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A B S T R A C T

Aims: Cholinergic neurons are distributed in brain areas containing growth hormone (GH)-responsive cells. We
determined if cholinergic neurons are directly responsive to GH and the metabolic consequences of deleting the
GH receptor (GHR) specifically in choline acetyltransferase (ChAT)-expressing cells.
Main methods: Mice received an acute injection of GH to detect neurons co-expressing ChAT and phosphorylated
STAT5 (pSTAT5), a well-established marker of GH-responsive cells. For the physiological studies, mice carrying
ablation of GHR exclusively in ChAT-expressing cells were produced and possible changes in energy and glucose
homeostasis were determined when consuming regular chow or high-fat diet (HFD).
Key findings: The majority of cholinergic neurons in the arcuate nucleus (60%) and dorsomedial nucleus (84%)
of the hypothalamus are directly responsive to GH. Approximately 34% of pre-ganglionic parasympathetic
neurons in the dorsal motor nucleus of the vagus also exhibited GH-induced pSTAT5. GH-induced pSTAT5 in
these ChAT neurons was absent in GHR ChAT knockout mice. Mice carrying ChAT-specific GHR deletion, either
in chow or HFD, did not exhibit significant changes in body weight, body adiposity, lean body mass, food intake,
energy expenditure, respiratory quotient, ambulatory activity, serum leptin levels, glucose tolerance, insulin
sensitivity and metabolic responses to 2-deoxy-D-glucose. However, GHR deletion in ChAT neurons caused de-
creased hypothalamic Pomc mRNA levels in HFD mice.
Significance: Cholinergic neurons that regulate the metabolism are directly responsive to GH, although GHR
signaling in these cells is not required for energy and glucose homeostasis. Thus, the physiological importance of
GH action on cholinergic neurons still needs to be identified.

1. Introduction

Growth hormone (GH) is secreted by the anterior pituitary gland
and plays an important role controlling tissue growth and cell pro-
liferation [1]. GH also regulates several metabolic aspects, including
body adiposity, free fatty acid mobilization and insulin sensitivity [2,3].
These effects are possibly mediated by the direct action of GH on me-
tabolically relevant tissues like the adipose tissue, liver and skeletal
muscle. Accordingly, genetic ablation of GH receptor (GHR) in such
tissues causes metabolic imbalances [4–7].

Although the brain is not classically considered a major target of GH
to affect metabolism, recent studies have provided evidence that central
GH action modulates numerous metabolic aspects [8]. GH responsive
neurons are widely distributed in several hypothalamic and brainstem
nuclei involved in the regulation of energy and glucose homeostasis [9].

Importantly, GHR ablation in specific neuronal populations causes
marked changes in metabolism [8]. For example, GHR deletion in hy-
pothalamic agouti-related peptide (AgRP)-expressing neurons prevents
energy-saving adaptations during food restriction and consequently
affects the rate of weight loss [10]. GHR expression in proopiomela-
nocortin (POMC)-expressing neurons is necessary for the induction of
the hyperphagia that occurs during situations of glucoprivation [11].
On the other hand, GH action on steroidogenic factor 1-expressing
neurons of the ventromedial nucleus of the hypothalamus (VMH) reg-
ulates the counter regulatory response (CRR) favoring the recovery of
hypoglycemia [12]. Central GH action also regulates the metabolism
during pregnancy, leading to changes in food intake, fat mass gain and
insulin sensitivity [13].

Although these studies have investigated GH action in hypothalamic
neurons, the physiological importance of GH signaling in other brain
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regions is less investigated. GHR is expressed in brainstem nora-
drenergic neurons, but its biological role is still elusive [14]. An acute
GH injection induces phosphorylation of the signal transducer and ac-
tivator of transcription 5 (pSTAT5) in the dorsal motor nucleus of the
vagus (DMX), indicating the presence of functional GHR in this brain
area. Accordingly, GHR mRNA expression is observed in the DMX [9].
DMX contains cholinergic neurons that form the efferent vagus nerve
[9]. Consequently, choline acetyltransferase (ChAT)-expressing cells in
the DMX are pre-ganglionic parasympathetic neurons that control en-
ergy and glucose homeostasis via the innervation of the upper gastro-
intestinal tract [15]. Of note, chemogenetic manipulation of para-
sympathetic DMX neurons causes changes in feeding behavior and
energy metabolism [16]. Melanocortin-4 receptor expression in choli-
nergic or DMX neurons regulates insulin sensitivity [17]. In addition to
the importance of ChAT-expressing neurons in the DMX for the reg-
ulation of metabolism, recent studies have shown that cholinergic
neurons in other brain areas, including the basal forebrain, hypotha-
lamic arcuate nucleus (ARH) and dorsomedial hypothalamus (DMH),
are also involved in the control of feeding and metabolism [18–20].
Importantly, GH responsive cells are extensively found in these nuclei
[9]. Thus, given the importance of both central GH signaling and
cholinergic neurons for the regulation of metabolism, the present study
had two major aims. First, we mapped the existence of cholinergic
(ChAT positive) neurons that are directly responsive to GH. After

identifying these neuronal populations, we produced mice carrying
ablation of GHR specifically in ChAT-expressing cells to investigate
possible metabolic alterations.

2. Material and methods

2.1. Mice

To produce mice carrying deletion of GHR in cholinergic cells, the
ChAT-Cre mouse (The Jackson Laboratory, Bar Harbor, ME, USA; RRID:
IMSR_JAX:028861) was bred with mice carrying loxP-flanked Ghr al-
leles [4]. All animals used in these experiments were homozygous for
the loxP-flanked Ghr allele. GHR ChAT KO mice were heterozygous for
the Cre gene, whereas control group was composed exclusively by their
littermates without carrying the Cre transgene. The genotype was
confirmed by PCR (REDExtract-N-Amp™ Tissue PCR Kit, Sigma). Male
C57BL/6 wild-type mice were used to determine whether cholinergic
neurons are directly responsive to GH. Mice were maintained in stan-
dard conditions of light (12 h light/dark cycle) and temperature
(22 ± 1 °C). The experiments were 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).

Fig. 1. Cholinergic neurons are directly responsive to GH. A–I. Epifluorescence photomicrographs of the mouse brain displaying the co-localization between ChAT
(red staining) and GH-induced pSTAT5 (green nuclear staining) in wild-type mice (A–F) and GHR ChAT KO mice (G–I). The insets represent higher magnification
images of the selected areas. Examples of cholinergic neurons that are responsive to GH are indicated by arrowheads. Abbreviations: 3 V, third ventricle; VII, facial
motor nucleus; XII, hypoglossal nucleus; ARH, arcuate nucleus of the hypothalamus; cc, central channel; DMH, dorsomedial nucleus of the hypothalamus; DMX,
dorsal motor nucleus of the vagus; HDB, horizontal limb of the diagonal band of Broca; NA, nucleus ambiguous; NTS, nucleus of the solitary tract; VMH, ventromedial
nucleus. Scale Bar = 200 μm in A, 100 μm in BeC, 200 μm in D–F, 100 μm in G–H, and 200 μm in I. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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2.2. Detection of GH responsive neurons

Adult C57BL/6 and GHR ChAT KO mice (n = 3) received an in-
traperitoneal injection of GH extracted from porcine pituitary (20 μg/g
b.w., National Hormone and Pituitary Program, Torrance, CA). After
90 min, mice were anesthetized with isoflurane and perfused with
saline followed by 10% buffered formalin. Brains were cryoprotected
overnight in 20% sucrose and cut in 30-μm thick sections using a
freezing microtome. An immunofluorescent reaction was performed to
identify pSTAT5 and ChAT positive neurons in the mouse brain. For this
purpose, 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 hydroxide for 20 min. After rinsing
in KPBS, sections were incubated in 0.3% glycine and 0.03% lauryl
sulfate for 10 min each. Next, slices were blocked in 3% normal donkey
serum for 1 h, followed by incubation in a primary antibody cocktail
containing anti-pSTAT5Tyr694 raised in rabbit (Cell Signaling, Cat#
9351; RRID: AB_2315225; 1:1000) and anti-ChAT raised in goat
(Millipore, Cat# AB144P; RRID: AB_2079751; 1:400) for 48 h. Then,

sections were rinsed in KPBS and incubated for 90 min in
AlexaFluor488- (anti-rabbit IgG) and AlexaFluor594-conjugated (anti-
goat IgG) secondary antibodies (1500, Jackson ImmunoResearch).
Sections were mounted onto gelatin-coated slides and the slides were
covered with Fluoromount G mounting medium (Electron Microscopic
Sciences). The photomicrographs were acquired with a Zeiss Axiocam
512 color camera adapted to an Axioimager A1 microscope (Zeiss).
Possible co-localizations between GH-induced pSTAT5 and ChAT im-
munoreactivity were determined in different populations of cholinergic
neurons, including the horizontal limb of the diagonal band of Broca
(HDB; Bregma 0.745 mm), ARH (Bregma −1.255 mm), DMH (Bregma
−1.655 mm), facial motor nucleus (VII; Bregma −5.655 mm), nucleus
ambiguous (NA; Bregma−7.255 mm), DMX (Bregma−7.755 mm) and
hypoglossal nucleus (XII; Bregma −7.755 mm), according to the Allen
Brain Atlas (http://mouse.brain-map.org/).

2.3. Evaluation of energy homeostasis

To determine possible changes in energy homeostasis in mice

Fig. 2. GHR ablation in ChAT neurons does not affect energy homeostasis. A–H. Body weight (A), body fat mass (B), lean body mass (C), daily food intake (D), oxygen
consumption (VO2, E), respiratory exchange ratio (RER, F), ambulatory activity (G) and serum leptin levels (H) in control (n = 8–11) and GHR ChAT KO (n = 8–14)
male mice. IeP. Body weight (I), body fat mass (J), lean body mass (K), daily food intake (L), VO2 (M), RER (N), ambulatory activity (O) and serum leptin levels (P) in
control (n = 8–12) and GHR ChAT KO (n = 8–10) female mice.
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consuming regular rodent chow (2.99 kcal/g; 9.4% calories from fat),
male and female mice were weighed weekly and body composition
determined every two weeks, from the fourth to the twentieth week of
life. Body composition (fat mass and lean body mass) was determined
by time-domain nuclear magnetic resonance using the LF50 body
composition mice analyzer (Bruker). After that, mice were single-
housed for 5 days for an initial acclimation. Then, food intake was
measured for approximately 4 consecutive days. O2 consumption (VO2),
CO2 production, ambulatory activity (by infrared sensors) and re-
spiratory exchange ratio (RER; calculated by CO2 production/O2 con-
sumption) were determined using the Oxymax/Comprehensive Lab
Animal Monitoring System (Columbus Instruments) for approximately
7 days. The data from the first 2 days of analysis were discarded be-
cause we considered acclimation period. The results used for each an-
imal were the average of the analyzed days.

2.4. Evaluation of glucose homeostasis and CCR

Blood glucose levels were determined using a glucose meter (One
Touch Ultra; Johnson & Johnson) through samples collected from the
tail tip. Approximately 20-week-old mice were subjected to a glucose
tolerance test (GTT), insulin tolerance test (ITT) and evaluation of the
CRR induced by 2-deoxy-D-glucose (2DG; Sigma) injection. Food was
removed from cage 4 h before each test, and after evaluation of basal
glucose levels (time 0), mice received intraperitoneal (i.p.) injections of
2 g glucose/kg, 1 IU insulin/kg or 0.5 g 2DG/kg, respectively, followed
by serial determinations of glycemia. Glucoprivic hyperphagia was
evaluated by recording the cumulative food intake 2, 3 and 4 h after
PBS or 2DG i.p. injections.

2.5. Determination of the susceptibility to diet-induced obesity

In this experiment, 12-week-old GHR ChAT KO and control male
mice received a high-fat/high-caloric diet (HFD; cat#D12492, Research
Diets Inc.; 5.24 kcal/g; 60% calories from fat) for 14 weeks. Body
weight, body composition, food intake, VO2, RER and ambulatory ac-
tivity were determined as formerly described. Additionally, GTT, ITT

and the CRR to 2DG were also evaluated. Hepatic steatosis was de-
termined by nuclear magnetic resonance, as previously described [21].

2.6. Tissue collection and analysis

Mice were anesthetized with isoflurane and euthanized by decap-
itation. Serum was obtained from trunk blood to determine leptin levels
using ELISA (Quantikine® ELISA #MOB00, R&D, USA). Leptin ELISA kit
has a detection limit of 22 pg/mL, and an intra- and inter-assay coef-
ficient of variability ≤6%. Brain, liver, perigonadal adipose tissue and
gastrocnemius muscle masses were determined. The whole hypotha-
lamus of HFD mice was removed, quickly frozen, followed by extraction
of total RNA with TRIzol® (Invitrogen). Assessment of RNA quantity
and quality was performed with an Epoch Microplate
Spectrophotometer (Biotek). Total RNA was incubated with RNase-free
DNase I (Roche Applied Science). Reverse transcription was performed
with 2 μg of total RNA using SuperScript® II Reverse Transcriptase
(Invitrogen) and random primers p(dN)6 (Roche Applied Science).
Real-time polymerase chain reaction was performed using the 7500
Fast Real-Time PCR System (Applied Biosystems) with Power SYBR
Green PCR Master Mix (Applied Biosystems). The following primers
were used: Actb (forward: gctccggcatgtgcaaag; reverse: catca-
caccctggtgccta), Agrp (forward: ctttggcggaggtgctagat; reverse: ag-
gactcgtgcagccttacac), Gapdh (forward: gggtcccagcttaggttcat; reverse:
tacggccaaatccgttcaca), Ghrh (forward: tatgcccggaaagtgatccag; reverse:
atccttgggaatccctgcaaga), Npy (forward: ccgcccgccatgatgctaggta; re-
verse: ccctcagccagaatgcccaa), Pomc (forward: atagacgtgtggagctggtgc;
reverse: gcaagccagcaggttgct), Ppia (forward: tatctgcactgccaagactgagt;
reverse: cttcttgctggtcttgccattcc) and Sst (forward: ctgtcctgccgtctccagt;
reverse: ctgcagaaactgacggagtct). The relative quantification of mRNA
was calculated by 2-ΔΔCt. Data were normalized by the geometric
average of Actb, Gapdh and Ppia.

2.7. Statistical analysis

Unpaired two-tailed Student's t-test was used to compare control
and GHR ChAT KO groups. Changes along time were evaluated by

Fig. 3. GHR ablation in ChAT neurons does not affect tissue growth. A–D. Brain (A), liver (B), perigonadal fat (C) and gastrocnemius muscle (D) mass in control
(n= 11) and GHR ChAT KO (n= 14) male mice. E–H. Brain (E), liver (F), perigonadal fat (G) and gastrocnemius muscle (H) mass in control (n= 12) and GHR ChAT
KO (n = 10) female mice.
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Fig. 4. Normal glucose homeostasis in mice carrying GHR ablation in ChAT neurons. A–D. Glucose tolerance test (A), insulin tolerance test (B), counter regulatory
response to 2-deoxy-D-glucose (2DG, C) and glucoprivic hyperphagia after PBS or 2DG injections (D) in control (n=11) and GHR ChAT KO (n=14) male mice. E–H.
Glucose tolerance test (E), insulin tolerance test (F), counter regulatory response to 2DG (G) and glucoprivic hyperphagia after PBS or 2DG injections (H) in control
(n = 12) and GHR ChAT KO (n = 10) female mice.
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Fig. 5. GHR ablation in ChAT neurons does not affect the energy balance in male mice consuming high-fat diet. A–H. Body weight (A), body fat mass (B), lean body
mass (C), daily food intake (D), oxygen consumption (VO2, E), respiratory exchange ratio (RER, F), ambulatory activity (G) and serum leptin levels (H) in control
(n = 7) and GHR ChAT KO (n = 11) male mice consuming high-fat diet for 14 weeks.

Fig. 6. Reduced hypothalamic Pomc expression in HFD GHR ChAT KO mice. A–C. Glucose tolerance test (A), insulin tolerance test (B) and counter regulatory
response to 2-deoxy-D-glucose (2DG, C) in HFD control (n = 11) and GHR ChAT KO (n = 14) male mice. D. Liver adipose content in control (n = 4) and GHR ChAT
KO (n = 6) male mice after 14 weeks in high-fat diet. E–G. Hypothalamic mRNA levels in control (n = 5) and GHR ChAT KO (n = 11) male mice after 14 weeks in
high-fat diet. *, p = 0.0214.
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repeated measures two-way ANOVA followed by Sidak's multiple
comparisons test. The GraphPad Prism software (GraphPad, San Diego,
CA) was used for the statistical analyses. Data were expressed as
mean ± standard error of the mean.

3. Results

3.1. Distribution of cholinergic neurons responsive to GH in the mouse brain

Brain areas where cholinergic neurons are found [16–20] also
contain significant numbers of GH-responsive neurons [9]. To in-
vestigate whether cholinergic neurons are directly responsive to GH,
C57BL/6 mice received an acute systemic injection of GH and their
brains were processed to detect cells co-expressing ChAT and pSTAT5, a
well-established marker of GH-responsive neurons [9–14]. In the basal
forebrain, a large number of ChAT positive neurons were observed
along the HDB; however, very few neurons (< 1%) co-localized with
pSTAT5 (Fig. 1A). On the other hand, in the hypothalamus, 60 ± 19%
of ChAT neurons in the ARH exhibited GH-induced pSTAT5 (Fig. 1B).
Additionally, 84 ± 16% of cholinergic neurons in the DMH displayed
pSTAT5 in GH-injected mice (Fig. 1C). In the brainstem, pSTAT5 cells
were not found in the NA (Fig. 1D). Several pSTAT5 positive cells were
observed in the VII and XII, but they did not co-localize with ChAT
neurons (Fig. 1E–F). However, 34 ± 6% of ChAT positive neurons in
the DMX expressed GH-induced pSTAT5 (Fig. 1F). Of note, GH-re-
sponsive neurons in the DMX were concentrated in the lateral and
caudal divisions, representing a segregated neuronal population, com-
pared with rostral and medial DMX ChAT neurons (Fig. 1F). PBS-in-
jected mice exhibited few pSTAT5 cells in the entire brain and no co-
localization with ChAT (data not shown). Altogether, an important
percentage of GH-responsive neurons were observed in cholinergic
neurons located in the ARH, DMH and DMX, all nuclei critically in-
volved in the regulation of energy and glucose homeostasis
[16,17,19,20].

3.2. GHR ablation in ChAT neurons does not affect energy homeostasis or
tissue growth

After demonstrating that cholinergic neurons in brain areas that
regulate metabolism are directly responsive to GH, we decided to in-
vestigate the physiological importance played by GHR signaling in
these cells. For this purpose, we produced mice carrying ablation of
GHR exclusively in ChAT-expressing cells. To confirm the targeted gene
deletion, GHR ChAT KO mice received a GH injection to induce pSTAT5
in the brain. As shown in wild-type mice (Fig. 1A–F), GH injection led
to a great number of pSTAT5 immunoreactive cells all over the brain,
including hypothalamic areas like the ARH (Fig. 1G), VMH (Fig. 1G)
and DMH (Fig. 1H), a well as the nucleus of the solitary tract (NTS;
Fig. 1H). However, in contrast to wild-type animals, ChAT neurons did
not co-localize with GH-induced pSTAT5 in GHR ChAT KO mice
(Fig. 1G–I), indicating that GHR ablation affected specifically choli-
nergic neurons.

Then, we investigated possible changes in energy balance in GHR
ChAT KO mice. In both males and females, GHR deletion in ChAT-ex-
pressing cells did not cause any alterations in body weight, body fat
mass, lean body mass, daily food intake, energy expenditure (VO2),
RER, voluntary ambulatory activity and serum leptin levels (Fig. 2).
Muscarinic cholinergic receptors regulate GH secretion in humans [22]
and mice [23]. Thus, we also investigated whether GHR ChAT KO mice
exhibit normal tissue growth, as an indicator of possible changes in GH
secretion. We observed a similar brain, liver, perigonadal fat and gas-
trocnemius muscle weight comparing control and GHR ChAT KO mice
(Fig. 3). Additionally, control and GHR ChAT KO male mice exhibited
similar Ghrh (control: 1.00 ± 0.14; GHR ChAT KO: 0.80 ± 0.09;
t(14) = 1.232, p = 0.2383) and Sst (control: 1.00 ± 0.18; GHR ChAT
KO: 1.11 ± 0.07; t(14) = 0.73, p = 0.4775) mRNA levels in the

hypothalamus.

3.3. Normal glucose homeostasis in mice carrying GHR ablation in ChAT
neurons

ChAT neurons, particularly in the DMX, regulate glucose levels
[16,17]. Thus, we also evaluated possible changes in glucose home-
ostasis and we observed that GHR ablation in ChAT-expressing neurons
did not cause significant alterations in glucose tolerance and insulin
sensitivity in male (Fig. 4A–B) and female mice (Fig. 4E–F). Central
GHR signaling regulates the CRR to hypoglycemia and the hyperphagia
induced by 2DG [10–12]. However, GHR ChAT KO mice showed a si-
milar 2DG-induced CRR and hyperphagia, compared to control animals
(Fig. 4C–D, G–H). Therefore, GHR expression in ChAT neurons is not
required for the regulation of glucose homeostasis.

3.4. Reduced hypothalamic Pomc expression in HFD GHR ChAT KO mice

In the next set of experiments, we evaluated the susceptibility to
diet-induced obesity by exposing control and GHR ChAT KO male mice
to HFD for 14 weeks (Fig. 5). We observed a similar body weight gain
over time between the groups (Fig. 5A). Additionally, the increases in
body fat mass and lean body mass were not different between control
and GHR ChAT KO mice (Fig. 5B–C). No statistically significant dif-
ferences in food intake (Fig. 5D), VO2 (Fig. 5E), RER (Fig. 5F), ambu-
latory activity (Fig. 5G), serum leptin levels (Fig. 5H), glucose tolerance
(Fig. 6A), insulin sensitivity (Fig. 6B), CRR to 2DG injection (Fig. 6C)
and liver adipose content (Fig. 6D) were observed in control and GHR
ChAT KO male mice. Hypothalamic gene expression was analyzed in
mice exposed to HFD and we observed normal Agrp and Npy mRNA
levels in GHR ChAT KO mice (Fig. 6E–F). However, GHR deletion in
ChAT neurons caused decreased hypothalamic Pomc mRNA levels in
HFD mice (t(12) = 2.644, p = 0.0214; Fig. 6G).

4. Discussion

Numerous hormones, including insulin [24,25], leptin [26], ghrelin
[27,28] and prolactin [29], act via the central nervous system to reg-
ulate feeding and metabolism. Recently, several studies have shown
that central GH infusion increases food intake and GHR deletion in
specific neuronal populations produces metabolic and neuroendocrine
consequences [8,10–14,30–32]. In the present study, we investigated
whether cholinergic neurons are central mediators of GH to control
metabolism.

Acetylcholine is a common neurotransmitter involved in many
neurological processes, such as the control of muscle contraction,
visceral functions, arousal, learning, memory, reward and cognition. In
the last years, populations of cholinergic neurons involved in the reg-
ulation of feeding and metabolism were identified, including those lo-
cated in the basal forebrain/HDB [18], DMH [19] and ARH [20]. Al-
though the role played by HDB neurons regulating metabolism was only
recently described [18], DMH and ARH neurons are well-known com-
ponents of the hypothalamic neurocircuit that control feeding, energy
expenditure, thermogenesis and body weight [10,11,13,26,31,33–35].
Importantly, both DMH and ARH contain a large number of GH-re-
sponsive neurons [9–11]. In the present study, we showed that the
majority of ChAT positive cells in the DMH and ARH exhibit GH-in-
duced pSTAT5, indicating that these acetylcholine-producing neurons
express GHR. Jeong et al. [19] demonstrated that downregulation of
ChAT in the DMH decreases the body weight of mice, whereas che-
mogenetic activation of these neurons increases food intake. Further-
more, activation of cholinergic axons that innervate the ARH enhances
GABAergic transmission to POMC neurons, suggesting that ARH POMC-
expressing cells are mediators of the metabolic effects induced by DMH
ChAT neurons [19]. Therefore, GH possibly has an inhibitory effect on
DMH cholinergic neurons. In this sense, the absence of GH action in
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GHR ChAT KO mice would cause disinhibition of DMH cholinergic
neurons, which in turn, would lead to a greater inhibitory input onto
POMC neurons, possibly decreasing the expression of Pomc mRNA, as
observed in the GHR ChAT KO mice. Interestingly, POMC expression is
found in a subpopulation of cholinergic neurons of the ARH [20,36].
Thus, a direct action of GH on POMC neurons may also account for the
changes observed in hypothalamic Pomc expression.

Given the presence of GHR in critical neuronal populations that
regulate metabolism and the consequent downregulation of hypotha-
lamic Pomc mRNA levels, it is somewhat surprising that GHR ChAT KO
mice did not exhibit any metabolic imbalance, even when challenged
with HFD. We hypothesize that the various redundant mechanisms that
control feeding and metabolism [26,37,38] were able to compensate for
the changes in POMC neurons. Not always changes in hypothalamic
Pomc expression lead to predicted metabolic outcomes, considering the
dominant anorexigenic action of POMC neurons. For example, ovar-
iectomized mice become obese despite increased Pomc expression in the
hypothalamus [39]. In another study, mice with increased leptin sen-
sitivity and decreased body adiposity display reduced hypothalamic
Pomc expression [40], even though leptin signaling increases the neu-
ronal activity of POMC neurons [26,37,38]. Thus, the reduced Pomc
expression in the hypothalamus of GHR ChAT KO mice provides addi-
tional evidence that POMC and cholinergic neurons are linked
[19,20,36], but this change alone is not sufficient to cause significant
changes in energy and glucose homeostasis.

GH-induced pSTAT5 was also observed in a subgroup of ChAT
neurons in the DMX. These pre-ganglionic parasympathetic neurons
regulate several autonomic functions of thoracic and abdominal organs
[15]. Changes in the activity of DMX neurons produce alterations in
feeding, energy balance and glucose homeostasis [16,17]. Notably,
most of GH-responsive neurons were specifically located in the lateral
and caudal divisions of the DMX, whereas only few GH-induced
pSTAT5 positive cells co-localized with ChAT neurons in the rostral and
medial divisions of the DMX. This particular spatial distribution prob-
ably has a physiological meaning because there is evidence of a topo-
graphic visceral representation in the DMX [41,42]. In this sense, Fox
and Powley [41] showed that neurons in the caudal-lateral division of
the DMX mainly innervate the celiac subdiaphragmatic vagal branches,
while neurons distributed in other parts of the DMX innervate the he-
patic and gastric parasympathetic branches. Therefore, GH action on
DMX neurons likely regulates visceral functions via the vagal innerva-
tion to the celiac plexus, suppling nerve terminals to esophagus, liver,
stomach, pylorus, duodenum and pancreas [43]. Noteworthy, GHR
deletion in VMH neurons leads to an abnormal hyperactivity of para-
sympathetic preganglionic neurons in the DMX, impairing the capacity
of mice to recover from hypoglycemia [12]. Thus, our findings add new
evidence that central GH signaling is able to influence the para-
sympathetic nervous system. In this regard, although we did not ob-
serve significant metabolic consequences in mice carrying deletion of
GHR in ChAT neurons, we cannot rule out the possibility that physio-
logical aspects regulated by the vagus nerve in the upper gastro-
intestinal tract may be compromised in GHR ChAT KO mice.

5. Conclusions

Cholinergic neurons in the hypothalamus and medulla oblongata
are directly responsive to GH. Although these ChAT-expressing neurons
are involved in the regulation of metabolism, GHR signaling in these
cells is not required for energy and glucose homeostasis. Our findings
provide further support that POMC neurons are under the influence of
cholinergic neurons (or express ChAT) because GHR deletion in ChAT-
expressing cells decreased hypothalamic Pomc mRNA levels. The re-
sponsiveness to GH in a subpopulation of DMX neurons that innervate
the upper gastrointestinal tract may indicate that central GH signaling
is implicated in the vagal control of visceral functions. However, the
identification of the physiological importance of GH action on these

cholinergic neurons will require future studies to investigate autonomic
functions that were not evaluated in the present study. Nevertheless,
our findings contribute to the discovery of novel neuronal populations
that may mediate the biological effects of GH.
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