsed
in 0.02 M potassium phosphate-buffered saline (PBS), pH 7.4
(KPBS), and incubated for 1 hour in 3% normal serum, followed
by an overnight incubation in an anti-TH antibody (1:1000; Abcam,
Cambridge, UK; Cat# ab112; RRID: AB_297840). Sections were
rinsed in KPBS and incubated for 90 minutes with Alexa Fluor 594-
conjugated secondary antibody (1:500, Jackson ImmunoResearch
Laboratories, Cambridge, MA). After rinsing in KPBS, sections were
mounted onto gelatin-coated slides and covered with Fluoromount
G (Electron Microscopic Sciences, Hat eld, PA). Photomicrographs
were obtained using an Axiolmager A1 microscope (Zeiss, Munich,
Germany) equipped with a Zeiss Axiocam 512 camera. The
percentages of single- and double-labeled neurons were analyzed
in the ARH using Adobe Photoshop.
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2.3 RNAscope

RNA in situ hybridization was used to detect the colocalization
between Drd2 mRNA and Ghrh or Sst mMRNA in the mouse brain.
Brie y, mice were perfused, and their brains were harvested as
previously described in the methods. Coronal sections were
subjected to an RNAscope® multiplex uorescent V2 assay
(#323110, ACDBio, Newark, CA, USA) following the
manufacturer’s instructions. Brain sections were rinsed in PBS,
dried at 60°C for 30 minutes, and dehydrated in ethanol. After
incubation with H,O, for 10 minutes at room temperature and
Protease 1l for 30 minutes at 40°C, sections were incubated with
Drd2 mRNA (Mm-Drd2-C2, #406501-C2, ACDBIo0), Ghrh mRNA
(Mm-Ghrh, #470991, ACDBI0), or Sst mMRNA (Mm-Sst, # 404631,
ACDBI0) probes for 2 hours at 40°C. Drd2 mRNA was visualized
using TSA Plus® Fluorescein (1:1500, #NEL741001KT, Akoya
Biosciences, Marlborough, MA, USA), while Ghrh or Sst mRNA
was visualized using TSA Plus® CY3 (1:1500, #NEL744001KT,
Akoya Biosciences). Then, slides were counterstained with DAPI,
cover-slipped with ProLong Gold® antifade media (#P36930,
ThermoFisher Scienti c¢), and stored in the dark at 4°C
until imaging.

2.4 Body composition and body growth

Body weight changes were monitored over time. Body
composition was determined by time-domain nuclear magnetic
resonance using the LF50 body composition analyzer (Bruker,
Germany). The naso-anal length was measured at the end of the
follow-up period in mice under iso urane anesthesia.

2.5 Evaluation of GH secretion and insulin-
like growth factor 1 (IGF-1) levels

Before assessing pulsatile GH secretion, 4-week-old mice were
acclimated daily to the tail-tip blood sampling procedure for one
month. Then, 36 sequential blood samples were collected from the
tail tip in approximately 8-week-old mice at 10-minute intervals,
beginning at 9:00 am. (1 hour after lights-on). Blood collection
started by removing a small portion of the tail tip (1 mm) with a
surgical blade. 5 mL blood samples were transferred to a tube
containing 105 mL of PBS with 0.05% Tween-20. After each blood
collection, ngertip pressure was gently applied to the tail tip to stop
the bleeding. Mice were allowed to move freely in their home cages
and had ad libitum access to food and water throughout the blood
collection period. After collection, blood samples were immediately
placed on dry ice and then stored at -80 °C. Blood GH levels were
analyzed using an in-house enzyme-linked immunosorbent assay
(ELISA), as previously described (13, 15, 28-33). This protocol was
adapted from Steyn et al. (34). GH pulses were identi ed using the
DynPeak pulse detection algorithm (35). The analysis of the pattern
of GH secretion calculated total, pulsatile, and basal GH secretion,
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as previously described (28, 30). Serum IGF-1 levels were measured
using a commercially available ELISA kit (#MG100; RRID:
AB_2827989; R&D Systems, Minneapolis, MN, USA) from trunk
blood samples.

2.6 Statistical analysis

The differences between any two groups were analyzed using a
two-tailed unpaired Student’s t-test. When comparing three groups
simultaneously, one-way ANOVA followed by the Newman-Keuls
multiple comparisons test was employed. Changes over time in
body weight, lean mass, and fat mass were analyzed using two-way
repeated-measures ANOVA. Statistical analyses were conducted
with Prism software (GraphPad, San Diego, CA). All results are
presented as mean * standard error of the mean.

3 Results

3.1 TH expression in GHRH cells is not
necessary to regulate body growth

Mice with a genetic deletion of the Th gene speci cally in
GHRH-expressing cells were generated. GHRH®™ mice showed a
reduction in the number of TH-immunoreactive cells in the ARH
compared to controls (Figures 1A-G). Moreover, the percentage of
ARH®HRH neurons expressing TH was signi cantly decreased in
GHRHP™ mice (Figure 1H). No signi cant differences in body
weight, lean mass, fat mass, or body length were observed between
control and GHRHP™ mice during the follow-up period, either in
males or females (Figures 11-P). Of note, a signi cant interaction
between time and genotype was observed for body weight (P =
0.0057) and lean mass (P = 0.0234) in females. This was due to a
tendency of GHRHP™ mice to exhibit reductions in body weight
and lean mass during the rst weeks of follow-up in both sexes.
However, this slight change was compensated for during
development, leading to similar body growth in adult animals.

3.2 TH ablation in GHRH cells does not
affect pulsatile GH secretion

To examine whether dopaminergic transmission in GHRH
neurons affects GH secretion patterns, 36 blood samples were
collected at 10-minute intervals from 8-week-old male mice
(Figures 2A, B). GHRHP™ male mice showed no differences in
total GH secretion, median blood GH levels, pulsatile GH secretion,
GH pulse frequency, GH pulse amplitude, or basal GH secretion
(Figures 2C-J). Additionally, both control and GHRH®™ male
mice had similar serum IGF-1 levels (Figure 2K). In females, only
serum IGF-1 levels were analyzed, with no difference between
control mice (616.8 + 50.3 ng/mL; n = 8) and GHRH®™ mice
(522.8 + 53.3 ng/mL; n = 11; P = 0.2329).
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FIGURE 1

TH expression in GHRH cells is not necessary to regulate body growth. (A—C) Epi uorescence photomicrographs showing the colocalization
between GHRH (eGFP expression) and TH (magenta) in control mice. Arrowheads indicate double-labeling cells. Scale bar = 100 um. 3V, third
ventricle; ARH, arcuate nucleus of the hypothalamus. (D—F) Epi uorescence photomicrographs showing the colocalization between GHRH and TH
in GHRH®™ mice. The insights are higher-magni cation photomicrographs of speci c areas in each gure. (G, H) Quanti cation of the number of
TH-immunoreactive neurons in the ARH and the percentage of ARH®"®" neurons expressing TH in control (n = 3) and GHRH"™ mice (n = 3).

*P < 0.05; **P < 0.01 (two-tailed unpaired Student’s t-test). (I—K) Body weight, lean mass, and fat mass over time and body length in control (n = 9)
and GHRH®™ (n = 10) male mice. (L) Body length in control (n = 10) and GHRH®™ (n = 13) male mice. (M—O) Body weight, lean mass, and fat mass
over time in control (n = 9) and GHRH™ (n = 12) female mice. (P) Body length in control (n = 8) and GHRH®™ (n = 12) female mice. The

interaction effect was calculated by two-way repeated-measures ANOVA.

3.3 Effects of D2R ablation in GHRH-
expressing cells

As mentioned earlier, male mice lacking the Drd2 gene exhibit
stunted growth, whereas females show similar overall body growth
(21). This phenotype is linked to reduced pituitary GH content and
GH secretory activity (22). D2R likely regulates GH secretion and
body growth through a central mechanism, as neuron-speci ¢ D2R
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ablation also impairs body growth (23). Here, we investigated
whether D2R expression in GHRH or SST neurons affects body
growth and GH secretion patterns. D2R expression was found in
ARHC"RH neyrons (Figures 3A-D). In contrast, GHRHPP"? mice
showed no D2R expression in ARH®HRM neurons (Figures 3E=H),
while D2R expression remained intact in other brain regions, such
as the caudate-putamen (Figures 3I-K). GHRHPP™? male mice
showed a tendency to have lower body weight and lean mass (P =
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FIGURE 2
TH ablation in GHRH cells does not affect pulsatile GH secretion. (A, B) Representative examples of the pattern of GH secretion in a control (A) and
GHRHP™ (B) male mouse. Arrows indicate GH pulses. (C—J) Total GH secretion, median blood GH levels, pulsatile GH secretion, GH pulse
frequency, GH pulse amplitude, basal (non-pulsatile) GH secretion, and contribution of basal secretion to total GH secretion in approximately 8-
week-old control (n = 8) and GHRH®™ (n = 6) male mice. (K) Serum IGF-1 concentration in control (n = 10) and GHRH®™ (n = 11) male mice

0.10) compared to control animals (Figures 3L, M). In contrast,
these mice exhibited increased fat mass (P = 0.0423) relative to
controls (Figure 3N). By the end of the follow-up period, there were
no signi cant differences in body length between the groups
(Figure 30). For females, no differences were observed in body
weight, lean mass, fat mass, or body length between groups
(Figures 3P=S).
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3.4 D2R ablation in SST cells slightly
reduces body weight and lean mass in
male mice

SST neurons in the periventricular nucleus of the hypothalamus

(PV) project to the median eminence and regulate GH secretion (1,
36, 37). A subset of PVST neurons expresses D2R (Figures 4A—C).
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FIGURE 3
Effects of D2R ablation in GHRH-expressing cells. (A—D) Epi uorescence photomicrographs showing the colocalization between Ghrh mRNA
(magenta) and Drd2 mRNA (green) in control mice. Panels (B—D) show a higher magni cation of the insight shown in Panel (A). Arrows indicate
double-labeling cells. 3V, third ventricle; ARH, arcuate nucleus of the hypothalamus. (E—H) Epi uorescence photomicrographs showing the lack of
colocalization between Ghrh mRNA and Drd2 mRNA in GHRHPP"2 mice. Panels (F—H) show a higher magni cation of the insight shown in Panel (E).
Arrowheads indicate cells that express Drd2 mRNA but are negative for Ghrh mRNA. (I—K) Epi uorescence photomicrographs showing the
expression of Drd2 mRNA in the caudate-putamen of GHRHP®™? mice. Panel (K) shows a higher magni cation of the insight shown in Panel (J).
Scale bars: (A, E) = 100 pm; (B—D, F—H) = 25 pm, (I-J) = 200 pm, K = 50 pm. (L—N) Body weight, lean mass, and fat mass over time in control

(n = 11) and GHRHPP™2 (n = 8) male mice. (O) Body length in control (n = 8) and GHRH®™? (n = 5) male mice. (P—R) Body weight, lean mass, and
fat mass over time in control (n = 6) and GHRHP"™2 (n = 12) female mice. (S) Body length in control (n = 11) and GHRHP®"? (n = 4) female mice.
The genotype effect was calculated by two-way repeated-measures ANOVA.
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