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Abstract

To investigate the role of adipose tissue in reproductive function and mammary gland development 

and function, we have examined lipodystrophie (LD) mice. LD mice of both sexes are sterile, but 

fertility can be restored with leptin injections. Mammary glands from lipodystrophic mice were 

rudimentary and lacked terminal end buds. Leptin-injected LD mice were able to become 

pregnant, showed normal pregnancy-associated glandular proliferation despite a smaller glandular 

area, were able to produce a small amount of milk that had grossly normal content of milk proteins 

and neutral lipids, but could not sustain pups to weaning. In order to separate the individual 

requirements for 1) adipokines such as leptin, 2) estradiol, and 3) physical epithelial-adipocyte 

interactions, we performed a series of experiments with both lipodystrophic mice and ob (obese 

mice with a mutation in the lep gene encoding the adipokine leptin) mice that received either 

estradiol treatment or preadipocyte transplant. The resulting fat pad did not rescue the defect in 

mammary gland development in lipodystrophic mice. The defect also could not be rescued with 

estradiol pellets. Ob/ob mice, like LD mice, lack leptin and estradiol, but retain adipose tissue. Ob 

mice have defective mammary gland development. However, in striking contrast to what was 

observed in lipodystrophic mice, reconstitution of a WT fat pad in ob mice rescued the defect in 

mammary gland development. Estradiol treatment did not rescue mammary gland development in 

ob mice. Therefore direct interaction between mammary gland epithelia and adipose is a 

requirement for full invasion and expansion of the gland, but is not required for glandular 

proliferation during pregnancy and milk production.

Precis

We show that mammary gland development is defective in lipodystrophic and leptin-deficient 

mice. In addition to a requirement for estradiol we demonstrate requirements for leptin and 

mammary adipose tissue for mammary gland development.
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Introduction

Mammary gland development is a complex process orchestrated by both cell-cell 

interactions as well as circulating hormones. The embryonic phase of mammary gland 

development occurs with the establishment of the milk line at E10 and the formation of 

placodes at E11.5. At E14 the expanded placode descends into the underlying mesenchyme 

(1). The bud then produces a rudimentary ductal system by a series of branching events. The 

epithelia then remains dormant until hormones of puberty stimulate proliferation and 

expansion of the mammary gland epithelium to fill the inguinal adipose tissue depot. This 

process is thought to be dependent on estrogen as ovariectomized mice as well as mice 

lacking estrogen receptor 1 have defective mammary gland development in puberty (2,3).

Once thought to be passive depots of energy rich triglyceride, adipose tissue is now known 

to have a multitude of endocrine and developmental functions (4,5). These additional 

functions of adipose tissue have been deduced, in part, from the phenotype of humans and 

rodents lacking adipose tissue, or carrying mutations in adipose specific gene products. 

Several transgenic mouse models with decreased adipose tissue have been created which 

share common features of hepatic steatosis, diabetes, and decreased fertility (6,7). Their 

phenotype can be partially attributed to the lack of adipokines such as leptin as ob/ob mice 

lacking leptin share several of these features despite an overabundance of adipose (8,9). 

Ob/ob mice have a loss of function mutation in the leptin gene and are characterized by 

obesity, hepatic steatosis, diabetes, and sterility. These phenotypes can be reversed with 

leptin administration (10,11). In addition, leptin treatment of lipodystrophic (LD) mice has 

been shown to rescue several metabolic abnormalities (11). In humans there are several 

forms of congenital lipodystrophy characterized by extreme insulin resistance and hepatic 

steatosis which can be rescued with leptin treatment (12). That greatly decreased adipose 

tissue is associated with insulin resistance is likely due to a combination of hepatic steatosis 

and loss of adipokines such as leptin and adiponectin (13–15). In addition to these profound 

effects on metabolism, adipose tissue and its products appear to play a significant role in 

mammary gland development. Ob mice lacking leptin have defective mammary gland 

development (16). While ob mice have an overabundance of adipose tissue, in addition to 

loss of leptin there is a secondary loss of estradiol and fertility in females. These defects can 

be rescued with leptin injections (10). In addition, it has been shown that various 

lipodystrophic mice lacking adipose tissue have defects in mammary gland development 

(6,17–19). However, in this setting the loss of adipose tissue is associated with: (1) the loss 

of adipokines, (2) downstream hormonal consequences of adipokine loss (i.e. loss of 

estrogen due to loss of leptin), and (3) the loss of adipocyte-epithelial cell-cell interactions. 

Therefore, it has been difficult to dissect out the individual effects of leptin (and other 

adipokines) from the effects of estradiol and the effect of cell-cell interactions between 

mammary epithelia and mammary gland adipocytes. Here, using a combination of 

experiments with LD and ob mice, we dissect the contributions of adipokines including 

leptin, estrogen and cell-cell interactions to better understand the role of adipocytes in 

mammary gland development. We use these models because the ob mouse lacks leptin, 

estradiol, but has intact adipose tissue, whereas the lipodystrophic mouse lacks leptin, 

estradiol and adipose tissue. Therefore, by analyzing these two mouse models and 
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attempting to rescue the mammary gland phenotype by addition of estradiol or leptin, we 

can assess the role of these factors in mammary gland development as well as the role of 

adipocyte-epithelial interactions which are intact in ob mice, but absent in lipodystrophic 

mice. Because many previously used transgenic models of lipodystrophy do not display 

complete loss of adipose tissue from an early age (6,7) and remnant adipocytes could have 

significant biological effects, we sought to create a model with complete loss of adipose 

tissue in order to fully understand the role of adipose tissue and to discover additional roles 

of adipose physiology. We generated lipodystrophic mice by crossing adiponectin-cre (20) 

mice with ROSA26-DTA176 mice that carry a loxP-flanked stop cassette associated with an 

attenuated diphtheria toxin gene (21). In these mice, any cell that expresses the adipocyte-

specific gene adiponectin will die from the diphtheria toxin transgene. We have previously 

shown that these mice lack both brown and white adipose tissue, lack adipokines such as 

adiponectin and adipsin, and have hepatic steatosis (22). Lipodystrophic mice show poor 

survival (3/46 pups survived to weaning when expecting the 50% Mendelian ratio) when 

born at room temperature, but are fully viable when born at thermoneutrality (30°C). Here 

we turn our attention to the role of adipose and adipokines in reproduction and mammary 

gland development. We specifically make use of an adipose reconstitution approach by 

transplanting mouse embryonic fibroblasts (MEFs) that results in an ectopic fat pad 

anatomically removed from the mammary glands. We have previously demonstrated that 

these MEF-derived adipose depots resemble endogenous white adipose depots histologically 

and restore secretion of adipokines (22,23). This approach allows us to dissociate humoral 

factors derived from adipose tissue from the cell-cell interactions between adipocytes and 

the mammary gland epithelium.

Material and Methods

Mice were housed either at room temperature (20°C) or thermoneutral conditions (30°C) 

where indicated with standard humidity and 12 hour light:dark cycles in accord with the 

IACUC of Washington University. Mice (adiponectin-cre, JAX strain 028020; ROSA26-

DTA176, JAX strain 010527; and ob, JAX strain 000632) were obtained from Jackson Labs.

Leptin injections

Male lipodystrophic mice (8–12 weeks old) were housed with 6 week old WT female mice 

(2 females per male). Male mice were injected daily with leptin (2.5mg/kg subcutaneously 

daily, RnD) for 2 weeks and pregnancies were recorded for an additional 3 weeks.

Female lipodystrophic mice (8–12 weeks old) were housed with 12–16 week old WT male 

mice. Mice were injected with leptin (2.5mg/kg, RnD) daily as indicated in the experiment.

Adipose rescue experiments

Mouse Embryonic Fibroblasts (MEFs) were isolated at E14 from timed-pregnant female 

mice as described previously (24). Briefly, pregnant females were euthanized, and the head, 

liver, heart and intestine of embryos were removed. The remaining carcasses were minced 

with a razor and placed in 1.5ml trypsin (0.05% with EDTA) at 37°C for 45 minutes. Growth 

media (DMEM+high glucose+10% FBS+pen/strep) was added and the tissue fragments 
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were triturated to a single cell suspension which was washed with growth media, centrifuged 

and brought to a volume of 250ul PBS which was injected into 3–4 week old LD or ob hosts 

subcutaneously at the sternum as described previously (25,26). MEFs from multiple 

embryos were pooled and the equivalent of 1 embryo’s MEFs were injected into each host.

Estradiol pellets

At age 3 weeks, lipodystrophic mice received estradiol pellets subcutaneously (250 mcg, 60 

day pellets, Innovative Research of America). Ob mice received pellets at 4 weeks, the 

youngest age they could be shipped from Jackson Labs.

Estradiol measurements

Estradiol measurements were made by ELISA (Calbiotech)

Leptin measurements

Leptin measurements were performed by ELISA (performed by Eve Technologies)

Whole mount Carmine staining

Mice were euthanized. Abdominal (#4) mammary glands were dissected and spread on glass 

slides, fixed overnight at 4°C in Carnoy’s solution. Slides were rehydrated and stained with 

Carmine alum solution (StemCell) overnight. Then slides were dehydrated and destained in 

histoclear solution overnight. Pictures were taken using a GelDoc (Biorad) and the percent 

of mammary gland filled by epithelia was quantified using ImageJ.

Organoids

Mouse mammary organoids were isolated as previously described (27). Primary organoids 

(30–50, each ~200–1,000 cells) were cultured in 50-μl droplets of growth-factor-reduced 

Matrigel in the presence of 2.5 nM FGF2 in organoid media (28). Percent branching 

organoids were quantified.

Transplants

Mammary gland epithelium was isolated from WT or LD females aged 12 weeks as 

previously described (29). The epithelia was injected into female hosts in which the 

mammary gland epithelia had been cleared as previously described (29). 12 weeks later, the 

hosts were euthanized and whole mount staining of the mammary glands was performed. 

Control experiments were performed in which the mammary gland was cleared of 

epithelium and no transplant was performed, resulting in no growth.

Milk analysis

Milking experiments were performed within 48 hours of delivery of pups. Oxytocin was 

administered to anesthetized females as 2 IU via intraperitoneal injection (30). The skin 

overlying mammary gland number 4 was removed. Milk filled ducts were visualized and a 

large duct was cut avoiding any blood vessels. Milk was collected with a pipette within 5 

minutes of oxytocin administration. An aliquot of milk was extracted using the Bligh-Dyer 

method (31), then run on a Thin Layer Chromatography plate using solvent hexanes:diethyl 
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ether:acetic acid (80:20:1) to visualize major neutral lipid classes. An aliquot of milk was 

run on an SDS-PAGE gel and Coomassie stained to visualize major milk proteins.

Statistics

Comparison of means was performed and p-values calculated using student’s t-test Please 

also see the Key Resource Table.

Results

Lipodystrophic mice are sterile, but can be rescued with leptin injections

We attempted to mate lipodystrophic mice to WT mice. Six male lipodystrophic mice aged 3 

months were individually housed and then given young WT female mice (2 females per 

male) for 1 month, after which time the females were separated. No pregnancies resulted 

during the month of active breeding or when female mice were monitored for 3 weeks 

following separation from males (see Table 1 for summary). The same 6 male lipodystrophic 

mice (now 4 months old) were placed with new young WT females (2 females per male) and 

the males were injected with leptin for 14 days. 2 of the 6 cages had pups born 24 days after 

leptin injections were started, 2 had pups 25 days later, 1 had pups born 26 days later, and 1 

cage did not result in pups. Therefore 5 of the 6 males produced litters after leptin injections. 

We confirmed this was not due to delayed sexual maturation of lipodystrophic mice by 

repeating the experiment with uninjected 4 month old lipodystrophic male mice which did 

not produce any litters.

No female LD females became pregnant after being housed with WT males. Next we 

attempted to rescue the reproductive phenotype in female lipodystrophic mice. We injected 

female LD mice (3 months old) with the same dose of leptin and monitored for pregnancies 

when they were placed with WT males (4 months old). Six out of six female lipodystrophic 

mice became pregnant and delivered between 25 and 30 days of daily leptin injections. 

Therefore, leptin was able to rescue the reproductive phenotype in lipodystrophic mice. To 

determine whether leptin was needed for initiation or maintenance of pregnancy, in a 

separate experiment we performed timed-pregnancy matings and injected females daily with 

leptin until day E14 of pregnancy and then stopped. Again all 6 lipodystrophic females 

became pregnant. Interestingly, even after cessation of leptin injections, pregnant 

lipodystrophic mice continued to gain weight and delivered at the expected full term point of 

E19.5. Pups born to lipodystrophic mothers weighed the same as WT pups born to WT 

mothers. However, pups born to lipodystrophic mothers did not survive past day 2 of life and 

did not have milk spots suggesting a lactation defect. To determine if a lactation defect was 

responsible for neonatal mortality we examined mammary glands of lipodystrophic females.

Mammary glands of LD mice

We examined mammary glands of WT and LD 5 week old virgin females. This revealed that 

the MG of LD mice were undeveloped with a striking absence of terminal end buds. (Figure 

1, A, B). We also observed decreased mammary gland development in mature 6 month old 

mice (Figure 1, C, D). Specifically, in mature mice, 3.0 ± 1.9 percent of the inguinal area 

was occupied by mammary gland epithelium in lipodystrophic mice compared to 61.4 
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± 2.8 % in wildtype mice (Figure 2, n=8, p<0.05). Histological examination of WT and LD 

6 month old mammary gland (Figure 1, E, F) confirmed the findings of carmine staining. 

One potential explanation for this defective mammary gland development is low estrogen 

levels seen in mice and humans with lipodystrophy as leptin is required for a functional 

hypothalamic pituitary gonadal axis (10). Indeed, measurement of estradiol in mice showed 

very low levels in LD mice compared to WT mice (0.4 ± 1.2 pg/ml vs 6.1 ± 2.3 pg/ml, 

p<0.05, n=8, Figure 3). In fact only one of eight lipodystrophic samples had an estradiol 

concentration above the lowest standard 3 pg/ml. To determine if mammary gland 

development in LD mice could be rescued by estradiol, we implanted estradiol pellets into 

LD mice at age 3–4 weeks (prior to the pubertal expansion of mammary gland epithelia) and 

performed whole mount staining of mammary glands at the end of the 60-day release period 

for the pellets (age 13–14 weeks). This revealed that estradiol pellets did not rescue the 

mammary gland defect in LD mice (Figure 4) as the percent area of the mammary gland 

occupied by epithelia in estradiol treated mice was only 4.0 ± 1.7 percent (Figure 2, n=6, 

p<0.05). Therefore estradiol was not sufficient to induce mammary gland development in the 

absence of leptin and mammary adipose tissue. We also treated WT female mice with 

estradiol. While there was significant mammary gland development in these mice, it was 

reduced (24.1 ± 3.5 %) compared to untreated WT animals (Figure 2, p<0.05, n=6). We 

confirmed proper function of estradiol pellets by measuring plasma estradiol in mice that 

had been implanted with estradiol pellets which was elevated (Figure 3). We also confirmed 

biological activity of the estradiol pellets by examining the uteri of LD mice treated with 

estradiol. These uteri confirmed estradiol exposure as evidenced by increased uterine weight 

(data not shown).

To determine if mammary gland development can be rescued by adipokines, we performed 

adipose rescue experiments on lipodystrophic female mice. Given the prolonged time 

required for development of mammary glands it was not practical to treat lipodystrophic 

mice with leptin injections for the entire duration of mammary gland development. We 

therefore used a mouse embryonic fibroblast transplant model (25,26) that results in an 

ectopic adipose depot in lipodystrophic mice and reconstitutes adipokine secretion (22,23). 

We have previously shown that the adipose depot resulting from MEF transplantation 

histologically resembles white adipose tissue and expresses adipocyte-specific genes (32). 

At 3 weeks of age, LD females received an injection of WT MEFs subcutaneously distant 

from the mammary glands to be studied. This results in the formation of an ectopic fat pad 

and restores most metabolic abnormalities of LD mice including hepatic steatosis (22). 

Despite rescue of the hepatic steatosis by the ectopic fat pad, there was no rescue of 

mammary gland development as adipose-rescued LD mice had an epithelia/adipose 

percentage of 4.6 ± 1.7 percent compared to the LD 3.0 ± 1.9 percent (Figure 2 and 5A, 5B, 

n=8, not significant). Histological examination showed underdeveloped epithelia in these 

mice (Figure 5C). LD mice with adipose rescue had circulating leptin levels of 799 ± 315 

pg/ml or 15% of WT levels (Figure 5D). This was significantly greater than the leptin levels 

in untreated LD mice 57.0 ± 43.2 pg/ml. In fact the leptin levels observed in LD mice likely 

represent background from the assay as similar low, but detectable levels were measured in 

ob mice (84.8 ± 20.0 pg/ml). We previously measured leptin levels in ob mice rescued with 
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adipose which were similar to leptin levels in LD mice rescued with adipose (412.8 ± 27.5 

pg/ml (23)).

Importantly estradiol levels in adipose-rescued LD mice were increased to 2.8 ± 2.2 pg/ml 

compared to LD mice estradiol levels of 0.4 ± 1.2 pg/ml (Figure 3, p<0.05). Of the eight 

lipodystrophic mice that received MEF transplant 5 had estradiol levels above 3 pg/ml. In 

addition, LD mice rescued with ectopic adipose tissue were fertile (Table 1), indicating 

proper ovarian function that requires physiological levels of estradiol. This scenario 

represents a situation in which mice have leptin and estradiol, but no mammary gland 

adipose tissue. In conclusion, leptin and estradiol are not sufficient to induce mammary 

gland development, but are sufficient for fertility in the absence of mammary adipose tissue.

Mammary glands from LD mice can develop in the proper environment

To determine if there was an inherent developmental defect in mammary glands of LD mice 

or if they just lacked the proper environment to grow in, we isolated mammary gland 

epithelium from WT and LD mice and performed the ex vivo organoid assay. LD organoids 

branched in similar numbers to WT organoids and had similar branching patterns. 

Specifically, WT organoids had 26 ± 6% branching and LD organoids had 29 ± 7% 

branching (Figure 6, not statistically significant, n=4). We also performed the organoid assay 

in the presence of 1 micromolar estradiol. Estradiol did not substantially augment branching 

under these conditions.

WT+Estradiol displayed 35 ± 11 % branching and LD + estradiol displayed 32 ± 9 % 

branching (Figure 6, no significant differences between groups). In order to see if LD 

epithelia could grow in a wild-type stroma with intact adipose tissue, we transplanted WT or 

LD mammary epithelia into WT mice with mammary glands that had been cleared of 

endogenous mammary epithelia. Twelve out of thirteen LD transplants took while seven out 

of twelve wildtype transplants took (p<0.01 by chi-squared test). LD mammary epithelia 

were able to branch and develop in the adipose containing WT host in a manner similar to 

WT epithelia transplanted into WT cleared mammary gland (Figure 7D). These experiments 

indicate there is no inherent defect in lipodystrophic mammary gland epithelia, but it lacks 

the proper environment in which to develop.

Mammary gland development in ob mice

We were able to confirm prior studies showing defective mammary gland development in ob 

mice. We attempted to rescue this defect in ob mice by transplantation of WT preadipocytes/

MEFs. This resulted in an ectopic fat pad distant from the mammary gland. Remarkably, ob 

female mice rescued with ectopic adipose had normal mammary gland development (ob

+Adipose 51.1 ± 12.2 % vs WT 61.4 ± 2.8 %, not-significant, n=4, Figures 2, 8). 

Histological examination of mammary glands confirmed that ob mammary gland was 

primitive and this was rescued in ob mice with an ectopic MEF-derived fat pad (Figure 8D). 

In addition, ob female mice rescued with WT fat pad were fertile and were able to lactate 

their pups (Table 1). Reconstitution of ob mice with WT ectopic adipose results in a setting 

in which mice have restored leptin (23), estradiol (Figure 3) and also have mammary adipose 

tissue, though it is leptin deficient. To determine if leptin is directly required for mammary 
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gland development or whether leptin treatment restores mammary gland development 

indirectly via restoration of the hypothalamic-pituitary-gonadal axis and estradiol we treated 

ob mice with estradiol pellets. In this situation mice have mammary adipose tissue and 

estradiol, but not leptin. Estradiol treated ob mice showed a persistent defect in mammary 

gland development (1.6 ± 0.7 % epithelial area, p<0.05 vs WT, n=6, Figures 2, 8) indicating 

the combination of estradiol and adipose mammary adipose tissue were not sufficient to 

restore mammary gland development in the absence of leptin.

Adipose tissue is not required for milk production

The milk producing mammary gland epithelium is buried in adipose tissue which can serve 

as a reservoir for the production of milk lipids. Whole mount staining of mammary glands 

from lipodystrophic mice revealed epithelium with decreased branching and absent terminal 

end buds in virgin females. Fertility of LD mice could be rescued with either leptin injection 

or MEF transplant (Table 1). Mammary glands of leptin-treated pregnant lipodystrophic 

females underwent normal proliferation and expansion of a smaller mammary gland 

(compare Figure 1 to Figure 9A, B). To determine if adipose tissue is required for forming 

milk of proper composition, we harvested milk from WT and lipodystrophic females. Thin-

layer chromatography analysis of milk revealed grossly equal concentrations of all lipids 

including long chain triglycerides (TGs), short chain TG, cholesterol ester, diacylglycerol 

and monoacylglycerol (Figure 9C). We also examined the protein content of the milk which 

showed identical pattern in milk from lipodystrophic and WT females (Figure 9D).

Discussion

Lipodystrophic mice are sterile, but can be rescued with leptin injections

Previously, Chehab’s group showed that sterility could be rescued in ob/ob mice with 

injections of leptin (10). However, these mice had normal to excess adipose mass depending 

on duration of leptin injections prior to breeding and so the requirement for adipose per se 

was not determined. Another lipodystrophic mouse aZIP was rescued of steatosis and 

diabetes when crossed to a leptin-transgenic mouse resulting in elevated leptin levels (33). 

However, the reproductive phenotype of these mice was not reported. To determine if leptin 

was the only requirement for fertility in lipodystrophic mice we injected female mice with 

leptin and observed successful delivery of pups. It is remarkable that given the 19 day 

gestation for mice, the lipodystrophic female mice were able to become pregnant 6–11 days 

after starting leptin injections. Male mice had fertility restored with a similar time-course. 

Our experiments also show that although leptin is necessary to become pregnant, it is not 

necessary to maintain pregnancy or for mammary gland milk production.

Mammary gland development in LD and ob mice

Mammary gland development was defective in LD mice. A similar phenotype of impaired 

mammary gland development was observed in another lipodystrophic mouse, the 

adiponectin-cre PPAR-γ flox mice (34). In our LD mice, the mammary gland phenotype 

was not due to an inherent defect in the mammary gland epithelia as the lipodystrophic 

epithelia was able to grow when transplanted into a WT host environment. In fact, the 

lipodystrophic epithelia had a better “take” when transplanted compared to wildtype 
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epithelium. One possible reason for this is that we transplanted equal numbers of cells from 

the preparations of mammary gland epithelium. When isolating the epithelium from 

wildtype mice it is likely there were more stromal cells that were co-injected given that a 

vital component of the stroma (adipose) is missing in the lipodystrophic mice. Furthermore, 

LD mammary epithelia was also able to branch properly in an ex vivo organoid culture 

system. This pointed to a defect in the environment of the LD mice preventing proper 

mammary gland development. To dissect some of the potential variables of this complex 

environment, we performed a series of experiments examining the role of adipokines, 

estradiol, and mammary adipose. To dissect the role of local adipose tissue we performed 

these experiments on LD mice lacking adipose tissue and ob mice with abundant adipose 

tissue, but lacking leptin and estradiol. The mammary gland phenotype of LD mice could 

not be rescued by estradiol pellets. These results suggest estradiol is not sufficient to 

promote development of mammary gland epithelia alone. We initiated estradiol treatment in 

prepubertal animals to mimic the increased estradiol levels of mice in the pubertal period, a 

period of time characterized by proliferation and expansion of the mammary gland epithelia. 

Sufficient exposure of the animals to estradiol was evident as uteri showed classic changes 

seen with estrogen exposure including increased uterine mass. Estradiol exposure was also 

shown by direct measurements of estradiol in these mice. In fact estradiol levels were 

supraphysiological under these conditions and this resulted in suboptimal development of 

mammary gland development in WT mice. This suboptimal development with high estradiol 

levels has been seen previously (35). It could potentially be due to loss of the cyclic 

secretion of estradiol or possibly down regulation of estrogen receptors due to high ligand 

concentrations (36). Therefore, one limitation of our study is that we employed monotonic 

estradiol supplementation and not the cyclic estradiol patterns seen in vivo with the estrus 

cycle. However, even with supraphysiological estradiol levels wildtype mammary gland 

branching was more extensive than that seen in ob and LD mice. Estradiol treatment of ob 

mice did not rescue mammary gland development indicating a primary requirement for 

leptin in addition to estradiol and mammary gland adipose tissue. The site of action of leptin 

is unknown as it could potentially act directly on mammary gland epithelia or its actions 

could be secondary to another site (Figure 10).

Furthermore, preadipocyte rescue was also insufficient to restore mammary gland 

development in LD mice, as LD mice that formed an ectopic fat pad following MEF 

transplant showed poor mammary gland development. The fat pad restores adipokine 

secretion and results in the activation of the hypothalamic-pituitary-gonadal (HPG) axis as 

evidenced by the ability of the transplant to restore fertility and estradiol levels to that 

comparable to WT mice. However, in this state the ectopic fat pad is located distant to the 

mammary gland so that local adipose tissue and cell-cell interactions between mammary 

gland epithelia and adipocytes are still absent. One limitation of this approach is that some 

period of time is required for the MEFs to undergo differentiation once injected into a host. 

Our previous work showed that obese ob mice receiving MEF transplant start to lose weight 

between 2–3 week post-injection (23). Thus, we believe leptin secretion begins 

approximately 2 weeks after MEF injection. Given MEFs were injected into lipodystrophic 

mice at age 3–4 weeks leptin secretion would begin at age 5–6 weeks which is the normal 

onset of mammary gland development. In contrast, ob mice rescued with WT MEF derived 
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adipose transplant had normal mammary gland development. This is a further argument that 

the MEFs begin adipokine secretion at a time that is consistent with rescuing mammary 

gland development. These mice have leptin, estradiol and adipose tissue. Therefore, adipose 

tissue is required, but not sufficient for mammary gland development. The exact molecules 

mediating the interaction and signaling between epithelia and adipocytes are unknown and 

represent an important future avenue of research. These studies also show that direct leptin 

signaling between mammary adipocytes and epithelia is not required for mammary gland 

development. That is leptin signaling by mammary adipocytes to adjacent epithelial cells is 

not required for mammary gland development, since circulating leptin from a distant adipose 

depot was able to rescue mammary gland development in ob mice. Previous studies have 

shown defective mammary gland development in lipodystrophic mice (18,19), but ours is the 

first to dissect the requirements for estradiol, leptin, and cell-cell interactions. A striking 

difference was seen in the ability of an ectopic fat pad (derived from mouse embryonic 

fibroblasts injected distant to the mammary gland) to rescue mammary gland development in 

ob mice vs the inability of an ectopic fat pad to rescue mammary gland development in 

lipodystrophic mice. This indicates a requirement for direct cell-cell contacts as well as 

leptin and estradiol for mammary gland development (Figure 10). These results are 

summarized in Table 2. It is worth mentioning that MEF transplant does not restore 

adipokine levels to normal levels. We have previously shown that formation of ectopic fat 

pads in ob mice results in leptin levels ~7% of wildtype levels (23) and here we show LD 

mice rescued with MEF transplant results in leptin levels 15% of the WT level. However, we 

do not think the failure of MEFs to rescue mammary gland development in LD mice is due 

to insufficient adipokine rescue as the transplant rescued several other features of 

lipodystrophy including the sterility of female and male mice, as well as the metabolic 

complications of lipodystrophy including diabetes and fatty liver (22). In addition MEF 

transplant did rescue mammary gland development in ob mice indicating sufficient 

adipokine secretion.

Adipose tissue is not required for milk production

The mammary gland epithelium is buried in and invades adipose during development and 

during pregnancy and lactation. A complex relationship exists between triglyceride synthesis 

and milk production. Triglycerides are synthesized in the Kennedy pathway by the 

sequential acylation (catalyzed by GPAT, AGPAT, and DGAT enzymes) and then 

dephosphorylation (catalyzed by PAP or lipin) of a glycerol-3 phosphate back bone (37). 

Despite having normal adipose tissue mass and TG levels, DGAT1-null mice are unable to 

lactate (38). GPAT4-null mice have a partial lipodystrophy and are also unable to lactate 

(39). Lipin1 mutant (fld) mice have a partial lipodystrophy, but are able to lactate and nurse 

young (40). Our findings demonstrate that adipose tissue is not required for the production 

of milk. Dietary fat is packaged into chylomicrons in the intestine and TGs deposited in 

adipose tissues by LPL. However, this deposition of chylomicron-TG into adipose is not an 

absolute necessity for milk lipid production as milk lipids were still synthesized in 

lipodystrophic mice. Several possible explanations for the source of milk lipid in 

lipodystrophic mice include epithelial de novo lipogenesis or extraction of lipids from 

chylomicrons directly by epithelium. Tissue specific deletion of fatty acid synthase, the rate-

limiting enzyme in fatty acid synthesis, in epithelia results in a reduction but not elimination 
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of milk lipids (41). Although lipodystrophic mice produced a smaller quantity of milk, it had 

grossly the same protein and lipid content as milk from wildtype mice. Although we did not 

identify the milk proteins, the pattern was identical in WT and lipodystrophic milk and 

similar to the published reports showing six major milk proteins: lactoferrin, albumin, α-

casein, β-casein, γ-casein, and whey acidic protein. The impairment in milk quantity likely 

stemmed from the impaired development of mammary gland epithelium in the absence of an 

adipose environment. Patients with congenital generalized lipodystrophy have improvement 

in their metabolic profile when treated with recombinant leptin (12). There is at least one 

case report of a female CGL patient who became pregnant after receiving leptin therapy and 

delivered a baby (42). This patients was able to lactate (42). One possibility for this 

difference is that mouse litters contain ~7 pups whereas the human pregnancies were 

singleton. Therefore, the small amount of milk made by lipodystrophic mice was insufficient 

for the litter.

In conclusion, we find epithelial-adipocyte interaction is required, in addition to estradiol 

and leptin, for proper mammary gland development. Future work will be directed at the 

identification of molecules that mediate this interaction.
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• Mammary gland (MG) development is defective in lipodystrophic (LD) and 

ob mice

• MG development of ob, but not LD mice can be rescued by an ectopic 

adipose depot

• Leptin,E2 and adipocyte-epithelial interactions are all required for MG 

development

• Adipose tissue independent of leptin is not required for fertility
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Figure 1. 
Lipodystrophie mice have defective mammary gland development. A) 5 week old WT and 

B) LD mammary glands. C) 6 month old WT and D) LD mammary glands. Note terminal 

end buds (arrowhead) are missing in LD mammary glands. Seale bar, 1 cm. H&E staining of 

6 month old WT (E) and LD (F) mammary gland.
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Figure 2. 
Mammary gland development in adult mice. Shown is the percent epithelium (epithelial 

area/fat pad area) in various groups used in this study. E2, estradiol. Adipose refers to mice 

having received a transplant of mouse embryonic fibroblasts that develop into an adipose 

depot. n=4–8. *, p<0.05.
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Figure 3. 
Estradiol levels in mice. Shown are various groups used in this study. WT, wildtype; E2, 

estradiol treatment; LD, lipodystrophic; Adipose, mice that received preadipocyte transplant 

resulting in formation of a fat pad distant from the mammary gland. *, p<0.05. n=4–8.
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Figure 4. 
Estradiol does not rescue mammary gland development in lipodystrophic mice. Mammary 

glands were examined at age 4 months. A) Mammary gland of a control wild type mouse B) 

Lipodystrophic mice treated with 60 day estradiol pellet at age 3 weeks. Scale bar, 1 cm.
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Figure 5. 
Ectopic fat pad does not rescue mammary gland development in lipodystrophic mice. 

Lipodystrophic mice were injected with MEF preadipocytes at 3 weeks of age and 

mammary glands examined at age 4 months. A) Mammary gland of wild type control mouse 

B) Mammary glands of lipodystrophic mouse with ectopic fat pad. Scale bar, 1 cm. C) H&E 

staining of mammary gland from lipodystrophic mouse with ectopic fat pad. Scale bar 50 

μm D) Leptin levels in wildtype (WT), ob, lipodystrophic (LD), and lipodystrophic mice 

receiving MEF transplant (LD-Adipose) n=4–5; *, p<0.05. E) H&E of MEF-derived ectopic 

fat pad from a rescued lipodystrophic mouse. Scale bar 250 μm.

Brenot et al. Page 19

Dev Biol. Author manuscript; available in PMC 2021 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Lipodystrophic epithelium is competent to branch in vitro A) Mammary organoids from WT 

and Lipodystrophic mice were grown in vitro in the absence or presence of estradiol B) 

Quantification of A. No significant differences between groups. Scale bar, 100 μm.
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Figure 7. 
Lipodystrophic mammary epithelium is competent to branch when transplanted to wildtype 

host. For each panel the left mammary gland was cleared and received A) No cells B) WT 

mammary gland epithelium C) Lipodystrophic mammary gland epithelium. The right 

mammary gland in each panel is the intact contralateral gland. D) Quantification of A 

through C. Scale bar, 1 cm. n=12 wildtype and 13 lipodystrophic.
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Figure 8. 
Preadipocyte transplant, but not estradiol rescues mammary gland development in ob mice. 

A) Mammary gland from untreated ob mouse. B) Mammary gland from estradiol treated ob 

mouse C) Mammary gland from preadipocyte (MEF) treated mouse. D, left) H&E stain of 

ob mammary gland and right) H&E stain of mammary gland from ob mouse with ectopic fat 

pad.
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Figure 9. 
Leptin treatment of LD mice confers fertility and milk production yielding milk grossly 

normal in protein and lipid content A) Left, Mammary gland of wildtype P0 mouse. Scale 

bar, 1 cm; Right, H&E section of same. Scale bar 50 μm B) Mammary gland of P0 

lipodystrophic mouse having received leptin injections during pregnancy. Scale bar, 1 cm; 

Right, H&E section of same. Scale bar 50 μm C) Thin-layer chromatography of milk from 

WT and LD mice showed comparable amounts of major milk lipids. D) Coomassie stain of 

WT and LD milk showing comparable profiles in WT and LD milk. C, cholesterol; CE, 

cholesterol ester; DAG, diacylglycerol, FA, fatty acid; MAG, monoacylglycerol; SCTG, 

short-chain triglyceride; TG, triglyceride.
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Figure 10. 
Schematic of requirements for mammary gland development. Adipose derived leptin 

stimulates the hypothalamic-pituitary-ovarian (H, P, O respectively) axis to produce estradiol 

(E2) that acts on the mammary gland epithelium. Leptin appears to have estradiol 

independent effects (leptin) as adipose and estradiol was not sufficient to induce mammary 

gland branching. Direct contact between adipose and epithelium (cell-cell) is required for 

branching.
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KEY RESOURCES TABLE

Reagent or resource Source Identifier

Antibodies

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Estradiol pellets Innovative Research of America SE-121

Leptin RnD 498-OB

Critical Commercial Assays

Estradiol ELISA Calbiotech ES180S

Leptin assay Eve Technologies MRDMET

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Ob/ob mice JAX #000632

Adiponectin-cre mice JAX #028020

ROSA-26-DTA176 mice JAX #010527

C57/BL6J mice JAX #000664

Oligonucleotides

Recombinant DNA
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Reagent or resource Source Identifier

Software and Algorithms

Other
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Table 1:

Sterility of lipodystrophic and ob mice is rescued by mouse embryonic fibroblast injection. The denominator 

in the resulting pregnancies represents the number of genetically modified mice (i.e. LD or ob) as all crosses 

were performed with one male and two females in a cage.

Male Female Resulting pregnancies

LD WT 0/6

LD+leptin WT 5/6

WT LD 0/6

WT
LD+leptin

1,2 6/6

WT
LD+leptin

2,3 6/6

WT LD+MEFs 8/8

WT Ob 0/6

WT
Ob+MEFs

4 6/6

1
Leptin was injected until delivery

2
Pups died within 48 hours of delivery

3
Leptin was administered until E14 from timed matings

4
Pups survived until adulthood.
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Table 2:

summary of findings with respect to requirements for mammary gland development in mice. WT, wildtype; 

OVX, ovariectomized (not from this study); LD, lipodystrophic; E2, estradiol; Adipose refers to rescue with 

preadipocytes resulting in an ectopic adipose depot. ND, not determined.

Condition Leptin Estradiol Mammary adipose Mammary gland development Pregnancy

WT + + + + +

OVX (+) (−) (+) (−) (−)

LD − − − − −

LD+Adipose + + − − +

LD+E2 − + − − ND

Ob − − + − −

Ob+Adipose + + + + +

Ob+E2 − + + − ND
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