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Abstract

Prolactin (PRL) is well characterized for its roles in initiation and maintenance of lactation,

and it also suppresses stress-induced responses. Feeding a high-fat diet (HFD) disrupts

activity of the hypothalamic-pituitary-adrenal (HPA) axis. Whether PRL regulates HPA axis

activation under HFD feeding is not clear. Male and female wildtype (WT) and PRL knockout

(KO) mice were fed either a standard low-fat diet (LFD) or HFD for 12 weeks. Circulating

corticosterone (CORT) levels were measured before, during, and after mice were subjected

to an acute restraint stress or remained in their home cages as no stress controls. HFD feed-

ing increased leptin levels, but the increase was lower in KO than in WT mice. All stressed

female groups and only LFD-fed stressed males had elevated CORT levels compared to

their no stress same-sex counterparts regardless of genotype. These results indicated that

HFD consumption blunted the HPA axis response to acute stress in males but not females.

Additionally, basal hypothalamic CRH content was lower in HFD than LFD males, but was

similar among female groups. Furthermore, although basal CORT levels were similar

among KO and WT groups, CORT levels were higher in KO mice than their WT counterparts

during stress, suggesting that loss of PRL led to greater HPA axis activation. Basal PRL

receptor mRNA levels in the choroid plexus were higher in HFD than LFD same-sex coun-

terparts, suggesting activation of central PRL’s action by HFD feeding in both males and

females. Current results confirmed PRL’s roles in suppression of the stress-induced HPA

axis activation. Although HFD feeding activated central PRL’s action in both sexes, only the

male HPA axis was dampened by HFD feeding.

Introduction

Prolactin (PRL), synthesized in and secreted from anterior pituitary lactotrophs, is a 23-kDa

polypeptide hormone that regulates multiple reproductive and metabolic functions [1,2].

Stress produces well-characterized neuroendocrine responses including activation of the hypo-

thalamic-pituitary-adrenal (HPA) axis. Specifically, stress increases hypothalamic corticotro-

phin releasing hormone (CRH) neuronal activity in the paraventricular nucleus (PVN), which
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in turn stimulates the anterior pituitary to produce adrenocorticotrophic hormone (ACTH)

and ACTH stimulates the adrenal cortex to secrete corticosterone (CORT) into the circulation

in rodents [3]. In addition to HPA axis activation, stress also increases PRL levels in the plasma

[4–6] and within the hypothalamus [6]. Circulating PRL enters the brain via a carrier-

mediated transport mechanism by binding to the long splice form of the PRL receptor (PRLR)

located in the choroid plexus [7–9]. Within the brain, PRL dampens stress-induced activation

of the HPA axis and exerts protective effects against stress, as lateral cerebroventricle adminis-

tration of PRL decreases stress-induced ACTH secretion [6,10,11] and protects against stress-

induced hypoglycemia and ulcerogenesis [12]. In contrast, down-regulation of PRLR in the

choroid plexus by antisense oligonucleotide treatment elevates ACTH secretion and anxiety-

like behavior [6,11]. These studies collectively indicate that PRL suppresses stress-induced

HPA activation in the CNS.

There is a complex link between consumption of a high-fat diet (HFD) and alterations in

HPA axis activation. Consuming comfort food, such as high-fat and/or high-sugar diets,

reduces HPA axis activity in male rats [13]. The effects of HFD on the activity of HPA axis

have been evaluated in mouse models, but their results are conflicting due to differences in

methodology and experimental conditions, such as various mouse strains, different housing

and sampling conditions, dissimilar HFD contents and feeding durations [14]. In some studies

HFD feeding is considered as a stressor since it increases resting circulating CORT levels and

enhances HPA responses to stress in rodents [15–17]; whereas in other studies HFD feeding

down-regulates activity of the HPA axis by decreasing CRH mRNA in the PVN at the begin-

ning of light phase [18] and reducing resting CORT concentrations at the beginning [19], mid-

dle [18], or end [20] of light phase of non-stressed mice. Thus, HFD consumption induces

complex changes in the diurnal regulation of different components of the HPA axis.

The mechanisms by which HFD consumption disrupts HPA axis are not fully understood.

HFD feeding may change PRL’s effects, which may disrupt HPA axis activity. The interaction

between HFD consumption and PRL in stress-induced HPA activation was explored in the

current study. We hypothesized that PRL and HFD consumption affected HPA axis activation

in response to an acute restraint stress. There are sex differences in the regulation of PRL secre-

tion, with females having higher PRL circulating levels [21] and higher PRL pituitary content

[22] than males. Additionally, the function and activation of HPA axis differ between males

and females [23]. Therefore, both male and female PRL knockout (KO) mice and their wild-

type (WT) littermates fed with a standard low-fat diet (LFD) or a HFD were used to test this

hypothesis. Furthermore, previous studies have reported impact of PRL on circulating leptin

levels [24], CRH content in the hypothalamus [25], and PRLR expression in the choroid plexus

[8,11]. In the current study, these levels were measured in male and female WT and PRL KO

mice fed with different diets to indicate roles of PRL deficiency and/or HFD feeding as well as

potential sex differences in these measurements.

Materials and Methods

Animals and diets

A breeding colony of littermates on 129/Sv background [26] (breeder pairs and RT-PCR

sequences provided by Dr. Nelson Horseman, University of Cincinnati) was maintained in a

clean, stress-free environment under conditions of controlled lighting (12 h:12 h light:dark

cycle, lights on at 0600) and temperature (22–24˚C) and had ad libitum access to water and a

standard rodent LFD. It is noteworthy that PRL deficiency leads to pituitary hyperplasia and

undetectable PRL bioactivity in pituitaries; whereas other pituitary hormones are normal in

PRL KO mice [26]. PRL deficiency does not affect normal growth at any age or cause any
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other organ pathology or lesion at gross and macroscopic levels [26]. We confirmed that PRL

levels were not significantly different between WT and heterozygous mice of the same sex,

with lactating WT and heterozygous females having similarly high levels; PRL was undetect-

able in male and female PRL KO mice; and pituitary ACTH level was not significantly different

between genotypes for either sex. PRL KO females are infertile. Mice were bred by mating het-

erozygous females with KO males. WT and heterozygous females lactated but KO females did

not, indicating that WT and heterozygous females had sufficient PRL levels for lactation. Con-

sequently heterozygous females were used for breeding without using surrogate mothers.

Mice at 3–4 weeks of age were genotyped with RT-PCR using the DNA extracted from ear-

punched tissue. PRL forward primer is 5’-ATGGTGGATTAGCCGGAAGT-3’, PRL reverse

primer is 5’-TTTCCATGAGTCGGAAAAGC-3’, and neomycin cassette in the transgenic

mice is 5’-ATTGCATCGCATTGTCTGAG-3’ [26]. All reactions were incubated at 95˚C for

15 min, followed by 35 cycles of 95˚C for 20 sec, 35 cycles of 72˚C for 60 sec, and 1 cycle of

72˚C for 5 min [27]. PCR products were separated on agarose gel by gel electrophoresis, with a

single product at 200 bp indicating WT, a single product at ~400 bp indicating KO, and both

products indicating heterozygote. All mice were housed individually after genotyping.

At 6 weeks of age, about half of the mice of each genotype were remained on the LFD (3.02

kcal/g; 13.5% fat, 28.5% protein, 58% carbohydrates; LabDiet 5001, St. Louis, MO) and the rest

were fed with a HFD (4.73 kcal/g, 45% fat, 20% protein, 35% carbohydrates; Research Diets

D12451, New Brunswick, NJ) for another 12 weeks. The LFD and HFD had closely matched

amounts of proteins (LFD: 0.239 g/g, HFD: 0.237 g/g) and carbohydrates (LFD: 0.404 g/g,

HFD: 0.414 g/g), but different amounts of fat (LFD: 0.05 g/g, HFD: 0.236 g/g). There were four

groups for each sex, LFD-fed WT (WT LFD), HFD-fed WT (WT HFD), LFD-fed KO (KO

LFD) and HFD-fed KO (KO HFD), with 25–30 mice in each group. At the end of 12 weeks of

feeding, mice of each diet group were assigned to stress (S) or no stress control (NS) groups

with matched body weights and body compositions, with 12–17 mice in each group. All proce-

dures were approved by the Institutional Animal Care and Use Committee at Miami Univer-

sity Ohio.

Determining stages of estrous cycle

The progression of female estrous cycle was monitored by studying vaginal cytology in WT

and KO mice. Although female PRL KO mice underwent cycles that displayed all of the phases,

the patterns were irregular. Vaginal smears were performed until all females completed the

estrous cycles, starting and ending at the same phase with at least one of each phase. The vagi-

nal smears containing cells were obtained between 1000 and 1200 hours, and stained with Dip-

Quick Stain kit (Jorgensen Laboratories, Inc., Loveland, CO). The stage of the estrous cycle

was then determined. Estrus was characterized by large clumps of non-nucleated cornified

cells; metestrus was characterized by leukocytes mixed with other cell types; diestrus was char-

acterized by leukocytes without nuclei; and proestrus was characterized primarily by nucleated

larger round cells. To reduce variation of HPA activation caused by steroid hormones, all

females were studied in diestrus when estrogen levels were relatively low.

Body weight, caloric intake, and body composition

Body weight was monitored weekly and caloric intake was monitored biweekly. Body compo-

sition, including fat mass and lean mass, was assessed biweekly using an EchoMRI body com-

position analyzer (EchoMedical Systems, Houston, TX) during the 12-week feeding period.
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CORT levels during acute restraint stress or control condition

Stress (S) and no stress (NS) mice were tested in the same procedure room with same housing

condition. Restraint stress was performed between 0730 and 0930 to avoid any circadian varia-

tion in CORT levels. Serial blood samples were taken via tail clip using microvette tubes (Sar-

stedt, Newton, NC) before (0 min), at 5 min, 15 min, and 30 min while the mice were

restrained (S) or remained in their home cages (NS). Each blood sample was taken in less than

one minute. The stressed mice were returned to their home cages immediately after 30 min of

stress. All mice were sacrificed 30 minutes later by rapid decapitation and blood samples were

taken by decapitation at 60 min for the measurement of CORT levels. Plasma was collected fol-

lowing centrifugation of blood samples and stored at -20˚C until they were measured for

CORT. CORT levels were quantified using double antibody radioimmunoassay (MP Biomedi-

cals, Santa Ana, CA), with inter-assay variability <8% and intra-assay variability <3%.

Leptin

The relationship between PRL and leptin, a hormone synthesized in adipose tissues and

involved in the regulation of energy balance, is unclear. Previous studies have reported that

leptin levels are higher in PRL overexpressing females [24] and PRL KO males [28] compared

with their WT littermates, whereas leptin levels are similar between female PRL KO and WT

mice [28]. Other studies using PRLR-deficient mouse models have reported either lower leptin

levels [29] or no difference in leptin levels [30] compared with their WT counterparts. To cor-

roborate leptin levels between WT and PRL KO mice independent of stress, plasma leptin lev-

els were quantified from all NS groups using a mouse specific enzyme-linked immunosorbent

assay (Crystal Chem Inc., Downers Grove, IL), with intra- and inter-assay variability < 10%.

Hypothalamic CRH levels

The brains of NS groups were removed and hypothalami were collected for CRH extraction.

Briefly, the hypothalami were heated at 72˚C for 10 min in 1ml of 0.1M acetic acid, cooled on

ice, and homogenized. The homogenates were centrifuged at 13,000 g for 15 min at 4˚C. An

aliquot of 50μl supernatant from each sample was measured for protein concentration using a

BCA kit (Thermo Scientific, Rockford, IL) and the remaining supernatant from the sample

was lyophilized, reconstituted using the buffer provided by the CRH radioimmunoassay kit

(Phoenix Pharmaceuticals, Burlingame, CA), and measured for CRH concentration with

inter-assay variability <17% and intra-assay variability <12%. Hypothalamic CRH levels were

presented as CRH concentration/protein concentration.

PRLR expression in the choroid plexus

To measure PRLR gene expression in the choroid plexus of the brains of the NS groups, the lat-

eral ventricles were exposed, and bilateral choroid plexus tissues from 4 mice of the same

groups were pooled to ensure sufficient levels of mRNA for quantitative PCR. Total RNA was

isolated using Maxwell 16 LEV simplyRNA tissue kit (Promega, Madison, WI). Following

turbo DNAse treatment (Ambion, Austin, TX), cDNA was synthesized using 0.5 μg of RNA

and Improm-II™ reverse transcription system (Promega) and purified using Qiaquick nucleo-

tide removal kit (Qiagen, Valencia, CA). The mouse long form PRLR forward primer is 5’-
AAGCCAGACCATGGATACTGGAG-3’ and the reverse primer is 5’-AGCAGTTCTTCA
GACTTGCCCTT-3’ [31]. Housekeeping gene mouse ribosomal protein L7 was used as an

endogenous control to indicate relative quantification of mRNA from every sample. The L7

forward primer is 5’-GAAGCTCATCTATGAGAAGGC-3’ and reverse primer is 50-
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AAGACGAAGGAGCTGCAGAAC-3’. Quantitative RT-PCR was conducted in triplicates using a

Rotorgene 3000 (Corbett Life Science, Sydney, Australia) and Quantitect SYBR mix (Qiagen),

with 2-step amplification (95˚C for 5 sec) and annealing (60˚C for 10 s and 72˚C for 15 s) for

48 cycles. The amplified products were confirmed via gel electrophoresis and melt curve analy-

sis. Values obtained for PRLR gene was normalized to L7.

Statistical analysis

Data were reported as mean ± SEM. All analyses were performed using SAS version 9.2 for

Windows. Body weight, body composition, and caloric intake were analyzed using hierarchical

analysis of covariance models. Levels of CORT, leptin, CRH, and PRLR were analyzed using a

mixed-design analysis of variance (ANOVA) and pre-planned contrasts for dietary effects

between genotypes and genotype effects between diets were constructed and analyzed. All tests

were performed at the 0.05 level of significance, and Bonferroni adjustments were applied to

control for type 1error inflation across multiple comparisons.

Results

Body weight and caloric intake

Mice of all groups had similar body weights at the beginning of feeding (week 0). WT HFD

males gained more weight than WT LFD males between weeks 9 and 12, and KO HFD males

gained more weight than KO LFD males during weeks 11 and 12 (Fig 1A). There were main

effects of time [F(12,1430) = 217.11, P< 0.0001] and group [F(3,1430) = 22.88, P< 0.0001],

and there was a significant group by time interaction for body weights of male mice [F

(36,1430) = 2.43, P< 0.0001]. In contrast, LFD and HFD groups of WT or KO female mice

did not differ on the measure of their body weights throughout 12 weeks of feeding (Fig 1B).

Although there was a main effect of time [F(12, 1482) = 250.34, P< 0.0001], there was no sig-

nificant interaction yielded for female body weights [F(36, 1482) = 0.97, P = 0.51]. Consuming

a HFD had no effect on caloric intake during any two-week period within the same genotype

in males (Fig 1C) or females (Fig 1D). There was no interaction between time and group fac-

tors for biweekly caloric intake in males [F(15, 660) = 1.33, P = 0.18] or females [F(15, 684) =

0.80, P = 0.68]. Although there was no interaction between genotype and diet for 12-week

cumulative caloric intake in males [F(1, 110) = 1.28, P = 0.26] or females [F(1, 114) = 0.01,

P = 0.91], post hoc tests revealed main effects of genotype on cumulative caloric intake in both

males [F(1, 110) = 8.30, P< 0.01] and females [F(1, 114) = 5.77, P< 0.05]. Specifically,

12-week HFD intake was lower in KO males than WT males [t = 2.84, P< 0.05] (Fig 1C), but

was similar between WT and KO females [t = 1.77, P> 0.05] (Fig 1D). Cumulative LFD intake

was similar between WT and KO males [t = 1.24, P> 0.05] and females [t = 1.63, P> 0.05].

Body composition

Fat mass was similar at the beginning of feeding (Fig 2A). Regardless of genotype, HFD-fed

males had greater adiposity than LFD-fed males after 6 weeks of HFD feeding, whereas HFD-

and LFD-fed females had similar fat mass, suggesting that there was no genotype difference in

the effect of HFD consumption on fat mass. There was a significant interaction between time

and group factors for fat mass in males [F(18, 770) = 10.59, P< 0.0001]. In contrast, lean mass

was less in KO HFD males compared to KO LFD males but was similar between WT LFD and

WT HFD males (Fig 2C). There were main effects of time [F(6, 770) = 195.25, P< 0.0001] and

group [F(3, 770) = 22.15, P< 0.0001] yielded by the ANOVA, but there was no significant

interaction between time and group factors [F(18, 770) = 1.14, P = 0.31], for lean mass in
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Fig 1. Body weight and caloric intake. Body weight of male (A) and female (B) and caloric intake of male (C) and female (D) wildtype (WT) or

prolactin knockout (KO) mice fed with a low-fat diet (LFD) or a high-fat diet (HFD). * Different from LFD-fed males with the same genotype at the

same time points. Male: WT chow n = 28; WT HFD n = 26; KO chow n = 32; KO HFD n = 30. Female: WT chow n = 25; WT HFD n = 29; KO chow

n = 28; KO HFD n = 26.

doi:10.1371/journal.pone.0166416.g001
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Fig 2. Body composition and plasma leptin levels. Body fat mass of male (A) and female (B), lean mass of male (C) and female (D), and circulating

leptin levels of male (E) and female (F) wildtype (WT) or prolactin knockout (KO) mice fed with a low-fat diet (LFD) or a high-fat diet (HFD). A: *
Different from LFD-fed groups with the same genotype. C: * Different between LFD-fed KO males and HFD-fed KO males at the same time points.

E, F: * Different from LFD-fed groups with the same sex and same genotype. † Different from levels in WT groups with the same sex and diet.

doi:10.1371/journal.pone.0166416.g002
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males. Fat mass and lean mass were similar between LFD- and HFD-fed female groups within

the same genotype (Fig 2B and 2D). The ANOVAs yielded no significant interactions for

female fat mass [F(18, 798) = 1.29, P = 0.19] and lean mass [F(18, 798) = 1.38, P = 0.14]. Thus,

regardless of genotype, HFD-fed males had more fat mass than LFD-fed males whereas HFD-

and LFD-fed females had similar fat mass, suggesting that there was no genotype difference in

the effect of HFD consumption on body composition.

Leptin

Leptin levels were similar between LFD-fed WT and KO same sex groups (Fig 3), consistent

with their similar body fat mass. Plasma leptin levels were higher in WT HFD than WT LFD

males [t = 3.80, P< 0.01] (Fig 2E) and females [t = 4.47, P< 0.001] (Fig 2F), indicating that

consuming a HFD produced a significant increase in leptin levels in WT male and female

mice. Additionally, leptin level was higher in WT HFD than KO HFD males [t = 2.59,

P< 0.05] (Fig 2E), in accordance with greater cumulative HFD intake in WT males than KO

males. Circulating leptin levels were not significantly different between KO LFD and KO HFD

males [t = 1.30, P> 0.05] (Fig 2E) or females [t = 1.65, P> 0.05] (Fig 2F). Thus HFD-induced

leptin increase was attenuated in KO mice. The ANOVAs suggested trend but yielded no sig-

nificant interaction between diets and genotypes for males [F(1, 31) = 3.30, P = 0.08] and

females [F(1, 35) = 3.76, P = 0.06].

CORT levels during acute stress or no stress control condition

Circulating CORT levels increased in all no stress control (NS) groups and acute restraint

stress (S) groups regardless of sex, genotype, or diet, likely due to repeated multiple, serial

blood sampling (Fig 3), as has been demonstrated in rodents [32]. LFD-fed males subjected to

restraint stress (LFD/S) had a greater increase in CORT levels compared to LFD-fed no stress

(LFD/NS) males (Fig 3A). Specifically, CORT levels of WT LFD/S males were significantly

higher than WT LFD/NS males towards the end of the restraint stress (30 min) [t = 3.35,

P< 0.01] and remained high 30 min after WT LFD/S mice were returned to their home cages

(60 min) [t = 3.42, P< 0.01]; CORT levels of KO LFD/S males were significantly higher than

KO LFD/NS males at 15 min [t = 3.16, P< 0.01] and 30 min [t = 4.70, P< 0.001] during the

stress (Fig 3A). In contrast, CORT levels were similar between HFD/NS and HFD/S groups of

WT and KO males (Fig 3B), suggesting that consumption of a HFD diminished stress response

regardless of genotype in males. Indeed, when WT LFD and HFD groups were compared,

CORT levels were higher in male LFD/S than LFD/NS at 30 min [t = 4.40, P< 0.001] and 60

min [t = 4.50, P< 0.001], but were not significantly different between HFD/NS and HFD/S at

any time point (Fig 3C). For male KO groups, CORT levels were higher in male LFD/S than

LFD/NS at 30 min [t = 3.84, P<0.001], but were similar between HFD/NS and HFD/S

throughout the test (Fig 3D). Different from males, HFD consumption did not suppress the

HPA stress response in females. CORT levels of LFD/S and HFD/S females were higher than

their same genotype and same diet NS counterparts. Specifically, CORT levels were higher in

both WT LFD/S [t = 3.02, P< 0.05] and KO LFD/S [t = 5.56, P< 0.001] females compared to

their same genotype LFD/NS groups at 30 min (Fig 3E). CORT levels were also higher in WT

HFD/S females than WT HFD/NS females at 30 min [t = 3.56, P< 0.01] and 60 min [t = 2.66,

P< 0.05], and higher in KO HFD/S females than KO HFD/NS females at 15 min [t = 4.54,

P< 0.001], 30 min [t = 5.48, P< 0.001], and 60 min [t = 5.51, P< 0.001] (Fig 3F). When WT

LFD and HFD groups were compared, CORT levels were higher in female LFD/S than LFD/

NS at 30 min [t = 2.94, P<0.05], and higher in female HFD/S than HFD/NS at 30 min

[t = 3.61, P<0.01] and 60 min [t = 2.70, P<0.05]. (Fig 3G). For female KO groups, CORT
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Fig 3. Plasma corticosterone levels. Circulating corticosterone (CORT) levels of male wildtype (WT) and

prolactin knockout (KO) mice fed with a low-fat diet (LFD) (A) or a high-fat diet (HFD) (B), and WT and KO males

fed with a LFD (C) or a HFD (D), during 30 min restraint stress (S) or no stress control (NS). Circulating CORT

levels of female WT and KO mice fed with a LFD (E) or a HFD (F), and WT and KO females fed with a LFD (G) or

a HFD (H), during 30 min restraint stress (S) or no stress control (NS). A, B, E, F: * Different between genotypes

Stress Response of HFD-Fed Prolactin Knockout Mice
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levels were higher in female LFD/S than LFD/NS at 30 min [t = 5.51, P<0.001], and higher in

female HFD/S than HFD/NS at 15 min [t = 4.69, P<0.001], 30 min [t = 5.65, P<0.001], and

60 min [t = 5.68, P<0.001] (Fig 3H).

Additionally, CORT levels were higher in KO males than their WT counterparts. CORT

levels were higher in KO LFD/NS males than WT LFD/NS males at 60 min [t = 2.88, P< 0.05]

(Fig 3A), and higher in KO HFD males than WT HFD males within the same stress condition

at 30 min [NS: t = 3.46, P< 0.001; S: t = 4.11, P< 0.001] and 60 min [NS: t = 5.56, P< 0.001;

S: t = 5.41, P< 0.001] (Fig 3B). Similarly, some female KO groups had higher CORT levels

than their WT counterparts with the same diet and stress condition. Specifically, CORT levels

were higher in KO LFD/S females than WT LFD/S females at 30 min [t = 2.71, P< 0.05]

(Fig 3E), and higher in KO HFD/S females than WT HFD/S females at 15 min [t = 3.21,

P< 0.01] and 30 min [t = 4.88, P< 0.001] (Fig 3F). Thus, the lack of PRL led to higher levels

of CORT under both non-stressed and stressed conditions, most evidently in HFD-fed males

and females.

Hypothalamic CRH levels

The only significant effect of diet or genotype on hypothalamic CRH levels was that HFD feed-

ing produced a decrease in hypothalamic CRH content in WT males [t = 2.56, P< 0.05]

(Fig 4A). Although, a similar pattern occurred in KO male mice, there was no significant dif-

ference [t = 1.66, P = 0.09] (Fig 4A). There was a main effect of diet [F(1,40) = 8.89, P = 0.0049]

but not genotype [F(1,40) = 0.11, P = 0.75], and there was no interaction between diet and

genotype for male CRH level [F(1,40) = 0.41, P = 0.53]. Hypothalamic CRH content was simi-

lar among all groups of females (Fig 4B), and there was no main effect of diet [F(1,29) = 0.03,

with the same stress condition. † Different between stress conditions with the same genotype. C, D, G, H: §

Different between diets with the same stress condition. † Different between stress conditions with the same diet.

Male: WT LFD/NS n = 13; LFD/S n = 15; HFD/NS n = 13; HFD/S n = 13. KO LFD/NS n = 17; LFD/S n = 15; HFD/

NS n = 14; HFD/S n = 16. Female: WT LFD/NS n = 12; LFD/S n = 13; HFD/NS n = 14; HFD/S n = 15. KO LFD/

NS n = 13; LFD/S n = 15; HFD/NS n = 12; HFD/S n = 14.

doi:10.1371/journal.pone.0166416.g003

Fig 4. Hypothalamic corticotrophin releasing hormone levels. Hypothalamic corticotrophin releasing hormone (CRH) levels of male (A) and female

(B) wildtype (WT) or prolactin knockout (KO) mice fed with a low-fat diet (LFD) or a high-fat diet (HFD). * Different between diets with the same genotype.

doi:10.1371/journal.pone.0166416.g004
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P = 0.87] or genotype [F(1,29) = 0.02, P = 0.89], and no interaction between them [F(1,29) =

0.94, P = 0.34].

PRLR expression in the choroid plexus

Regardless of sex and diet, when compared with the same-sex WT counterparts, PRLR mRNA

levels were significantly lower in KO males [LFD: t = 2.80, P< 0.05; HFD: t = 5.40, P< 0.001]

(Fig 5A) and KO females [LFD: t = 3.16, P< 0.05; HFD: t = 4.66, P< 0.001] (Fig 5B). Con-

sumption of a HFD produced a significant increase in PRLR mRNA levels in WT males

[t = 3.63, P< 0.01] but not in KO males [t = 1.10, P> 0.05] (Fig 5A), whereas it increased

PRLR expression in both genotypes [WT: t = 3.71, P< 0.01; KO: t = 2.55, P< 0.05] in female

groups (Fig 5B).

Discussion

Although best characterized for its roles in the initiation and maintenance of lactation in mam-

mals, PRL also attenuates the neuroendocrine response to stress [6,10,11] and has metabolic

actions related to the regulation of body weight [1,2]. Chronic HFD feeding disrupts energy

homeostasis and the HPA axis response to stress. The goal of this study was to determine the

effects of PRL on the HPA axis response to stress during HFD feeding comparing LFD- and

HFD-fed male and female WT and PRL KO mice. A wide array of hormones and tissues of

PRL KO mice have been examined [26]. PRL deficiency leads to pituitary hyperplasia and

undetectable PRL bioactivity in pituitaries [26]. Other pituitary hormones and tissues are nor-

mal in PRL KO mice [26]. Baseline levels of pituitary ACTH protein (data not shown), circu-

lating corticosterone (Fig 3), and hypothalamic corticotrophin releasing hormone (Fig 4) were

similar between WT and KO groups of the same sex and fed the same diet. Thus, there was no

underlying abnormality due to PRL deficiency at baseline that would evoke differential HPA

axis response. CORT levels during acute stress tests were higher in KO mice than their WT

counterparts, suggesting greater HPA activation in mice lacking PRL, thus confirming PRL’s

Fig 5. Prolactin receptor mRNA levels in the choroid plexus. Prolactin receptor (PRLR) mRNA levels in the choroid plexus of male (A) and female (B)

wildtype (WT) or prolactin knockout (KO) mice fed with a low-fat diet (LFD) or a high-fat diet (HFD). * Different between diets with the same genotype. †

Different between genotypes with the same diet.

doi:10.1371/journal.pone.0166416.g005

Stress Response of HFD-Fed Prolactin Knockout Mice

PLOS ONE | DOI:10.1371/journal.pone.0166416 November 28, 2016 11 / 17



role in dampening the stress-induced HPA response. When PRL is absent, mice were more

susceptible to stress-induced HPA activation. Basal PRLR mRNA levels in the choroid plexus

were higher in HFD than LFD same-sex groups for both males and females, suggesting poten-

tial activation of central PRL action by HFD feeding. This result is consistent with the hypothe-

sis that PRL acts as a regulator of HPA axis activity through central mechanisms [11]. For

example, infusion of ovine PRL into the lateral cerebral ventricle produces anxiolytic effects,

whereas down-regulation of PRLR following treatment with antisense oligonucleotide pro-

duces elevated anxiety- like behaviors [6,11].

The results from this study suggested that sex differences in body weight regulation and

stress-induced HPA axis activation was mainly influenced by HFD feeding, but not by geno-

type. First, consuming a HFD significantly increased body weight and adiposity in males but

not females, regardless of genotypes. Consistent with the literature, male rodents typically gain

more weight and fat mass than females when fed with a HFD, possibly due to estrogen’s roles

in decreasing lipid storage [33]. Second, although basal CORT levels were unaltered by HFD

consumption in males or females, which is consistent with a previous study in which morning

CORT levels were not changed after 3-months of HFD feeding in male mice [18], HFD feeding

attenuated the CORT response to an acute stress in males but persisted in females, regardless

of genotype. Plasma ACTH levels were measured and its increase during restraint stress was

similar between genotypes for both sexes (data not shown). Circulating plasma ACTH levels

may not reflect ACTH pulsatile secretion from the pituitary, however. Hypothalamic CRH

content was quantified in the current study, because PRL may directly modulate CRH expres-

sion as PRLR are expressed in parvocellular neurons in the PVN [25]. Hypothalamic CRH

content was lower in HFD-fed compared to chow-fed male mice, consistent with a previous

study in which consumption of a HFD decreased CRH mRNA level in the PVN of male mice

with no change in CORT levels [18]. Thus, the reduced HPA axis activation during stress in

male HFD groups, indicated by attenuated CORT response, may not be due to lack of ACTH

stimulation to the adrenal gland, but could be centrally driven. In the current study, HFD feed-

ing decreased hypothalamic CRH content in males, whereas HFD-fed females maintained sim-

ilar levels of CRH, possibly due to modulatory effects of estrogens on CRH transcription via

estrogen receptor β in the hypothalamus [34] that conserves hypothalamic CRH at a constant

level.

Sex differences exist in stress-induced HPA activation in rodents, with females having

greater increases in ACTH and CORT levels than males [35]. Sex steroids possibly regulate the

activity of the HPA axis. For example, enhanced HPA response to stress is greater during the

proestrous phase of the ovarian cycle when estradiol levels are the highest [36,37]. Estradiol

treatment increases glucocorticoid negative feedback and corrects disturbances in HPA axis

activity in aging male rats [38]. Ovariectomy in females decreases [39,40], whereas castration

in males increases [40], the secretion of CORT and ACTH to physical and psychological stress-

ors; this is reversed by replacement of gonadal steroids after gonadectomy [40].

Leptin is a hormone synthesized in adipose tissues in proportion to adiposity and involved

in the regulation of energy balance [41]. Leptin reduces the sensitivity of the adrenal cortex

cells to ACTH and reduces CORT levels in vitro [42,43]. Also, increased leptin in response to

HFD feeding reduced HPA axis activity in male rats in vivo [13], supporting the idea that the

high leptin level in HFD-fed males eliminates the CORT response to stress. HFD feeding abol-

ished the stress-induced CORT response and reduced hypothalamic CRH levels in males but

not females, a sex difference possibly due to greater increases in leptin levels by HFD feeding

in males than females. Consistent with a previous study [28], leptin levels were significantly

higher in HFD WT mice. Interestingly, the increase circulating leptin level induced by HFD

Stress Response of HFD-Fed Prolactin Knockout Mice
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feeding was attenuated in PRL KO males and females, suggesting a stimulatory effect of PRL

on leptin release in HFD-fed males and females.

It remains unclear how PRL regulates leptin levels independent of the adiposity level, how-

ever. Variable effects of PRL on leptin levels have been reported. For example, female mice

that overexpress PRL [24] and male mice with PRL deficiency [28] have elevated leptin levels

whereas female mice with PRL deficiency have similar leptin levels compared with their WT

littermates [28] in vivo. The literature on direct effects of PRL on leptin production by adipo-

cytes in vitro is also conflicting. PRL alone has no effect on leptin production in adipocytes of

female mice [24]; whereas PRL dose-dependently inhibits leptin release from mature adipo-

cytes of male rats [44]. These discrepancies may be due to differences in development of

genetic mouse models, doses and time course of PRL, or adipocyte depot-specific leptin

release. In the current study, no differences in leptin levels were observed between female

genotypes in either LFD or HFD groups, or between male genotypes in LFD group. As

expected, leptin was significantly higher in male and female WT mice on the HFD. Our data

do not support the report on elevated leptin levels in LFD male KO mice, but was consistent

with the similar leptin levels in WT and KO females from the same study [28]. Additionally,

our finding showing suppressed or not significantly different leptin levels in PRL KO mice

agrees with findings from studies using PRLR-deficient mouse models, showing PRLR-defi-

cient mice with either lower [29] or similar [30] leptin levels comparing with their WT litter-

mates. In general, the current study indicates that PRL deficiency has minor effects on leptin

levels, which does not reflect global changes in weight gain, body composition, or adiposity in

mice of either sex (Figs 1 and 2).

Similar to circulating PRL that enters the brain via PRLR in the choroid plexus [7–9], leptin

enters the brain through specific receptors in the choroid plexus and median eminence, and

stimulates anorexic pathways and inhibits orexigenic pathways within the CNS [45]. Also simi-

lar to PRL, peripheral or central administration of leptin attenuates the stress-induced secre-

tion of hypothalamic CRH and plasma ACTH and CORT, and suppresses the stress-induced

activation of the HPA axis in mice and rats [46–48]. Activity of the HPA axis is elevated in ob/
ob mice that lack leptin [49] and peripheral leptin administration decreases circulating level of

CORT in ob/ob mice [50]. These previous studies collectively suggest that HFD feeding

increases leptin levels and leptin suppresses stress-induced HPA activation in a similar way as

PRL.

PRL KO mice express functional PRLR [26]. PRLR mRNA levels in the choroid plexus were

quantified because PRL regulates HPA axis activation by entering the brain through PRLR in

the choroid plexus and acting on PRLR in the PVN during stress [8,11], and stress increases

PRLR mRNA levels in the choroid plexus [12,51]. PRLR mRNA levels in the choroid plexus

were lower in KO mice that lack PRL than WT mice, supporting previous findings that PRLR

expression is regulated by circulating levels of PRL [7–9]. Sex difference in PRLR expression in

the choroid plexus has been reported in rats, although PRLR mRNA levels were similar

between LFD-fed male and female mice in the current study. The levels of PRLR mRNA in the

choroid plexus are higher in female than male rats, and are higher during proestrus when

endogenous estradiol reaches its peak than during other phases of the ovarian cycle in female

rats [52]. Ovariectomized female rats treated with a pharmacological dose of estradiol (35 μg),

but not with a physiological dose of estradiol (3.5 μg), have higher PRLR mRNA levels in the

choroid plexus than vehicle-treated ovariectomized rats [53]. Thus whether or not sex differ-

ence and/or cyclic change of PRLR expression in the choroid plexus is caused by estradiol

upregulation awaits further investigation. Consuming a HFD significantly increased PRLR

mRNA in WT and KO females and in WT males in the current study, indicating that factors

other than PRL, including diet, regulate PRLR expression. To our knowledge, this is the first

Stress Response of HFD-Fed Prolactin Knockout Mice
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report showing increased PRLR mRNA levels following consumption of a HFD. Increase in

PRLR mRNA suggests that enhanced PRL signaling could be used to dampen HPA axis activa-

tion when consuming a HFD.

In conclusion, this study investigated the role PRL plays in regulating the HPA axis under

consumption of HFD in response to an acute stress and potential sex differences using male

and female PRL WT and KO mice. Sex differences existed in response to HFD consumption

and effects of HFD on activation of the HPA axis by stress. First, there was sex differences in

body weight gain and fat accumulation, whereas PRL did not play an important role in mediat-

ing these effects. PRL, however, acted as a regulator of the HPA axis by dampening stress effect

induced by multiple blood sampling at least in males, as CORT levels were higher in KO than

WT males. Second, there was sex difference in the HPA response to stress under the different

dietary conditions. Consuming a HFD diminished the stress response in males regardless of

genotype, whereas it did not affect stress response in females. Consuming a HFD was a chronic

stressor because PRLR mRNA was increased in both WT and KO females and in WT males,

suggesting that factors other than PRL regulate PRLR mRNA levels. These comprehensive

studies indicate that although PRL deficiency has minor effects on caloric intake, circulating

leptin levels, and PRLR expression in the choroid plexus, it does not result in significant

changes in weight gain, adiposity, or stress response in mice of either sex.
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22. González-Parra S, Chowen JA, Segura LMG, Argente J (1996) Ontogeny of pituitary transcription

factor-1 (Pit-1), growth hormone (GH) and prolactin (PRL) mRNA levels in male and female rats and the

Stress Response of HFD-Fed Prolactin Knockout Mice

PLOS ONE | DOI:10.1371/journal.pone.0166416 November 28, 2016 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/23211297
http://www.ncbi.nlm.nih.gov/pubmed/14596810
http://www.ncbi.nlm.nih.gov/pubmed/4080091
http://www.ncbi.nlm.nih.gov/pubmed/11015620
http://dx.doi.org/10.1111/j.1460-9568.2004.03264.x
http://dx.doi.org/10.1111/j.1460-9568.2004.03264.x
http://www.ncbi.nlm.nih.gov/pubmed/15066156
http://dx.doi.org/10.1210/endo-120-5-1846
http://www.ncbi.nlm.nih.gov/pubmed/3569115
http://dx.doi.org/10.1210/endo.136.12.7588315
http://www.ncbi.nlm.nih.gov/pubmed/7588315
http://dx.doi.org/10.1210/endo.131.2.1639017
http://www.ncbi.nlm.nih.gov/pubmed/1639017
http://www.ncbi.nlm.nih.gov/pubmed/11994132
http://www.ncbi.nlm.nih.gov/pubmed/11312305
http://dx.doi.org/10.1210/en.2003-1446
http://www.ncbi.nlm.nih.gov/pubmed/14715716
http://dx.doi.org/10.1016/j.physbeh.2006.07.019
http://www.ncbi.nlm.nih.gov/pubmed/16935312
http://dx.doi.org/10.1055/s-0031-1291305
http://www.ncbi.nlm.nih.gov/pubmed/22068812
http://dx.doi.org/10.1210/en.2003-1674
http://www.ncbi.nlm.nih.gov/pubmed/15044372
http://dx.doi.org/10.1530/JOE-12-0056
http://www.ncbi.nlm.nih.gov/pubmed/22619233
http://www.ncbi.nlm.nih.gov/pubmed/16306351
http://dx.doi.org/10.1016/j.cmet.2007.09.006
http://dx.doi.org/10.1016/j.cmet.2007.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17983587
http://dx.doi.org/10.1210/endo-94-4-1003
http://www.ncbi.nlm.nih.gov/pubmed/4818764


differential expression of Pit-1 in lactotrophs and somatotrophs. J Neuroendocrinol 8: 211–225. PMID:

8730655

23. Handa RJ, Weiser MJ (2014) Gonadal steroid hormones and the hypothalamo–pituitary–adrenal axis.

Front Neuroendocrinol 35: 197–220. doi: 10.1016/j.yfrne.2013.11.001 PMID: 24246855

24. Ling C, Billig H (2001) PRL receptor-mediated effects in female mouse adipocytes: PRL induces sup-

pressors of cytokine signaling expression and suppresses insulin-induced leptin production in adipo-

cytes in vitro. Endocrinology 142: 4880–4890. PMID: 11606456

25. Blume A, Torner L, Liu Y, Subburaju S, Aguilera G, Neumann ID (2009) Prolactin activates mitogen-

activated protein kinase signaling and corticotropin releasing hormone transcription in rat hypothalamic

neurons. Endocrinology 150: 1841–1849. doi: 10.1210/en.2008-1023 PMID: 19022892

26. Horseman ND, Zhao W, Montecino-Rodriguez E, Tanaka M, Nakashima K, Engle SJ, et al. (1997)

Defective mammopoiesis, but normal hematopoiesis, in mice with a targeted disruption of the prolactin

gene. EMBO J 16: 6926–6935. doi: 10.1093/emboj/16.23.6926 PMID: 9384572

27. Truett GE, Heeger P, Mynatt RL, Truett AA, Walker JA, Marman ML (2000) Preparation of PCR-quality

mouse genomic DNA with hot sodium hydroxide and tris (HotSHOT). Biotechniques 29: 52, 54. PMID:

10907076

28. LaPensee CR, Horseman ND, Tso P, Brandebourg TD, Hugo ER, Ben-Jonathan N (2006) The prolac-

tin-deficient mouse has an unaltered metabolic phenotype. Endocrinology 147: 4638–4645. PMID:

16809445

29. Freemark M, Fleenor D, Driscoll P, Binart N, Kelly PA (2001) Body weight and fat deposition in prolactin

receptor-deficient mice. Endocrinology 142: 532–537. PMID: 11159821

30. Fleenor D, Oden J, Kelly PA, Mohan S, Alliouachene S, Pende M, et al. (2005) Roles of the lactogens

and somatogens in perinatal and postnatal metabolism and growth: studies of a novel mouse model

combining lactogen resistance and growth hormone deficiency. Endocrinology 146: 103–112. PMID:

15388648

31. Ling C, Hellgren G, Gebre-Medhin M, Dillner K, Wennbo H, Carlsson B, et al. (2000) Prolactin (PRL)

receptor gene expression in mouse adipose tissue: increases during lactation and in PRL-transgenic

mice. Endocrinology 141: 3564–3572. PMID: 11014209

32. Vachon P, Moreau JP (2001) Serum corticosterone and blood glucose in rats after two jugular vein

blood sampling methods: comparison of the stress response. Contemp Top Lab Anim Sci 40: 22–24.

33. Shi H, Seeley RJ, Clegg DJ (2009) Sexual differences in the control of energy homeostasis. Front Neu-

roendocrinol 30: 396–404. doi: 10.1016/j.yfrne.2009.03.004 PMID: 19341761

34. Miller WJS, Suzuki S, Miller LK, Handa R, Uht RM (2004) Estrogen receptor (ER)beta isoforms rather

than ERalpha regulate corticotropin-releasing hormone promoter activity through an alternate pathway.

J Neurosci 24: 10628–10635. PMID: 15564578

35. Handa RJ, Nunley KM, Lorens SA, Louie JP, McGivern RF, Bollnow MR (1994) Androgen regulation of

adrenocorticotropin and corticosterone secretion in the male rat following novelty and foot shock stress-

ors. Physiol Behav 55: 117–124. PMID: 8140154

36. Fernández-Guasti A, Fiedler JL, Herrera L, Handa RJ (2012) Sex, stress, and mood disorders: at the

intersection of adrenal and gonadal hormones. Horm Metab Res 44: 607–618. doi: 10.1055/s-0032-

1312592 PMID: 22581646

37. Handa RJ, Weiser MJ (2014) Gonadal steroid hormones and the hypothalamo-pituitary-adrenal axis.

Front Neuroendocrinol 35: 197–220. doi: 10.1016/j.yfrne.2013.11.001 PMID: 24246855

38. Ferrini M, Piroli G, Frontera M, Falbo A, Lima A, De Nicola AF (1999) Estrogens normalize the hypotha-

lamic-pituitary-adrenal axis response to stress and increase glucocorticoid receptor immuno-reactivity

in hippocampus of aging male rats. Neuroendocrinology 69: 129–137. PMID: 9986926

39. Kitay JI (1963) Pituitary-adrenal function in the rat after gonadectomy and gonadal hormone replace-

ment. Endocrinology 73: 253–260. PMID: 14076206

40. Seale JV, Wood SA, Atkinson HC, Harbuz MS, Lightman SL (2004) Gonadal steroid replacement

reverses gonadectomy-induced changes in the corticosterone pulse profile and stress-induced hypo-

thalamic-pituitary-adrenal axis activity of male and female rats. J Neuroendocrinol 16: 989–998. PMID:

15667454

41. Woods SC, D’Alessio DA, Tso P, Rushing PA, Clegg DJ, Benoit SC, et al. (2004) Consumption of a

high-fat diet alters the homeostatic regulation of energy balance. Physiol Behav 83: 573–578. PMID:

15621062

42. Kruse M, Bornstein SR, Uhlmann K, Paeth G, Scherbaum WA (1998) Leptin down-regulates the steroid

producing system in the adrenal. Endocr Res 24: 587–590. PMID: 9888542

43. Hsu HT, Chang YC, Chiu YN, Liu CL, Chang KJ, Guo IC (2006) Leptin interferes with adrenocorticotro-

pin/3’,5’-cyclic adenosine monophosphate (cAMP) signaling, possibly through a Janus kinase 2-

Stress Response of HFD-Fed Prolactin Knockout Mice

PLOS ONE | DOI:10.1371/journal.pone.0166416 November 28, 2016 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/8730655
http://dx.doi.org/10.1016/j.yfrne.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24246855
http://www.ncbi.nlm.nih.gov/pubmed/11606456
http://dx.doi.org/10.1210/en.2008-1023
http://www.ncbi.nlm.nih.gov/pubmed/19022892
http://dx.doi.org/10.1093/emboj/16.23.6926
http://www.ncbi.nlm.nih.gov/pubmed/9384572
http://www.ncbi.nlm.nih.gov/pubmed/10907076
http://www.ncbi.nlm.nih.gov/pubmed/16809445
http://www.ncbi.nlm.nih.gov/pubmed/11159821
http://www.ncbi.nlm.nih.gov/pubmed/15388648
http://www.ncbi.nlm.nih.gov/pubmed/11014209
http://dx.doi.org/10.1016/j.yfrne.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19341761
http://www.ncbi.nlm.nih.gov/pubmed/15564578
http://www.ncbi.nlm.nih.gov/pubmed/8140154
http://dx.doi.org/10.1055/s-0032-1312592
http://dx.doi.org/10.1055/s-0032-1312592
http://www.ncbi.nlm.nih.gov/pubmed/22581646
http://dx.doi.org/10.1016/j.yfrne.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24246855
http://www.ncbi.nlm.nih.gov/pubmed/9986926
http://www.ncbi.nlm.nih.gov/pubmed/14076206
http://www.ncbi.nlm.nih.gov/pubmed/15667454
http://www.ncbi.nlm.nih.gov/pubmed/15621062
http://www.ncbi.nlm.nih.gov/pubmed/9888542


phosphatidylinositol 3-kinase/Akt-phosphodiesterase 3-cAMP pathway, to down-regulate cholesterol

side-chain cleavage cytochrome P450 enzyme in human adrenocortical NCI-H295 cell line. J Clin

Endocrinol Metab 91: 2761–2769. PMID: 16684834

44. Brandebourg TD, Bown JL, Ben-Jonathan N (2007) Prolactin upregulates its receptors and inhibits lipol-

ysis and leptin release in male rat adipose tissue. Biochem Biophys Res Commun 357: 408–413. doi:

10.1016/j.bbrc.2007.03.168 PMID: 17433256

45. Zlokovic BV, Jovanovic S, Miao W, Samara S, Verma S, Farrell CL (2000) Differential regulation of lep-

tin transport by the choroid plexus and blood-brain barrier and high affinity transport systems for entry

into hypothalamus and across the blood-cerebrospinal fluid barrier. Endocrinology 141: 1434–1441.

PMID: 10746647

46. Clark KA, MohanKumar SMJ, Kasturi BS, MohanKumar PS (2006) Effects of central and systemic

administration of leptin on neurotransmitter concentrations in specific areas of the hypothalamus. Am J

Physiol Regul Integr Comp Physiol 290: R306–R312. PMID: 16210420

47. Clark KA, Shin AC, Sirivelu MP, MohanKumar SMJ, MohanKumar PS (2008) Systemic administration

of leptin decreases plasma corticosterone levels: Role of hypothalamic norepinephrine. Brain Res

1195: 89–95. doi: 10.1016/j.brainres.2007.12.009 PMID: 18191822

48. Heiman ML, Ahima RS, Craft LS, Schoner B, Stephens TW, Flier JS (1997) Leptin inhibition of the hypo-

thalamic-pituitary-adrenal axis in response to stress. Endocrinology 138: 3859–3863. PMID: 9275075

49. Garthwaite TL, Martinson DR, Tseng LF, H T.C., Menahan LA (1980) A longitudinal hormonal profile of

the genetically obese mouse. Endocrinology 107: 671–676. PMID: 6249569

50. Stephens TW, Basinski M, Bristow PK, Bue-Valleskey JM, Burgett SG, Craft L, et al. (1995) The role of

neuropeptide Y in the antiobesity action of the obese gene product. Nature 377: 530–532. PMID:

7566151

51. Fujikawa T, Tamura K, Kawase T, Mori Y, Sakai RR, Sakuma K, et al. (2005) Prolactin receptor knock-

down in the rat paraventricular nucleus by a morpholino-antisense oligonucleotide causes hypocalce-

mia and stress gastric erosion. Endocrinology 146: 3471–3480. PMID: 15845620

52. Pi X, Voogt JL (2002) Sex difference and estrous cycle: expression of prolactin receptor mRNA in rat

brain. Brain Res Mol Brain Res 103: 130–139. PMID: 12106698

53. Pi X, Zhang B, Li J, Voogt JL (2003) Promoter usage and estrogen regulation of prolactin receptor gene

in the brain of the female rat. Neuroendocrinology 77: 187–197. PMID: 12673052

Stress Response of HFD-Fed Prolactin Knockout Mice

PLOS ONE | DOI:10.1371/journal.pone.0166416 November 28, 2016 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/16684834
http://dx.doi.org/10.1016/j.bbrc.2007.03.168
http://www.ncbi.nlm.nih.gov/pubmed/17433256
http://www.ncbi.nlm.nih.gov/pubmed/10746647
http://www.ncbi.nlm.nih.gov/pubmed/16210420
http://dx.doi.org/10.1016/j.brainres.2007.12.009
http://www.ncbi.nlm.nih.gov/pubmed/18191822
http://www.ncbi.nlm.nih.gov/pubmed/9275075
http://www.ncbi.nlm.nih.gov/pubmed/6249569
http://www.ncbi.nlm.nih.gov/pubmed/7566151
http://www.ncbi.nlm.nih.gov/pubmed/15845620
http://www.ncbi.nlm.nih.gov/pubmed/12106698
http://www.ncbi.nlm.nih.gov/pubmed/12673052

