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Classical studies suggest that growth hormone (GH) secretion is controlled by negative-feedback loops mediated by GH-releas-
ing hormone (GHRH)- or somatostatin-expressing neurons. Catecholamines are known to alter GH secretion and neurons
expressing TH are located in several brain areas containing GH-responsive cells. However, whether TH-expressing neurons
are required to regulate GH secretion via negative-feedback mechanisms is unknown. In the present study, we showed that
between 50% and 90% of TH-expressing neurons in the periventricular, paraventricular, and arcuate hypothalamic nuclei and
locus ceruleus of mice exhibited STAT5 phosphorylation (pSTAT5) after an acute GH injection. Ablation of GH receptor
(GHR) from TH cells or in the entire brain markedly increased GH pulse secretion and body growth in both male and female
mice. In contrast, GHR ablation in cells that express the dopamine transporter (DAT) or dopamine b-hydroxylase (DBH;
marker of noradrenergic/adrenergic cells) did not affect body growth. Nevertheless, less than 50% of TH-expressing neurons
in the hypothalamus were found to express DAT. Ablation of GHR in TH cells increased the hypothalamic expression of
Ghrh mRNA, although very few GHRH neurons were found to coexpress TH- and GH-induced pSTAT5. In summary, TH
neurons that do not express DAT or DBH are required for the autoregulation of GH secretion via a negative-feedback loop.
Our findings revealed a critical and previously unidentified group of catecholaminergic interneurons that are apt to sense
changes in GH levels and regulate the somatotropic axis in mice.
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Significance Statement

Textbooks indicate until now that the pulsatile pattern of growth hormone (GH) secretion is primarily controlled by GH-
releasing hormone and somatostatin neurons. The regulation of GH secretion relies on the ability of these cells to sense
changes in circulating GH levels to adjust pituitary GH secretion within a narrow physiological range. However, our study
identifies a specific population of tyrosine hydroxylase-expressing neurons that is critical to autoregulate GH secretion via a
negative-feedback loop. The lack of this mechanism in transgenic mice results in aberrant GH secretion and body growth.
Since GH plays a key role in cell proliferation, body growth, and metabolism, our findings provide a major advance to under-
stand how the brain regulates the somatotropic axis.

Introduction
Growth hormone (GH) is produced by somatotropic cells of the
anterior pituitary gland under the control of different factors
secreted by the hypothalamus into the hypophyseal portal system
(Steyn et al., 2016). Although numerous neuropeptides, neuro-
modulators, hormones, and metabolites regulate GH secretion,
hypothalamic neurons that express GH-releasing hormone
(GHRH) or somatostatin (SST) play a key role controlling the
pulsatile pattern of GH secretion in humans and rodents (Steyn
et al., 2016). Whereas neuroendocrine SST neurons located in
the hypothalamic periventricular (PV) and paraventricular
(PVH) nuclei exert an inhibitory effect on GH secretion,
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hypophysiotropic GHRH neurons in the
ventrolateral arcuate nucleus (ARH) stimu-
late GH release (Fodor et al., 2006).

The pulsatile pattern of GH secretion is
autoregulated by negative-feedback loops
that act in hypothalamic neurons (Nass et
al., 2000a) or pituitary gland (Nass et al.,
2000b). In addition to these GH-mediated
negative-feedback mechanisms, changes in
circulating levels of ghrelin (Nass et al.,
2008; Xie et al., 2015) or insulin-like
growth factor-1 (IGF-1) (Morita et al.,
1987; Gahete et al., 2011) also modulate pi-
tuitary GH secretion. SST neurons, rather
than GHRH cells, likely represent the
major GH-negative-feedback node in the
brain (Wagner et al., 1998). While 70% of
SST neurons of the PV and PVH express
the GH receptor (GHR) (Burton et al.,
1992), ,10% of GHRH neurons contain
Ghr mRNA (Burton et al., 1995). Central
administration of Ghr mRNA antisense
decreases Sst mRNA in the PV, leading to
increased GH pulsatility, without affecting
Ghrh expression (Pellegrini et al., 1996).
However, GHRH neurons are drastically
affected by changes in GH levels (Chom-
czynski et al., 1988; Bertherat et al., 1993;
de Gennaro Colonna et al., 1993), indicat-
ing that indirect neural circuits detect
changes in circulating GH and regulate
GHRH secretion accordingly. Neurons
that express SST or neuropeptide Y (NPY)
are potential candidates for this indirect
regulation since these cells express GHR
(Burton et al., 1992; Chan et al., 1996;
Kamegai et al., 1996) and exert a regulatory effect on GHRH
neurons (Catzeflis et al., 1993; Minami et al., 1998). However,
ablation of GHR in ARH neurons that coexpress the agouti-
related protein and NPY causes no changes in GH secretion or
body growth (Furigo et al., 2019).

Using the capacity of an acute systemic GH injection to
induce the phosphorylation of STAT5 (pSTAT5), we mapped
the distribution of GH-responsive cells in the mouse brain
(Furigo et al., 2017). We confirmed the presence of GH-respon-
sive neurons in the PV, PVH, and ARH, and further demon-
strated that GH can robustly induce pSTAT5 in other brain
structures, including the locus ceruleus (LC). LC is the major site
responsible for the release of noradrenaline in the forebrain, and
LC lesions lead to increased GH secretion (Bluet-Pajot et al.,
1992). Additionally, GHRH and SST neurons receive noradren-
ergic inputs from brainstem neurons (Iqbal et al., 2005).
Importantly, a2-adrenergic agonists, such as clonidine, stimulate
GH secretion, whereas agonists of a1- and b -adrenergic recep-
tors inhibit GH release (Steyn et al., 2016). Dopaminergic
neurons are also located in hypothalamic areas containing GH-
responsive cells. Of note, disruption of the D2 dopamine recep-
tor in the CNS reduces GH secretion and hypothalamic Ghrh
expression causing dwarfism (Díaz-Torga et al., 2002; Noaín et
al., 2013). Thus, catecholaminergic neurons, including noradren-
ergic and dopaminergic cells, seem to be implicated in the hypo-
thalamic control of GH secretion. However, it is still unknown
whether catecholaminergic neurons are responsive to GH and

whether ablation of GHR in these cells affects the pulsatile GH
secretion and consequently body growth. Therefore, the objec-
tive of the present study was to investigate whether different
groups of catecholaminergic neurons are required to regulate
GH secretion via negative-feedback mechanisms. For this pur-
pose, we first identified catecholaminergic neurons that are re-
sponsive to GH. Then, we used different mouse models to study
the consequences of the genetic ablation of GHR in catecholami-
nergic, dopaminergic, or noradrenergic/adrenergic cells, and in
the entire brain.

Materials and Methods
Mice
Adult (12-week-old) C57BL/6 WT male mice were used to identify cate-
cholaminergic neurons that are responsive to GH. To induce the abla-
tion of GHR in specific subpopulations of catecholaminergic neurons,
mice carrying loxP-flanked Ghr alleles (List et al., 2013) were bred with
the dopamine transporter (DAT)-IRES-Cre mouse (stock #006660, JAX
mice), dopamine b -hydroxylase (DBH)-Cre mouse (Parlato et al., 2007)
or TH-Cre mouse (stock #008601, JAX mice). Inactivation of GHR in
the entire brain was achieved by breeding mice carrying loxP-flanked
Ghr alleles with the Nestin-Cre mouse (stock #003771; JAX mice). The
resulting heterozygous mice for the Ghrfloxmutation and positive for Cre
allele were further crossed with Ghrflox/flox mice, generating Ghrflox/flox

mice carrying the Cre gene (DAT GHR KO, DBH GHR KO, TH GHR
KO, or BRAIN GHR KO mice). Control groups were composed of
Ghrflox/flox littermates that were negative for the Cre gene. To visualize
DAT and SST neurons, DAT-IRES-Cre and SST-IRES-Cre (stock
#018973, JAX mice) mice were crossed with the LoxP-Stop-LoxP

Figure 1. Catecholaminergic neurons are responsive to GH. A-F, Epifluorescence photomicrographs showing double-
labeling immunofluorescence staining of pSTAT5 (green) and TH-ir (red) in C57BL/6 male mice that received an injection of
porcine GH (A–D) or PBS (E,F). Insets, Higher-magnification photomicrographs of the selected area. Arrowheads indicate
double-labeled neurons. 3V, Third ventricle; 4V, fourth ventricle; VMH, ventromedial nucleus. Scale bars: A-C, E, 100mm;
D, F, 200mm.
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tdTomato-reporter mouse (stock #007909, The Jackson Laboratory).
GHRH neurons were visualized using young adult GhrhCre/�/
eGFP-L10a mice (Rupp et al., 2018), kindly provided by Martin Myers
(University of Michigan; now available at JAX mice, stock #031096).
The mutations were confirmed by genotyping the DNA previously
extracted from the tail tip of all mice using a commercially available
kit (REDExtract-N-Amp Tissue PCR Kit, Sigma Millipore). Mice were
produced and maintained in standard conditions of light (12 h light/
dark cycle) receiving a regular rodent chow diet. All experiments
were conducted in compliance with National Institutes of Health’s
Guide for the care and use of laboratory animals and were previously
approved by the Ethics Committee on the Use of Animals of the
Institute of Biomedical Sciences at the University of São Paulo
(Protocol 73/2017).

Detection of GH-responsive neurons
To visualize GH-responsive neurons, adult male mice received an acute
intraperitoneal injection of porcine pituitary GH [20mg/g, from A.F.
Parlow, National Institute of Diabetes and Digestive and Kidney
Diseases–National Hormone and Pituitary Program (NIDDK-NHPP)].
GhrhCre/�/eGFP-L10a mice received an acute intraperitoneal injection
of mouse recombinant GH (20mg/g; NIDDK-NHPP). PBS-injected mice
were used as controls. Ninety minutes after the injections, mice were
deeply anesthetized with isoflurane and perfused transcardially with
saline, followed by a 10% buffered formalin solution. Brains were col-
lected and postfixed in the same fixative for 60min and cryoprotected
overnight at 4°C in 0.1 M PBS containing 20% sucrose. Brains were
cut in 30-mm-thick sections using a freezing microtome. Brain slices
were rinsed in 0.02 M potassium PBS, pH 7.4 (KPBS), followed by

pretreatment in water solution containing 1%
hydrogen peroxide and 1% sodium hydrox-
ide for 20min. After rinsing in KPBS, sec-
tions were incubated in 0.3% glycine and
0.03% lauryl sulfate for 10min each. Next,
slices were blocked in 3% normal donkey
serum for 1 h, followed by incubation in
anti-pSTAT5Tyr694 primary antibody (Cell
Signaling Technology, catalog #9351, 1:1000;
RRID:AB_2315225) for 40 h. After incuba-
tion in the primary antibody, slices were
submitted to fluorescence reaction or im-
munoperoxidase staining according to the
experiment. For the immunofluorescence
reactions, sections were rinsed in KPBS and
incubated for 90min in AlexaFluor-488-con-
jugated secondary antibody (1:500, Jackson
ImmunoResearch Laboratories). For the im-
munoperoxidase staining, sections were incu-
bated for 1 h in biotin-conjugated secondary
antibody (1:1000, Jackson ImmunoResearch
Laboratories) and next for 1 h with an avidin-
biotin complex (1:500, Vector Labs). The per-
oxidase reaction was performed using 0.05%
DAB and 0.01% hydrogen peroxide. TH im-
munoreactivity (TH-ir) was detected in brain
sections incubated overnight in anti-TH
primary antibody (catalog #MO22941-100,
1:1000; RRID:AB_1624244), followed by in-
cubation for 90min in AlexaFluor-594- or
AlexaFluor-405-conjugated secondary anti-
bodies (1:500 and 1:250, respectively; Jackson
ImmunoResearch Laboratories). To colocal-
ize GHRH and TH cells in the ARH, brain
sections of GhrhCre/-/eGFP-L10a mice were
incubated overnight at 4°C in either sheep
anti-TH (Millipore, catalog #AB1542, 1:2000;
RRID:AB_90755) or chicken anti-GFP (Aves
Labs, catalog #GFP-1020, 1:10 000; RRID:
AB_10000240) primary antibodies. Subse-
quently, sections were rinsed and incubated

in AlexaFluor-594-conjugated anti-sheep IgG and AlexaFluor-488-con-
jugated anti-chicken IgG antibodies (1:500, Invitrogen) for 1.5 h. All
sections were mounted onto gelatin-coated slides, and the slides were
covered with Fluoromount G mounting medium (Electron Microscopic
Sciences). Photomicrographs were acquired with an Axio Imager A1 (Carl
Zeiss) or Axio Imager M2 (Carl Zeiss) microscopes. The number and per-
centage of single-, double-, or triple-labeled cells in the areas of interest were
determined in one or two rostrocaudal levels of the PV (bregma: �0.34
mm), PVH (bregma: �0.70 and �0.82 mm), ARH (bregma: �1.34 and
�1.58 mm), substantia nigra pars compacta (SNpc; bregma: �2.92 mm),
and LC (bregma:�5.40 mm).

Dual-label ISH and immunohistochemistry
The Ghrh DNA template was generated from mouse hypothalamic RNA
by PCR amplification of a 402 bp region, starting at position 105 nt
(NM_010285). The antisense radio-labeled riboprobe was generated by
in vitro transcription using T7 RNA polymerase (Promega). Dual-label
ISH and immunohistochemistry were performed to confirm the distri-
bution of Ghrh transcript in GHRH-eGFP1 neurons. Free-floating sec-
tions from adult GHRH-eGFP female mice (n=3) were treated with
0.1% sodium borohydride for 15min and with 0.25% acetic anhydride
in DEPC-treated 0.1 M triethanolamine, pH 8.0, for 10min. Sections
were incubated overnight at 50°C in the hybridization solution con-
taining the 35S-labeled Ghrh riboprobe. Subsequently, sections were
treated with RNase A for 30min and submitted to stringency washes.
Sections were blocked in 3% BSA, then incubated with a primary
chicken anti-GFP antibody (1:10 000) overnight at 4°C. Sections were
incubated for 1 h in donkey biotinylated anti-chicken IgG (1:1000,

Figure 2. Ablation of GHR in subpopulations of catecholaminergic neurons or in the entire brain. A, Epifluorescence photo-
micrograph demonstrating the ablation of GHR in DAT-expressing cells (visualized by the red tdTomato reporter protein). GH-
induced pSTAT5 (green) was only found in DAT-negative cells. B-F, Epifluorescence photomicrographs demonstrating the
ablation of GHR in TH-ir (red) neurons in the DBH GHR KO (B), TH GHR KO (C,D), and BRAIN GHR KO (E,F) male mice. Insets,
Higher-magnification photomicrographs of the selected area or of the hypothalamus (B). 3V, Third ventricle; 4V, fourth ventri-
cle; VMH, ventromedial nucleus. Scale bars: A-C, E, 100mm; D, F, 200mm.
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Figure 3. Consequences of GHR ablation in different subpopulations of catecholaminergic neurons or in the entire brain of male mice. A-D, Body weight (A), lean body mass (B), body fat
mass (C), and naso-anal length (D) in 20-week-old control and DAT GHR KO mice (n= 6-9). E-H, Body weight (E), lean body mass (F), body fat mass (G), and naso-anal length (H) in 20-
week-old control and DBH GHR KO mice (n= 5–8). I-L, Body weight (I), lean body mass (J), body fat mass (K), and naso-anal length (L) in 10-week-old control and TH GHR KO mice (n= 9 or
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Jackson ImmunoResearch Laboratories), followed by 1 h incubation
with avidin-biotin complex (1:500, Vector Labs). The detection reac-
tion was performed using 0.05% DAB and 0.01% hydrogen peroxide.
Sections were mounted onto SuperFrost plus slides, dipped in NTB-2
autoradiographic emulsion, and stored in light-protected boxes at 4°C
for 3weeks. Slides were developed and mounted with DPX medium.

Evaluation of somatic growth
To determine possible changes in somatic
growth, different groups of male and female
mice at ;10, 20, or 42weeks of age were
weighed, and their body fat and lean masses
were measured by time-domain nuclear mag-
netic resonance using the LF50 body composi-
tion mice analyzer (Bruker). Naso-anal length
and the masses of the liver, spleen, heart, kid-
ney, perigonadal adipose tissue, testicle, brain,
and gastrocnemius muscle were also deter-
mined. Serum IGF-1 concentration was deter-
mined by ELISA (#MG100; R&D Systems).

Evaluation of pulsatile GH secretion
To minimize stress interference during the
blood collection, disposable cardboard tubes
were placed inside the cages, and each mouse
was handled daily in these cardboard tubes.
This procedure was performed for 30 d before
the experiment to acclimate to the procedure
of tail-tip blood sampling. Experiments started
at the beginning of the light cycle (7:00 h), and
36 sequential tail-tip blood samples of 5ml
were collected from each mouse at 10min
intervals (Steyn et al., 2011). Each animal was
sampled on a single day, over a 6 h period.
Immediately before the first sample collection,
a small portion of the tail tip (1 mm) was cut
with a surgical blade to allow the collection of
small drops of blood. During the whole period
of the experiment, mice were allowed to move
freely in their home cage with ad libitum access
to food and water. For each blood collection,
mice were placed inside the cardboard tube
and quickly held by the base of the tail. Using a
10ml pipette, a 5ml sample of whole blood was
collected and transferred to 105ml of PBS with
0.05% Tween-20 (PBS-T). After each blood
collection, a fingertip pressure was gently
applied to the tail tip to stop bleeding. This
procedure practically causes no stress to the
animals; otherwise, stress-induced tail vaso-
constriction due to sympathetic activation
would prevent any detection of hormonal pul-
satile secretion. Samples were immediately
placed on dry ice and stored at �80°C for later
analysis. We completed the assessment of pul-
satile GH secretion in both 8- and 18-week-old
male mice.

For the assessment of GH levels in the
whole blood, we used a GH-sensitive sandwich
ELISA adapted from a protocol published by
Steyn et al. (2011). A 96-well high-binding
plate (9018, Corning) was coated with 50ml of
monkey anti-rat GH antibody (rGH-IC-1,

AFP411S, NIDDK-NHPP; RRID:AB_2665564) diluted in PBS at
1:50 000 overnight at 4°C. After decanting the coating antibody, wells
were incubated with 200ml of blocking buffer (5% skim milk powder in
PBS-T) for 2 h at room temperature. The standard curve consisted of a
twofold serial dilution of mouse recombinant GH (mGH reference prep-
aration, AFP-10783B, NIDDK-NHPP) in 0.2% BSA PBS-T. The wells
were incubated with 50ml of samples at a 1:20 dilution for 24 h at room
temperature. The plate was washed in PBS-T, and the wells were incu-
bated with 50ml of rabbit anti-rat GH antibody (AFP5672099, NIDDK-
NHPP; RRID:AB_2721132) diluted in blocking buffer at 1:100,000 for
24 h at 4°C. After washing in PBS-T, wells were incubated with 50ml of
HRP-conjugated goat anti-rabbit IgG antibody (A9169-2 ml, Sigma
Millipore) diluted in 50% PBS, 50% blocking buffer at 1:30,000 for

Figure 4. Consequences of GHR ablation in different subpopulations of catecholaminergic neurons or in the entire brain of
male mice. A-D, Liver (A), spleen (B), heart (C), and kidney (D) masses in 20-week-old DAT GHR KO mice (n= 7-9). E-H,
Liver (E), spleen (F), heart (G), and kidney (H) masses in 20-week-old DBH GHR KO mice (n= 5–7). I-L, Liver (I), spleen (J),
heart (K), and kidney (L) masses in 42-week-old TH GHR KO mice (n= 9 or 10). M-P, Liver (M), spleen (N), heart (O), and
kidney (P) in 20-week-old BRAIN GHR KO mice (n= 14). *p, 0.05; **p, 0.01 versus control group; two-tailed Student’s t
test. Data are mean6 SEM.

/

10). M-P, Body weight (M), lean body mass (N), body fat mass (O), and naso-anal length
(P) in 42-week-old control and TH GHR KO mice (n= 11). Q-T, Body weight (Q), lean body
mass (R), body fat mass (S), and naso-anal length (T) in 20-week-old control and BRAIN
GHR KO mice (n= 8 or 9). *p, 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001 versus
control group; two-tailed Student’s t test. Data are mean6 SEM.
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90min at room temperature. After a final
wash in PBS-T, wells were incubated with
100ml of 2mg/ml o-phenylenediamine dihy-
drochloride (P1526, Sigma Millipore) in ci-
trate-phosphate buffer, pH 5.0, containing
0.02% hydrogen peroxide for 45min at room
temperature. The reaction was stopped with
50ml of 3 M HCl. The absorbance was deter-
mined at 490 nm with a microplate reader
(Epoch, Biotek), and the wavelength of
650 nm was used for background correction.
The standard curve ranged from 0.03–15ng/
ml, and the concentration of GH was calcu-
lated by interpolating the optical density of
the samples against a nonlinear regression of
the standard curve. The lower limit of detec-
tion was 0.04ng/ml, and the intra-assay and
interassay coefficients of variation were 2.6%
and 9.7%, respectively. GH pulses were
detected using the DynPeak pulse detection
algorithm (Vidal et al., 2012). Default pa-
rameters of the algorithm were used, with
the exception of the global relative threshold
increased from 20% to 50% to reduce proba-
bility of detecting false-positive pulses. The
number of GH pulses was calculated for the
period of 6 h. The amplitude of each pulse
was defined as the difference between peak
value and its nadir, and the average levels of
the detected pulses were considered for the
statistical analysis of pulse amplitude. Mean
GH was calculated by averaging all GH val-
ues from each mouse.

qRT-PCR
Total RNA from the whole hypothalamus
was extracted with TRIzol (Invitrogen).
Assessment of RNA quantity and quality
was performed with an Epoch Microplate
Spectrophotometer (Biotek). Total RNA
was incubated in DNase I RNase-free
(Roche Applied Science). Reverse transcrip-
tion was performed with 2mg of total RNA
with SuperScript II Reverse Transcriptase
(Invitrogen) and random primers p(dN)6
(Roche Applied Science). Real-time PCR
was performed using the 7500TM Real-
Time PCR System (Applied Biosystems)
and Power SYBR Green or TaqMan PCR
Master Mixes (Applied Biosystems). Relative
quantification of mRNA was calculated by
2�DDCt. Data were normalized to the geomet-
ric average of Actb, Gapdh, and Ppia and
reported as fold changes compared with val-
ues obtained from the control group (set at
1.0). The following primers were used: Actb
(forward: gctccggcatgtgcaaag; reverse: catca-
caccctggtgccta), Gapdh (forward: gggtcccagcttaggttcat; reverse: tacggc-
caaatccgttcaca), Ghr (forward: atcaatccaagcctggggac; reverse: acagctga
atagatcctgggg), Ghrh (forward: tatgcccggaaagtgatccag; reverse: atccttgg-
gaatccctgcaaga), Ppia (forward: tatctgcactgccaagactgagt; reverse: cttc
ttgctggtcttgccattcc), Sst (forward: ctgtcctgccgtctccagt; reverse: ctgca-
gaaactgacggagtct) and Th (TaqMan assay; Mm00447557_m1; Thermo
Fisher Scientific).

Statistical analysis
Data were analyzed by the unpaired two-tailed Student’s t test (two
groups) or one-way ANOVA (three groups), followed by Bonferroni’s
multiple comparisons test. Statistical analyses were performed using the

GraphPad Prism software. We considered p values, 0.05 to be statisti-
cally significant. All results are expressed as mean6 SEM.

Results
Distribution of catecholaminergic neurons that are
responsive to GH in the mouse brain
GH-responsive neurons are abundantly found in numerous
brain regions that contain catecholaminergic neurons, including
the PV, PVH, and ARH in the hypothalamus and the LC in the
pons (Furigo et al., 2017). To determine whether catecholami-
nergic neurons are directly responsive to GH, C57BL/6 male
mice received an acute GH injection and analysis of colocalization

Figure 5. Consequences of GHR ablation in different subpopulations of catecholaminergic neurons or in the entire brain of
male mice. A-D, Perigonadal adipose tissue (A), gonadal (B), brain (C), and gastrocnemius muscle (D) masses in 20-week-old
DAT GHR KO mice (n= 7-9). E-H, Perigonadal adipose tissue (E), gonadal (F), brain (G), and gastrocnemius muscle (H) masses
in 20-week-old DBH GHR KO mice (n= 5-7). I-L, Perigonadal adipose tissue (I), gonadal (J), brain (K), and gastrocnemius mus-
cle (L) masses in 42-week-old TH GHR KO mice (n= 9 or 10). M-P, Perigonadal adipose tissue (M), gonadal (N), brain (O), and
gastrocnemius muscle (P) in 20-week-old BRAIN GHR KO mice (n= 14). **p, 0.01 versus control group; two-tailed Student’s
t test. N.D., Not determined. Data are mean6 SEM.
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between GH-induced pSTAT5 and TH-ir was performed in brain
sections. We observed that 616 8% of TH-immunoreactive
(TH-ir) neurons in the PV (Fig. 1A), 696 8% in the PVH (Fig. 1B),
536 5% in the ARH (Fig. 1C), and 866 3% in the LC (Fig. 1D)
expressed pSTAT5 after GH injection. Some colocalizations were
found in other subpopulations of catecholaminergic neurons,
including those located in the dorsomedial nucleus of the

hypothalamus, ventral tegmental area,
C1 and A1 groups in the ventrolateral
medulla, and in the nucleus of the soli-
tary tract. PBS-injected mice showed a
very small number of pSTAT5-positive
cells in the brain and virtually no coloc-
alization with TH neurons (Fig. 1E,F).
Thus, several subpopulations of catecho-
laminergic neurons are responsive to
GH.

Cell-specific ablation of GHR in
different types of catecholaminergic
neurons
The evidence of functional GHR in cat-
echolaminergic neurons suggests that
these cells are apt to sense circulating
GH levels and consequently regulate pi-
tuitary GH secretion via negative-feed-
back loops. To investigate the role of
GH action on catecholaminergic neu-
rons to regulate GH secretion and con-
sequently somatic growth, we generated
mice carrying cell-specific ablations of
GHR in different types of catecholami-
nergic neurons. Since TH is a shared
marker of all catecholaminergic cells,
we used TH-Cre mice to induce dele-
tion of GHR in all dopaminergic and
noradrenergic/adrenergic cells (TH GHR
KO mice). To target specifically dopami-
nergic cells, DAT-IRES-Cre mice were
used to ablate GHR in cells that express
the dopamine transporter (DAT GHR
KO mice). GHR deletion only in
noradrenergic and adrenergic cells was
achieved using the DBH-Cre mouse
(DBH GHR KO mice). Finally, Nestin-
Cre mouse was used to induce GHR abla-
tion in the entire brain (BRAIN GHR
KO mice). To confirm the cell-specific
deletion in these mouse models, we
colocalized GH-induced pSTAT5 with
markers of each subpopulation of cate-
cholaminergic neurons (Fig. 2). GH
injection in DAT GHR KO mice
induced pSTAT5 in a large number of
cells in the hypothalamus (Fig. 2A) and
brainstem, as expected. However, using
tdTomato reporter protein as a marker
of DAT cells, we observed that virtually
no DAT cell in the hypothalamus colo-
calized with GH-induced pSTAT5 in
DAT GHR KO mice (Fig. 2A). As
shown in WT mice, 956 2% of TH-
positive noradrenergic neurons in the
LC exhibited pSTAT5 after GH injec-

tion in DAT GHR KO mice, demonstrating that the target dele-
tion only affected dopaminergic cells. In DBH GHR KO mice, a
large number of pSTAT5 cells were observed in the hypothala-
mus (Fig. 2B, inset), whereas noradrenergic neurons of the LC
no longer expressed GH-induced pSTAT5 (Fig. 2B). GH injec-
tion in TH GHR KO mice was unable to induce pSTAT5 in

Figure 6. Consequences of GHR ablation in different subpopulations of catecholaminergic neurons or in the entire brain of
female mice. A-C, Body weight (A), lean body mass (B), and body fat mass (C) in 10-week-old control and DAT GHR KO females
(n =10-13). D-F, Body weight (D), lean body mass (E), and body fat mass (F) in 10-week-old control and DBH GHR KO mice
female (n= 10). G-I, Body weight (G), lean body mass (H), and body fat mass (I) in 10-week-old control and TH GHR KO mice
female (n= 8–10). J-L, Body weight (J), lean body mass (K), and body fat mass (L) in 10-week-old control and BRAIN GHR KO
mice female (n = 11-14). **p, 0.01; ***p, 0.001 versus control group; two-tailed Student’s t test. Data are mean6 SEM.
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TH-ir cells of the hypothalamus (Fig. 2C) and LC (Fig. 2D),
whereas a normal distribution of pSTAT5 was observed in brain
areas that do not contain TH neurons, such as the ventromedial
nucleus of the hypothalamus or ventromedial part of the ARH
(Fig. 2C). As demonstrated in previous publications (Furigo et
al., 2019; Teixeira et al., 2019), brain-specific GHR ablation
caused a robust reduction in GH-induced pSTAT5 expression in
the entire hypothalamus and brainstem (Fig. 2E,F). Additionally,
BRAIN GHR KO mice exhibited a 90% reduction in the expres-
sion of Ghr mRNA in the whole hypothalamus, compared
with control animals, as determined by qRT-PCR (Control:
1.006 0.09; BRAIN GHR KO: 0.116 0.01; t(8) = 8.501, p ,
0.0001). Together, these findings demonstrate the specificity and
efficacy of our cell-specific gene deletions.

GHR ablation in TH cells or the entire brain causes increased
body growth in male and female mice
To investigate the consequences of GHR ablation in different
subpopulations of catecholaminergic neurons, we evaluated the
body weight, body composition, naso-anal length, and the
masses of different organs and tissues in DAT GHR KO, DBH
GHR KO, TH GHR KO, and BRAIN GHR KO mice. Each con-
ditional KO group has its own control group consisting of ani-
mals born in the same litters. In 20-week-old males, we observed
that both DAT GHR KO and DBH GHR KO mice exhibited a
similar body weight, lean mass, fat mass, and naso-anal length,
compared with their respective control groups (Fig. 3A–H).
Accordingly, the masses of the liver, spleen, heart, kidney, peri-
gonadal adipose tissue, testicle, brain, and gastrocnemius muscle

Figure 7. Pulsatile pattern of GH secretion. A–C, Representative examples of the pulsatile pattern of GH secretion in 8-week-old control (A), TH GHR KO (B), and BRAIN GHR KO (C) male
mice. Since the y-axis scale has been standardized in all representative cases shown, the insets represent the pulsatile pattern of GH secretion in the control group on a reduced y axis. D–F,
Representative examples of the pulsatile pattern of GH secretion in 18-week-old control (D), TH GHR KO (E), and BRAIN GHR KO (F) male mice. The pulsatile pattern of GH secretion was deter-
mined by 36 serial blood collections in each mouse at 10 min intervals during the first 6 h of the light phase.
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were similar between control groups and DAT
GHR KO and DBH GHR KOmice (Figs. 4, 5). In
contrast, both 10-week-old (Fig. 3I–L) and 42-
week-old (Fig. 3M–P) TH GHR KO mice had
increased body weight, lean mass, and naso-anal
length compared with the control groups. In
addition, 42-week-old TH GHR KO male mice
exhibited a higher liver, spleen, heart, kidney
(Fig. 4), testicle, brain, and gastrocnemius masses
(Fig. 5), compared with control animals.
Interestingly, body fat mass (Fig. 3K,O) and peri-
gonadal adipose tissue weight (Fig. 5I) were simi-
lar between TH GHR KO and control mice,
demonstrating that the increased body weight
was not caused by a higher body adiposity.
Ablation of GHR in the entire brain causes loss of
GH-negative feedback (Bohlen et al., 2019;
Furigo et al., 2019). Thus, BRAIN GHR KO mice
were studied as a reference to the effects caused
by GHR ablation in catecholaminergic cells. We
observed that BRAIN GHR KO male mice exhib-
ited increased body weight, lean mass, and naso-
anal length, compared with the control group
(Fig. 3Q–T). BRAIN GHR KO mice also showed
higher liver, spleen, heart, and kidney masses
(Fig. 4M–P), whereas body fat (Fig. 3S) and peri-
gonadal adipose tissue and testicle (Fig. 5M,N)
masses had no significant differences between
control and BRAIN GHR KOmice.

Possible changes in body growth were also
evaluated in female mice (Fig. 6). As seen in
males, 10-week-old DAT GHR KO and DBH
GHR KO female mice showed similar body
weight, lean mass, and body fat mass, compared
with their respective control groups (Fig. 6A–F).

Figure 8. Loss of GH-negative feedback in TH cells or the entire brain raises GH secretion via increased pulse amplitude. A-C, Mean GH levels (A), pulse frequency (B), and pulse amplitude
(C) in 8-week-old control (n= 5), TH GHR KO (n= 6), and BRAIN GHR KO (n= 4) male mice. D-F, Mean GH levels (D), pulse frequency (E), and pulse amplitude (F) in 18-week-old control
(n= 8), TH GHR KO (n= 6), and BRAIN GHR KO (n= 5) male mice. The pulsatile pattern of GH secretion was determined by 36 serial blood collections in each mouse at 10 min intervals during
the first 6 h of the light phase. *p, 0.05; **p, 0.01; ***p, 0.001; one-way ANOVA and Bonferroni’s multiple comparisons test. Data are mean6 SEM.

Figure 9. Partial colocalization between DAT and TH-ir in the hypothalamus. A–D, Epifluorescence photomicro-
graphs showing DAT-expressing cells (visualized by the red tdTomato reporter protein) and TH-ir (green) in male
mice. E, TH-ir cells (red) are still responsive to GH (pSTAT5; green) in DAT GHR KO male mice. F, Virtually no DAT-
expressing cells (visualized by the red tdTomato reporter protein) exhibited GH-induced pSTAT5 (green) in DAT
GHR KO male mice. Insets, Higher-magnification photomicrographs of the selected area. Arrows indicate double-la-
beled neurons. 3V, Third ventricle. Scale bar, 100mm.
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In contrast, both TH GHR KO and BRAIN GHR KO female
mice exhibited increased body weight and lean mass in compari-
son with control females (Fig. 6G,H and Fig. 6J,K). No differen-
ces were observed in body fat mass between TH GHR KO and
BRAIN GHR KO females and control mice (Fig. 6I and Fig. 6L).

Loss of GH-negative feedback in TH cells or the entire brain
raises GH secretion via increased pulse amplitude
To test whether the absence of GH action in TH cells leads to
increases in GH secretion, we initially measured serum IGF-1
levels in 10-week-old TH GHR KO and control male mice. We
observed increased serum IGF-1 levels in TH GHR KO mice
(8616 43ng/ml) compared with control animals (6356 47ng/
ml; t(17) = 3.532, p=0.0026). Then, we analyzed the pulsatile
secretion of GH in 8- or 18-week-old male mice (Figs. 7, 8). Both
8-week-old TH GHR KO and BRAIN GHR KO mice exhibited
higher mean GH levels during the period analyzed, compared
with control group (Figs. 7A–C, 8A). Therefore, the increased
body growth of TH GHR KO and BRAIN GHR KO mice was
probably caused by the greatly increased GH secretion. To deter-
mine which parameters of pulsatile GH secretion were affected
by the loss of GH-negative feedback, the frequency and the am-
plitude of pulses were determined. Eight-week old BRAIN GHR
KO mice displayed a reduced number of pulses during the 6 h
blood collection period, compared with control animals (Fig.
8B). On the other hand, a marked increase in pulse amplitude
was observed in both 8-week-old TH GHR KO mice, compared
with control animals, and BRAIN GHR KO mice, compared
with all groups (Figs. 7A–C, 8C). To investigate whether the
changes in GH secretion continue in older animals, the pulsatile
secretion of GH was also evaluated in 18-week-old male mice. In
this case, TH GHR KO and BRAIN GHR KOmice showed simi-
lar mean GH levels, pulse frequency, and pulse amplitude, com-
pared with control animals (Figs. 7D–F, 8D–F). These findings
indicate that the loss of GH-negative feedback in TH cells
increases GH secretion via higher pulse amplitude, without

altering pulse frequency. Furthermore, these neuroendocrine
defects decrease with aging.

Partial colocalization between DAT and TH in the
hypothalamus
Our findings so far indicate that GH action on TH-positive neu-
rons, but not on DAT- or DBH-expressing cells, is required for
typical GH secretion and consequently normal somatic growth.
Whereas DBH expression reliably represents the distribution of
noradrenergic/adrenergic cells (Parlato et al., 2007), there is evi-
dence that only part of TH cells in the forebrain expresses DAT
(Turiault et al., 2007; Yip et al., 2018). In this regard, we per-
formed a colocalization in male mice between DAT-expressing
cells (using the tdTomato reporter protein) and TH-ir in several
hypothalamic areas and in the SNpc, as a positive reference (Fig.
9). We observed that 566 3% of TH-ir neurons in the ARH
(Fig. 9A), 286 2% in the PV (Fig. 9B), and 96 8% in the PVH
(Fig. 9C) expressed tdTomato. In contrast, 956 1% of TH-ir
neurons in the SNpc expressed tdTomato (Fig. 9D). Thus, it is
likely that only a subpopulation of TH-positive cells in the hypo-
thalamus was actually affected by the GHR ablation using the
DAT-IRES-Cre mice. To confirm that the GHR deletion only
affected the subpopulation of DAT-expressing neurons in the
hypothalamus of DAT GHR KO mice, GH-induced pSTAT5
was colocalized with either TH-ir (Fig. 9E), or tdTomato, as
marker of DAT-expressing neurons only (Fig. 9F). Interestingly,
while GH-induced pSTAT5 was clearly observed in hypothala-
mic TH-ir cells (Fig. 9E), DAT-expressing cells did not contain
pSTAT5 (Fig. 9F). Together, these results demonstrate that TH
neurons that do not express DAT are required for the auto-regu-
lation of GH secretion via a negative-feedback mechanism.

GHR ablation in TH cells increases hypothalamic expression
of GHRH, although a very small percentage of GHRH cells
are responsive to GH and express TH
To determine how GHR ablation in TH cells or the entire brain
affects the hypothalamic expression of classical neuropeptides

Figure 10. GHR ablation in TH cells leads to increased hypothalamic expression of Ghrh mRNA. A–C, Gene expression analysis in the whole hypothalamus of 8-week-old control (n= 5), TH
GHR KO (n= 6), or BRAIN GHR KO (n= 4) male mice. *p, 0.05; **p, 0.01; ****p, 0.0001; one-way ANOVA and Bonferroni’s multiple comparisons test. Data are mean 6 SEM. D, E,
Triple immunofluorescence staining to identify whether SST neurons (visualized by the red tdTomato reporter protein) express TH-ir (blue) and are responsive to GH (pSTAT5; green) in male
mice. 3V, Third ventricle. Scale bar, 50mm.
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that regulate GH secretion, we collected the hypothalamus of 8-
week-old control, TH GHR KO, and BRAIN GHR KO male
mice. We initially determined the mRNA levels of Th, but no sig-
nificant differences between the groups were observed (Fig.
10A). Then, Sst and Ghrh mRNA levels were assessed in the
whole hypothalamus. SstmRNA levels were also similar between
the groups (Fig. 10B). In contrast, TH GHR KO mice showed
increased Ghrh mRNA expression compared with control ani-
mals, and BRAIN GHR KO mice exhibited higher Ghrh mRNA
levels compared with both control and TH GHR KO mice (Fig.
10C).

Using reporter mice that allow the visualization of SST or
GHRH cells, we performed a triple immunofluorescence labeling
to identify whether these neurons coexpress TH and are respon-
sive to GH. Although a large percentage of SST neurons, espe-
cially in the periventricular zone of the hypothalamus, expressed
pSTAT5 in response to GH, as expected (Burton et al., 1992), no
triple-labeled neurons were observed (Fig. 10D,E). GHRH-Cre

mouse was used in a previous publication
(Rupp et al., 2018), but details about the per-
centage of GHRH neurons that show Cre
recombinase activity in the ARH were not
provided. Thus, using brain sections of
GhrhCre/�/eGFP-L10a mice, dual-labeled
neurons coexpressing eGFP immunoreactiv-
ity and GHRH 35S (silver grains) were quan-
tified in the ARH (Fig. 11A–C). One section
and one side of 2 adult female mice were
quantified. Only cells containing silver grains
(Ghrh mRNA) 3� above background levels
overlaying a brown (DAB-stained) cyto-
plasm were considered positive. We found
that 52.56 7.5% of GHRH-Cre eGFP neu-
rons coexpress Ghrh mRNA in adult mice
(Fig. 11A–C). Of note, very few GHRH
hybridization signal was observed outside
GFP-immunoreactive neurons. Next, we
determined whether GHRH-Cre eGFP neu-
rons in the ARH coexpress TH and are re-
sponsive to GH. GH-induced pSTAT5 was
observed in 8.76 1.9% of GHRH cells (data
from 2 females and 1 male), compared with
1.36 0.7% in PBS-injected mice (t(5) = 4.053,
p=0.0098; data from 2 females and 2 males;
Fig. 11D–G). As shown in previous studies
(Phelps et al., 2003; Bouyer et al., 2007),
136 1% of GHRH neurons in the ARH
coexpressed TH (Fig. 11D–G). However,
only 2.56 1.6% of GHRH neurons coex-
pressed TH and pSTAT5 after an acute GH
injection, compared with 0.96 0.7% in PBS-
injected mice (t(5) = 0.9904, p=0.3675; Fig.
11D–G). Therefore, although the absence of
GHR in TH cells leads to increased Ghrh
mRNA expression, only a very small percent-
age of GHRH cells are responsive to GH and
express TH.

Discussion
The secretion of pituitary hormones is pri-
marily regulated by negative-feedback sys-
tems. In most of these feedback loops,
specific hypothalamic neurons detect changes

in hormone levels and modulate pituitary function to maintain
hormone concentrations within a narrow range (Steyn et al.,
2016). Regarding the somatotropic axis, the common knowl-
edge indicates that GH feeds back mostly to SST and GHRH
neurons (Steyn et al., 2016). Although SST and GHRH neurons
are indispensable for the regulation of the somatotropic axis
(Donahue and Beamer, 1993; Zeyda et al., 2001), interneurons
that express GHR may also play a role regulating GH secretion.
Both noradrenergic (Lal et al., 1975; Bluet-Pajot et al., 1992;
Iqbal et al., 2005) and dopaminergic (Díaz-Torga et al., 2002;
Noaín et al., 2013) neurotransmission have also been associated
with the regulation of GH secretion. However, our study
revealed that not only a high percentage of catecholaminergic
neurons are directly responsive to GH, but the absence of GHR
from TH cells disturbs the hypothalamic control of GH secre-
tion, leading to increases in GH pulse amplitude and body
growth. Remarkably, the increased mean GH levels between

Figure 11. A very small percentage of GHRH cells are responsive to GH and express TH. A, Representative darkfield
digital image showing the distribution of Ghrh mRNA in the ARH by ISH. B, Brightfield digital image showing the distri-
bution of GHRH-eGFP-positive cells in the ARH. C, Higher magnification of B showing colocalization (arrows) of Ghrh
mRNA (silver grains) and GHRH reporter gene (GFP-immunoreactive neurons in brown). D–G, Triple-immunofluorescence
staining to identify whether GHRH neurons (visualized by the GFP) express TH-ir (red) and are responsive to GH (pSTAT5;
black nuclear staining). Arrows indicate triple-labeled neurons. 3V, Third ventricle; DMH, dorsomedial nucleus of the
hypothalamus; VMH, ventromedial nucleus of the hypothalamus. Scale bars: A, B, 100mm; C, 50mm; D-G, 30mm.
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TH GHR KO mice and BRAIN GHR
KO mice was similar, highlighting that
the lack of GH action on TH neurons
produces defects equivalent to the ab-
sence of GHR in the entire brain. Since
GHR deletion in TH- and Nestin-
expressing cells caused identical altera-
tions in the body growth of males and
females, we believe that the increased
GH secretion observed in experiments
performed only in males occurs in
females as well. However, GH secretion
presents significant sex differences (van
den Berg et al., 1996; Jaffe et al., 1998).
Thus, future studies are still necessary to
confirm that the higher body growth
observed in TH GHR KO and BRAIN
GHR KO female mice is also caused by
increased GH secretion.

The infusion of a2-adrenergic ago-
nists has been widely used as a clinical
test to evaluate possible defects in GH
production in children and adolescents
(Gil-Ad et al., 1979; Steyn et al., 2016).
The discovery that ;90% of noradrenergic cells of the LC are
directly responsive to GH indicates that the noradrenergic con-
trol of GH secretion might integrate a feedback control loop.
However, ablation of GHR in DBH-positive cells caused no
changes in body growth. Thus, the role of GH action on the LC
remains unknown and deserves further investigation. DAT GHR
KOmice also exhibited similar body growth compared with con-
trol littermates, suggesting that GH signaling in DAT-expressing
cells is not required for the regulation of GH secretion. DAT is
responsible for the reuptake of dopamine in the synaptic cleft.
Although DAT expression has been used as a marker of dopa-
mine neurons, our findings and previous studies (Turiault et al.,
2007; Yip et al., 2018) indicate that the majority of TH-positive
neurons in the hypothalamus does not express DAT. Hypo-
thalamic dopaminergic neurons are frequently associated with
the regulation of anterior pituitary hormone secretion, releasing
neuromodulators into the hypophyseal portal system without
requiring DAT for the reuptake of dopamine (Brown et al.,
2016). Since TH GHR KO mice exhibited increased body
growth, whereas both DAT GHR KO and DBH GHR KO mice
showed a normal phenotype, our findings indicate that a group
of non-DAT dopaminergic neurons (TH-positive, but DBH-neg-
ative) is critical to the auto-regulation of GH secretion via a neg-
ative-feedback loop. Prolactin release is mainly controlled by
tuberoinfundibular dopaminergic neurons (Brown et al., 2016).
Thus, the regulation of prolactin and GH secretion seems to be
somehow coordinated by these hypothalamic dopaminergic neu-
rons. Accordingly, dopamine agonists are clinically used to treat
hyperprolactinemia and acromegaly (Jaffe and Barkan, 1994;
Diez and Iglesias, 2000). These drugs inhibit GH secretion by
acting in pituitary somatotropic cells (Spada et al., 1994; Ben-
Shlomo et al., 2017) or via hypothalamic mechanisms (Vance et
al., 1987; West et al., 1997). However, some TH neurons in the
hypothalamus possibly produce L-DOPA as an end-product
rather than dopamine (Meister et al., 1988; Komori et al.,
1991). Although their function is not well understood, there is
evidence of cooperative synthesis of dopamine by different neu-
rons that express complementary enzymes of the pathway for

dopamine biosynthesis (Ugrumov et al., 2002; Kurina et al.,
2017). Thus, the exact neurotransmitters used by these TH1/
DAT�/DBH� neurons to regulate GH secretion still need to be
identified.

Another question investigated was whether these catechola-
minergic neurons that regulate the somatotropic axis would be
the same cells that produce SST or GHRH. SST neurons are dis-
tributed in hypothalamic nuclei that contain GH-responsive TH
cells (Fodor et al., 2006). In agreement with previous studies that
identified a large percentage of SST neurons expressing GHR in
the PV/PVH (Burton et al., 1992), we also observed a large
amount of SST neurons in these areas expressing GH-induced
pSTAT5. Some colocalizations between SST and pSTAT5 were
also observed in the ARH. However, virtually no triple-labeled
pSTAT5/SST/TH cells were found in these brain areas.
Histologic and molecular data indicate that part of GHRH neu-
rons express TH (Bouyer et al., 2007; Campbell et al., 2017).
Surprisingly, scarce information exists regarding the expression
of GHR in GHRH neurons. As far as we know, one study
reported that ,10% of ARH GHRH neurons express Ghr
mRNA (Burton et al., 1995). Using pSTAT5 as a marker of
GH-responsive cells, we confirmed the small number of GHRH-
responsive neurons and ,3% of them express both TH- and
GH-induced pSTAT5. Therefore, TH cells that regulate GH
secretion via negative feedback are basically DAT-, DBH-, SST-,
and GHRH-negative, representing a yet unidentified group of
neurons critical to the auto-regulation of the somatotropic axis.

Hypothalamic Ghrh mRNA expression was disturbed by
GHR deletion in TH cells or the entire brain. Rather than a
downregulation of Ghrh expression, which would indicate an
attempt to correct high circulating GH levels via negative feed-
back, we observed increased Ghrh expression in the hypothala-
mus of TH GHR KO and BRAIN GHR KO mice. Thus, our
findings confirm the results of previous studies indicating that
GHRH neurons are influenced by variations in GH levels
(Chomczynski et al., 1988; Bertherat et al., 1993; de Gennaro
Colonna et al., 1993), and further demonstrate that this auto-reg-
ulation involves interneurons that first detect changes in GH lev-
els and, in response, regulate GHRH expression. Thus, we
hypothesize that the absence of GH action on these TH1/DAT�/

Figure 12. Scheme summarizing the major findings of the present study regarding the short feedback loops that regulate
GH secretion. In the current model, it is believed that GH feeds back to SST- and GHRH-positive neurons, which in turn exert
a regulatory effect on pituitary GH secretion. In the proposed model, dashed lines indicate the novel findings of the present
study. We provide additional evidence that only few GHRH neurons are directly responsive to GH; thus, GHR was removed
from GHRH neurons. However, GH action on TH1/DAT–/DBH– neurons is required to regulate GHRH expression and conse-
quently GH secretion via negative feedback. Therefore, GHRH neurons are downstream these TH1/DAT–/DBH– neurons. Since
ablation of GHR in the entire brain produces additional changes in GHRH expression, there is an unknown neuronal popula-
tion that is responsive to GH and indirectly regulates GHRH expression. GHR expression in DAT1 or DBH1 cells is dispensable
for the regulation of the somatotropic axis. ME, Median eminence.
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DBH� neurons led to either increased excitatory signal or
decreased inhibitory tone on GHRH neurons. In both cases,
GHRH neurons represent the final path for the stimulation of
GH secretion caused by the lack of GH-negative-feedback effect
on these neurons. Notably, Ghrh expression was higher in
BRAIN GHR KOmice compared with TH GHR KOmice. Thus,
Ghrh expression is not only regulated by GH action on TH cells,
but also by another neuronal population that causes an additive
effect. Although,10% of GHRH neurons are directly responsive
to GH, ablation of GHR in this subgroup of GHRH neurons may
account for the upregulation in hypothalamic Ghrh expression.
Alternatively, another population of GH-responsive interneur-
ons may also affect Ghrh expression. However, we cannot rule
out the possibility that these TH1/DAT–/DBH– neurons might
regulate GH secretion through the hypophyseal portal system.

Although both TH GHR KO and BRAIN GHR KO mice
exhibited equivalent increases in mean GH levels, the pulsatile
pattern of GH secretion was differently affected in these mouse
models. BRAIN GHR KO mice showed reduced GH pulse fre-
quency that was compensated by a robust increase in GH pulse
amplitude. The absence of GH-negative feedback in TH cells
also led to increased pulse amplitude. Intracerebroventricular
administration of GHR antagonist increases GH pulse amplitude
without affecting the number of GH pulses (Nass et al., 2000a).
Despite the fact that the differences in body growth persists in
older TH GHR KO and BRAIN GHR KOmice, the pulsatile pat-
tern of GH secretion was normalized in 18-week-old KO mice.
Previous studies have already shown a significant decline in GH
secretion throughout adulthood in mice (Huang et al., 2012; Xie
et al., 2015). Interestingly, aging-related decline in GH secretion
is caused by a decrease in GH pulse amplitude, whereas pulse
frequency remains unchanged (Russell-Aulet et al., 2001).
Therefore, negative-feedback mechanisms on TH cells may play
a role controlling GH secretion until early adulthood; and once
GH secretion decreases after this period, the importance of this
TH/GHRH/pituitary system declines with aging or can be com-
pensated by multiple redundant mechanisms that exist to control
GH secretion (Steyn et al., 2016).

In conclusion, we unraveled a critical and previously uniden-
tified group of catecholaminergic interneurons that are apt to
sense changes in circulating GH levels and consequently regulate
Ghrh expression to auto-control the somatotropic axis. Based on
these findings, we propose a reevaluation of the short-loop feed-
backs that regulate GH secretion to include these TH1/DAT�/
DBH� cells as key interneurons that sense circulating GH levels
and use GHRH neurons as downstream effectors to regulate the
somatotropic axis (Fig. 12).
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