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Abstract

Prolactin and placental lactogens control mammary development and lactation as well as play an 

important role in maternal behaviors. However, the molecular mechanisms in the brain responsible 

for this regulation remain largely unknown. Therefore, the present study investigated whether 

Signal Transducer and Activator of Transcription 5 (STAT5) signaling in the brain, the key 

transcriptional factor recruited by prolactin receptor and other hormones, is required for 

postpartum maternal behavior, maintenance of lactation and offspring growth. Neuronal ablation 

of STAT5 impaired the control of prolactin secretion and reduced the hypothalamic expression of 

suppressors of cytokine signaling (i.e., SOCS3 and CISH). In addition, neuronal STAT5 deletion 

attenuated the hyperphagia commonly observed during lactation by decreasing the hypothalamic 

expression of orexigenic neurotransmitters such as the neuropeptide Y and agouti-related protein. 

The lower food intake of lactating neuron-specific STAT5 knockout females resulted in reduced 

milk production and offspring growth. Unexpectedly, postpartum maternal behavior expression 

was not impaired in neuron-specific STAT5 knockout females. On the contrary, the latency to 

retrieve and group the pups into the nest was reduced in mutant dams. Finally, we demonstrated 

that approximately 30% of recorded neurons in the medial preoptic area were acutely depolarized 

by prolactin suggesting that fast STAT5-independent signaling pathways may be involved in the 

regulation of maternal behaviors. Overall, our results revealed important information about the 

molecular mechanisms recruited by hormones to orchestrate the activation of neural circuitries 

engaged in the induction of maternal care.
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Introduction

The induction of maternal behaviors depends on environmental cues including olfactory and 

other sensory information, as well as internal signals such as changing levels of several 

hormones (i.e., estradiol, progesterone, prolactin, placental lactogens and oxytocin) (Dobolyi 

et al., 2014; Dulac et al., 2014). Most of these hormones are already altered during 

pregnancy priming the neural circuitries engaged in the regulation of maternal behaviors for 

the upcoming need to nurture the offspring (Augustine et al., 2008). Prolactin and placental 

lactogens, which bind to the same receptor, are particularly important to induce maternal 

behaviors in rodents (Kelly et al., 2001; Larsen and Grattan, 2012). For example, central 

administration of prolactin or placental lactogens stimulates maternal behaviors (Bridges et 

al., 1985, 1990, 1996, 1997; Bridges and Freemark, 1995; Mann and Bridges, 2001). In 

addition, prolactin receptor (PrlR) knockout mouse exhibits a deficiency in the expression of 

these behaviors (Lucas et al., 1998). Moreover, central infusion of prolactin receptor 

antagonist delays the onset of maternal behavior in rats (Bridges et al., 2001).

PrlR is member of the type I cytokine receptor family and therefore recruits different 

intracellular signaling pathways such as the Phosphatidylinositol-4,5-bisphosphate 3-kinase 

(PI3K) and the Signal Transducer and Activator of Transcription 5 (STAT5). It is believed 

that STAT5 is the key transcriptional factor activated by the PrlR to induce its classical 

effects as several studies have shown similar phenotypes between Prlr and Stat5a/b knockout 

mice such as impaired mammary gland development (Bole-Feysot et al., 1998; Cui et al., 

2004; Liu et al., 1997; Ormandy et al., 1997; Teglund et al., 1998). Furthermore, STAT5 

signaling modulates the activity of tuberoinfundibular dopaminergic (TIDA) neurons which 

control pituitary prolactin secretion by negative feedback (Grattan et al., 2001; Ma et al., 

2005). When activated, the PrlR induces STAT5 phosphorylation (pSTAT5) which is then 

translocated to the nucleus to regulate the transcription of target genes (Bole-Feysot et al., 

1998). Taking advantage of the fact that peripheral or central prolactin infusion induces the 

nuclear expression of pSTAT5 in specific brain areas, previous studies were able to identify 

the distribution of prolactin-responsive neurons in the rostral and mediobasal hypothalamus 

(Brown et al., 2010; Furigo et al., 2014; Nagaishi et al., 2014; Sapsford et al., 2012). The 

expression of prolactin-induced pSTAT5 immunoreactive neurons is particularly abundant in 

the preoptic region including the medial preoptic area (MPA), the anteroventral 

periventricular nucleus and the medial preoptic nucleus (Brown et al., 2010; Furigo et al., 

2014). This finding is in accordance with the critical role of the preoptic region in the 

regulation of maternal behaviors (Numan, 2006; Numan and Nagle, 1983; Numan et al., 

1977). For example, infusion of prolactin or placental lactogens into the MPA stimulates 

maternal behaviors in rats (Bridges and Freemark, 1995; Bridges et al., 1997; Numan, 2006; 

Numan and Nagle, 1983; Numan et al., 1977).

Although previous studies have established the role of several hormones in the expression of 

maternal behaviors (Dulac et al., 2014), the molecular mechanisms in the brain responsible 

for this regulation remain poorly known. Therefore, the objective of the present study was to 

investigate if central STAT5 signaling, as the major pathway recruited by PrlR (Bole-Feysot 

et al., 1998), is required for the expression of postpartum maternal behavior, lactation and 
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consequently offspring growth. For this purpose, we generated neuron-specific STAT5 

knockout (N-STAT5 KO) mice and physiologic, molecular and behavior studies were 

performed on females during the lactation period. In addition, we determined whether cells 

in the preoptic region were able to acutely respond to prolactin through STAT5-independent 

pathways.

Material and methods

Generation of neuron-specific STAT5 knockout mice

All animal procedures were approved by the Ethics Committee on the Use of Animals of the 

Institute of Biomedical Sciences, University of São Paulo (protocol number 12, approved on 

03/19/2013). To induce neuronal deletion of Stat5a and Stat5b genes, the Nestin-Cre strain 

(B6.Cg-Tg(Nes-cre)1Kln/J, Jackson Laboratories) was bred with mice carrying loxP-flanked 

Stat5a/b alleles as previously described (Cui et al., 2004; Lee et al., 2008). Mice carrying 

neuronal deletion of STAT5 were homozygous for the loxP-flanked Stat5a/b alleles and 

hemizygous for the Nestin-Cre transgene, whereas the control group was composed of 

littermate animals carrying only the loxP-flanked Stat5a/b alleles. Mice were weaned at 3–4 

weeks of age and the genomic DNA was extracted from tail tip for genotyping through PCR 

using a commercially available kit (Sigma). To confirm the efficacy of the deletion, mice 

were perfused, as described later, 90 min after receiving an intraperitoneal (i.p.) injection of 

ovine prolactin (5 μg/g, Sigma). We assessed the ability of prolactin to induce pSTAT5-

immunoreactivity (pSTAT5-ir) in the brain of control and N-STAT5 KO females. In addition, 

the hypothalamus of an additional group of control and N-STAT5 KO females was collected 

to determine the expression of STAT5a and STAT5b mRNA levels.

Evaluation of lactation, postpartum maternal behavior and offspring growth

Control and N-STAT5 KO females mated with sexually-experienced wild-type C57BL/6 

males. After confirming the pregnancy, the mice were single-housed and monitored daily to 

determine the day of birth which was considered day 1 of lactation (L1). Their body weight 

and food intake were determined at L1, L2, L5, L8 and L10. To guarantee comparable 

metabolic demands during lactation, we standardized 5 pups per litter at L2. The offspring 

mass was determined at L2, L5, L8, L10 and L14. Maternal behavior was assessed at L5 and 

L8. Before the test, the litter (5 pups) was weighed and separated from the mother for 4 h. 

After that, the litter was weighed again and distributed in the corners of the female’s cage. 

We evaluated the latency to contact, to retrieve and to group the pups into the nest and to 

crouch over them. After 1 h from the beginning of the test, the offspring were weighed and 

the difference between the mass in the beginning and end of the test represented the milk 

production which was expressed as g/pup/h. A group of lactating control and N-STAT5 KO 

females were euthanized at L10 to analyze serum prolactin levels by ELISA (RAB0408; 

Sigma) and the relative gene expression in the hypothalamus and mammary gland. In 

addition, pSTAT5 expression was assessed in the mammary gland by immunoblotting using 

a protocol described previously (Pedroso et al., 2014; Zampieri et al., 2013). The females 

were kept with their litter until the moment of the euthanasia.
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Perfusion and tissue processing

Mice were deeply anesthetized and perfused transcardially with saline followed by a 10% 

buffered formalin solution (150–200 mL per mouse). Brains were collected and post-fixed in 

the same fixative for 1–2 h and cryoprotected overnight at 4 °C in 0.1 M PBS with 20% 

sucrose, pH 7.4. Brains were cut (30-μm thick sections) in the frontal plane using a freezing 

microtome. Four series of tissue were collected in antifreeze solution and stored at −20 °C.

Immunohistochemistry

Brain sections were rinsed in 0.02 M potassium PBS, pH 7.4 (KPBS), followed by a 

pretreatment in an alkaline (pH > 13) water solution containing 1% hydrogen peroxide and 

1% sodium hydroxide for 20 min. After rinsing in KPBS, sections were incubated in 0.3% 

glycine and0.03% lauryl sulfate for 10 min each. Next, sections were blocked in 3% normal 

donkey serum for 1 h, followed by incubation in anti-pSTAT5Tyr694 primary antibody 

(1:1000; Cell Signaling; #9351) for 40 h. Subsequently, sections were incubated for 1 h in 

biotin-conjugated secondary antibody (1:1000, Jackson Laboratories) and next for 1 h with 

an avidin–biotin complex (1:500, Vector Labs). The peroxidase reaction was performed 

using 0.05% 3,3′-diaminobenzidine (DAB), 0.25% nickel sulfate and 0.03% hydrogen 

peroxide. Photomicrographs of brain sections were acquired with a Zeiss Axiocam HRc 

camera adapted to a Zeiss Axioimager A1 microscope (Zeiss, Munich, Germany). Images 

were digitized using Axiovision software (Zeiss). Photoshop image-editing software was 

used to combine photomicrographs into plates. Only sharpness, contrast and brightness were 

adjusted.

Relative gene expression

Total RNA from the hypothalamus and mammary gland was extracted with TRIzol reagent 

(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 transcription was performed with 2 μg of total RNA with 

SuperScript II Reverse Transcriptase (Invitrogen) and random primers p(dN)6 (Roche 

Applied Science). Real-time polymer-ase chain reaction was performed using the 7500 Fast 

Real-Time PCR System (Applied Biosystems) and Power SYBR Green PCR Master Mix 

(Applied Biosystems). Specific primers were designed for each target gene according to 

sequences taken from GenBank. Melt curve analysis was conducted to validate the 

specificity of the primers. Relative quantification of mRNA was calculated by 2−ΔΔCt. Data 

were normalized to geometric average of GAPDH and cyclophilin A, and reported as fold 

changes compared to values obtained from the control group (set at 1.0).

Whole-cell recording

Whole-cell patch-clamp recordings were performed in neurons of the MPA in brain slices of 

N-STAT5 KO female mice on diestrus and during lactation (at day 5 or 6). During the 

recordings, neurons were maintained in hypothalamic slice preparations and data analyses 

were performed as previously described (Frazao et al., 2013). Mice were decapitated and the 

entire brain was removed. After removal, brains were immediately submerged in ice-cold, 

carbogen-saturated (95% O2 and 5% CO2) artificial cerebrospinal fluid (aCSF; 126 mM 
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NaCl, 2.8 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, 

and 5 mM glucose). Coronal sections from a hypothalamic block (250 μM thick) were cut 

with a Leica VT1000S vibratome and then incubated in oxygenated aCSF at room 

temperature for at least 1 h before recording. Slices were transferred to the recording 

chamber and allowed to equilibrate for 10–20 min before recording. The slices were bathed 

in oxygenated aCSF (30 °C–32 °C) at a flow rate of ~2 mL/min. The pipette solution for 

whole-cell recording was modified to include an intracellular dye (Alexa Fluor 488) for 

whole-cell recording: 120 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 5 mM EGTA, 1 

mM CaCl2, 1 mM MgCl2, 2 mM (Mg)-ATP, and 0.03 mM Alexa Fluor 488 hydrazide dye, 

pH 7.3. Infrared differential interference contrast was used to target and obtain the whole-

cell recording of neurons at the MPA (Leica DM6000 FS equipped with a fixed stage and a 

Leica DFC360 FX high speed monochrome fluorescence digital camera). 

Electrophysiological signals were recorded using an Axopatch 700B amplifier (Molecular 

Devices), low-pass filtered at 2–5 kHz, and analyzed offline on a PC with pCLAMP 

programs (Molecular Devices). Recording electrodes had resistances of 2.5–5 MΩ when 

filled with the K-gluconate internal solution. Input resistance was assessed by measuring 

voltage deflection at the end of the response to a hyperpolarizing rectangular current pulse 

(500 ms of −10 to −50 pA). Membrane potential values were compensated for junction 

potential (−8 mV). Solutions containing ovine prolactin (250 nM; Sigma) were typically 

perfused for 5 min as previously described (Lyons et al., 2012). Alexa Fluor 488 hydrazide 

dye was used to determine the position of the recorded cells related to the third ventricle.

Statistical analysis

The results are expressed as the mean ± SEM. The differences between the groups were 

compared using an unpaired two-tailed Student’s t-test. For the electrophysiological studies, 

we used the paired two-tailed Student’s t test to compare the data before and after the drug 

application. Statistical analyses were performed using GraphPad Prism software. Degrees of 

freedom (df) for t statistics were marked as t(df). We used the Cohen’s d to calculate the 

effect size estimates as d = (t ∗ 2) / square root (df). We considered p values less than 0.05 to 

be statistically significant.

Results

Validation of neuron-specific STAT5 knockout mice

As previously demonstrated (Brown et al., 2010; Furigo et al., 2014; Nagaishi et al., 2014; 

Sapsford et al., 2012), prolactin administration induced nuclear pSTAT5-ir in several 

hypothalamic areas (Figs. 1A–C) compared to mice injected with PBS (Figs. 1G–H). For 

example, a large number of pSTAT5 immunoreactive neurons were observed in the preoptic 

region (Fig. 1A), in the arcuate nucleus of the hypothalamus (ARH; Fig. 1B) and in the 

ventromedial nucleus of the hypothalamus (Fig. 1B) of prolactin-injected control mice. 

However, neuron-specific STAT5 knockout (N-STAT5 KO) mice showed a striking reduction 

in the number of prolactin-induced pSTAT5 immunoreactive cells in the entire hypothalamus 

(Figs. 1D–E). Interestingly, choroid plexus showed similar pSTAT5-ir in both control (Fig. 

1C) and N-STAT5 KO (Fig. 1F) mice indicating that some non-neuronal cells still express 

functional STAT5 genes in our conditional knockout model. Furthermore, gene expression 
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analysis indicated significant reductions in STAT5a mRNA (t(10) = 4.99, d = 3.15, p = 

0.0005) and STAT5b mRNA (t(10) = 6.81, d = 4.31, p < 0.0001) expression in the 

hypothalamus of N-STAT5 KO females compared to control mice (Fig. 1I). The fact that 

these animals still showed some mRNA expression is in accordance with the fact that STAT5 

deletion occurred specifically in neurons, sparing other cell types (i.e., glia, epithelial and 

blood cells), since gene expression analyses were performed in the whole hypothalamus. 

Overall, our results indicate the efficacy of neuron-specific deletion of STAT5 genes.

Normal gestation, but reduced food intake during lactation in neuron-specific STAT5 
knockout females

Since earlier studies found that neuronal deletion of STAT5 leads to late-onset obesity (Lee 

et al., 2008), we studied young adult N-STAT5 KO females and their respective littermate 

controls. Baseline body weight (before mating) was similar between groups (t(25) = 0.52, d = 

0.21, p = 0.6084; Fig. 2A). There were no changes in fertility given that every female in this 

experiment, both control and N-STAT5 KO, got pregnant. In addition, N-STAT5 KO females 

went through gestation without expressing any noticeable alterations, and their body weight 

at the end of pregnancy (P19) was similar to that of control animals (t(14) = 0.01, d = 0.00, p 
= 0.9947; Fig. 2A). Control and N-STAT5 KO females gave birth to a similar number of 

pups (t(56) = 0.07, d = 0.02, p = 0.9452; Fig. 2B). During lactation, no significant changes in 

body weight of control and N-STAT5 KO females were found (Fig. 2A). However, the 

typical hyperphagia observed during lactation was attenuated in N-STAT5 KO females 

because these mice showed reduced food intake at day 8 of lactation (t(22) = 2.54, d = 1.08, p 
= 0.0189) and on average during the first 10 days of lactation (t(22) = 1.96, d = 0.84, p = 

0.0623; Fig. 2C).

Decreased offspring growth in neuron-specific STAT5 knockout mice is caused by 
reduction in milk production

A similar percentage (approximately 80%) of primiparous control and N-STAT5 KO females 

was able to successfully support their off-spring. We assessed offspring growth as an indirect 

indicator of lactation performance. Although the litters from N-STAT5 KO females exhibited 

similar body weight until day 10 (t(25) = 1.88, d = 0.75, p = 0.0717), we observed a 

progressively lower weight gain rate when compared to control animals (Fig. 3A). 

Consequently, litters from N-STAT5 KO mice showed significantly lower body weight by 

day 14 than those from control dams (t(8) = 3.05, d = 2.15, p =0.0159; Fig. 3A). To 

investigate possible factors that could contribute to the decreased litter growth, we evaluated 

milk production during lactation. No significant changes in milk production were observed 

at day 5 (t(22) = 0.97, d = 0.42, p = 0.3405; Fig. 3B). However, N-STAT5 KO dams had a 

decreased milk production at day 8 (t(22) = 2.41, d = 1.03, p = 0.0247), when the demand for 

milk is higher due to the fast offspring growth (Fig. 3B). Since prolactin is a key hormone to 

stimulating milk production, we assessed serum prolactin levels during lactation. N-STAT5 

KO females showed a 2.5 fold increase in serum prolactin levels compared to control mice 

(t(16) = 4.22, d = 2.11, p =0.0006; Fig. 3C). Therefore, reduced milk production is not caused 

by prolactin deficiency in N-STAT5 KO females. To confirm that the mammary glands of 

lactating N-STAT5 KO females were not affected by the genetic deletion, we determined 

pSTAT5 levels in the mammary tissue of lactating N-STAT5 KO females and no differences 
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were found compared to control group (t(10) = 0.94, d = 0.60, p = 0.3678; Fig. 3D). STAT5a 

and STAT5b mRNA levels were also assessed in the mammary tissue and no significant 

differences between groups were observed (STAT5a: t(10) = 0.48, d = 0.31, p = 0.6389; 

STAT5b: t(10) = 0.16, d = 0.10, p = 0.8797; Fig. 3E), indicating that reduced milk production 

was not caused by changes in STAT5 signaling in the mammary gland. Interestingly, we 

observed an increased expression of mRNAs that codify milk proteins in the mammary 

tissue of lactating N-STAT5 KO females including the whey acidic protein (WAP; t(10) = 

3.10, d = 1.96, p = 0.0113) and casein beta (Csn2; t(10) = 2.53, d = 1.60, p = 0.0298), but not 

the alpha-lactalbumin (Lalba; t(10) = 1.27, d = 0.81, p = 0.2319; Fig. 3E).

Neuronal STAT5 signaling is not required for the expression of postpartum maternal 
behaviors

To evaluate maternal behaviors, we first determined the latency to contact the pups. No 

significant changes were observed between the two groups (L5: t(22) = 0.27, d = 0.11, p = 

0.7895; L8: t(21) = 1.44, d = 0.63, p = 0.1652; Fig. 4A). Then, we assessed the latency to 

retrieve all pups into the nest, to group them and to crouch over to initiate feeding. 

Surprisingly, N-STAT5 KO females exhibited improved maternal behavior because they 

showed reduced latency to retrieve all pups (L5: t(21) = 1.69, d = 0.74, p = 0.1055; L8: t(20) = 

2.73, d = 1.22, p = 0.013; Fig. 4B) and to group them into the nest (L5: t(16) = 2.64, d = 1.32, 

p = 0.018; L8: t(22) = 2.20, d = 0.94, p = 0.0383; Fig. 4C). No statistically significant 

difference between groups was observed in the latency to crouch over (L5: t(24) = 1.57, d = 

0.64, p = 0.1307; L8: t(24) = 1.174, d = 0.48, p = 0.252; Fig. 4D).

Reduced hypothalamic expression of Socs3, Cish, Npy and Agrp in lactating N-STAT5 KO 
females

To understand the physiological and behavioral changes observed in lactating N-STAT5 KO 

females, we assessed their hypothalamic gene expression at day 10 of lactation (Fig. 5). 

Initially, we investigated possible changes in the expression of genes related with PrlR 

signaling. No changes in the PrlR mRNA (t(10) = 1.21, d = 0.77, p = 0.2522) and suppressor 

of cytokine signaling 1 (SOCS1; t(10) = 0.07, d = 0.05, p = 0.9441) mRNA expression were 

observed between the groups (Fig. 5). However, N-STAT5 KO females exhibited reduced 

hypothalamic expression of SOCS3 (t(10) = 2.59, d = 1.64, p = 0.027) and cytokineinducible 

SH2-containing protein (CISH; t(10) = 2.29, d = 1.45, p =0.0453) mRNA compared to 

control mice (Fig. 5). Regarding neurotransmitters involved in the regulation of behavior 

expression, we did not observe significant differences between the groups in mRNA levels 

of estrogen receptor α (ERα; t(10) = 1.05, d = 0.67, p = 0.317), tyrosine hydroxylase (TH; 

t(10) = 0.32, d = 0.20, p = 0.7589), corticotropinreleasing hormone (CRH; t(10) = 1.29, d = 

0.81, p = 0.2272), oxytocin (Oxt; t(10) = 0.20, d = 0.13, p = 0.8436), neuronal nitric oxide 

synthase (nNOS; t(10) = 1.16, d = 0.74, p = 0.2715), melanin-concentrating hormone (MCH; 

t(10) = 0.82, d = 0.52, p = 0.429) and cocaine and amphetamine regulated transcript (CART; 

t(10) = 0.55, d = 0.35, p = 0.595; Fig. 5). Because N-STAT5 KO females showed reduced 

food intake during lactation we also assessed the mRNA expression of neurotransmitters 

involved in the regulation of the energy balance such as pro-opiomelanocortin (POMC), 

neuropeptide Y (NPY) and agouti-related protein (AgRP). Although no changes were 

observed in POMC expression (t(8) = 1.34, d = 0.95, p = 0.2175), NPY (t(10) = 2.89, d = 
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1.82, p = 0.0163) and AgRP (t(10) = 3.64, d = 2.30, p = 0.0046) expression were significantly 

reduced in the hypothalamus of N-STAT5 KO females compared to controls (Fig. 5).

PrlR recruits fast STAT5-independent signaling pathways to acutely modify the activity of 
neurons in the preoptic region

Since the classic genomic STAT5 signaling pathway is not required for the expression of 

postpartum maternal behavior, we investigated if PrlR acutely activates alternative signaling 

pathways in the brain. For this purpose, we determined possible prolactin-induced changes 

in the cellular activity of neurons located in the preoptic region which is a critical site 

involved in prolactin’s effects on maternal behavior expression (Bridges and Freemark, 

1995; Bridges et al., 1997; Numan, 2006; Numan and Nagle, 1983; Numan et al., 1977). We 

studied brain slices of N-STAT5 KO females on diestrus and during lactation to investigate 

possible STAT5-independent prolactin-induced acute responses. In current-clamp mode, 

MPA neurons were recorded under zero current injection (I = 0) in whole-cell patch-clamp 

configuration (Fig. 6). The average resting membrane potential (RMP) of all MPA neurons 

recorded in females on diestrus was −58.2 ± 1.7 mV (range from −49 to −68 mV, 12 cells 

out of 6 animals). Regarding lactating females, the RMP of the MPA neurons was similar to 

that observed in females on diestrus (−57.9 ± 3.1 mV, range from −44 to −73 mV, 8 cells out 

of 4 animals). The MPA neurons had an average steady-state capacitance of 12.4 ± 1.5 pF in 

females on diestrus (n = 12 cells) and 13.1 ±2.1 pF in lactating females (n = 5 cells). In both 

groups (diestrus and lactation), most of the MPA neurons recorded (n = 16 out of 20 cells) 

exhibited overshooting action potentials (APS) with an irregular firing pattern (1.2 ± 0.3 

Hz). Therefore, based on the biophysical parameters analyzed, MPA neurons of females on 

diestrus exhibited similar basal characteristics compared to the MPA neurons recorded in 

lactating mice. In current clamp mode, the resting period was typically observed during 15–

20 min before drug application. Notably, prolactin evoked a similar response in the MPA 

neurons of females on diestrus or during lactation. Regarding that, we observed a 

depolarization from rest in 4 out of 12 MPA neurons of females on diestrus (33%, RMP 

before prolactin: −60.0 ± 3.5 mV; after prolactin: −56.7 ± 3.6 mV; change in RMP: +3.3 

± 0.7 mV; Figs. 6B,E) and in 2 out 8 MPA neurons of lactating mice (25%, RMP before 

prolactin: −56.0 ± 5.0 mV; after prolactin: −52.0 ± 4.0 mV; change in RMP: +4.0 ± 1.0 mV; 

Figs. 6C,E). Since the overall response was similar when comparing females on diestrus or 

during lactation, the remaining results were presented together. The depolarization was 

accompanied by an increase in the whole-cell input resistance (before prolactin: 0.84 ± 0.14 

GΩ; after prolactin, 0.95 ± 0.15 GΩ; n = 6 out of 20 cells, t(5) = 5.55, d = 4.97, p = 0.0026). 

MPA neurons that were depolarized in response to prolactin were subjected to a rectangular 

current step protocol (500 ms; ±10–50 pA) to obtain an I–V plot (Fig. 6F). Extrapolation of 

the slope conductance in the control and prolactin-containing aCSF revealed a reversal 

potential of −30.9 ± 7.7 mV (n = 6). Seventy percent of the MPA neurons (14 out of 20 

cells) were unaffected in response to prolactin (change in RMP: 0.2 ± 0.4 mV; Input 

resistance, before prolactin: 1.1 ± 0.1 GΩ; after prolactin, 1.1 ±0.1 GΩ, t(26) = 0.11, d = 0.05, 

p = 0.4737; Figs. 6A,E). Of note, the steady-state capacitance, APS frequency or resting 

input resistance were not statistically different comparing responsive or unresponsive MPA 

neurons (capacitance, responsive cells: 15.7 ± 2.7 pF; unresponsive: 11.8 ± 1.3; t(13) = 1.46, 

d = 0.81, p = 0.1682; APS frequency, responsive: 0.8 ± 0.5 Hz; unresponsive: 1.3 ± 0.4 Hz; 
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t(14) = 0.67, d = 0.36, p = 0.511; input resistance: responsive: 0.8 ± 0.1 GΩ; unresponsive: 

1.1 ± 0.1 GΩ; t(18) = 1.191, d = 0.56, p = 0.2491), suggesting that the recordings were 

performed in a homogeneous population of neurons, at least regarding the selected 

biophysical parameters.

Discussion

Previous studies have described the key role of PrlR signaling for the expression of maternal 

behaviors (Bridges et al., 1985, 1990, 1996, 1997, 2001; Bridges and Freemark, 1995; Dulac 

et al., 2014; Kelly et al., 2001; Larsen and Grattan, 2012; Lucas et al., 1998; Mann and 

Bridges, 2001). However, the molecular mechanisms involved in this regulation remain 

largely unknown. Thus, the major objective of the present study was to investigate if central 

STAT5 signaling, as the main pathway recruited by the PrlR (Bole-Feysot et al., 1998), is 

required for the expression of post-partum maternal behaviors and for maintaining lactation 

and offspring growth. For this purpose, we generated mice lacking both Stat5a and Stat5b 

genes only in neurons since whole-body Stat5a/b knockout mice are infertile and, 

consequently, cannot be studied during lactation (Teglund et al., 1998). Unexpectedly, we 

found that postpartum maternal behavior expression was not impaired in neuron-specific 

STAT5 knockout females. These results indicate that other signaling pathways are 

responsible to induce maternal behavior expression. Accordingly, prolactin acutely 

depolarized neurons in the preoptic region, a critical hypothalamic area for the expression of 

maternal behaviors (Bridges and Freemark, 1995; Bridges et al., 1997; Numan, 2006; 

Numan and Nagle, 1983; Numan et al., 1977). Of note, the basal biophysical characteristics 

of MPA neurons and their response to prolactin were very similar when comparing N-

STAT5 KO females on diestrus or during lactation. Overall, our findings suggest the 

participation of fast nongenomic signaling pathways since the prolactin’s effect was 

observed in the brain of N-STAT5 KO females and required only a few minutes to take place 

which is incompatible with the time required for observing effects through transcription 

factors.

Surprisingly, the latency to retrieve and group the pups into the nest was reduced in lactating 

N-STAT5 KO females. These results suggest that neuronal STAT5 deletion may have 

sensitized the activation of signaling pathways that are in fact involved in the expression of 

maternal behaviors. In accordance with this hypothesis, neuronal ablation of STAT5 caused 

a reduction in the hypothalamic expression of suppressors of cytokine signaling such as the 

SOCS3 and CISH. Interestingly, the expression of SOCS3 or CISH can be induced by the 

same receptors that are inhibited by them which include the PrlR. Therefore, these proteins 

act as a negative feedback loop regulating cytokine receptor signaling (Krebs and Hilton, 

2001). However, the induction of SOCS expression requires the activation of STAT proteins 

(Krebs and Hilton, 2001). For example, wild-type mice show a STAT5-dependent CISH 

expression in the corpora lutea whereas no CISH expression is detected in the ovary of 

Stat5a/b mutants (Teglund et al., 1998). Therefore, neuronal STAT5 deletion probably led to 

a reduction in SOCS3 and CISH expression making the affected cells more apt to activate 

other signaling pathways that are usually inhibited by these proteins. A similar 

compensatory effect has been observed for other cytokines. For example, neuronal deletion 

of SOCS3 increases leptin-dependent PI3K signaling (Metlakunta et al., 2011). Conversely, 
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enhanced STAT3 activation, which produces an up-regulation of SOCS3 expression, causes 

an inhibition of leptin-induced PI3K signaling (Ernst et al., 2009). Therefore, we 

hypothesize that the improved postpartum maternal behavior observed in N-STAT5 KO 

females was caused by an increased activation of signaling pathways that became less 

inhibited by SOCS3 and CISH reduction. Of note, although our results indicate that central 

STAT5 signaling is not required for the induction of maternal behaviors, we could not 

identify which signaling pathways are necessary for the expression of these behaviors. 

Previous studies have suggested the participation of the cyclic AMP response element-

binding protein or the extracellular signal regulated kinase for the regulation of parental 

behaviors (Jin et al., 2005; Kuroda et al., 2007). Further experiments are still necessary to 

understand the exact role of each signaling pathway.

Lactation is an energy-demanding activity. Therefore, lactating females must increase their 

food intake in order to sustain milk production. The suckling stimulus increases the 

expression of NPY in the ARH and in the dorsomedial nucleus of the hypothalamus (Li et 

al., 1999). Additionally, AgRP is co-expressed in NPY neurons of the ARH (Morton et al., 

2014). Both NPY and AgRP act as potent activators of hunger and contribute to the 

hyperphagia observed during lactation (Chen and Smith, 2004; Garcia et al., 2003; Li et al., 

1999; Morton et al., 2014; Phillips and Palmiter, 2008). Our results revealed that lactating N-

STAT5 KO females exhibited lower hypothalamic expression of NPY and AgRP as well as 

decreased food intake. Reduced levels of SOCS proteins in the hypothalamus of lactating N-

STAT5 KO females may explain the observed changes in feeding behavior. In mice exposed 

to high-fat diets, increased hypothalamic expression of SOCS3 decreases leptin sensitivity, 

increases the food intake and favors the development of diet-induced obesity (Briancon et 

al., 2010; Mori et al., 2004; Pedroso et al., 2014). In addition, our group recently showed 

that SOCS3 deficiency in leptin receptor-expressing cells blunts the increased food intake 

typically observed during pregnancy and lactation (Zampieri et al., 2015). Since leptin 

inhibits food intake in part by reducing the activity of NPY/AgRP neurons (Morton et al., 

2014), the reduced hypothalamic SOCS3 expression may have favored the anorexigenic 

effects of leptin during lactation resulting in lower expression of NPY and AgRP which, in 

turn, led to the decreased food consumption.

The decreased food intake observed in lactating N-STAT5 KO females was mild and did not 

affect their body weight or milk production during the first days of lactation. However, this 

condition may have compromised the energy supply to produce milk at the peak of lactation 

when the demand is higher due to the fast offspring growth. It has been known for decades 

that litter growth and milk production are negatively affected by limited food availability in 

rodents (Krackow, 1989; Taylor et al., 1986). This hypothesis is supported by the fact that 

reduced milk production in lactating N-STAT5 KO females was caused neither by prolactin 

deficiency nor by the lack of STAT5 signaling in the mammary tissue. Therefore, the 

reduced weight gain rate of N-STAT5 KO litters was likely secondary to the decreased food 

intake of their mothers leading to a lower capacity to maintain milk production. 

Interestingly, NSTAT5 KO females exhibited increased levels of transcripts that codify milk 

proteins in the mammary tissue despite their lower food intake during lactation. Milk protein 

genes have STAT5 response elements that are important to induce their transcription (Liu et 
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al., 1995). Since STAT5 signaling was intact in the mammary tissue of mutant dams, their 

higher prolactin levels may have increased the transcription of milk protein genes.

The lower food intake may have influenced the expression of maternal behaviors of N-

STAT5 KO females. Previous studies have shown that mild food restriction during lactation 

increases nursing behaviors in rats compared to ad libitum fed animals (McGuire et al., 

1995; Pachon et al., 1995). This behavioral change may represent a compensation for the 

lower energy availability and a way to improve litter growth under unfavorable conditions. 

The energy demand to produce milk increases dams’ metabolic rate and their body 

temperature (Gamo et al., 2013). Since some evidence suggests that elevations in body 

temperature during lactation may limit nursing behaviors in rodents (Gamo et al., 2013; 

Leon et al., 1978; Woodside et al., 2012), the lower food intake and milk production 

presented by lactating N-STAT5 KO females possibly reduced their metabolic rate compared 

to control animals which, in turn, may have favored a decrease in the latencies to retrieve 

and group the pups.

Prolactin secretion is regulated by negative feedback in which increases in prolactin levels 

induce the activation of TIDA neurons resulting in dopamine release into the hypophyseal 

portal system and the consequent inhibition of pituitary lactotrophs (Bole-Feysot et al., 

1998). In addition, the anterior pituitary gland also expresses the PrlR. Thus, prolactin may 

have direct effects on lactotrophs (Ferraris et al., 2012). Of note, Stat5b deficient mice 

display hyperprolactinemia supporting the role of this signaling pathway in the regulation of 

prolactin secretion (Grattan et al., 2001). Our results confirm these earlier findings and 

provide new evidence indicating that this regulation occurs at the brain level since neuron-

restricted STAT5 deletion recapitulates this phenotype of hyperprolactinemia. Prolactin also 

evokes fast non-genomic effects on TIDA neurons indicating the involvement of other 

signaling pathways in this feedback circuit (Brown et al., 2012; Lyons et al., 2012). As the 

magnitude of the hyperprolactinemia caused by neuronal STAT5 deficiency seems to be 

lower than that caused by PrlR mutation (Schuff et al., 2002), it is very likely that PrlR 

recruits different signaling pathways, including STAT5, to regulate the activity of 

hypothalamic neurons in order to modulate prolactin circulating levels.

Conclusions

Neuronal ablation of STAT5 impaired the control of prolactin secretion and reduced the 

hypothalamic expression of suppressors of cytokine signaling. In addition, STAT5 neuronal 

deletion attenuated the hyperphagia observed during lactation by decreasing the 

hypothalamic expression of orexigenic neurotransmitters. The lower food intake of lactating 

N-STAT5 KO females resulted in reduced milk production and offspring growth. 

Importantly, neuronal STAT5 signaling is not required for postpartum maternal behavior, 

even though this pathway is considered the major signal transducer of key hormones that 

regulate the expression of parental behaviors such as prolactin or placental lactogens (Bole-

Feysot et al., 1998; Bridges et al., 1996). Finally, we demonstrated that MPA neurons were 

acutely depolarized by prolactin suggesting that fast STAT5-independent signaling pathways 

may be involved in the regulation of maternal behaviors. Overall, our study revealed 
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important information about the molecular mechanisms recruited by hormones to orchestrate 

the activation of neural circuitries engaged in the induction of maternal care.
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Fig. 1. 
Validation of neuron-specific STAT5 knockout mice. A–H. Photomicrographs of brain 

sections showing the pSTAT5-ir in prolactin-treated control (A–C) and N-STAT5 KO (D–F) 

mice as well as PBS-treated control mice (G–H). I. Bar graphs showing the expression of 

STAT5a and STAT5b mRNA in the hypothalamus of control (n = 5) and STAT5 KO (n = 7) 

mice. Abbreviations: 3v, third ventricle; ARH, arcuate nucleus of the hypothalamus; CP, 

choroid plexus; fi, fimbria of the hippocampus; LV, lateral ventricle; MPA, medial preoptic 

area; VMH, ventromedial nucleus of the hypothalamus. Scale bar = 200 μm. *p < 0.05 

compared to the control group.
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Fig. 2. 
Differences in body weight, food intake and litter size between control and N-STAT5 KO 

mice. A. Changes in the body weight before pregnancy, at day 19 of pregnancy and during 

lactation (n = 10–17/group). B. Litter size at birth (n = 23–35/group). C. Daily food intake 

during lactation (n = 8–16/group). *p < 0.05 compared to the control group. #p = 0.0623 

compared to the control group.
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Fig. 3. 
Offspring growth, milk production, prolactin levels during lactation and gene expression in 

the mammary gland. A. Changes in the offspring body weight (n = 10–17/group). B. Milk 

production at the days 5 and 8 of lactation (n = 8–16/group). C. Serum prolactin levels at 

L10 (n = 8–10/group). D. Phosphorylation of STAT5 (pSTAT5) in the mammary tissue of 

females at day 10 of lactation (n = 6/group). E. mRNA expression in the mammary tissue of 

females at day 10 of lactation (n = 5–7/group). *p < 0.05 compared to the control group.
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Fig. 4. 
Maternal behavior expression in lactating control and N-STAT5 KO mice. A–D. Latency to 

contact and retrieve all pups, to group them into the nest and to crouch over (n = 10–17/

group). *p < 0.05 compared to the control group.
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Fig. 5. 
Hypothalamic mRNA expression analysis of control (n = 5) and N-STAT5 KO (n = 7) mice 

at day 10 of lactation. *p < 0.05 compared to the control group.
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Fig. 6. 
PrlR recruits fast STAT5-independent signaling pathways to acutely modify the biophysical 

properties of cells in the preoptic region. A–C. Current-clamp recordings of MPA neurons 

unresponsive to prolactin (A), responsive of a female on diestrus (B) and responsive of a 

lactating N-STAT5 KO female (C). Dashed lines indicate the resting membrane potential. D. 

Identification of prolactin excited neuron in the MPA for whole-cell patch-clamp recording 

(low magnification for anatomical reference). E. Bar graphs showing the change in the 

membrane potential of unresponsive (n = 14) and responsive (female on diestrus, n = 4; 

lactating female, n = 2) MPA neurons after prolactin application. F. I–V plot from MPA 
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neurons responsive to prolactin (n = 14) illustrating the characteristic reduction in input 

resistance during the prolactin-induced depolarization (reversal = −31 mV). Abbreviations: 

3v, third ventricle. *p < 0.01 compared to unresponsive cells (one-way ANOVA followed by 

Newman–Keuls test).
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