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Abstract

Leptin and oestradiol have overlapping functions in energy homeostasis and fertility, and receptors 

for these hormones are localised in the same hypothalamic regions. Although, historically, it was 

assumed that mammalian adult neurogenesis was confined to the olfactory bulbs and the 

hippocampus, recent research has found new neurones in the male rodent hypothalamus. 

Furthermore, some of these new neurones are leptin-sensitive and affected by diet. In the present 

study, we tested the hypothesis that diet and hormonal status modulate hypothalamic neurogenesis 

in the adult female mouse. Adult mice were ovariectomised and implanted with capsules 

containing oestradiol (E2) or oil. Within each group, mice were fed a high-fat diet (HFD) or 

maintained on standard chow (STND). All animals were administered i.c.v. 5-bromo-2′-

deoxyuridine (BrdU) for 9 days and sacrificed 34 days later after an injection of leptin to induce 

phosphorylation of signal transducer of activation and transcription 3 (pSTAT3). Brain tissue was 

immunohistochemically labelled for BrdU (newly born cells), Hu (neuronal marker) and pSTAT3 

(leptin sensitive). Although mice on a HFD became obese, oestradiol protected against obesity. 

There was a strong interaction between diet and hormone on new cells (BrdU+) in the arcuate, 

ventromedial hypothalamus and dorsomedial hypothalamus. HFD increased the number of new 

cells, whereas E2 inhibited this effect. Conversely, E2 increased the number of new cells in mice 

on a STND diet in all hypothalamic regions studied. Although the total number of new leptin-

sensitive neurones (BrdU-Hu-pSTAT3) found in the hypothalamus was low, HFD increased these 

new cells in the arcuate, whereas E2 attenuated this induction. These results suggest that adult 

neurogenesis in the hypothalamic neurogenic niche is modulated by diet and hormonal status and 

is related to energy homeostasis in female mice.
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The hormones leptin and oestrogen have overlapping functional roles in fertility and energy 

homeostasis. In 1994, the ob gene, which encodes the hormone leptin, was identified (1). 

Leptin, produced and secreted by adipose tissue, binds to leptin receptors (LepR) located in 
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areas throughout the brain with a particularly high density in the hypothalamus (2). Mice 

deficient in leptin (ob/ob) or LepR (db/db) are obese and diabetic (3,4) and the 

administration of leptin to ob/ob mice results in weight loss because of decreased food 

intake and increased energy output (4). LepR have also been identified in hypothalamic 

neurones containing peptides that regulate feeding (5,6). Although oestrogens play a critical 

role in reproductive physiology and behaviour (7,8), they are also important in energy 

homeostasis. Oestrogens act as anorectics and increase activity levels in humans (9) and 

rodents (10–12). Postmenopausal women (13) gain fat weight and ovariectomised (OVX) 

rodents demonstrate a decrease in activity concurrent with an increase in feeding and weight 

gain (12,14). There are two oestrogen receptor (ER) subtypes (ER-α and ER-ß) (15) that 

have distinct functions in behaviour (16) and physiology (17). As with fertility, oestrogenic 

effects on feeding are predominantly mediated through ERα (18). In addition to energy 

homeostasis, leptin plays a critical role in fertility. Although ob/ob and db/db mice are 

infertile, leptin administration to ob/ob mice induces puberty and fertility (19,20), indicating 

that oestrogens and leptin have overlapping functions (21,22). More directly, oestrogens 

sensitise the effects of leptin (23,24), demonstrating cross-talk between these hormone 

systems. In support of this relationship, ER-α and LepR are coexpressed in neurones from 

hypothalamic areas involved in energy homeostasis and reproduction (25).

Adult neurogenesis in the mammalian brain has been well documented to arise from 

progenitor cells in the subventricular zone of the lateral ventricles and the subgranular zone 

of the dentate gyrus in the hippocampus (26–29). New subventricular zone neurones travel 

through the rostral migratory stream and a proportion of them become functional neurones 

in the olfactory bulb circuitry (30,31). A subpopulation of proliferating cells in the 

subgranular zone of the hippocampus migrates to the dentate gyrus where they differentiate 

into neurones. These neurones send projections to the CA3 region and are known to play a 

role in learning and memory (32) and mood disorders (33,34). A variety of exogenous 

factors, including activity level (35) and an enriched environment (36), dramatically 

influence the rate of cell proliferation, survival and differentiation in the adult mammalian 

brain. In addition, hormonal milieu (37,38), and, more specifically, oestrogens, increase 

proliferation in the hippocampus (39).

More recently, neurogenesis has been discovered in the hypothalamus of the adult male 

rodent brain (40–47). A subpopulation of these new cells in the hypothalamus differentiates 

into functional neurones and appears to be involved in energy homeostasis in males 

(40,42,44,45,47). Furthermore, hypothalamic neurogenesis in male mice is altered by a high-

fat diet (HFD) (42,44,47). Administration of cilliary neurotrophic factor (CNTF) to rodents 

and humans leads to weight loss (48,49), which is sustained after cessation of CNTF 

administration (40,41,48). Interestingly, CNTF potently induces neurogenesis in the male 

mouse hypothalamus, and many of the new neurones respond to leptin by phosphorylation 

of signal transducer of activation and transcription 3 (pSTAT3). Preventing this 

hypothalamic neurogenesis in male mice blocks the long-term effect of CNTF on body 

weight (40), suggesting that CNTF-induced weight loss is the result of increased leptin 

signalling via new neurones.
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Although the effects of diet on hypothalamic neurogenesis have been investigated in male 

rodents as discussed above, the effects of diet and hormones on neurogenesis in the 

hypothalamus have not been studied in females. Therefore, the present study tested the 

hypothesis that hypothalamic cell proliferation and neurogenesis occur in adult female mice 

and are influenced by diet and oestradiol. Moreover, we explored the possibility that diet 

and oestradiol would alter the number of new leptin-sensitive neurones in the hypothalamus 

and thus be correlated with measures of energy homeostasis. Our findings reveal that diet 

and oestradiol modulate neurogenesis in the female hypothalamus and that these factors also 

influence the number of differentiated leptin-sensitive neurones.

Materials and methods

Animals and treatment groups

C57BL6 female mice (10–12 weeks of age) from the Wellesley College breeding colony 

were housed two per cage and maintained under a 12 : 12 h light/dark cycle. A summary of 

the research design is provided in Figure 1. Mice were anaesthetised with 2.5% isoflurane, 

bilaterally OVX and implanted with a silastic capsule (50) containing either 50 μg of 17ß-

oestradiol (E2) dissolved in 25 μl of 5% ETOH/sesame oil (51,52) or vehicle (5% ETOH/

sesame oil; Veh). The silastic capsules were placed in the subcutaneous space just below the 

left scapular blade. Three days after OVX and capsule implantation, mice were either started 

on a HFD containing 58% kcal from fat in the form of lard (35.2% fat, 36.1% carbohydrate 

and 20.4% protein by weight) (catalogue number 03584; Harlan Teklad, Indianapolis, IN) or 

maintained on standard rodent chow (STND) containing 13.5% kcal from fat (catalogue 

number 5001; Purina, St. Louis, MO).

Mice were randomly assigned to one of four treatment groups: STND-Veh, STND-E2, 

HFD-Veh and HFD-E2. Mice were weighed every 5 days and the amount of food eaten was 

recorded every other day (1-2 h before lights off) throughout the study. Mice from the same 

treatment groups were housed two per cage for the duration of the study except in instances 

where a cage mate died. There were no differences in weight gain or average food intake for 

the five mice housed individually compared to those housed with a cage mate. All animal 

procedures were approved by the Institutional Animal Care and Use Committee of 

Wellesley College.

Intracerebroventricular 5-bromo-2′-deoxyuridine (BrdU) administration

Seven days post OVX/silastic capsule implantation, mice were anaesthetised with 2.5% 

isoflurane, and implanted with a cannula (2.5 mm in length) aimed at the right lateral 

ventricle (anteroposterior: 0.3 mm, mediolateral: 1.0 mm from bregma, (53). The cannula 

was attached to an Alzet osmotic pump (0.5 (μl/h, 7-day, 1007D; Durect, Cupertino, CA, 

USA) filled with 100 μl of home-made artificial cerebral spinal fluid containing 1 μg/μl 

BrdU (Sigma Aldrich, St Louis, MO, USA) and 1 μg/μl mouse serum albumin (Sigma 

Aldrich) via a catheter cut to 2.5 cm. Nine days post implantation of osmotic pumps, mice 

were re-anaesthetised and pumps were removed (in accordance with the Alzet osmotic pump 

protocol).
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Immunohistochemistry

We were interested in whether some BrdU-labelled cells become functional as determined 

by their ability to phorphorylate STAT3 in response to leptin. Therefore, mice were 

maintained on their respective diets for 34 days after the start of BrdU infusion to allow 

new-born cells to become functionally mature (54,55). Thirty-four days after the start of 

BrdU infusion, mice were food deprived overnight. On the next day, cardiac perfusion with 

4% paraformaldehyde was performed 45 min after an i.p. injection of leptin (5 mg/kg; 

Peprotech, Rocky Hill, NJ, USA). Leptin was administered to induce phosphorylation of 

STAT3 in the hypothalamus (56). Following perfusion, brains were dissected out, post-fixed 

in 4% paraformaldehyde for 2 h and then transferred to 20% sucrose/0.1 M phosphate buffer 

for 2 days until sectioning. Thirty-five micrometre thick brain sections were cut on a 

freezing microtome and stored in cryoprotectant at −20 °C until processing.

A representative section containing the arcuate nucleus (ARC), ventromedial nucleus of the 

hypothalamus (VMH) and the dorsomedial nucleus of the hypothalamus (DMH) was chosen 

according to figures 44–45 in Paxinos and Franklin (53). These areas were selected based on 

their functional importance in feeding and energy homeostasis (57–59) and the high density 

of leptin receptors (2,60) and leptin-nduced pSTAT3 (56). Brain sections were rinsed in 0.05 

M tris-buffered saline (TBS), incubated in 0.01 M glycine for 30 min, rinsed, and then 

incubated in 0.05% sodium borohydride for 20 min to reduce autofluorescence as a result of 

aldehyde fixation. DNA was denatured for BrdU detection by incubating tissue in 2 N HCl 

at 40° for 40 min followed by rinses in borate buffer (pH 8.5) and TBS. Sections were 

treated with donkey anti-mouse immunoglobulin G (20 μg/ml; Jackson Immunoresearch, 

West Grove, PA, USA) to block endogenous mouse binding sites followed by a second 

blocking step in 0.4% Triton-X, 10% normal serum (donkey and goat; Lampire Biological, 

Pipersville, PA, USA) and 1% hydrogen peroxide for 30 min. Sections were incubated for 

48 h at 4 °C in a primary antibody cocktail containing rat anti-BrdU (dilution 1 : 400, 

OBT0030G; Accurate, West-bury, NY), mouse anti-Hu (1 μg/ml, A-21271, Life 

Technologies, Grand Island, NY, USA) and rabbit anti-pSTAT3 (dilution 1 : 50; 9145; Cel 

Signaling Technology, Beverly, MA, USA). The Hu antibody is made against human 

neuronal protein HuC/HuD and recognises the neuronal proteins HuC, HuD and Hel-N1. 

The pSTAT3 antibody recognises STAT3 only when it is phosphorylated at tyrosine 705. 

These antibodies have been routinely used in immunohistochemistry and western analysis of 

mouse brain tissue (42,44,61,62). Sections were then washed with TBS and incubated for 2 

h in a cocktail of fluorescently abelled secondary antibodies containing goat anti-rat 

(dilution 1 : 200, Cy3; Jackson Laboratories, Bar Harbor, ME, USA), donkey anti-mouse 

(dilution 1 : 200, Alexa Fluor 488; Life Technologies) and donkey anti-rabbit (dilution 1 : 

200 Alexa Fluor 647) followed by washes in TBS. Negative controls consisting of the 

omission of each primary antibody were performed to confirm secondary antibody 

specificity. Sections were mounted on SuperFrost Plus slides (Fisher, Hampton, NH, USA), 

coverslips were applied with Fluorogel (Electron Microscopy Sciences, Hatfield, PA, USA) 

and storage was at 4 °C.
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Confocal microscopy and image analysis

A total of eight (4 × 2) fields of view (FOVs) were imaged at × 400 in the left hemisphere 

(contralateral to BrdU administration) just lateral to the third ventricle. The FOVs were 

stitched together for a total imaged area of 1.4 mm × 0.73 mm. This total imaged area 

contained the ARC, VMH and DMH as defined in Paxinos and Franklin (53). All imaging 

was conducted using a TCS SP5 II confocal microscope (Leica Microsystems, Buffalo 

Grove, IL, USA) equipped with an argon laser 488, a helium-neon laser 543 and a helium-

neon laser 633 and a motorised stage. Gain and offset settings were optimised for each 

fluorescent label and kept constant across all images. A stack of 15 sections (1 μm each) was 

taken through the z-plane of each FOV.

BrdU/Hu/pSTAT3

Regions of interest were superimposed on each image. Each BrdU-abelled cell was tagged 

and clearly visualised through its entirety and manually inspected at 1-μm intervals for 

double (BrdU+/Hu+) and triple (BrdU+/Hu+/pSTAT3+) labelling by an experimenter who 

was blind to treatment. For total pSTAT3 (single-label) cell counts, all 15, 1-μm thick 

optical sections were collapsed and digitally analysed using IMAGEJ, version 1.46 (NIH, 

Bethesda, MD, USA).

Western blotting

Ovariectomised mice were i.p. injected with either leptin (5 mg/kg; Peprotech) or vehicle 

(authoclaved purified water) 45 min prior to sacrificed via CO2 inhalation. The 

hypothalamus was dissected out and immediately frozen on dry ice and stored at −80°C until 

processing. Tissue was homogenised in a buffer containing 10 mM 

ethylenediaminetetraacetic acid, 2 mM ethylene glycol tetraacetic acid, 10 mM Tris, 400 mM 

NaCl, 1 mM dithiothreitol, 10% glycerol, 10 mM α monothioglycerol, 1 mM Na3VO4, 50 mM 

NaF and 50 mM KPO4 and a 1 : 10 dilution of protease inhibitor cocktail (P2714-1BTL; 

Sigma). Homogenised hypothalamic protein extract (60 μg of total protein) was run on a 

7.5% Criterion TGX gel (Bio-Rad, Hercules, CA, USA). Protein extracted from HeLa cells 

treated with interferon (IFN)α (9133S; Cell Signaling Technology) was used for the 

pSTAT3 positive control. Western blots were performed as described previously (63). 

Briefly, proteins were denatured by boiling in sample buffer for 5 min prior to loading. 

Proteins were transferred (100 V for 1 h) to a polyvinylidene difluoride membrane (Bio-

Rad). After transfer, the membrane was washed with Tris-buffered saline with 0.05% tween 

(TBS-T) and then blocked in TBS-T containing 5% bovine serum albumin (BSA) for 1 h 

followed by washes in TBS-T. The blot was incubated overnight at 4°C in primary antibody 

solution containing either monoclonal rabbit anti-pSTAT3 (dilution 1 : 200; 9145; Cel 

Signaling Technology) or polyclonal rabbit anti-STAT3 (dilution 1 : 200; sc-482; Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) in TBS-T with 0.02% NaN3 and 3% BSA. 

Blots were washed and incubated in horseradish protein (HRP) conjugated donkey anti-

rabbit (dilution 1 : 5000; Jackson Immunoresearch) and Precision-Protein HRP conjugated 

StrepTactin (dilution 1 : 5000) for 1 h. Blots were washed and proteins were detected with 

incubation in Clarity Western ECL Substrate (170-5060; Bio-Rad) for 5 min. Finally, blots 

were maged on a ChemiDoc MP system (170-8280; Bio-Rad).
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Statistical analysis

After excluding animals that did not receive the full extent of BrdU nfusion because of a 

loss of cannula and animals whose cannula placement was not confirmed to the lateral 

ventricle, there were 28 mice in total that were analysed for food intake and body weight: 

STND-Veh (n = 5), STND-E2 (n = 6), HFD-Veh (n = 9) and HFD-E2 (n = 8). All animals 

were used for cell counts analyses with the exception of the loss of ARC data from one 

animal as a result of torn brain tissue.

For weight and food intake measures, a repeated ANOVA with two between factors (diet and 

hormone) was run. For cell count analyses, a two-way ANOVA (diet and hormone) was run for 

each brain area separately. Where there were significant effects, a Tukey's honestly 

significant difference (HSD) post-hoc test was used for comparisons between groups. SPSS, 

version 21 (IBM Corp., Armonk, NY, USA) was used for all statistical analyses. P < 0.05 

was considered statistically significant.

Results

Food intake and weight gain

The overall ANOVA for food intake indicated main effects for both diet (F1,24 = 19.8, P < 

0.001) and hormone (F1,24 = 10.4, P < 0.005) with no significant interaction between the 

two factors (Fig. 2A). Mice on STND diet and mice treated with Veh consumed 

significantly more kcal throughout the study than those on a HFD and those treated with E2, 

respectively (Fig. 2A). Given that there are 5.4 kcal/g in the HFD and 4.07 kcal/g in the 

STND diet, the number of grammes consumed differs to an even greater extent.

The overall ANOVA for weight gain found main effects for both diet (F1,24 = 53.1, P < 

0.001) and hormone (F1,24 = 15.6, P < 0.001) and an interaction between diet and hormone 

(F1,24 = 20.1, P < 0.001). Overall, mice on a HFD weighed more than mice on a STND diet, 

regardless of hormone treatment and mice treated with Veh weighed more than mice treated 

with E2 regardless of diet (Fig. 2B). The greatest effect, however, was seen in the HFD-Veh 

treatment group that gained more weight than any other group beginning 17 days after the 

start of HFD (Tukey's HSD, P < 0.05) and maintained a greater weight gain throughout the 

study (Fig. 2B).

Effects of leptin on STAT3 phosphorylation

To confirm up-regulation of pSTAT3 in brain by leptin and the specificity of our pSTAT3 

antibody, western blot analysis of hypothalamic cell extracts was performed. Extracts from 

leptin-treated mice revealed a strong immunoreactive band for pSTAT3, whereas extracts 

from vehicle-treated mice had a weak band (Fig. 3). STAT3 expression was similar between 

leptin-treated and vehicle-treated mouse hypothalamic extracts. Consistent with the 

literature (56), these data indicate that leptin up-regulates the phosphorylation of STAT3 in 

OVX mice, whereas total STAT3 remains the same.
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New cells in the hypothalamus

Effects of diet—The total number of BrdU-labelled cells through all z-planes was counted 

in the ARC, VMH and DMH (Fig. 4). Although there was no main effect of diet on BrdU 

cell number, there was a significant interaction between diet and hormone in all 

hypothalamic brain regions (ARC: F1,23 = 29.3, P < 0.001; VMH: F1,24 = 29.5, P < 0.001, 

DMH: F1,24 = 38.8, P < 0.001). Post-hoc analysis found that HFD increased BrdU-labelled 

cells in the ARC, VMH and DMH (HFD-Veh greater than STND-Veh, P < 0.005 in all 

regions) (Fig. 5).

Effects of hormone—There was a main effect of hormone on BrdU cell number in the 

DMH (F1,24 = 489.5, P < 0.05) with oestradiol increasing the number of new cells (Fig. 5C). 

There was no main effect of hormone on BrdU cell number in the ARC or VMH. There was, 

however, a significant interaction between hormone and diet in all brain regions (see above). 

Consistent with findings of others (38,39,64), E2 increased BrdU-labelled cells in animals 

maintained on a standard diet (STND-E2 greater than STND-Veh in all hypothalamic 

regions, P < 0.005) (Fig. 5). Interestingly, however, E2 had the opposite effect in mice fed a 

HFD. In animals fed a HFD, E2 decreased the number of new cells compared to mice treated 

with Veh in all brain areas studied (P < 0.02) (Fig. 5). The majority of sections from HFD-

E2-treated mice appeared to have a different distribution of BrdU-labelled cells than HFD-

Veh treated mice (Fig. 5d), which may partially account for the difference in cel number. 

This difference in distribution of new cells warrants further investigation.

New hypothalamic neurones (BrdU+/Hu+)

Effects of diet—Newly born cells, as indicated by BrdU labelling, were inspected through 

all z-planes (15 μm in total) for double labelling with Hu to determine neurogenesis (Fig. 6). 

Although there was no main effect of diet, there was an interaction between diet and 

hormone on neurogenesis in all brain areas studied (ARC: F1,23 = 10.2, P < 0.005; VMH: 

F1,24=11.5, P < 0.005; DMH: F1,24 = 25.2, P < 0.001). As with BrdU cell number, mice 

maintained on a HFD had a higher rate of neurogenesis in the ARC, VMH and DMH (HFD-

Veh greater than STND-Veh, P < 0.01 in all brain areas) (Fig. 6).

Effects of hormone—Although there was no main effect of hormone on neurogenesis, 

post-hoc analysis on the interaction of hormone and diet (for nteraction statistics, see above) 

found that E2 increased neurogenesis in the DMH of mice on a STND diet (STND-E2 

greater than STND-Veh, P < 0.05). Although not significant, there was a trend for an E2-

induced increase in neurogenesis in the ARC and VMH of mice on a STND diet. As with 

newly born cells, E2 decreased neurogenesis in the ARC and DMH (HFD-E2 less than HFD-

Veh, P < 0.05 and P < 0.005, respectively) when mice were maintained on a HFD.

New leptin-sensitive hypothalamic neurones (BrdU+/Hu+/ pSTAT3+)

Effects of diet—BrdU-Hu cells were further analysed for pSTAT3 labelling to determine 

new, leptin-sensitive neurones (Fig. 7). There was an interaction of diet and hormone in the 

ARC (F1, 23 = 17.7, P < 0.001) and the VMH (F1, 24 = 6.1, P < 0.05) but no differences were 

detected in the DMH. HFD-Veh mice had more newly born leptin-sensitive neurones in the 

ARC compared to STND-Veh mice (P < 0.001).
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Effects of hormone—As with the number of new cells and neurogenesis, E2 decreased 

the number of new leptin-sensitive neurones in the ARC in mice kept on a HFD (HFD-E2 

less than HFD-Veh, P < 0.001). E2 had no effect on new leptin-sensitive neurones in mice 

maintained on a standard diet. There were no differences among the four groups in the VMH 

but the trend was comparable to that in the ARC (Fig. 7b compared to Fig. 7a).

Sections were also analysed for single-labelled pSTAT3 to investigate whether pSTAT3 

expression after leptin injection differed with hormone and/or diet. There were no 

differences between groups in number of pSTAT3 labelled cells in any brain area examined 

(data not shown).

Controls were performed to confirm the specificity of the triple-label immunohistochemistry 

technique. Omission of each individual primary antibody resulted in no detectable 

immunoreactivity of the respective label (data not shown). In further confirmation of the 

specificity of the triple-label technique, intensely-labelled cells with only BrdU or Hu 

immunoreactivity were observed.

Discussion

The present study examined the effects of diet and oestradiol on weight, energy intake and 

hypothalamic neurogenesis in female mice. Vehicle-treated mice on a HFD became obese, 

whereas oestradiol treatment protected female mice from diet-induced obesity. Consistent 

with previous findings in female rodents (10,11,65), oestradiol decreased energy intake and 

weight gain. Newly born cells and cell differentiation in hypothalamic areas were altered by 

diet and hormone. HFD increased the number of new cells and neurogenesis in the 

hypothalamus of female mice, whereas oestradiol decreased this diet-induced effect. 

Furthermore, vehicle-treated mice on a HFD became obese and had the largest number of 

new leptin-sensitive hypothalamic neurones.

Weight and feeding

Mice on a HFD weighed more than mice on a standard diet, confirming previous findings 

obtained in male and female mice with diet-induced obesity (66, 67). Interestingly, despite 

an increase in weight, the mice in the HFD groups had a lower energy intake (kcal) than 

those on a standard diet. These data indicate that weight gain in the HFD group was a result 

of factors other than energy intake. Although some studies have found a positive correlation 

between diet fat content and calories consumed (68), others have found a negative 

correlation and that HFD leads to a high food efficiency (body weight gain/kcal consumed) 

compared to diets rich in protein or carbohydrates (69,70). The negative correlation between 

intake and weight gain has been proposed to arise from alterations in thermogenesis (69). It 

should also be noted that other factors, such as activity level or altered metabolism, could 

contribute to the discrepancy between intake and weight.

Oestradiol treatment reduced the average kcal/day consumed on both HFD and standard 

diet. In support of these findings, oestrogens are well known anorectics (10–12,71–73). 

Oestradiol treatment decreased percent body weight gain in mice on a HFD. This protective 

effect of oestradiol against HFD-induced obesity in female mice has been reported 

Bless et al. Page 8

J Neuroendocrinol. Author manuscript; available in PMC 2015 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



previously (65). The mechanism by which oestradiol prevents diet-induced obesity is not yet 

well understood (74).

Hypothalamic neurogenesis

Hypothalamic neurogenesis is a recently discovered phenomenon in adult males (40,41). 

Subsequently, research on the involvement of hypothalamic neurogenesis in energy 

homeostasis has been growing (42,44,45,47,75,76). To the best of our knowledge, the 

present study is the first to show hypothalamic cell proliferation and neurogenesis in the 

adult female rodent. Hypothalamic BrdU cell number was increased in female mice fed a 

HFD when deprived of oestrogens. These results are in agreement with those of Lee et al. 

(42) who found that HFD increased BrdU cell labelling in the adult male mouse median 

eminence of the hypothalamus. Additionally, Gouaze et al. (47) found that, in male mice, 

HFD led to a biphasic increase in hypothalamic cell proliferation followed by a decrease 

compared to males on a standard diet. Interestingly, blocking cellular proliferation 

throughout the brain resulted in an increase in body weight indicating the important 

mechanistic role of the new cells, including neurones, in energy homeostasis (47). However, 

contrary to the present results, McNay et al. (44) and Li et al. (77) found a decrease in 

newborn cells in the hypothalamus of adult male mice fed a HFD compared to mice on a 

standard diet. There are a few differences in study design that may explain these 

discrepancies. First, male mice were used in the previous studies (44,77) in contrast to 

females in the present study. In addition, in the previous studies, mice were exposed to a 

long-term HFD paradigm of 2 months (44) and 4 months (77) leading to obesity prior to 

BrdU administration. However, in the present study, BrdU was administered during the first 

week of HFD prior to the onset of obesity. It will be important for future studies to compare 

differences in BrdU labelling between mice administered BrdU at the beginning of a HFD 

trial and administration after obesity has been established.

In addition to increasing newly born cells, HFD increased the number of new neurones 

(BrdU-Hu cells) in the ARC, VMH and DMH. Hu is an early neuronal marker (78,79) and 

was therefore chosen because of the relatively early time point during differentiation 

examined in the present study. Two previous studies found that HFD induced a decrease in 

hippocampal neurogenesis in male mice (80) and male rats (81). Lindqvist et al. (82) also 

found a decrease in hippocampal neurogenesis in response to a HFD in adult male rats with 

no alteration in adult female rats (82). Overall, these data suggest that there are sex 

differences in the neurogenic response in the hypothalamus to HFD.

Oestradiol treatment blocked the increase of newly born hypo-thalamic cells induced by 

HFD. There are many factors that contribute to the rate of neurogenesis, including cell 

proliferation, cell survival/cell death and cellular differentiation. Interestingly, HFD and 

oestradiol have frequently been noted to have opposing effects on each of these factors. In 

the hippocampus, HFD inhibits both cell proliferation and differentiation (81,83), at the 

same time as increasing cell death (84). By contrast, oestrogens have been shown to increase 

cell proliferation, differentiation and cell survival in the hippocampus (85). It will be 

important to continue to explore the differential effects of HFD and E2 on the components of 

neurogenesis in other brain areas, including the hypothalamus. Obesity has known 
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inflammatory effects in brain and specifically within the hypothalamus (86–89). 

Inflammation in the brain leads to activation of microglia (90). Although a subpopulation of 

BrdU+ cells in the present study were co-labelled with Hu (a neuronal marker), a large 

proportion of BrdU+ cells were negative for Hu, suggesting that the majority of these HFD-

induced new cells are not neurones. It is possible that these new non-neuronal cells express 

microglial markers. Given that oestrogens are known suppressors of inflammation in brain 

(91,92), it may be that oestradiol treatment alters microglia expression and/or function in 

animals on a HFD.

By contrast to the oestradiol-induced attenuation of BrdU incorporation in the hypothalamus 

of mice on a HFD, oestradiol administration increased BrdU-labelled cell counts in the 

ARC, VMH and DMH in mice on a standard diet. These findings are consistent with 

previous findings showing that acute oestradiol treatment increases cell proliferation in the 

adult female rat hippocampus (64) and in the amygdala of adult female meadow voles (93). 

In the present study, the administration of oestradiol increased neurogenesis in the DMH of 

female mice maintained on a standard diet and there was a trend towards an increase in the 

ARC and VMH. Although the effects of oestradiol on hippocampal neurogenesis has been 

well-studied in female rats and voles (37,85), the few studies that have examined oestradiol 

effects on neurogenesis in the adult female mouse have found conflicting results: no effect 

of oestradiol on hippocampal neurogenesis (94) and a decrease in SVZ/olfactory bulb 

neurogenesis after oestradiol administration (95). Taken together with the findings of 

present study, it is suggested that oestradiol affects neurogenesis in a brain region specific 

manner in the adult female mouse.

Oestradiol, diet and pSTAT3

Interestingly, in the present study, the number of new pSTAT3 neurones (BrdU-Hu-

pSTAT3) in the arcuate was greatest in the HFD-Veh group; the group that weighed 

significantly more than all other groups. This HFD-induced increase in new pSTAT3 

neurones may be a compensatory mechanism that increases leptin sensitivity in the brain.

Although the number of studies exploring adult hypothalamic neurogenesis has increased 

considerably in the last decade (75), most neuroanatomical analyses have not distinguished 

between different hypothalamic nuclei (40,41,43–47). In the present study, cell proliferation 

was affected by diet and hormone similarly in all three hypothalamic nuclei studied. 

However, alteration in neurogenesis was observed only in the arcuate and DMH, whereas 

new leptin-sensitive neurones were only affected in the arcuate. ER and leptin are co-

expressed in cells of the arcuate and DMH and no such co-expression is observed in the 

VMH, providing neuroanatomical evidence that oestradiol and leptin may have a direct 

interaction in the arcuate and DMH but not in the VMH (96). Furthermore, it is interesting 

that the interaction between hormone and diet on new leptin-sensitive neurones was seen 

distinctly in the arcuate because this hypothalamic region is most strongly associated with 

neuroendocrine effects on energy homeostasis (97).

Although the findings of the present study suggest that oestradiol may protect against HFD-

induced obesity through alterations in neurogenesis, oestrogens affect weight through 

multiple channels. Previous research has shown that the effects of oestrogens on energy 
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homeostasis are mediated through both the pro-opiomelanocortin (71,73) and neuropeptide 

Y (98) systems. Additionally, oestrogens affect thermogenesis (99,100), activity (9–12) and 

have peripheral effects on adiposity (101). Therefore, in the present study, oestradiol may 

protect against obesity independent of its effects on neurogenesis.

The mechanism and functional importance of STAT3 phosphorylation in leptin action has 

been well defined. Leptin treatment results in STAT3 phosphorylation in hypothalamic brain 

areas that express leptin receptors (102) and pSTAT3 in brain is distinctly and specifically 

activated by leptin (56). Furthermore, phosphorylation of STAT3 is required for the effects 

of leptin on energy homeostasis (103,104). Total STAT3 deletion in brain leads to obesity 

and infertility (105) and STAT3 deletion in leptin receptor neurones results in obesity (106). 

All of these findings support a critical role for STAT3 signalling in the effects of leptin on 

energy homeostasis. Diet-induced obesity in mice has been associated with leptin 

insensitivity (107). In support, obese animals have a higher level of circulating leptin levels 

(as a result of increased adiposity) but are insensitive to leptin signalling. Although normal-

weight mice respond to leptin injections with a decrease in food intake and an increase in 

activity, diet-induced obese mice show no (or attenuated) alteration in either measure in 

response to leptin administration (108–110). Additionally, ovariectomy leads to leptin 

insensitivity in rats (23), which can be reversed with oestradiol supplementation (111). The 

number of new leptin-sensitive neurones found in the present study was relatively low. 

Although the number of newly differentiated neurones appears to stabilise by 4 weeks after 

BrdU administration, neuronal maturation has been shown to continue for 4 months 

(54,112). It is possible that a larger number of BrdU-Hu-pSTAT3 labelled cells would have 

been detected if a longer survival time (e.g. 4 months) had been studied.

In the present study, leptin-induced phosphorylation of STAT3 was not altered by diet or 

hormone treatment in female mice. In support of these findings, previous research has found 

no alteration in pSTAT3 in response to leptin administration in the ARC of leptin-insensitive 

obese male rats (68), suggesting that leptin resistance does not arise from an inability to 

phosphorylate STAT3 in response to leptin. Conversely, other studies (113) have noted a 

small (10%) decrease in leptin-induced pSTAT3 in the ARC of male mice after 4 weeks on 

a HFD. The discrepancy with the results of the present study could be a result of sex 

differences or the method of analysis.

The present study further supports the concept that oestradiol profoundly affects energy 

homeostasis in female mice and provides evidence for a novel mechanism through which 

oestradiol modulates energy homeostasis by altering hypothalamic structure through a 

regulation of adult neurogenesis in this region. As with the findings that hypothalamic 

neurogenesis plays a significant role in energy homeostasis in the adult male mouse (42,47), 

it will be important for future studies to investigate the functional significance of these new 

cells that are regulated by both hormone and diet in the female mouse. Finally, these 

findings on the action of oestradiol in brain and in the modulation of energy homeostasis 

enhance our understanding of disorders of metabolic homeostasis in women with ovarian 

dysfunction (114).
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Fig. 1. 
Study design. Ten- to 12-week old C57BL6 female mice were ovariectomised and implanted 

(s.c.) with a silastic capsule containing either 17β-oestradiol (E2) (50 μg) dissolved in 25 μl 

5% ETOH/sesame oil or vehicle (5% ETOH/sesame oil). Three days after surgery, half of 

the mice in each hormone group were started on a high-fat diet (HFD), whereas the other 

half remained on standard chow. From day 7 to day 16, mice were administered i.c.v. BrdU 

via an osmotic minipump. Thirty-four days after the start of BrdU infusion, mice were fasted 

overnight and injected with leptin (5 mg/kg, i.p.), 45 min prior to perfusion the following 

day.
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Fig. 2. 
Hormone and diet altered energy intake and weight gain in adult female mice. (A) Oestradiol 

(E2) treatment and high-fat diet (HFD) decreased energy intake compared to vehicle 

treatment and standard diet (STND), respectively. (B) Mice on a HFD weighed more than 

mice on a STND. Vehicle (Veh)-treated mice on a HFD gained significantly more weight 

than any other group starting 17 days after ovariectomy. =STND-Veh, = STND-E2, = 

HFD-Veh, = HFD-E2. *Statistically different compared to all other groups (P < 0.05)
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Fig. 3. 
Leptin treatment increased signal transducer of activation and transcription 3 (STAT3) 

phosphorylation in ovariectomised (OVX) mice. Hypothalamic protein extracts from OVX 

mice injected with leptin (lane 2) or vehicle (lane 3), 45 min prior to sacrifice were probed 

for phosphorylated STAT3 (pSTAT3) and STAT3 by western blotting. Protein extracted 

from HeLa cells treated with interferon (IFN)α (lane 1) served as a pSTAT3 positive 

control. Leptin treatment up-regulated pSTAT3 expression (lane 2 compared to lane 3), 

whereas STAT3 expression was similar between treatment groups.
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Fig. 4. 
Newly born neurones in the hypothalamus are leptin-sensitive. (A) The arcuate nucleus 

(ARC), ventromedial nucleus of the hypothalamus (VMH) and dorsomedial nucleus of the 

hypothalamus (DMH) was immunohistochemically labelled for 5-bromo-2′-deoxyuridine 

(BrdU), Hu and phosphorylated signal transducer of activation and transcription 3 

(pSTAT3) and imaged at × 400 magnification. (B–E) Confocal images (× 630, 1 μm thick) of 

the box outlined in (A) showing a cell triple-labelled for BrdU, Hu and pSTAT3.
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Fig. 5. 
The number of newly born cells in the adult female mouse was affected by both diet and 

hormone treatment. (A–C) Number of 5-bromo-2′-deoxyuri-dine (BrdU)+ cells in the arcuate 

nucleus (ARC), ventromedial nucleus of the hypothalamus (VMH) and dorsomedial nucleus 

of the hypothalamus (DMH). A high-fat diet (HFD) increased the number of BrdU+ cells in 

the ARC, VMH and DMH, whereas oestradiol (E2) treatment suppressed this HFD-induced 

increase. Conversely, E2 increased BrdU cell number in female mice on a standard (STND) 

diet. (D) Photomicrographs of BrdU in the ARC. A HFD increased cell proliferation in the 

ARC (left), whereas oestradiol administration inhibited this effect (right). Light bars, 

vehicle-treated; dark bars, E2-treated. Different letters indicate significant differences 

between groups (P < 0.05). 3V, third ventricle.
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Fig. 6. 
A high-fat diet (HFD) increased the number of new neurones in the hypothalamus of the 

adult female mouse. A HFD increased 5-bromo-2′-deoxyuridine (BrdU)-Hu cell number in 

vehicle-treated mice (Veh) in all hypothalamic regions analysed. This diet-induced increase 

in neurogenesis was attenuated by oestradiol (E2) treatment in the arcuate nucleus (ARC) 

and the dorsomedial nucleus of the hypothalamus (DMH). Light bars, vehicle-treated; dark 

bars, E2-treated. Different letters indicate significant differences between groups (P < 0.05). 

VMH, ventromedial nucleus of the hypothalamus; STND, standard diet.
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Fig. 7. 
A high-fat diet (HFD) increased the number of new phosphorylated signal transducer of 

activation and transcription 3 (pSTAT3) neurones in the arcuate nucleus of the adult female 

mouse. A HFD increased the number of 5-bromo-2′-deoxyuridine (BrdU)-Hu-pSTAT3 cells 

in the arcuate nucleus (ARC) of vehicle (Veh)-treated mice. No effect was detected in the 

ventromedial nucleus of the hypothalamus (VMH) and dorsomedial nucleus of the 

hypothalamus (DMH) where there were very few triple-labelled cells. Oestradiol (E2) 

decreased the diet-induced increase in triple-labelled cells in the arcuate nucleus. Light bars, 

vehicle-treated; dark bars, E2-treated. Different letters indicate significant differences 

between groups (P < 0.05). STND, standard diet.
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