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ABSTRACT OF THE THESIS 

 

Development of Mouse Brown Adipose Tissue During Perinatal Period 

 

by 

 

Samuel Lee 

 

Master of Science in Biology 

University of California San Diego, 2018 

Professor Jianhua Shao, Chair 
Professor Elina Zuniga, Co-Chair 

 

Although brown adipose tissue (BAT) has recently become a topic of interest due to its 

newfound presence in adult humans, the morphology brown adipocytes and expression of 

uncoupling protein 1 (UCP1) during developmental embryonic and postpartum time frames 
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remains unclear. Additionally, little is known about how maternal obesity affects BAT 

development in fetal offspring. We selected pups of C57BL/6J dams from E15.5 through P30.5 

under standard pregnancy conditions. Interscapular BAT (iBAT) samples were taken and 

analyzed using hematoxylin and eosin staining, western blotting for anti-UCP1, and fluorescent 

imaging using UCP1-creER mT/mG transgenic construct. We placed C57BL/6J dams on 60% 

high fat calorie content diets 3 months before gestation and analyzed UCP1 content in pups using 

immunohistochemistry for anti-UCP1. Analysis on pup iBAT during standard pregnancies along 

our perinatal time frame revealed a linearly significant decrease in cell density and increase in 

adipocyte area. Moreover, both iBAT mass ratio to body weight and UCP1 protein expression 

spiked on P0.5 and eventually diminished. UCP1-creER mT/mG fluorescent imaging revealed 

UCP1 gene activity as early as E18.5. Maternal obesity increased UCP1 expression in iBAT at 

birth. Our study provides foundational information into the structural morphology of perinatal 

iBAT and the starting time point of UCP1 expression. We also find maternal obesity causes an 

increase in UCP1 expression during postpartum development in pups. 
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Introduction 

Background on Obesity: 

Obesity is a currently a widespread epidemic in the United States and globally. 

According to the World Health Organization, obesity is defined as having a body mass index in 

excess of 30 kg/m2. Individuals at or beyond this level are prone to diseases associated with 

severe obesity, including but not limited to type 2 diabetes, cardiovascular disease, and cancer 

(Wilding 2001). As of 2015, obesity affected 36.5% of all American adults and nearly 17% of 

American children (Ogden 2015). Worldwide, surveys conducted between 1990-2010 in over 40 

countries estimate that more than 2 billion people are overweight or obese (Popkin 2012). In 

developing nations, this is very likely due to increased sugar consumption, where both physical 

inactivity and sugar consumption were significant predictors of hypertension brought on by 

obesity (Hanson 2014). With the introduction of technology and a growing interdependence on 

advanced nations, developing nations are replacing diets that once consisted of legumes, 

vegetables, and coarse grains for Western-style diets rich in processed carbohydrates, animal 

fats, and added caloric sweeteners. Overall, urban areas show a higher prevalence of obesity 

compared to rural areas. But recent studies suggest that the annual increase in obesity in women 

from rural areas (3.9%) outpaces that of obesity in women from urbanized settings (2.5%) 

(Popkin 2012). Despairingly, there shows no indication of a decline in this epidemic - with 

obesity rates in adults and children remaining similar between 2003-2004 and 2011-2012 (Ogden 

2014). As of 2008, it cost the US $147 billion in Medicaid and Medicare to treat obesity related 

diseases, which is around 9% of all medical expenditures (Finkelstein 2009). To further 

compound this epidemic, estimates suggest as much as a 33% increase in obesity and a 130% 

increase in severe obesity may be expected by 2030. In terms of the number of people affected, it 
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is estimated that an astonishing 51.1% of American adults or roughly 1.12 billion people will be 

obese (Finkelstein 2012, Kelly 2008). Perhaps most alarming is the state of childhood obesity. In 

the US alone, childhood obesity rates have increased to 3.3-fold over the past two decades. 

Globally, these trends remain apparent with Haiti increasing 3.5-fold, Egypt increasing 3.9-fold, 

Brazil increasing 3.6-fold, and Australia increasing 4.6-fold over a 10 year period (Ebbeling 

2002). Along with an unprecedented increased diagnosis of childhood type 2 diabetes, obesity in 

adolescents is detrimental to their long term development and growth due to aberrant hormonal 

changes (Copeland 2005, Dunger 2005). 

This level of obesity will take its toll financially on the healthcare system with over $956 

billion or 17.6% of all healthcare costs projected to be spent treating obesity related illnesses by 

2030 (Wang 2008). Globally, obesity is the fifth leading cause of death and claims nearly 208 

million adult lives annually (Hanson 2014). 

Though current evidence clearly illustrates the obesity epidemic as a growing dilemma, 

the factors responsible are multifaceted. At its basis, energy used by the body is stored in the 

form of lipids in white adipose tissue (WAT). WAT is an adaptive organ capable of undergoing 

lipolysis, lipogenesis, glucose uptake, and synthesis of triglycerides to accommodate metabolic 

stasis (Ràfols 2014). WAT is also the largest endocrine organ comprising up to 20% of body 

mass in healthy individuals and 50% of body mass in obese individuals. It produces various 

hormonal adipokines like leptin, adiponectin, visfatin, resistin, chemerin - all of which are 

significant regulators of angiogenesis, blood pressure, glucose homeostasis, vascular hemostasis, 

and lipid metabolism (Hassan 2012). White adipocytes in obese patients show increased number 

of cells (hyperplasia) and volume per cell (adipocyte hypertrophy) (Nakamura 2014). Indeed, 

WAT is an important evolutionary development to ensure adequate energy storage and 
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expenditure of this energy for survival. Though numerous factors have been shown to increase 

the risk of obesity, the consensus is that obesity is caused by an imbalance in energy 

homeostasis. Excessive energy intake and suboptimal energy expenditure are at the forefront of 

the obesity epidemic. The introduction of processed, highly caloric, largely portioned, and 

relatively inexpensive foods have swamped grocery stores, vending machines, and restaurants - 

altogether contributing to a culture of overnutrition and subsequently excessive energy intake 

(Wright 2012). Other sources of obesity come from a decrease in physical activity or energy 

expenditure. In 2005, nearly half of all adults and adolescents in the US did not meet physical 

activity standards (Wright 2012). This was due in part to the advent of sedentary lifestyles 

brought on by technological advances in blue-collar work automation, leisure, food production, 

and disinterest in behaviors that endorse physical activity (Finkelstein 2010).  Additional sources 

suggest increased stress and anxiety, inadequate sleep, higher socioeconomic status, genetics, 

and social networks work interconnectedly and contribute to the obesity epidemic (Egger 2014).  

For these reasons, obesity has become an alarming health issue. Obesity as a risk factor 

for type 2 diabetes has been widely investigated. Obesity, or elevated adiposity, leads to 

increased release of non-esterified fatty acids (NEFA) into the blood serum. Elevated serum 

NEFA causes insulin resistance, whereby cellular processes of glucose transport, glycogen 

synthesis, and lipogenesis are severely inhibited (Boden 2011). As the demand for glucose across 

all organs increases because of insulin resistance, glucotoxicity develops due to hyperglycemia. 

This ultimately results in pancreatic beta cell death, whereby insulin is insufficient - the hallmark 

of type 2 diabetes (Cnop 2005). Importantly, obesity correlates with an increased risk of 

hypertension. Obese patients are three times as likely to develop hypertension when compared to 

normal weight patients (Kearney 2005). Accordingly, cardiovascular diseases show strong links 
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with obesity. Obese men are 72% more likely to develop coronary heart disease (Rimm 1995). 

Augmented adipocytes secrete proinflammatory adipokines that, in addition to glucotoxicity and 

insulin resistance, greatly increase the risk of cardiovascular disease (Bastien 2014). Obesity is 

also a leading risk factor in cancer, with 13% of cancer cases worldwide and 20% in the US and 

Europe attributed to obesity (Allott 2015). Overweight and obese adolescents show a 40% 

increased likelihood of developing pancreatic cancer later in life (Genkinger 2015). Similarly, 

obese women showed a 58% increased risk of invasive breast cancer. Deaths resulting from 

breast cancer were two-fold greater in obese women compared to normal BMI women 

(Neuhouser 2015). While the exact link between obesity and cancer remain elusive, theories 

involving proinflammatory adipokines and metabolic symbiosis between cancer cells and 

adipocytes show promise (Park 2014).  

 

Background on BAT and UCP1: 

Aside from WAT, mammals exhibit another form of adipocyte known as brown adipose 

tissue (BAT). BAT differs significantly from WAT in both form and function. Though both 

adipose tissues store triglycerides via intracellular lipid deposits, BAT has multilocular lipid 

droplets allowing for faster metabolism compared to WAT’s unilocular droplets (Enerbäck 2010, 

Oelkrug 2015). This rapid utilization of energy allows for BAT’s unique function in non-

shivering thermogenesis to produce heat rather than ATP (Klingenspor 2017). As its namesake, 

BAT is brown in color due to an abundance of specialized mitochondria that have been modified 

such that oxidative phosphorylation uncouples hydrogen (Rafael 1976). Specifically, upon cold 

exposure, BAT is activated by sympathetic nerve action. This leads to the activation of b-

adrenergic signaling pathways leading to lipolysis in BAT. The generated free fatty acids then 
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activate uncoupling protein 1 (UCP1) along the inner membrane of brown adipocyte 

mitochondria. UCP1 uncouples oxidative phosphorylation from ATP synthase, thereby allowing 

protons to “short circuit” and flow down a proton gradient bypassing ATP synthase. In doing so, 

UCP1 uncouples the electromotive force from ATP production and generates heat (Lidell 2014). 

BAT also utilizes glucose as an energy source from circulating serum. It is capable of a 12-fold 

glucose uptake in cold conditions and 5-fold uptake under insulin stimulation compared to 

inactive thermoneutral conditions in adult humans (Townsend 2014). In mice and infant humans, 

interscapular BAT (iBAT) is a considerable source of BAT and is often studied (Lidell 2014) 

Evolutionarily, the ability to generate heat serves to protect against adverse cold climate 

during nocturnal hours, prolonged hibernation, and hypothermia in mammalian neonates 

(Cannon 2004, Teruel 1995). Once thought to disappear after neonatal development, BAT has 

been detected in adult humans through 18 fluoro-deoxyglucose uptake using positron emission 

tomography and computed tomography (PET/CT) scanning (Chechi 2013). Using this technique 

current estimates suggest that 50 grams of BAT can account for 20% of all adult metabolic 

energy expenditure where men have a median of 11.6 grams and women have 12.3 grams, 

though a maximal mass of 42 grams for men and 170 grams for women have been detected 

(Cypess 2009). This recent quantification of BAT has led it to be a potential therapeutic target of 

obesity. BAT is capable of activation and expansion and protects against obesity through cold 

exposure and diet-induced thermogenesis (Chechi 2013). By augmenting uptake of fatty acids 

and glucose, BAT improves insulin sensitivity (Townsend 2014). Indeed, BAT has long been 

known to be cold-inducible. After four weeks of cold-exposure at 10℃, BAT expands up to 45% 

in volume of activity and increases oxidative metabolism by 2.2-fold to overcompensate its heat 

production in humans (Blodin 2014). Another study indicates that humans subjected to 
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intermittent cold exposure at 19℃ over 36 hours yielded a 5.3% increase in energy expenditure 

and 10.5% increased BAT activity compared to subjects at room temperature (Chen 2013). 

Recent studies even point to the presence of WAT inducible browning of adipocytes due to cold 

exposure, known as beige or brite adipocytes that are capable of non-shivering thermogenesis 

(Sidossis 2015). An additional function of BAT is to actively protect against excessive energy 

intake known as diet-induced thermogenesis (Hibi 2016). When presented with high fat diets, 

BAT-positive subjects showed an increased energy expenditure of 56 kcal/d compared to BAT-

negative subjects (Hibi 2016). However, the concept of diet-induced thermogenesis and the role 

BAT plays in it remains controversial. Methodological inconsistencies in measurement between 

various studies and lack of evidence that diet-induced thermogenesis existed as an evolutionary 

benefit to early humans call into question the validity of current research (Kozak 2010, Anouk 

2014).  

 UCP1 is also known as thermogenin and is one of five proteins that work to uncouple 

oxidative phosphorylation in brown adipocyte mitochondria (Rousset 2004). UCP1 is of interest 

because it actively regulates thermogenesis, whereas UCP2 and UCP3 take a more passive role 

in resting metabolic rate (Rousset 2004). Additionally, UCP1 is the only known protein that 

allows for uncoupling to produce heat through thermogenesis. As such, other UCPs cannot 

replace UCP1, reaffirming its unique functionality (Nedergaard 2001). UCP1 is embedded 

within the inner mitochondrial membrane and is comprised of six transmembrane domains in a 

triplicated structure with every third domain made up of two α-helices and a polar domain 

(Rousset 2004). Surprisingly, UCP1 is not expressed in any tissue other than BAT, though recent 

evidence suggests cold-induction of beige adipocytes also express functional UCP1 (Ricquier 

2000, Shabalina 2013). UCP1 makes up 4% of BAT mass and 8% of mitochondrial protein mass 
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(Rousset 2004). It can produce up to 300W/kg in fully stimulated BAT, while other tissues fall 

short at only 1W/kg (Symonds 2013). UCP1 plays a significant role in regulating metabolic 

balance and may prove to be of therapeutic benefit in reversing the negative effects of obesity 

(Brodani 2012). Mice that have UCP1 ablated gained weight at 50% faster rate than wild type 

mice over 4 months in both control diets and high fat diets at physiological thermoneutrality 

(Feldmann 2009). Human subjects using a fucoxanthin supplement, a carotenoid found in marine 

species, show increased resting energy expenditure, leading to a significant reduction in body 

weight and fat in obese subjects. Interestingly, fucoxanthin highly upregulates UCP1 protein 

expression and UCP1 mRNA levels, highlighting UCP1’s role in mitigating obesity (Gammone 

2015).  

 

Background on BAT Development and Activation: 

 Both brown and white adipocytes originate from the embryonic mesoderm, tracing a 

common lineage with the development of skeletal muscle, bone, and connective tissue (Gesta 

2007). While the exact adipogenic progenitors used in the formation of BAT are yet to be 

conclusively determined, myogenic factors Myf5, myoD, myogenin are suggested in part to 

differentiate brown adipocytes (Enerbäck 2010). Additionally, overexpression of transcription 

factor PR domain containing 16 (PRDM16) has been shown to regulate adipogenic progenitors 

to differentiate into BAT from myogenic precursors (Kajmura 2009). Similarly, mice with 

PRDM16 knockdown expressed lower levels of brown adipocyte markers and an increased 

expression of myogenic transcription factors (Seale 2008). Peroxisome proliferator-activated 

receptor γ coactivator 1α (PGC-1α) is theorized to initialize BAT thermogenesis after adrenergic 

signaling due to cold stimulation (Lidell 2014). Mice with PCG-1α knockdown are unable to 
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produce heat in response to cold induction and lack expression thermogenic genes in response to 

adrenergic stimulation (Lin 2004). Other regulatory proteins like sirtuin-1 

(SIRT1) and steroid receptor coactivators (SRCs) affect the modularity of BAT, allowing for 

varied thermogenic expression (Lidell 2014).  

BAT becomes first distinguishable on embryonic day 15.5 (E15.5) in mice, though 

delineation between myogenic and brown adipocytes can take place as early as E11.5 (Lepper 

2010). BAT persists after this point, gradually expanding in size and morphologically developing 

until birth (Kaufmans 2016). UCP1 in BAT first appears on E17.5 and gradually increases its 

expression up until birth (Chabowska-Kita 2016). Mice have 18.5 days of embryonic 

development, where P0.5 designates birth. Mice develop much of their BAT postpartum with 

postpartum day 6.5 (P6.5) showing signs of thermogenesis, followed by stable thermogenesis on 

P15.5 (Newkirk 1995). Altricial species like mice that readily huddle for warmth postpartum 

have most of their BAT in the interscapular regions, while precocial species like sheep and 

humans that do not huddle have BAT localized around the kidneys and thoracic regions 

(Symonds 2015).   

BAT development has been robustly studied in precocial sheep ovine species. 

Histological analysis during mid-gestation of 80 days reveal BAT as a dense mass of cells 

without distinctive morphology. Moreover, BAT at this stage lack UCP1 as evidenced by 

immunohistochemistry (Pope 2013). Late-gestation at 140 days reveals rapid development of 

brown and white adipocytes marked by an increase in protein and lipid mass in these tissues, 

with maximal UCP1 expression occurring directly after birth (Clarke 1997, Pope 2013). As a 

precocial species, sheep are capable of activating BAT for non-shivering thermogenesis 

immediately after birth through both cold exposure and prolactin from maternal lactation 
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(Symonds 2012). However, by 30 days postpartum, brown adipocytes recede, gradually replaced 

by white adipocytes. Consequently, UCP1 gene expression is significantly lowered and sustained 

through the rest of adult life (Symonds 2012). While information on human fetal BAT 

development requires further investigation, humans and sheep share many similar developmental 

milestones. Within 20-weeks of gestation, UCP1 expression can be found within depots of 

adipose tissue, similar to the late-gestational stage of sheep (Velickovic 2014). As with sheep, 

BAT in humans continues to develop and is maximally expressed at birth. It then loses 50% of 

its thermogenic output before postpartum day 10 and by adulthood only accounts for 4% of 

adipose tissue mass (Symonds 2015). This rapid disappearance of human BAT is an area of 

intense study as BAT is seen as a potential therapeutic strategy to counter obesity. 

 

Background on Fetal Programming: 

 Throughout pregnancy, the health of the mother affects the health outcomes of offspring 

even through adulthood. Fetal programming is the ability of pregnant mothers to affect and alter 

the epigenetics of their offspring, often through environmental changes such as diet (Neri 2015). 

Pregnant mice have an increased WAT and BAT mass compared to virgin mice. However, 

measurements of cytochrome oxidase activity indicating mitochondrial activity and GDP-

binding indicating thermogenic expenditure were significantly lower in pregnant mice. This 

suggests a diminished functionality on behalf of BAT during pregnancy, likely to redirect energy 

resources to developing pups (Trayhurn 1987). While this is overall beneficial for gestation, 

maternal obesity directed fetal programming leads to postponed health complications for the 

offspring. Indeed, maternal obesity is widely associated with an increased risk of hypertension, 

cardiovascular disease, neurological disorders, obesity, diabetes, and other metabolic disorders 
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during adulthood in infants (Neri 2015). WAT hyperplasia and hypertrophy typical in obesity 

secrete proinflammatory adipokines have been suggested to negatively impact fetal development 

and contribute to metabolic and cardiovascular disorders (Segovia 2014). Gestational diabetes 

mellitus (GDM) is the development of maternal glucose intolerance during pregnancy (Metzger 

2007). Though only present in 14% of US pregnancies and often disappears after birth, GDM 

nevertheless puts both mother and infant at significant risk for developing type 2 diabetes 

(Ashwal 2015). The underlying pathophysiology of GDM is not fully understood. But current 

research suggests an interplay of pro-inflammatory adipokines and overexpressed placental 

hormones to be causative factors (Fasshauer 2014). Insulin insensitivity due to GDM causes 

maternal hyperglycemia. Left untreated, excess glucose passes through the placenta and enters 

the embryonic environment stimulating increased fetal insulin production that adversely affects 

fetal development (Diabetes Care 2003).  

 

Hypothesis/Aim: 

 Through the recent identification of active human BAT, therapeutic endeavors to offset 

deleterious effects of obesity are extensively researched. However, the role BAT and 

subsequently UCP1 play in fetal programming of metabolism is still largely unexplored. Studies 

do investigate how maternal diet affects the morphology of BAT in adult rat offspring (Santos 

2017). However, insight into how maternal diet affects fetal BAT morphology during the 

developmental perinatal stage is lacking. While UCP1 protein and mRNA have been quantified 

from neonates, a representative histological visualization has yet to be developed (Budge 2002). 

We investigate morphological changes in fetal mouse BAT during perinatal development while 

quantifying UCP1 concentrations. Additionally, we look to histologically visualize UCP1 in fetal 
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mouse BAT using transgenic UCP1-creER mT/mG mice. Furthermore, we investigate the effects 

of fetal programming through high fat maternal diet during pregnancy. Though the nature of our 

experiments is exploratory, we hypothesize that maternal obesity during pregnancy will affect 

fetal programming by upregulating UCP1 expression. 
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Methods 

BAT Cell Density and Adipocyte Area 

Mice: 

C57BL/6J male and female breeding mice from The Jackson Laboratories (Stock# 

00664) aged 8 weeks old were used to produce offspring.  Mice were housed under standard 

conditions and chow fed ad libitum supplied by University of California, San Diego. Pregnancies 

began 3 months after arrival under standard conditions. Protocol approved by IACUC at the 

University of California, San Diego. 

 

Embedding and Sectioning: 

Performed Paraffin Embedded Formalin Fixation. C57BL/6J pups were sacrificed at 

E15.5, E16.5, E17.5, E18.5, P0.5, P2.5, P4.5, P8.5, P12.5, P20.5, and P30.5 while corresponding 

dams were sacrificed on E18.5. We excised iBAT at each time point. Tissues incubated in 10% 

(vol./vol.) Formalin Formal Fresh (Thermo Fisher Scientific; Lot# 140046) overnight at 4℃, 

followed by a 70% ethanol incubation overnight at 4°C. Tissues were then dehydrated using 95% 

ethanol for 2 washes of 30 minutes on ice, then 100% ethanol for 3 washes of 30 minutes on ice. 

Xylene (Sigma-Aldrich; Lot# SHBH7313) was used to remove ethanol through 3 washes of 30 

minutes at room temperature. Dabbing to remove excess xylene, tissues were placed into melted 

60c paraffin wax (Paraplast Plus®; Sigma-Aldrich #P3863) for 3 washes of 30 minutes of 

incremental wax purity and encased in pure paraffin wax at room temperature. Slides were 
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sectioned at 5uM using a microtome onto Polysine® slides (Thermo Fisher Scientific; Cat# 

P4981-001) and stored at room temperature. 

 

Hematoxylin and Eosin Staining: 

A regressive stain at room temperature was accomplished for iBAT samples by first 

removing paraffin from slides using 2 washes of xylene for 3 minutes each. Slides were then 

hydrated using decreasing concentrations of ethanol at 1 wash for 30 seconds starting with 

100%, then 95%, then 80% ethanol. 1 wash of DI water for 30 seconds fully hydrated the slides. 

Filtered Gill 3 Hematoxylin (Thermo Fisher Scientific; #72611) was used to stain nuclei for 1 

min. 3 washes of DI water for 30 seconds removed excess Gill 3 Hematoxylin. Sections were 

then washed in 0.5% Acid Alcohol solution (1mL HCL, 199mL 70% Ethanol) for 10 seconds to 

regress Hematoxylin staining and lighten blue hues. 3 washes of DI water for 30 seconds 

removed excess 0.5% Acid Alcohol. This was followed by Scott's Tap Water Solution (2.0g 

sodium bicarbonate, 20g magnesium sulfate, fill to 1000mL with tap water) wash for 10 seconds 

to regain blue color to nuclei. 3 washes of Di water for 30 seconds removed excess Scott’s Tap 

Water Solution. Eosin Y (Thermo Fisher Scientific; #E-511 Lot #905213) as 1% solution in 95% 

EtOH was used for 10 seconds to counterstain for cellular cytoplasm. Sections were then 

dehydrated using subsequent washes of increasing ethanol for 1 wash in 80% and 95% for 30 

seconds, and 2 washes in 100% washes for 1 minute. 2 washes of xylene for 3 minutes removed 

excess alcohol. Sections were air dried and mounted using Toluene Solution hardening mounting 

medium (Thermo Fisher Scientific; Lot# 157602) overnight at room temperature. 
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Imaging: 

 iBAT sections were viewed on a Nikon Eclipse E800 microscope at 4x, 10x, 20x, and 

40x magnifications under standard bright field light source. 8 distinct images of iBAT were 

taken at each magnification using a camera from RT SE from Diagnostic Instruments, Inc. 

(Serial# 228479) on default settings. SPOT Advanced™ v. 4.6 image software was used to 

analyze images on default brightfield application and saved as a Tagged Image File Format 

(TIFF) file. 

 

Measuring Cell Density and Adipocyte Area: 

 Used ImageJ (64-bit Java 1.8.0_112) software to analyze cell density of iBAT at 40x 

magnification. Opened image files and darkened nuclei using "Color Balance". Split the image 

into 3-color channels using "Split Channels" and selected only the Red channel. Converted the 

Red channel to black and white and adjusted "Threshold" until nuclei stand out as black circles 

and remaining cellular structures disappear. Used the "Analyze Particles" function to count each 

nucleus. Used the "Measure" function to find the total area of the tissue. Divided the number of 

nuclei by the total area to get Cell Density. Averaged the data from 8 images per time point and 

generated a graph in Microsoft Excel 2016. Adipocyte area used the same image and protocol, 

except images were first inverted using the “Invert” function before converting to black and 

white. This allowed us to target the previously white spaces which indicated multilocular lipid 

droplets. The rest of the procedure remained unchanged. 
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Statistical Analysis: 

 Data expressed as mean ± standard deviations. Student's T-Test was used to determine p-

values compared to E18.5. A p-value of <0.05 is considered significant.  

 

BAT Mass Ratio 

Mice: 

 C57BL/6J male and female breeding mice from The Jackson Laboratories (Stock# 

00664) aged 8 weeks old were used to produce offspring. Mice were housed under standard 

conditions and chow fed ad libitum supplied by University of California, San Diego. Pregnancies 

began 3 months after arrival under standard conditions. Protocol approved by IACUC at the 

University of California, San Diego. 

 

Mass Measurement: 

 9 pups were taken on each time point of E18.5, P0.5, P2.5, P3.5, P4.5, P8.5, P12.5, P20.5, 

P30.5, and P180.5 and weighed on a scale (APX-60; Denver Instrument) in grams. iBAT 

samples were surgically removed from each pup and independently weighed on the same scale in 

milligrams. iBAT to total body weight mass ratios were calculated and averaged per time point. 

Results were graphed in Microsoft Excel 2016. 
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Statistical Analysis: 

Data expressed as mean ± standard error of the mean. Student's T-Test was used to 

determine p-values compared to E18.5. A p-value of <0.05 is considered significant. 

 

Analysis of UCP1 Protein: 

Mice: 

 C57BL/6J male and female breeding mice from The Jackson Laboratories (Stock# 

00664) aged 8 weeks old were used to produce offspring. Mice were housed under standard 

conditions and chow fed ad libitum supplied by University of California, San Diego. Pregnancies 

began 3 months after arrival under standard conditions. Protocol approved by IACUC at the 

University of California, San Diego. 

 

Tissue Lysis: 

 iBAT samples were surgically removed from pups on E15.5, E16.5, E17.5, E18.5, P0.5, 

P2.5, P4.5, P8.5, P14.5, P20.5, P22.5, P30.5 and placed onto dry ice in eppendorf tubes. Added 

300uL lysis buffer (6g HEPES, 22.3g sodium phosphate, 2.1g sodium fluoride, 1.86g EDTA, 

5mL Triton X100, DI water to bring volume to 500mL, pH 7.5) and vortexed to mix. Kept 

sample on ice and homogenized (Precellys® 24 Homogenizer; Bertin Technologies). 

Centrifuged samples at 4°C for 30 minutes at 13300 rpm (Labnet C2400-R MicroCentrifuge).  
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Protein Concentration: 

Protein concentration was determined by adding 200uL of 1:5 dilution of Bradford 

Protein Assay (BIO-RAD; Cat# 500-0006) in DI water and 1uL of lysed tissue to an assay plate. 

Loaded protein standard in empty wells (BSA in DI water with dilution factors of 0.625, 1.25, 

2.5, 5, 10, and 20). After shaking the assay plate to mix, we set the plate inside the plate reader 

(EPOCH BioTek Instruments, Inc.; Serial# 13030610). Analyzed protein concentration using 

Gen5 (v. 2.03) software from BioTek. Set final protein concentration to 30ug of iBAT and took 

note of the volume needed in each time point. 

 

Western Blot: 

 We added 8uL loading buffer to lysed tissues (0.93g DTT, 1g SDS, 3mL glycerol) and 

set on a heat block at 70°C for 12 minutes. We spun down our samples and loaded them into 

10% SDS-PAGE gels (9.7uL DI water, 5uL 40% acrylamide, 5uL 1.5M tris at pH 8.8, 200uL 

10% SDS, 200uL 10% APS, 25uL TEMED; stacking gel 5.3uL DI water, 0.7uL 40% 

acrylamide, 1.14uL 1M tris at pH 6.8, 80uL 10% SDS, 80uL 10% APS, 20uL TEMED) in 

duplicate for each time point. We added 7.5uL protein ladder (Precision Plus Protein™; Bio-Rad 

Cat# 161-0374) into an empty well and ran the gel at 100V to align bands, then 125V until bands 

run to bottom (PowerPac Basic; BIO-RAD Serial# 041BR 16045). Labeled a PVDF membrane 

(Immuno-Blot®; BIO-RAD Cat# 162-0177) and allowed to soak in methanol for 1 minute, then 

in transfer buffer (50mL 20X NuPAGE® Transfer Buffer, 100mL methanol, DI water to 1L) for 

20 minutes. Removed SDS-PAGE gel and stacked on top of PVDF membrane in cassette with 

sponges and filter paper. Placed into transfer rig (Mini PROTEAN® 3 Cell; BIO-RAD Serial# 
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525BR 064550) and ran at 100V for 90 minutes. Once transfer completed, we removed the 

PVDF membrane and placed into 5% milk blocking buffer (1g milk powder, 20mL 1x TBST) 

shaken for 1 hour at room temperature. After 2 washes of 1x TBST for 5 minutes each, we 

placed the membrane into rabbit anti-UCP1 primary antibody (Abcam; ab23841) at 1:10,000 

concentration in antibody diluent (10uL antibody, 0.5g milk powder, 100uL 1% sodium azide, 

10mL 1x TBST) shaken overnight at 4°C. After 2 washes of 1x TBST for 15 minutes each, we 

placed the membrane into mouse anti-rabbit IgG HRP secondary antibody (Santa Cruz 

Biotechnology; sc-2357) at 1:5000 concentration in milk blocking buffer shaken for 1 hour at 

room temperature. After 3 washes of 1x TBST for 15 minutes each, we applied 500uL of ECL 

solution (SuperSignal™; Thermo Fisher Scientific Prod# 34578) onto the membrane and 

allowed it to sit for 2 minutes before flipping the membrane upside down for 2 minutes to spread 

the ECL. We exposed the membrane for 1 minute on autoradiograph films (MidSci; Lot# 

79660015) and uploaded a digital version of the image using a scanner (Epson Perfection 4870 

Photo). Our loading control followed the same protocol using rabbit anti-GAPDH (Santa Cruz 

Technologies; sc-25778) at 1:10,000 concentration in antibody diluent and washed in mouse 

anti-rabbit IgG HRP secondary antibody at 1:5000 concentration in milk blocking buffer. We 

exposed GAPDH for 30 minutes on autoradiograph films. 

 

Western Blot Quantification: 

 Quantified Western Blot results using Image Studio Lite (5.x) software. Followed the 

protocol provided by Li-Cor (Doc # 988-15592). Subtracted the “Background” measurement 

from the “Signal” measurement for each band. Normalized to GAPDH loading control by 
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dividing the corresponding measurement in UCP1 by GAPDH per band. Averaged each time 

point and graphed data on Microsoft excel 2016.  

 

Statistical Analysis: 

 Data expressed as mean ± standard deviations. Student's T-Test was used to determine p-

values compared to E18.5. A p-value of <0.05 is considered significant. 

 

UCP1-creER mT/mG Analysis 

Animal Models: 

 UCP1-creER male mouse breeder was supplied by Christian Wolfrum lab and arrived 

aged 8 weeks old (Rosenwald 2013). ROSAmT/mG (known as mT/mG) female mice came from 

The Jackson Laboratories (Stock# 007576) aged 8 weeks old. We crossbred these mice and their 

progeny until we achieved UCP1-creER mT/mG triple homozygous transgenic mice. Genotyped 

the UCP1-creER using QPCR mastermix (SsoAdvanced™; BIORAD #1725270) with Cre 

primers (The Jackson Laboratories; primer# 1083 cre, 1085 cre) as well as a probe.  

 

Gavage: 

 Gavage using 100ul Tamoxifen solution (Sigma-Aldrich; T5648-1G) at 2mg 

Tamoxifen/100ul using sunflower oil. Administered via oral gavage each day from four days 

before time point sacrifice at noon at room temperature to pregnant dams. 
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Tissue Collection: 

Dams anesthetized using ketamine anesthetic (500uL Ketamine, 250uL xylazine, 4.25mL 

Saline) via intraperitoneal injection. Perfused using cold 1x PBS with automated perfusion pump 

to drain blood. Collected iBAT and aBAT samples from dams and stored in 4% PFA overnight 

at 4°C on E17.5 and E18.5. Genotyped pups tails to ensure triple homozygous UCP1-creER 

mT/G genotype. Fixed whole pups in 4% PFA overnight at 4°C. All tissue collection was 

completed with minimal light to prevent photobleaching. 

 

Optimal Cutting Temperature Embedding: 

 Sucrose infiltrated all samples for cryoprotection in 10% sucrose solution overnight at 

4°C (50g D-Saccharose, 202.5mL 0.2M disodium phosphate, 47.5mL 0.2M sodium phosphate 

buffer, 250mL distilled water), then 30% sucrose solution overnight at 4°C (150g D-Saccharose, 

202.5mL 0.2M disodium phosphate, 47.5mL 0.2M sodium phosphate buffer, 250mL distilled 

water). Blot dried samples and embedded in OCT Compound (Tissue-Plus®; Thermo Fisher 

Scientific). Flash frozen using dry ice in 2-methyl-butane (Sigma-Aldrich; Lot# SHBF6800V). 

Stored in -20°C until use. Dam iBAT and aBAT were sectioned in cryostat at -20°C at 5uM onto 

polysine slides. Whole pups were sectioned sagittally until iBAT and aBAT were visible under 

the same conditions. All embedding and sectioning was completed with minimal light to prevent 

photobleaching. 
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Staining: 

 Applied 100uL DAPI mounting medium (DAPI-Fluoromount-G®; SouthernBiotech Cat# 

0100-20) directly onto air dried sections. Placed cover slip in top of samples and allowed to dry 

overnight at room temperature. All staining was completed with minimal light to prevent 

photobleaching. 

 

Imaging: 

Tissue sections were viewed on a Nikon Eclipse E800 microscope using a Mercury lamp 

for fluorescence at 4x, 10x, 20x, and 40x magnifications with DAPI, TRITC, FITC fluorescence 

filters. At least 8 distinct images of iBAT and aBAT were taken at each magnification at each 

time point. Used SPOT Advanced™ v. 4.6 image software to merge each color channel and 

saved the images as Tagged Image File Format (TIFF) files. 

 

High Fat Fetal Programming 

Animal Conditions:  

 C57BL/6J male and female breeding mice from The Jackson Laboratories (Stock# 

00664) aged 8 weeks old were used to produce offspring. Female mice were housed under 

standard conditions and fed high fat diet consisting of 60% of caloric intake from fat (Research 

Diets, Inc. formula D12492) ad libitum 3 months before pregnancy. Protocol approved by 

IACUC at the University of California, San Diego. 
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Embedding and Sectioning: 

 Paraffin Embedded Formalin Fixed protocol as mentioned earlier. Sectioned whole pups 

at P0.5 and P10.5 time points. Sectioned at 5uM along sagittal plane until iBAT and aBAT were 

visible on microtome. 

 

Immunohistochemistry Staining: 

 An immunohistochemistry stain was performed. We deparaffinized sections using xylene 

(Sigma-Aldrich; Lot# SHBH7313) for 3 washes of 5 min, then dehydrated them in decreasing 

ethanol washes of two times for 10 minutes in 100% , 95%, then DI water. Antigen retrieval was 

set in 0.1M citrate buffer (19.2g citric acid anhydrous, 4.5mL Tween 20, diH2O until 1 liter, pH 

6.0) at 95°C for 30 minutes. An endogenous peroxide block was done using 2% hydrogen 

peroxide in water for 10 minutes. An endogenous biotin wash was done using Avidin and Biotin 

for 15 minutes each (Vector Laboratories, Inc.; SP-2001). An endogenous collagen block was 

done using rabbit blocking buffer (2% normal rabbit serum, 1% BSA, 0.02% sodium azide, 0.2% 

Triton-X100, 1x PBS until 250mL, pH to 7.4) for 1 hour at room temperature in damp 

conditions. Sections were incubated in primary antibody using anti-UCP1 antibody (Abcam; 

ab23841) at 1:200 in rabbit blocking buffer overnight at 4°C in damp conditions. The negative 

control was incubated in rabbit blocking buffer instead of primary antibody. Secondary antibody 

incubation was done using biotin labeled goat anti-rabbit IgG (KLP; Cat# 16-15-06) at 1:200 in 

rabbit blocking buffer for 1 hour room temperature in damp conditions. Our slides were then 

incubated in a tertiary reagent using ABC solution (Vectastain ABC Kit PK-6100; Vector 

Laboratories, Inc.) for 1 hour at room temperature in damp conditions. DAB staining was done 
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using 3 drops of DAB solution (ImmPACT DAB SK-4105; Vector Laboratories, Inc.) per slide 

for 3 minutes followed by an immersion in 1x PBST to halt the reaction. We counterstained our 

slides using 2 drops of 30% Gill 3 in water for 5 seconds. Then we dehydrated our slides in 

increasing ethanol washes from 70%, 95%, then 100% for 2 washes of 1 minute each. We 

washed our slides in xylene for 2 washes of 3 minutes each to remove excess alcohol. After air 

drying, we mounted our slides using Toluene Solution hardening mounting medium (Thermo 

Fisher Scientific; Lot# 157602)) and coverslip overnight at room temp. Between each step we 

washed sections our slides in 1x PBST for 3 washes of 5 minutes to clear away previous 

chemicals. 

 

Imaging: 

 Tissue sections were viewed on a Nikon Eclipse E800 microscope at 4x, 10x, 20x, and 

40x magnifications under standard bright field light source. At least 4 distinct images of iBAT 

were taken at each magnification using a camera on default settings. SPOT Advanced™ v. 4.6 

image software was used to analyze images on default brightfield application and saved as a 

Tagged Image File Format (TIFF) file. 
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Results 

Fetal BAT decreases in cell density postpartum 

 Adult brown adipocytes contain a single nucleus surrounded by multilocular lipid 

droplets and interspaced with specialized thermogenic mitochondria. Brown adipose tissue is 

adaptable, especially during perinatal development. We sought to identify the morphology of 

BAT at various time points including embryonic and postpartum time frames. Fetal mouse iBAT 

was obtained from embryonic day 18.5 (E18.5) to postpartum day 30.5 (P30.5). E18.5 iBAT is 

densely packed with nuclei and the cellular structure is amorphous with no cell walls to clearly 

define cells apart. (Fig. 1A). This pattern persists until P4.5, when the nuclei spread out and 

interstitial regions are now identifiable. iBAT nuclei remain clumped in certain regions as seen 

from P4.5 to P12.5. From P20.5 onward, cellular structure is distinctive, with iBAT nuclei 

pronounced and surrounded by a circular cellular structure. A comparison between E18.5 and 

P30.5 further highlights the morphological development iBAT undergoes (Fig. 1B). Maternal 

iBAT on E18.5 was taken as a frame of reference and shows similar nuclei disbursement and 

interstitial spread as P30.5 (Fig. 1A).  

 Quantifying the nuclei density in each time point with eight separate sections reveals a 

negative association between iBAT cell density and time (Fig. 1C). This was done using the 

ImageJ software to digitally count nuclei and assess the nuclei to tissue area ratio. As 

developmental time progresses, the density of iBAT nuclei generally decreases. P4.5 appears to 

have an even lower nuclei to tissue area ratio compared to the next time point at P8.5. However, 

compared to the E18.5 fetal BAT, each time point except for P0.5 shows a significant increase in 
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cell density. The nuclei remain the same size between each time point. Rather, the cells are 

expanding, as cytoplasmic space (uncolored) enlarges around a central nucleus. 

 Brown adipocytes in adult BAT have a multilocular disbursement of lipid droplets within 

the interstitial space. As such, we explored the morphology of lipid containing adipocytes (Fig. 

1D). The lipid droplets appear as clear or white circular areas within the circular cellular 

structures due to washing out during embedding (Fig. 1A). Fetal iBAT from E18.5 through P2.5 

lack clear multilocular structure as circular lipid droplets are not present. Starting from P4.5, the 

lipid droplets are identifiable as they appear circular. This pattern persists and is compounded by 

P30.5. As the graph shows, the percentage of total lipid droplet area increases with increasing 

developmental time point. Indeed, compared to E18.5 fetal iBAT, developmental time point P2.5 

and onward show a significant increase in lipid droplet to tissue area ratio. Between P8.5 and 

P12.5, we see the largest increase in lipid droplet percent area. Following P12.5, the remaining 

time points plateau and approach that of Dam E18.5 iBAT. 

 BAT has been known to vary in mass in correspondence to age. We explored how BAT 

changes in mass at each time point. Using C57BL/6J dams under normal conditions, we 

surgically removed iBAT from nine pups at each time point and weighed them individually. 

Comparing the mass of iBAT with the total body weight of each pup, we were able to see how 

iBAT changes its relative mass through time. Results indicate a significant increase in relative 

iBAT mass from E18.5 to P0.5, with a general decrease after birth through to adolescence at 

P180.5 (Fig. 1E).  
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UCP1 is expressed during late embryonic stage 

 Uncoupling protein 1 (UCP1) is the key protein in brown adipocytes responsible for 

thermogenic capacity. We sought to identify the gestational time frame when UCP1 is expressed. 

Using C56BL/6 mice, we analyzed UCP1 protein expression at various time points from E15.5 

to P30.5 (Fig. 2A). Quantifying the Western blots and normalizing to housekeeping gene 

GAPDH reveals these trends graphically, notably the apparent curve of UCP1 protein expression 

through time (Fig. 2B). The Western blot shows UCP1 protein detection beginning at E17.5. 

UCP1 protein levels in iBAT rapidly increased upon birth, with P0.5 and onward showing 

sustained elevated expression. After P20.5, UCP1 protein levels begin to decrease.  

 To further investigate whether the signal from the Western blot is accurate, we bred 

UCP1-creER mT/mG mice that express GFP upon activation of UCP1 promoter and RFP in the 

absence of activation. The mT/mG construct allows for native double fluorescence reporter 

proteins in transgenic mice. LoxP sites flank tandem dimer Tomato (mT) that uses a CMV 

enhancer to drive production. Downstream of these LoxP sites is the sequence for Enhanced GFP 

(mG) with a polyadenosine tail. Without activation of Cre-recombinase, membrane-targeted mT 

is expressed, producing red fluorescent proteins. After Cre recombinase excision of the LoxP 

sites, membrane-targeted mG is expressed producing green fluorescent proteins. UCP1-CreER is 

a Tamoxifen-inducible Cre-recombinase expressed by the UCP1 promoter. By recombining 

UCP1-CreER mice with mT/mG mice, we were able to produce UCP1-CreER mT/mG triple 

homozygous mice. As such, mT is expressed globally except when UCP1 is activated by its 

promoter. In this case, mG is produced instead. Green and red signals do not overlap, 

establishing a simple double fluorescent screen for UCP1 promoter driven expression. Using this 

construct, we aimed to examine UCP1 activity on a cellular level. iBAT sections were taken 



27 
 

from both fetal E18.5 pups and dam E18.5 mothers (Fig. 2C). Results indicate positive green 

signals very clearly in dam E18.5 iBAT. More interestingly, fetal E18.5 iBAT also expresses 

positive green signals though they appear faintly. Fetal E17.5 iBAT did not show significant 

signals (data not shown). These results indicate UCP1 expression occurs during late gestation in 

mice pups, with emphasis on E18.5 showcasing a visual representation.  

 

High fat maternal diet increases UCP1 expression in neonate pups  

 Maternal obesity during gestation has been shown to foreshadow numerous health 

complications for offspring during adolescence (Sullivan 2015). We investigated the effect of 

maternal obesity on fetal BAT development and UCP1 expression. Maternal obesity was created 

by feeding C57BL/6 female mice 3 months on high-fat (HF) diet where 60% calories were from 

fat. Control dams were fed with regular chow (RD). We analyzed the iBAT of neonates on P0.5. 

Using immunohistochemistry approach with anti-UCP1 antibody, we were able to localize and 

identify the presence of UCP1 protein in whole body sections of these neonates. Results show 

that iBAT under HF dam conditions show an increase in UCP1 protein expression compared to 

RD dam conditions (Figs. 3A and 3B). A stain without primary anti-UCP1 antibody serves to act 

as the negative control to control for endogenous signals (Fig. 3C). This may suggest iBAT is 

readily influenced by maternal obesity and plays a larger role in thermogenic activity on P0.5.  
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Discussion 

Brown adipose tissue is a versatile component of mammalian physiology that produces 

heat. Studies have focused on its thermogenic qualities, pathway of activation, and nascent 

therapeutic capabilities (Klingenspor 2017, Enerbäck 2010, Chechi 2013). While there is still 

much to gain in these fields, there lacks information on BAT development and the effect of 

maternal obesity on BAT development. Investigation into this process facilitates a greater 

understanding of BAT physiology in a pediatric setting that may serve in the development of 

robust therapies aimed at offsetting the deleterious effects of obesity. 

In this study, we examined the morphology of BAT at various developmental stages, 

including both embryonic and postpartum time frames. Our goal was to describe how BAT 

develops in terms of its tissue mass, morphology, and UCP1 expression. There are two ways to 

study iBAT mass: absolute tissue mass and iBAT/body weight ratio. Although there is a 

significant increase in iBAT absolute mass, the iBAT/BW ratio represents the dynamic nature of 

BAT development during perinatal period. iBAT mass to body weight ratios reveals a significant 

increase at birth on P0.5 as well as a significant decrease at adolescence on P180.5 compared to 

E18.5. This may indicate a shift in the relevancy of BAT at different developmental stages in 

offspring, namely that BAT seems to play a more significant thermoregulatory role at birth than 

through adolescence. As mice are altricial species and are unable to fend for themselves at birth, 

having an increased mass ratio of BAT may thermogenically protect against potential adverse 

cold environments. 

We then investigated the morphology of the tissue. By using hematoxylin and eosin 

stained BAT samples at distinguished time points from C57BL/6J wild type mouse pups and 
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dam, we were able to visualize a decrease in adipocyte cell density as developmental time 

progressed. Likely, this decrease in cell density was brought on by an increase in lipid deposits 

within each cell. The cellular structure of brown adipocytes in human adults is comprised of 

multilocular lipid droplets surrounded by mitochondria, with the nucleus pushed to near the cell 

wall (Albright 1998). Indeed, these multilocular lipid droplets have been shown to increase in 

size during embryonic development. C57BL/6 mice pups from E15.5 through P0.5 show 

increased multilocular lipid droplet area and structural development within classical BAT 

deposits (Schulz 2013). Our results continue to highlight this increase in multilocular lipid 

droplet size through P30.5, showcasing the developmental progression of lipid accumulation 

during the postpartum time frame.  

 Additionally, our study examined the expression of UCP1 protein in C57BL/6J wild type 

mice pups. By using Western blotting, we were able to measure the UCP1 protein directly. Our 

results indicate UCP1 protein is produced as early as E17.5 and sets the stage for the timeline of 

embryonic expression of UCP1. We observed a dramatic increase in UCP1 protein expression 

beginning at P0.5 compared to embryonic time points, but noticed it tapered off before P20.5. 

We speculate the initial increase in UCP1 protein suggests necessity for heat production during 

the early time frame of postpartum neonates, while the decrease in UCP1 protein implies a 

reduced need later in life. To supplement our findings, we explored native UCP1 gene activity 

through the transgenic UCP1-creERmT/mG construct. Identifying iBAT UCP1 gene activity in 

E18.5 fetal pups provides an alternative method to representing our data. Interestingly, we were 

unable to properly visualize UCP1 gene activity in E17.5 pups even though we found UCP1 

protein production at this time point. This may be due to excessive background interference from 

autofluorescence masking positive signals, as positive signals may be too weak. Regardless, we 
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successfully demonstrated that the UCP1-creER mT/mG transgenic construct can visualize 

UCP1 gene activity in embryonic pups. This serves to further validate the developmental time 

frame of UCP1 and sets up UCP1-creER mT/mG transgenic mice as a viable model in 

embryonic studies. 

 Interestingly, while we noticed a significant increase in UCP1 expression on P0.5 

compared to E18.5, we did not find a significant difference in lipid accumulation on these time 

points. We speculate the reason why there is no significant change in lipid accumulation on P0.5 

is because the recently birthed pups have not yet begun to nurse. They lack substantial fats 

provided through nursing and this is reflected in the low levels of lipid accumulation in BAT 

seen at birth. By P2.5, the pups have already begun nursing, which may explain the rapid 

accumulation of lipids from then on. With UCP1 however, we speculate that the significant 

increase is related to the evolutionary need for thermogenic homeostasis at birth. With increased 

UCP1 expression, the pup can produce heat through non-shivering thermogenesis and survive 

cold environments. However, to produce heat UCP1 requires activation by long chain fatty acids 

(Fedorenko 2013). The relationship between high UCP1 expression and low lipid accumulation 

at P0.5 remains to be clarified. 

 Obesity during pregnancy has been shown to increase the likelihood of hypertension, 

cardiovascular disease, and diabetes in offspring (Neri 2015). Following our investigation into 

how BAT develops during embryonic and postpartum stages of normal pregnancies, we also 

investigated the effects of maternal high fat diet on the expression of UCP1 in mice pups 

postpartum. By using immunohistochemistry staining for anti-UCP1 protein, we found that 

iBAT showed an increase in UCP1 expression on P0.5. It is known that high fat diet stimulates 

UCP1 expression in mice. High fat diets with 30% to 82% of total calories from fat have been 
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shown to increase UCP1 mRNA and protein levels and in adult mice under 6 months (Fromme 

2011). There is also evidence that maternal nutrition affects fetal brown adipocytes. Pregnant 

ewes fed high fat diets during the last third of their pregnancies developed a greater abundance of 

UCP1 and subsequently higher thermogenic activity compared to the offspring of control diet fed 

ewes (Budge 2000). We speculate based on the increase in UCP1 protein expression from iBAT 

on P0.5 that this tissue plays a protective role against a high fat fetal environment. This may 

overall stimulate dietary-induced thermogenesis to protect against hyperlipidemia caused by a 

high fat fetal environment in the pups, as an increase in serum triglycerides past a certain 

homeostatic set point triggers metabolic processes to counteract excessive diets (Lowell 2003). 

This may suggest iBAT plays a significant role at birth under high fat maternal conditions.  

The nature of our study design was intended to be an exploration into the development of 

brown adipocytes in mice during both embryonic and postpartum time frames, as well as the 

effects of high fat maternal diet on fetal programming. However, it is important to note the 

limitations of our study. We used C57BL/6J mouse models for each of our experiments. Mouse 

models are often analogous to human physiology and in our case both species possess active 

iBAT (Sacks 2013). However, humans are precocial while mice are altricial. This difference is 

notably distinct during neonatal development, especially in brown adipocyte thermogenic output 

and UCP1 expression (Symonds 2015). As such, our mouse models cannot be used as a perfect 

representation for human systems. We measured the lipid deposit area indirectly instead of direct 

staining for BAT multilocular lipids. Due to the formalin-fixed paraffin embedding of BAT, 

stains specific for lipids like Oil Red O could not be physically implemented as the ethanol 

washes required dissolve lipids. As a result, our indirect measurement should only be used as an 

estimate for the presence of lipids in brown adipocytes. For the Western blots, UCP1-creER 
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mT/mG visualization, and immunohistochemistry for anti-UCP1 in neonates the sample size of 

mice pups used was small, as only 3-4 pups were viable. This may contribute to unrepresentative 

data that may skew our results. 

         We would like to follow up our study by investigating how maternal obesity affects BAT 

morphology and UCP1 production in both perinatal development and adulthood. Our experiment 

focused on the natural development of mouse brown adipocytes during embryonic and 

postpartum time frames, with an additional study examining the difference in UCP1 at birth due 

to maternal obesity. However, it is of great interest to expand our study to see the effect maternal 

obesity has on metabolism in pups during adulthood. Maternal obesity in humans has been 

shown to bring up children with an increased risk of obesity, cardiovascular disease, and diabetes 

within adolescence (Leddy 2008). By investigating the role BAT plays in dietary-induced 

thermogenesis, specifically to determine the extent UCP1 serves to protect against maladaptive 

fetal programming, we may reveal potential therapeutic strategies capable of combating obesity 

driven diseases. 

         In conclusion, our results highlight the morphology of brown adipocytes during 

embryonic and postpartum development and illustrate an increase in multilocular lipid 

deposition. Additionally, we were able to use the UCP1-creER mT/mG transgenic construct to 

fluorescently visualize UCP1 gene activity in fetal embryonic mice pups. We show that UCP1 

expression increases under high fat maternal diet. Together, these findings provide fundamental 

knowledge on the development of BAT under standard and obese pregnancies. 
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Figures 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Gestation Affects Pup BAT Morphology by Decreasing Cell Density and 

Increasing Adiposity 

 
A. Wild type mice pups iBAT harvested on E18.5, P0.5, P2.5, P4.5, P8.5, P12.5, P20.5, 

P30.5 along with Dam E18.5 iBAT. Sections were fixed in 10% formalin overnight, 
paraffin embedded, and cut at 5uM. Hematoxylin and Eosin staining preformed 
concurrently in a single setting. Magnification at 40x with scale bar shown. 

B. Pup E18.5 and P30.5 selections from Figure. 1A enlarged to highlight hitological 
differences. Magnification at 40x with scale bar shown. 

C. Cell density measurements using 8 distinct images from each time point. Standard 
deviations used as error bars. Student’s T-Test used to determine significance when 
compared to Pup E18.5 data: ** = p<0.01. 

D. Lipid droplet measurement as a percentage of total iBAT area using 8 distinct images 
from each time point. Standard deviations used as error bars. Student’s T-Test used to 
determine significance when compared to Pup E18.5 data: ** = p<0.01. 

E. iBAT mass compared to total body weight (BW) from 9 pups at each time point. SEM 
used as error bars. Student’s T-Test used to determine significance when compared to Pup 
E18.5 data: * = p<0.05. 
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Figure 1. continued 
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Figure 1. continued 
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Figure 2. Visualization of UCP1 in Pup and Dam BAT at E18.5 

 
A. Western result for anti-UCP1 antibody at E15.5, E16.5, E17.5, E18.5, P0.5, P2.5, P4.5, 

P8.5, P14.5, P20.5, P22.5 and P30.5. GAPDH measured as loading control. 
B. Quantification of UCP1 results shown in Fig. 2A. Relative intensity as compared with 

GAPDH in arbitrary units. Student’s T-Test used to determine significance when 
compared to Pup E18.5 data: * = p<0.05; ** = p<0.01. 

C. UCP1-creER mT/mG iBAT from Pup (left) and Dam (right) were fixed in 4% PFA on 
E18.5 and embedded in OCT. Sections cut at 5uM and images taken using fluorescent 
microscope. Select positive signals circled in orange. Magnification is 20x with scale bar 
shown 
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Figure 2. continued 
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Figure 3. Maternal Obesity Affects UCP1 Expression in Infants 

 
A. 5uM section of whole paraffin embedded pup at P0.5 under regular diet Dam condition 

(RD). iBAT shown. Staining done using anti-UCP1 IHC with DAB. Magnification at 10x 
with scale bar shown. 

B. High fat fed Dam pups (HF) at P0.5. Embedding and staining conditions kept the same as 
Fig. 3A. Magnification at 10x with scale bar shown. 

C. Negative control RD pup at P0.5. IHC done using blocking buffer instead of anti-UCP1 
antibody. Magnification at 10x with scale bar shown. 
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