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Abstract

Arcuate nucleus (ARH) dopaminergic neurons regulate several biological functions, including 

prolactin secretion and metabolism. These cells are responsive to growth hormone (GH), but 

it is still unknown whether GH action on ARH dopaminergic neurons is required to regulate 

different physiological aspects. Mice carrying specific deletion of GH receptor (GHR) in 

tyrosine hydroxylase (TH)- or dopamine transporter (DAT)-expressing cells were produced. We 

investigated possible changes in energy balance, glucose homeostasis, fertility, pup survival and 

restraint stress-induced prolactin release. GHR deletion in DAT- or TH-expressing cells did not 

cause changes in food intake, energy expenditure, ambulatory activity, nutrient oxidation, glucose 

tolerance, insulin sensitivity and counter regulatory response to hypoglycemia in male and female 

mice. In addition, GHR deletion in dopaminergic cells caused no gross effects on reproduction 

and pup survival. However, restraint stress-induced prolactin release was significantly impaired 

in DAT- and TH-specific GHR knockout male mice, as well as in pegvisomant-treated wild-

type males, whereas an intact response was observed in females. Patch-clamp recordings were 

performed in ARH DAT neurons, and differently than prolactin GH did not cause acute changes 
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in the electrical activity of DAT neurons. Furthermore, TH phosphorylation at Ser40 in ARH 

neurons and median eminence axonal terminals was not altered in DAT-specific GHR knockout 

male mice during restraint stress. In conclusion, GH action in dopaminergic neurons is required 

for stress-induced prolactin release in male mice, suggesting the existence of sex differences in the 

capacity of GHR signaling to affect prolactin secretion. The mechanism behind this regulation still 

needs to be identified.

Graphical Abstract

Keywords

DAT; hypothalamus; pituitary; TIDA; tyrosine hydroxylase

1. Introduction

Catecholaminergic neurons are found in numerous brain areas and play important roles 

regulating different physiological aspects, including arousal, sympathetic nervous system, 

motivation/reward, locomotion, metabolism and neuroendocrine axes (1). Dopamine, 

noradrenaline and adrenaline are the final products of the catecholamine biosynthesis, 

depending on the expression of specific enzymes that allow the synthesis of each of these 

substances (1). Tyrosine hydroxylase (TH) is the rate limiting enzyme in the catecholamine 

biosynthesis and TH expression is a common marker of all catecholamine neurons (1). 

Among the different types of catecholaminergic neurons, there is a population of cells 

located in the arcuate nucleus of hypothalamus (ARH) known as tuberoinfundibular 

dopaminergic (TIDA) neurons. TIDA neurons are predominantly found in the dorsal part 

of the ARH and project to the external layer of the median eminence (ME) to regulate 

pituitary prolactin secretion (2, 3). TIDA neurons inhibit prolactin synthesis and release 

via activation of dopamine D2 receptor in lactotropic cells (4). Additionally, TIDA neurons 

are highly responsive to prolactin representing the major negative-feedback loop to control 
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the hypothalamic-prolactin axis (5–9). ARH dopaminergic neurons are also implicated in 

other physiological functions. Of note, recent studies indicate that ARH TH-expressing cells 

regulate metabolism (10, 11).

Growth hormone (GH) receptor (GHR) expression is found in ARH neurons (12). Moreover, 

an acute systemic injection of GH produces a robust activation of the signal transducer 

and activator of transcription 5 (STAT5) signaling pathway in the ARH (13). Interestingly, 

STAT5 transcription factors represent the major intracellular pathway recruited by both 

prolactin and GH (14). Recent studies have investigated possible physiological roles 

played by GH in specific ARH neurons. GH action on ARH agouti-related peptide (AgRP)-

producing neurons regulates metabolic and neuroendocrine adaptations trigged during 

food restriction (15), partially via STAT5-dependent mechanisms (16). GHR expression 

in proopiomelanocortin-expressing cells is required for the hyperphagia induced during 

glucoprivic situations (17). In contrast, ARH kisspeptin-producing neurons do not exhibit 

GH-induced STAT5 phosphorylation (pSTAT5), suggesting that these cells do not express 

GHR (18).

A significant percentage of ARH TH-expressing neurons exhibit GH-induced pSTAT5 and 

the importance of GH signaling in TH cells was recently investigated (19). Noteworthy, 

GHR deletion from TH-expressing cells leads to increased GH secretion and body growth 

in mice (19). Thus, TH neurons are implicated in the control of GH secretion via a negative-

feedback loop (19). However, it is still unknown whether GH action on catecholaminergic 

neurons regulates other physiological functions, particularly metabolism and prolactin 

secretion. Thus, the objective of the present study was to investigate the importance 

of GH action on physiological functions regulated by ARH dopaminergic neurons. For 

this purpose, we produced two cell-specific knockout mice by ablating GHR either in 

TH- or dopamine transporter (DAT)-expressing cells. Of note, DAT is not expressed in 

noradrenergic or adrenergic neurons (20), which ensures that the response to GH in DAT-

specific GHR knockout mice mainly affects subpopulations of dopaminergic neurons (19, 

21). Thus, the combined results from DAT- and TH-specific GHR knockout mice can 

provide a most reliable idea of the importance of GHR signaling to the biological functions 

controlled by ARH dopaminergic neurons.

2. Materials and Methods

2.1. Mice

Cell-specific ablation of GHR was achieved by breeding mice carrying loxP-

flanked Ghr alleles (22) with DAT-Cre mice (The Jackson Laboratory, Bar Harbor, 

ME; RRID: IMSR_JAX:006660) or TH-Cre mice (The Jackson Laboratory; RRID: 

IMSR_JAX:008601). Control (CON) and conditional knockout mice (Cre-expressing 

animals) were homozygous for the loxP-flanked Ghr alleles. To visualize DAT-expressing 

cells, a LoxP-STOP-LoxP-GAG-tdTomato reporter mouse (The Jackson Laboratory; RRID: 

IMSR_JAX:007909) was bred until producing DAT-Cre and DAT-Cre/GHRflox/flox mice 

carrying the reporter allele. Mice were in the C57BL/6 background, weaned at 3–4 weeks 

of age and their mutations were confirmed by genotyping the DNA that had been previously 

extracted from the tail tip using a commercially available kit (REDExtract-N-Amp™ Tissue 
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PCR Kit, Sigma-Aldrich, St. Louis, MO). Mice received a regular rodent chow diet and 

filtered water ad libitum. The experiments performed were previously approved by the 

Ethics Committee on the Use of Animals of the Institute of Biomedical Sciences, University 

of São Paulo (protocol number: 73/2017).

2.2. Detection of GH-responsive dopaminergic neurons

Adult CON (2 males and 1 female), DAT- (3 males) and TH-specific (4 males and 2 females) 

GHR knockout mice received an acute intraperitoneal (i.p.) injection of 20 μg/g b.w. of 

porcine pituitary GH [from Dr. A.F. Parlow, National Hormone and Pituitary Program 

(NHPP), Torrance, CA]. Another group of CON mice (3 males) received i.p. injection of 

saline. After 90 minutes, 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. 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 made in rabbit (Cell Signaling, 

Beverly, MA, Cat# 9351; RRID: AB_2315225; 1:1,000) and anti-TH made in mouse 

(Immunostar, Hudson, WI; #22941; RRID: AB_572268; 1:2,500) for 40 h. The anti-TH 

primary antibody was not used in brain sections of DAT-specific GHR knockout mice 

because these animals carried the tdTomato reporter protein, so no reaction was necessary 

to visualize DAT-expressing cells. Then, sections were rinsed in KPBS and incubated 

for 90 min in AlexaFluor488- and AlexaFluor594-conjugated secondary antibodies (1:500, 

Jackson ImmunoResearch Laboratories, Cambridge, MA). After rinses in KPBS, sections 

were mounted onto gelatin-coated slides that were covered with Fluoromount G mounting 

medium (Electron Microscopic Sciences, Hatfield, PA).

2.3. Evaluation of energy balance

Possible changes in energy balance were evaluated in 5-month-old male and female mice. 

Mice were housed in individual cages for one week for acclimation. Then, body weight 

and food intake were measured for approximately 5 consecutive days. O2 consumption, 

CO2 production, ambulatory activity (by infrared sensors) and respiratory exchange ratio 

(RER; calculated by CO2 production/ O2 consumption) were determined using the Oxymax/

Comprehensive Lab Animal Monitoring System (Columbus Instruments, Columbus, OH) 

for approximately 7 days. The data from the first 2–3 days of analysis were discarded 

because we considered acclimation period. The results used for each animal were the 

average of the analyzed days.

2.4. Evaluation of glucose homeostasis and counter regulatory response to 
hypoglycemia

Glycemia was measured using a glucose meter (One Touch Ultra; Johnson & Johnson, 

Milpitas, CA) via blood samples collected from the tail tip. Food was removed from cage 

for 4 hours before each test. Five-month-old mice were subjected to a glucose tolerance 

test (GTT; 2 g glucose/kg b.w.; i.p.), insulin tolerance test (ITT; 1 IU insulin/kg b.w.; i.p.) 
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and counter regulatory response induced by an i.p. injection of 0.5 g/kg 2-deoxy-D-glucose 

(2DG; Sigma-Aldrich). To avoid stress, there was a 5-day interval between the tests. Blood 

glucose levels were determined at 0, 20, 40, 60, 90 120 and 180 min after the injections.

2.5. Evaluation of fertility and pup survival

CON, DAT- and TH-specific GHR knockout female mice were bred with GHRflox/flox male 

mice and the number of days to give birth was measured. To determine pup survival, we 

counted the number of viable pups in the offspring at weaning time.

2.6. Restraint stress and blood collections

Five-month-old CON, DAT- and TH-specific GHR knockout mice were physically restrained 

for 120 min in 50-ml polypropylene centrifuge tubes, containing holes of 0.4 cm diameter 

to breathe. This immobilization allows limb movements, but the animal was unable to turn 

180°. Additionally, a group of C57BL/6 wild-type mice that received an i.p. injection of 

the GHR antagonist pegvisomant (20 μg/g b.w.; Pfizer, Puurs, Belgium) just before the 

beginning of restraint stress was also evaluated. Blood samples (30 μL each) were obtained 

through a small cut in the tail tip, immediately following the onset of stress (0) and at 

intervals of 15, 30, 45, 60, 90 and 120 minutes, using heparinized capillaries (75 mm 

length and 1.5 mm diameter). After each collection, blood was centrifuged and plasma was 

collected and stored at −80°C.

2.7. Measurement of plasma prolactin levels

Plasma prolactin levels were determined using ultrasensitive prolactin enzyme-linked 

immunosorbent assay. The assay was performed as previously described (23), with the 

exception that mouse prolactin (AFP-6476C, NHPP) was used as reference preparation. 

Briefly, a 96-well high-binding plate (9018, Corning, Kennebunk, ME) was coated with 

50 μL of guinea pig anti-rat prolactin antibody (AFP65191, NIDDK-NHPP; RRID: 

AB_2756841; 1:1,500) overnight at 4 ºC. The antibody was decanted and wells were 

incubated with 200 μL of 5% skim milk powder in 0.05% tween-20 phosphate-buffered 

saline for 2 h at room temperature (RT). A standard curve was generated using a 2-fold 

serial dilution of the mouse prolactin reference preparation (AFP-6476C). The wells were 

incubated with 50 μL of samples for 24 hours at RT. The plate was washed, and the 

wells were incubated with 50 μL of the rabbit anti-rat prolactin antibody (AFP131581570, 

NHPP; RRID: AB_2722653; 1:70,000) for 24 h at 4 ºC. After washing, wells were 

incubated with 50 μL of horseradish peroxidase-conjugated goat anti-rabbit IgG (P044801–

2, Dako Pathology Solutions, Santa Clara, CA; RRID: AB_2617138; 1:2,000) for 90 

min at RT. Following a final wash, wells were incubated with 100 μL of 2 mg/mL 

o-phenylenediamine dihydrochloride (P1526, Sigma-Aldrich) diluted in citrate-phosphate 

buffer (pH 5.0) containing 0.02% hydrogen peroxide for 45 min at RT. The absorbance was 

determined at 490 nm using a microplate reader, and the wavelength of 650 nm was used 

for background correction. The concentrations of prolactin were obtained by interpolating 

the optical density of samples against a nonlinear regression of the standard curve. The 

intra-assay and inter-assay coefficients of variation were 7.9% and 10.6%, respectively.
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2.8. Electrophysiology

To analyze the potential effects of GH or prolactin on the membrane excitability 

of dopaminergic neurons in the dorsal ARH, whole-cell patch-clamp recordings were 

performed in hypothalamic slices of adult (8 to 12-week-old) DAT-Cre/tdTomato-reporter 

mice. Mice were decapitated, their brains collected and immediately submerged in ice-cold, 

carbogen-saturated (95% O2 and 5% CO2) artificial cerebrospinal fluid (aCSF; 124 mM 

NaCl, 2.8 mM KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 1.2 mM MgSO4, 5 mM glucose 

and 2.5 mM CaCl2). Coronal sections (250 μM thick) from a hypothalamic block were 

cut with a vibratome (Leica Biosystems, model: VT1000S, Buffalo Grove, IL) and then 

incubated in oxygenated aCSF at RT for at least 1h before the recording. Slices were 

transferred to the recording chamber and allowed to equilibrate for 10–20 min before the 

recording. The slices were bathed in oxygenated aCSF (30°C) at a flow rate of 2 mL/min. 

In current-clamp mode, neurons were recorded under zero current injection (I = 0) in 

whole-cell patch-clamp configuration. The pipette solution was composed of: 120 mM 

K-gluconate, 1 mM NaCl, 10 mM KCl, 10 mM HEPES, 5 mM EGTA, 1 mM CaCl2, 1 

mM MgCl2, 3 mM KOH and 4 mM (Mg)- ATP, pH 7.3. The pipettes had a resistance of 

5–7 MΩ. The membrane potential was monitored for at least 5 min (Basal), followed by 

the addition of porcine GH (5 μg/mL) or ovine prolactin (6.25 μg/mL; Sigma-Aldrich) to 

the bath for approximately 5 min. The effects of GH and prolactin were monitored for up 

to 10 minutes. Only one cell was recorded in each brain slice. The membrane potential 

values were compensated to account for the junction potential (−8 mV). Average frequency 

of action potentials was determined offline using the Mini Analysis Program (Synaptosoft, 

Decatur, GA; RRID: SCR_002184), by analyzing 2 minutes before, during and after the 

administration of the hormone to the bath. Series resistance was < 20 MΩ. Data were 

discarded if a change of 20% or more occurred during the recording.

2.9. Immunofluorescence reaction to stain total TH and TH phosphorylation

CON and DAT-specific GHR knockout mice were perfused in basal conditions (non-stressed 

animals; n = 6/group) or after 45 min of restraint stress (n = 4–5/group). Two consecutive 

brain series were subjected to immunofluorescence reactions to stain total TH and TH 

phosphorylation at the Ser40 residue (pTH), which is known to increase TH activity 

(7, 24–26). For this purpose, brain slices were rinsed in KPBS, blocked in 3% normal 

donkey serum for 1 h, followed by incubation overnight in anti-TH antibody (Abcam, 

Cambridge, UK; #ab112; RRID: AB_297840; 1:1,000) or anti-pTHSer40 antibody (Thermo 

Fisher Scientific, Waltham, MA; #36–8600; RRID: AB_138590; 1:10,000). Subsequently, 

brain sections were rinsed in KPBS, incubated for 90 min in AlexaFluor488-conjugated 

secondary antibody (1:500, Jackson ImmunoResearch Laboratories) and mounted onto 

gelatin-coated slides. The slides were covered with Fluoromount G mounting medium 

(Electron Microscopic Sciences).

2.10. Image analysis

Photomicrographs were acquired with a Zeiss Axiocam HRc camera coupled to a Zeiss 

Axioimager A1 microscope (Zeiss, Munich, Germany). Images were digitized using 

Axiovision software (Zeiss). The ImageJ Cell Counter software (http://rsb.info.nih.gov/ij/) 
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was used to manually count the number of single (TH or pTH)- or doubled-labeled 

cells (pSTAT5/TH) in three rostrocaudal levels of the ARH [Bregma: −1.25 to −1.55 

mm, according to the Allen Brain Atlas (http://mouse.brain-map.org/)]. To determine the 

density of TH and pTH axonal terminals in the external layer of the ME, epifluorescence 

photomicrographs were acquired in three rostrocaudal levels (Bregma: −1.25 to −1.55 mm). 

Using ImageJ software, we drew a rectangle that comprised approximately one third of the 

external layer of the ME. Then, we used the Measure tool to obtain the integrated optical 

density (IOD), which represents the average staining intensity in the selected area. The IOD 

obtained in the external layer of the ME was subtracted from the background IOD. The 

values obtained at different rostrocaudal levels were averaged, representing the data for each 

animal.

2.11. Statistical analysis

Data were expressed as mean ± s.e.m. and analyzed with GraphPad Prism software (San 

Diego, CA). Comparisons between two groups were performed using unpaired two-tailed 

Student’s t-test. When three groups were compared simultaneously, the analysis was 

performed by one-way ANOVA with Tukey’s test for multiple comparisons. Changes along 

time in the GTT, ITT, 2DG test and stress-induced prolactin release were determined 

by repeated measures two-way ANOVA. The electrophysiological data between basal, 

treatment and washout periods were compared by repeated measures one-way ANOVA. 

Differences were considered significant if P ≤ 0.05.

3. Results

3.1. TIDA neurons are responsive to GH

To demonstrate that TH-expressing neurons in the ARH are directly responsive to GH, 

CON mice received an acute i.p. injection of saline or GH and their brains were processed 

to detect pSTAT5 immunoreactivity (Fig. 1A–B). Whereas saline-treated mice (3 males) 

exhibited virtually no pSTAT5 (Fig. 1A), GH-injected CON mice (2 males and 1 female) 

showed a large amount of pSTAT5 immunoreactive cells in the ARH (Fig. 1B), ventromedial 

nucleus of the hypothalamus (VMH; Fig. 1B) and other brain areas (data not shown). 

Importantly, 52.6 ± 4.7% of ARH TH-expressing neurons co-expressed GH-induced 

pSTAT5, especially in its dorsal aspects (Fig. 1B), indicating that TIDA neurons are directly 

responsive to GH. The percentage of pSTAT5/TH co-localization in the ARH was similar 

between males (55 ± 6%) and the female (47%). To induce deletion of GHR in TIDA 

neurons, DAT-Cre and TH-Cre mice were crossed with GHR-flox animals. To demonstrate 

the specificity of the cell-specific GHR deletions, these knockouts received GH injections 

to induce pSTAT5 in the brain (Fig. 1C–D). In mice carrying ablation of GHR in DAT-

expressing cells (3 males), only 7.8 ± 2.6% of ARH DAT neurons exhibited pSTAT5, 

whereas a normal distribution of GH-induced pSTAT5 was observed in ARH non-DAT cells 

and other brain nuclei (Fig. 1C). It is worth mentioning that only part of ARH TH neurons 

express DAT (21), so a group of TH-positive, but DAT-negative cells remain responsive to 

GH in the ARH of DAT-specific GHR knockout mice, as demonstrated earlier (19). In mice 

carrying ablation of GHR in TH-expressing cells (4 males and 2 females), we observed 

2.4 ± 0.6% of ARH TH cells expressing pSTAT5 after an acute GH stimulus, whereas 
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GH-responsive cells were normally observed in non-TH positive neurons (Fig. 1D). These 

results confirm the efficacy of the cell-specific GHR deletions.

3.2. GHR expression in dopaminergic neurons is not necessary for the maintenance of 
energy homeostasis

Previous studies indicate that hypothalamic dopaminergic neurons regulate metabolism (10, 

11, 27, 28). GHR signaling in specific hypothalamic neurons also produces changes in 

food intake, body weight and energy expenditure (15, 17, 29–31). Thus, it is possible that 

GH action on hypothalamic dopaminergic neurons regulates different metabolic aspects. To 

investigate this possibility, we determined whether mice carrying ablation of GHR in DAT- 

or TH-expressing cells exhibit alterations in energy homeostasis. We observed in both males 

(F(2, 39) = 7.154, P = 0.0023; Fig. 2A) and females (F(2, 69) = 4.865, P = 0.0106; Fig. 2A) 

that TH-specific GHR ablation led to increased body weight. This phenotype was detailed 

characterized in a recent publication from our group showing that these animals exhibit 

increased GH secretion due to defects in hypothalamic negative feedback, without exhibiting 

alterations in body adiposity (19). In contrast, DAT-specific GHR deletion did not affect 

body weight (Fig. 2A, F). Inactivation of GHR in TH- or DAT-expressing cells did not cause 

changes in food intake (Fig. 2B, G). Additionally, GHR deletion in TH- or DAT-expressing 

neurons caused no significant changes in energy expenditure (Fig. 2C, H) and RER (Fig. 

2E, J). However, ambulatory activity was reduced in female mice carrying ablation of GHR 

in TH-expressing cells (F(2, 28) = 4.759, P = 0.0166; Fig. 2I), whereas no alterations were 

observed in males (Fig. 2D). Thus, GHR expression in dopaminergic cells is not necessary 

for the maintenance of energy homeostasis.

3.3. Glucose homeostasis is not altered by GHR deletion in dopaminergic cells

Genetic manipulations in dopaminergic neurons alter glucose homeostasis (28). 

Furthermore, dopaminergic drugs are known to affect glucose tolerance and insulin 

sensitivity, possibly via central mechanisms (27, 32–34). Thus, glucose homeostasis was 

also evaluated in mice carrying GHR deletion in dopaminergic cells. In male mice, no 

statistically significant effects of GHR deletion in DAT- or TH-expressing cells were 

observed in the glucose tolerance test (main effect of time [F(3, 135) = 298.0, P < 0.0001], 

main effect of GHR ablation [F(2, 46) = 0.694, P = 0.5047] and interaction [F(10, 230) = 

2.01, P = 0.0333]; Fig. 3A) or insulin tolerance test (main effect of time [F(3, 115) = 446.1, 

P < 0.0001], main effect of GHR ablation [F(2, 46) = 0.3506, P = 0.7061] and interaction 

[F(10, 230) = 2.818, P = 0.0026]; Fig. 3B), although a significant interaction was found. When 

the area under the curve was calculated, no significant changes between the groups of males 

were observed in the glucose tolerance test (F(2, 46) = 0.7373, P = 0.484; data not shown) and 

insulin tolerance test (F(2, 46) = 0.4189, P = 0.6602; data not shown). Similar to the results 

found in males, GHR ablation in DAT or TH cells of female mice caused no significant 

effects on glucose tolerance (main effect of time [F(3, 115) = 215.2, P < 0.0001], main effect 

of GHR ablation [F(2, 40) = 0.063, P = 0.9387] and interaction [F(10, 200) = 0.3111, P = 
0.9777]; Fig. 3D) or insulin sensitivity (main effect of time [F(3, 117) = 529.8, P < 0.0001], 

main effect of GHR ablation [F(2, 36) = 2.215, P = 0.1238] and interaction [F(10, 180) = 1.498, 

P = 0.1432]; Fig. 3E). Central GH signaling regulates the counter regulatory response to 

2DG infusion (30). Thus, the glucoprivic effects induced by 2DG were also evaluated in 
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the present study. In accordance with the absence of changes in glucose homeostasis, male 

(main effect of time [F(4, 173) = 261.1, P < 0.0001], main effect of GHR ablation [F(2, 41) 

= 0.3856, P = 0.6825] and interaction [F(12, 246) = 2.023, P = 0.0229]; Fig. 3C) and female 

(main effect of time [F(3, 117) = 529.8, P < 0.0001], main effect of GHR ablation [F(2, 36) = 

2.215, P = 0.1238] and interaction [F(10, 180) = 1.498, P = 0.1432]; Fig. 3F) mice carrying 

GHR ablation in DAT- or TH-expressing cells exhibited no changes in the counter regulatory 

response caused by 2DG administration.

3.4. GHR deletion in dopaminergic cells causes no gross effects on reproduction and 
pup survival

Prolactin secretion exerts an important function regulating reproduction and lactation (4, 35). 

Thus, we determined whether GHR deletion in TH- or DAT-expressing cells affects fertility 

and number of viable pups in the offspring. We found that the average time to give birth 

after the initiation of mating was similar among CON, DAT and TH female mice (Fig. 4A). 

Moreover, the average number of pups at weaning was not significantly affected by GHR 

deletion (Fig. 4B).

3.5. GH action on dopaminergic neurons regulates stress-induced prolactin release only 
in male mice

Since TIDA neurons are responsive to GH and they regulate pituitary prolactin secretion (2, 

3), we determined whether GHR ablation in TH- or DAT-expressing cells affects basal 

prolactin levels. Basal prolactin levels, corresponding to time zero in the serial blood 

bleeding, were higher in females than in males (Fig. 5A, D), as expected. Interestingly, 

inactivation of GHR in DAT-, but not in TH-expressing cells, reduced basal prolactin levels 

in male mice (F(2, 20) = 7.13, P = 0.0046; Fig. 5A). On the other hand, plasma prolactin 

was not affected by GHR deletion in female mice (Fig. 5D). Previous studies have shown 

that GH action in specific hypothalamic neurons is necessary for triggering neuroendocrine 

responses during situations of metabolic stress (15, 17, 30). Restraint stress leads to a rapid 

increase in prolactin secretion, whereas GH release is inhibited (36–39). Given the fact that 

GHR signaling in TIDA neurons may modulate their function and consequently prolactin 

secretion, we investigated whether GH action on TH- or DAT-expressing cells is necessary 

for restraint stress-induced prolactin secretion. In CON mice, restraint stress induced a 

significant increase in plasma prolactin levels in males (main effect of stress [F(6, 144) = 

24.41, P < 0.0001], main effect of GHR ablation [F(3, 24) = 9.2, P = 0.0003] and interaction 

[F(18, 144) = 2.405, P = 0.0022]; Fig. 5B) and females (main effect of stress [F(4, 96) = 6.8, 

P = 0.0001], main effect of GHR ablation [F(3, 27) = 0.4919, P = 0.6909] and interaction 

[F(18, 159) = 1.36, P = 0.1589]; Fig. 5E). Remarkably, male mice carrying deletion of GHR 

in DAT or TH cells exhibited an attenuated response of prolactin to restraint stress, leading 

to an area under the curve of plasma prolactin levels significantly lower than CON animals 

(F(3, 24) = 9.496, P = 0.0003; Fig. 5C). In contrast, GHR inactivation in female mice did 

not affect stress-induced prolactin secretion (Fig. 5F). To further evaluate the role of GH 

signaling in regulating stress-induced prolactin secretion, we tested a group of wild-type 

animals that were treated with pegvisomant, a GHR antagonist, before restraint stress. 

Similarly to the results found in mice carrying GHR ablation in dopaminergic neurons, 
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pegvisomant significantly attenuated the restraint stress-induced prolactin secretion in male 

mice (Fig. 5B–C), whereas no effects were observed in females (Fig. 5E–F).

3.6. In contrast to prolactin, GH does not cause acute changes in the electrical activity of 
TIDA neurons

Prolactin administration leads to a robust depolarization in TIDA neurons (5–7), which is in 

accordance with the negative-feedback loop that controls prolactin secretion. To determine 

whether GH also affects the membrane potential oscillation nadir of TIDA neurons, whole-

cell patch-clamp recordings were performed in DAT-expressing neurons in the dorsal ARH. 

We observed that GH application to the bath did not cause significant changes in the 

membrane potential or frequency of action potentials of ARH DAT-expressing neurons 

either in male mice (17 cells from 9 animals; Fig. 6A) or in females (19 cells from 

9 animals; Fig. 6B). In addition, no significant changes were observed in the membrane/

input resistance (data not shown). As previously demonstrated (5–7), prolactin induced a 

significant depolarization (+13.3 ± 2.3 mV) in all cells recorded (n = 3 cells from 2 mice) 

and this effect was not reversible during the washout period analyzed (data not shown).

3.7. DAT-specific GHR ablation does not affect TH phosphorylation during restraint stress

Dopamine neurotransmission is not only controlled by the frequency of action potentials 

of dopaminergic neurons, but also by posttranslational modifications in the TH enzyme. 

In this regard, previous studies have shown that phosphorylation in specific TH residues 

can enhance its activity, increasing dopamine synthesis and release (7, 24–26). Before 

determining whether the blunted stress-induced prolactin release observed in DAT-specific 

GHR knockout male mice could be explained by changes in pTH, we analyzed the number 

of pTH immunoreactive neurons in the ARH and the density of pTH immunoreactive 

terminals in the ME of mice perfused in basal conditions (non-stressed animals). DAT-

specific GHR knockout mice showed no changes in the density of pTH axonal terminals in 

the ME (CON: 9.1 ± 0.9; DAT: 10.3 ± 1.5; P = 0.4985; n = 6/group) or the number of pTH 

positive neurons in the ARH (CON: 32.3 ± 1.1; DAT: 32.0 ± 1.1; P = 0.8332), as compared 

to CON mice. Subsequently, male mice were evaluated after 45 minutes of restraint stress 

(Fig. 7). We observed that control and DAT-specific GHR knockout mice exhibited similar 

numbers of TH and pTH immunoreactive neurons in the ARH during restraint stress (Fig. 

7A–F). Furthermore, the ratio in the density of pTH/TH axonal terminals in the ME was 

similar between the experimental groups (Fig. 7A–D, G).

4. Discussion

In the last few years, several studies started to uncover the physiological importance of GH 

action on specific neuronal populations (15, 17–19, 29–31, 40). These studies revealed that 

GH has a particularly important action during situations of stress or when homeostasis is 

challenged (41). For example, during food deprivation GHR signaling in AgRP-expressing 

neurons triggers energy-saving adaptations to decrease weight loss and increase the chances 

of survival (15, 16), whereas during hypoglycemia GH action on VMH neurons enhances 

the counter regulatory response to recover blood glucose levels (30). Interestingly, in most 

of the cases, GHR ablation in specific neuronal populations caused no or just minor 
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physiological changes during basal conditions (15, 17, 29, 30), highlighting the importance 

of central GHR signaling as a cue during situations of stress to coordinate physiological 

adjustments to restore homeostasis. In the present study, we investigated the importance of 

GH action in functions regulated by ARH dopaminergic neurons. Similar to the findings of 

earlier studies, GHR deletion in DAT- or TH-expressing cells produced minor alterations in 

situations in which animals were not challenged, except for the evident increase in body 

weight of TH-specific GHR knockout mice that is secondary to increased GH secretion, as 

previously demonstrated (19). However, when DAT- and TH-specific knockout mice were 

subjected to restraint stress we observed a blunted stress-induced prolactin secretion.

GH-responsive neurons were identified in the present study via the expression of pSTAT5 

in mice previously injected with GH. Although this method has been extensively used 

by our research group (13, 15–19, 29–31, 40–43), we cannot guarantee that all pSTAT5 

positive cells express GHR. In fact, no study so far demonstrated that TIDA neurons express 

Ghr mRNA. However, GH-induced pSTAT5 positive cells in the dorsal ARH co-localize 

with Ghr mRNA, although no further co-localization with TH or DAT was performed 

(13). Additionally, using a novel GHR-Cre mouse model, a preprint study showed some 

co-localization between GHR and TH in the ARH, although in a lower extent compared to 

our study and with double-labeled cells located in the ventral ARH (44). Thus, it is desirable 

that future studies determine the percentage of DAT or TH neurons that express GHR.

ARH TH cells recently emerged as a novel neuronal population that controls metabolism 

(10, 11). Hypothalamic dopamine signaling regulates energy expenditure and brown fat 

thermogenesis (27). Optogenetic activation of ARH TH neurons increases food intake in 

mice, whereas their inhibition leads to body weight reduction (10). ARH TH neurons do not 

co-localize with AgRP/neuropeptide Y-expressing cells, but likewise they are activated by 

the appetite-stimulating hormone ghrelin (10, 11). Central GH injection also has orexigenic 

effects (15) and our results indicate that approximately half of ARH TH neurons are directly 

responsive to GH in both male and female mice. Nevertheless, GHR ablation in DAT- or 

TH-expressing cells did not cause significant changes in energy and glucose homeostasis. 

Thus, GH’s effects on metabolism likely rely on other neuronal populations. However, we 

did not evaluate our experimental animals under metabolic challenges, such as chronic 

high-fat diet intake. Thus, we cannot rule out the possibility that the absence of GHR 

signaling in dopaminergic cells may affect metabolism in situations of metabolic imbalance.

ARH dopaminergic neurons are classically involved in the control of prolactin secretion 

(4–9). Besides prolactin’s effect stimulating milk production, prolactin is necessary 

for postpartum maternal nursing behavior (45–47). Additionally, prolactin regulates 

reproduction and fertility (23, 48, 49). Our findings suggest that GHR deletion in DAT- 

or TH-expressing cells did not affect fertility and pup survival. However, since we did 

not perform a detailed evaluation of reproduction and pup growth, our results should be 

considered preliminary. Pup survival depends on lactation performance and maternal care, so 

the physiological patterns of prolactin secretion during lactation were probably not affected 

by the genetic ablations. However, DAT-specific, but not TH-specific GHR knockout male 

mice exhibited lower basal prolactin levels, whereas normal basal prolactin levels were 

observed in mutant females. Although the vast majority of DAT neurons express TH, 
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there are some exceptions including neurons of the suprachiasmatic (SCH) and ventral 

premammillary (PMv) nuclei (21). SCH regulates circadian rhythms, and PMv neurons are 

known to mediate the effects of leptin on reproduction (50–52) and regulate inter-male 

aggression (53–55). Whether GH action on these DAT-positive, TH-negative neurons may 

regulate basal prolactin secretion in male mice remains to be determined.

Restraint stress-induced prolactin secretion was impaired in male DAT- and TH-specific 

GHR knockout mice, as well as in pegvisomant-treated wild-type mice. Several central 

mechanisms have been proposed to explain the activation of stress-induced prolactin 

secretion, including changes in the release of noradrenaline (36, 56), bombesin (38), 

dopamine (37, 57), histamine (58) and prolactin-release peptide (59). Another study showed 

that prolactin signaling is reduced in TIDA neurons during restraint stress, suggesting that 

a temporary loss in prolactin negative-feedback contributes with stress-induced prolactin 

release (60). Of note, circulating GH levels quickly falls during restraint stress (36–39). 

Thus, acute changes in GHR signaling in dopaminergic neurons may be necessary to fully 

induce prolactin secretion during restraint stress. Of note, although our manuscript focused 

on studying ARH dopaminergic neurons as putative mediators of GH action to regulate 

prolactin secretion, different hypothalamic and brainstem areas contain TH-expressing 

neurons that are responsive to GH, including the periventricular nucleus, paraventricular 

nucleus of the hypothalamus and locus coeruleus (19, 42). Additionally, we cannot rule out 

the participation of catecholaminergic cells of the periphery. Thus, it must be taken into 

account that the actions of GH to control stress-induced prolactin secretion may involve 

ARH TIDA neurons as well as other cell populations or indirect mechanisms that were not 

investigated in the present study.

Plasma prolactin levels exhibit a strong sexual dimorphism, in which females display higher 

values compared to males. Likewise, our findings indicate the existence of sex differences 

in the capacity of GHR to affect prolactin secretion. Interestingly, previous studies have also 

shown a differential response between male and female rats in the effects caused by acute 

restraint stress on TIDA neuronal activity (61, 62). In this sense, restraint stress induces a 

greater decrease in the activity of TIDA neurons in females compared to males (61). This 

difference is mediated by testosterone action (61). To determine how GHR signaling affects 

stress-induced prolactin release, we first investigated whether GH induces changes in ARH 

DAT neuronal activity. Differently than prolactin that induces a robust depolarization in 

TIDA neurons (5–7), GH did not cause significant alterations in the membrane potential, 

input resistance or frequency of action potentials of ARH TIDA neurons either in males or 

females. The absence of GH effect is interesting because prolactin and GH have a lot of 

similarities in the intracellular signaling pathways recruited by their receptors (14, 63). In 

pre-pubertal male rats, prolactin increases the activity of TIDA neurons via phosphoinositide 

3-kinase (PI3K)-dependent and -independent mechanisms (5). It is unknown if GHR 

signaling is able to recruit PI3K signaling pathway in TIDA neurons of adult mice. 

Alternatively, we determined whether GH regulates pTH to affect stress-induced prolactin 

release since TH phosphorylation at Ser40 increases its enzymatic activity and several 

physiological conditions affect prolactin secretion via this posttranslational modification (7, 

24–26). Nevertheless, our findings indicate that GHR signaling in TIDA neurons does not 

affect stress-induced prolactin release via modifications in TH phosphorylation. Therefore, 
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the mechanism used by GHR to affect stress-induced prolactin secretion in male mice still 

needs to be identified.

What is the physiological importance of prolactin secretion during situations of stress? 

Previous studies have shown that prolactin has anxiolytic and anti-stress effects, reducing 

the acute activation of restraint stress-responsive neurons and the rise in plasma 

adrenocorticotropic hormone, corticosterone and noradrenaline (64–67). Prolactin possibly 

modulates stress response via its action in the adrenal cortex (60) or through the central 

nervous system since prolactin receptor is found in brain nuclei that control behavioral and 

neuroendocrine responses to stress (13, 45, 67, 68). Thus, more than just a milk-stimulating 

hormone, prolactin is a pleiotropic factor that coordinates multiple neurobiological 

adaptations, frequently related to pregnancy and lactation, but not necessarily restricted 

to those situations (4, 35, 69). Thus, the cross-talk between GH and prolactin is 

possibly related to fine adjustments in the perception and response to stressful stimuli. 

Accordingly, alterations in brain GH action can cause maladaptive changes to stress, 

impairing memory and stress resilience, predisposing individuals to excessive fear memory 

formation and ultimately leading to posttraumatic stress disorder (70–72). Therefore, our 

findings contribute to the identification of novel functions mediated by central GH action, 

demonstrating that GHR signaling, possibly via dopaminergic neurons, modulates the 

response to stress through the regulation of prolactin secretion, at least in male mice.
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Figure 1. TIDA neurons are responsive to GH.
A-D Epifluorescence photomicrographs showing the distribution of dopaminergic neurons 

(red) and pSTAT5 (green) in saline-injected CON mice (A), GH-injected CON mice (B), 

GH-injected DAT-specific GHR knockout mice (C) and GH-injected TH-specific GHR 

knockout mice (D). Examples of dopaminergic neurons that are responsive to GH are 

indicated by arrowheads. Abbreviations: 3V, third ventricle; ARH, arcuate nucleus; VMH, 

ventromedial nucleus of the hypothalamus. Scale bar = 100 μm.
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Figure 2. GHR expression in dopaminergic neurons is not necessary for the maintenance of 
energy homeostasis.
A Body weight in CON (n = 11), DAT (n = 8) and TH (n = 23) male mice. B Daily food 

intake in CON (n = 10), DAT (n = 8) and TH (n = 11) male mice. C Oxygen consumption 

in CON (n = 17), DAT (n = 8) and TH (n = 10) male mice. D Ambulatory activity in CON 

(n = 17), DAT (n = 8) and TH (n = 10) male mice. E Respiratory exchange ratio (RER) in 

CON (n = 17), DAT (n = 8) and TH (n = 10) male mice. F Body weight in CON (n = 44), 

DAT (n = 8) and TH (n = 20) female mice. G Daily food intake in CON (n = 27), DAT (n 
= 9) and TH (n = 9) female mice. H Oxygen consumption in CON (n = 14), DAT (n = 8) 

and TH (n = 8) female mice. I Ambulatory activity in CON (n = 15), DAT (n = 8) and TH 

(n = 8) female mice. J RER in CON (n = 15), DAT (n = 8) and TH (n = 8) female mice. 

Differences between the groups were determined by one-way ANOVA and Tukey’s test for 

multiple comparisons (* P < 0.05, CON versus TH; # P < 0.05, DAT versus TH).
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Figure 3. Glucose homeostasis is not altered by GH action on dopaminergic cells.
A Glucose tolerance test (GTT) in CON (n = 27), DAT (n = 10) and TH (n = 12) male mice. 

B Insulin tolerance test (ITT) in CON (n = 27), DAT (n = 10) and TH (n = 13) male mice. 

C Blood glucose levels during a counter-regulatory response induced by 2-deoxy-D-glucose 

(2DG) infusion in CON (n = 24), DAT (n = 9) and TH (n = 10) male mice. D GTT in CON 

(n = 25), DAT (n = 9) and TH (n = 9) female mice. E ITT in CON (n = 23), DAT (n = 7) and 

TH (n = 9) female mice. F Counter-regulatory response induced by 2DG infusion in CON 

(n = 25), DAT (n = 9) and TH (n = 9) female mice. Differences between the groups were 

determined by repeated measures two-way ANOVA.

Wasinski et al. Page 20

J Neuroendocrinol. Author manuscript; available in PMC 2022 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. GHR deletion in dopaminergic cells causes no gross effects on reproduction and pup 
survival in female mice.
A Average time to give birth after the initiation of mating in CON (n = 31), DAT (n = 8) 

and TH (n = 21) female mice. B Average number of pups at weaning in CON (n = 15), DAT 

(n = 10) and TH (n = 6) female mice. Differences between the groups were determined by 

one-way ANOVA and Tukey’s test for multiple comparisons.
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Figure 5. GH action on dopaminergic neurons regulates stress-induced prolactin release in male 
mice.
A Basal prolactin levels, corresponding to time zero in serial blood collection, in CON (n = 

11), DAT (n = 5) and TH (n = 7) male mice. B Changes in plasma prolactin levels in male 

mice subjected to restraint stress for 120 minutes. C Area under the curve of prolactin levels 

in CON (n = 11), DAT (n = 5), TH (n = 7) and pegvisomant-treated wild-type (n = 5) male 

mice. D Basal prolactin levels, corresponding to time zero in serial blood collection, in CON 

(n = 12), DAT (n = 7) and TH (n = 6) female mice. E Changes in plasma prolactin levels in 

female mice subjected to restraint stress for 120 minutes. F Area under the curve of prolactin 

levels in CON (n = 12), DAT (n = 7), TH (n = 6) and pegvisomant-treated wild-type (n = 

6) female mice. Differences between the groups in basal prolactin levels and area under the 

curve were determined by one-way ANOVA and Tukey’s test for multiple comparisons (* 

P < 0.05 versus CON; # P < 0.05, DAT versus TH). Differences in stress-induced prolactin 

secretion were determined by repeated measures two-way ANOVA.
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Figure 6. GH does not induce acute changes in the membrane potential oscillation nadir or the 
frequency of action potentials of TIDA neurons.
A-B Representative current-clamp recordings of DAT-expressing neurons in the arcuate 

nucleus of male (A; 17 cells from 9 animals) and female mice (B; 19 cells from 9 animals) 

before and during GH administration. Dashed lines indicate the baseline membrane potential 

oscillation. * P < 0.05, significantly different from basal period. Differences between the 

groups were determined by repeated measures one-way ANOVA.
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Figure 7. DAT-specific GHR ablation does not affect TH phosphorylation during restraint stress 
in male mice.
A-B Epifluorescence photomicrographs showing tyrosine hydroxylase (TH)-

immunoreactivity (TH-ir) in the arcuate nucleus (ARH) and median eminence (ME) of 

control (CON) and DAT-specific GHR knockout (DAT) male mice. C-D Epifluorescence 

photomicrographs showing the immunoreactivity against the phosphorylated form of 

TH (pTH-ir) in the ARH and ME of CON and DAT male mice. E Number of TH 

immunoreactive neurons in the ARH of CON (n = 5) and DAT (n = 4) male mice. 
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The values obtained at different rostrocaudal levels were averaged. F Number of pTH 

immunoreactive neurons in the ARH of CON (n = 5) and DAT (n = 4) male mice. G Ratio 

in the density of pTH/TH axonal terminals in the ME of CON (n = 5) and DAT (n = 4) 

male mice. Abbreviation: 3V, third ventricle. Scale bar = 100 μm. Comparisons between the 

groups were performed using unpaired two-tailed Student’s t-test.
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