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Abstract

The important role of astrocytes in the central control of energy balance and glucose homeostasis 

has recently been recognized. Changes in thermoregulation can lead to metabolic dysregulation, 

but the role of astrocytes in this process is not yet clear. Therefore, we generated mice congenitally 

lacking insulin receptors (IR) in astrocytes (IRKOGFAP mice) to investigate the involvement of 

astrocyte insulin signaling. IRKOGFAP mice displayed significantly lower energy expenditure and 

a strikingly lower basal and fasting body temperature. When exposed to cold, however, they were 

able to mount a thermogenic response. IRKOGFAP mice displayed sex differences in metabolic 

function and thermogenesis that may contribute to the development of obesity and type II diabetes 

as early as two months of age. While brown adipose tissue exhibited higher adipocyte size in both 

sexes, more apoptosis was seen in IRKOGFAP males. Less innervation and lower βAR3 expression 

levels were also observed in IRKOGFAP brown adipose tissue. These effects have not been 

reported in models of astrocyte IR deletion in adulthood. In contrast, body weight and glucose 

regulatory defects phenocopied such models. These findings identify a novel role for astrocyte 

insulin signaling in the development of normal body temperature control and sympathetic 

activation of BAT. Targeting insulin signaling in astrocytes has the potential to serve as a novel 

target for increasing energy expenditure.
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Introduction

Neuronal circuits are influenced by surrounding astrocytes, critical members of the 

“tripartite synapse” (Araque et al., 1999). Astrocytes exchange information with neurons, 

respond to synaptic activity, and regulate synaptic transmission through the release of 

gliotransmitters such as prostaglandins (Xu et al., 2003, Shiow et al., 2017, Perea et al., 

2009). Mounting evidence demonstrates the essential role of astrocytes in modulating 

homeostatic functions including body weight and glucose metabolism. Astrocytes that 

regulate hypothalamic metabolic circuits act as sensors to inhibit or promote food intake 

(Kim et al., 2014, Yang et al., 2015). Astrocyte signaling activation within the basal medial 

hypothalamus, for example, reduces the activity of agouti-related protein (AgRP)-positive 

neurons and therefore diminishes both basal and ghrelin-induced calorie intake (Yang et al., 

2015). Targeting hypothalamic astrocytes with the marker glial fibrillary acidic protein 

(GFAP) demonstrates that astrocyte insulin signaling plays a role in the transport of glucose 

into the brain, and thereby helps to suppress food intake during peripheral hyperglycemia 

(Garcia-Caceres et al., 2016). In addition, impaired leptin signaling in GFAP-positive 

astrocytes induces gliosis, increases food intake, and promotes obesity (Garcia-Caceres et 

al., 2016, Kim et al., 2014, Wang et al., 2015).

Energy expenditure through activity and heat generation is an important component of body 

weight regulation. Provided they have a sufficient caloric supply, mammals are able to 

maintain their body temperature in a cold environment by vasoconstriction to avoid heat loss 

from the extremities and by shivering to generate heat from skeletal muscles (Contreras et 

al., 2015). In addition, the activation of brown adipose tissue (BAT) generates heat through 

uncoupling protein-1 (UCP1), which uncouples the mitochondrial proton gradient to release 

energy in a process called adaptive or nonshivering thermogenesis (Oelkrug et al., 2015). 

The sympathetic nervous system (SNS) plays a large role in this process. The SNS activates 

BAT β3-adrenergic receptors causing higher UCP1 activity and UCP1 gene expression while 

increasing lipolysis in white adipose tissue (WAT) (Heeren and Munzberg, 2013). In human 

infants, the supraclavicular fat depots resemble canonical BAT observed in rodents (Lidell et 

al., 2013), but there is less BAT in adults and its cellular composition is more heterogeneous 

(Lidell et al., 2013). In addition to brown adipocytes, adult humans have UCP1-expressing 

“beige” adipocytes interspersed in WAT (Chechi et al., 2017, Harms and Seale, 2013, Schulz 

et al., 2011). BAT and beige adipose tissues are activated by cold exposure, by high fat diets, 

and after meal consumption (Vosselman et al., 2013), a phenomenon known as postprandial 

thermogenesis.

Changes in thermoregulation can result in dysregulation of the systemic metabolism (Heeren 

and Munzberg, 2013). Indeed, mice with genetic deletion of UCP-1 exhibit obesity in the 

absence of thermal stress (Feldmann et al., 2009). BAT in adult humans also plays an 

important role in energy regulation and could be a potential target for the treatment of 

obesity (Lee et al., 2014, Virtanen et al., 2009). While the involvement of astrocytes in 

circuits that control energy intake is clear, little information is available on how astrocytes 

influence the activation of brown and beige adipose tissue. We therefore examined how 

rendering astrocytes insensitive to insulin might alter thermoregulation in response to 

metabolic and environmental challenges.
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Material and Methods

Animal and Genotyping

To create an astrocyte-specific deletion of IR (IRKOGFAP mice), GFAP-Cre mice (C57Bl/J6) 

(Frederick National Laboratory for Cancer Research, Frederick, Maryland, United States) 

were crossed with IRloxp mice (C57Bl/J6) in which exon 4 of the IR gene was flanked by 

loxP sites (Konner et al., 2007). GFAP is the main intermediate filament protein mature 

astrocytes and an important component of the cytoskeleton in astrocytes during development 

(Reeves et al., 1989). After GFAP-Cre homozygous IR floxed mice were generated, we then 

paired them with homozygous IR floxed carrying the tdTomato gene inserted into the 

Gt(ROSA)26Sor locus to serve as a reporter under the control of Cre recombinase 

expression (JAX # 007909). This breeding scheme generated our control (lacking Cre) and 

experimental mice. IRloxp mice littermates lacking cre expression or GFAP-cre mice were 

used as controls; comparisons between IRloxp mice and GFAP-Cre mice were also 

performed where specified. Mice were weaned on postnatal day (PND) 21 and genotyped by 

real-time PCR performed by Transnetyx, Inc. (Cordova, Tennessee). Mice were maintained 

on a 12-hour light/dark cycle at 22°C-24°C by the University of Toledo Department of 

Laboratory Animal Resources. All procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC) of the University of Toledo College of Medicine and 

Life Sciences in Toledo, Ohio. All experiments were performed in accord with the relevant 

guidelines and regulations described in the IACUC-approved protocol number 106448.

Body Composition

Body weights of singly housed mice were measured bi-monthly from 1 to 9 months of age 

for IRloxp and IRGFAP groups, and weekly from 3–10 weeks for IRloxp and Cre control 

groups. Body composition was measured at 2 and 7 months of age using nuclear magnetic 

resonance (NMR) (minispec mq7.5;BurkerOptics, Billerica, Massachusetts).

Glucose and Insulin Tolerance Tests

GTTs and ITTs were performed as previously described (Heinrich et al., 2016). For GTTs, 2 

month old mice were fasted for 6 hours and then given a dextrose injection (2g/kg 

intraperitoneal (IP)). Tail blood glucose was then measured using a glucometer 

(AlphaTRAK; Abbot Laboratories, Abbott Park, Illinois) at 0, 15, 30, 45, 60, 90 and 120 

minutes after injection. For ITTs, mice were fasted for 3–4 hours and then injected with 

recombinant insulin (0.75U/kg IP). Tail blood glucose was measured at the same time points 

as the GTT. GTT and ITT testing was repeated at 7 months of age. For quantitative analysis, 

area under curve (AUC) measurements were calculated for each animal in the control and 

experimental groups.

Homeostasis Model Assessment of Insulin Resistance (HOMA IR)

At 7–8 months of age, fasting serum was collected, glucose levels were recorded, and insulin 

levels were measured using an ELISA kit with intra-assay precision CV ≤ 10.0% (Crystal 

Chem, Cat# 90080) and sensitivity of 0.05 ng/ml. The HOMA IR was calculated [fasting 
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serum glucose × fasting serum insulin/22.5] to assess insulin resistance (Fraulob et al., 

2010).

Tissue Collection

Mice were terminated via an IP ketamine/xylazine injection to induce deep anesthesia 

followed by exsanguination. Liver, gonadal WAT, and interscapular BAT were then collected 

for gene expression and immunohistochemical staining. For liver and interscapular brown 

adipose histology, 7–8 months old mice (liver staining) or 9 month old mice (interscapular 

brown adipose staining) were perfused with 10% formalin after ketamine/xylazine injection. 

Tissues were post-fixed overnight and then transferred to 70% ETOH until sectioning.

Liver Histology

Liver tissue was paraffin embedded, sectioned, and stained with H&E (Qiu et al., 2013) and 

ORO (Mehlem et al., 2013). An Olympus BX61US microscope (X-cite 120 LED boost 

EXCELITAS technology) with OlyVia 2.9 software was used to visualize the staining. Liver 

sections were analyzed by evaluating lipid accumulation and inflammation via fat droplet 

counts and inflammatory gene expression levels. Liver sections were automatically analyzed 

by evaluating the number of fat droplets via ImageJ software (size (pixel^2) was set to 50-

infinity, and circularity was set from 0.2–1.00).

Polymerase Chain Reaction (PCR) gel electrophoresis

DNA was extracted from control and experimental groups, using the QIAamp DNA Kit (Cat 

#: 51304) for 25mg of each tissue sample. PCR was performed for the insulin receptor (IR) 

for all DNA samples using forward (5´ AAATGACGGGGTGAGGGAAC 3´) and reverse (5

´ GGCCGTGAAAGTTAAGAGGGG 3´) primers. The PCR reaction was carried out in a 20 

μl volume, with 100 ηg extracted DNA, 0.5 μM of each primer, and 2X Hot-Start Taq 

Mastermix, (Denville’s, Thermo Scientific, U.S.A). The temperature profile was one cycle 

of 95°C for 5 min (primary denaturation), followed by 35 cycles of 95°C for 30 s 

(denaturation), 60 °C for 30s (annealing), and 72°C for 40 s (extension), and a final 

extension 72°C for 5 min (Mikaeili et al., 2013). The extracted DNAs and PCR products of 

each the method were loaded on separate 2% TAE agarose gels. The gels contained 0.5 

μg/ml ethidium bromide for staining. Electrophoresis was carried out for 90 minutes at 80 V. 

The bands were visualized in UV illuminator and digitally photographed.

Gene Expression Analysis

An RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, California) permitted total RNA 

extraction. We synthesized single strand cDNA using a high capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) (Solanki et al., 2017). In brief, mice were sacrificed 

via lethal ketamine/xylazine injections, and tissues were removed. 100mg of dissected 

tissues were transferred into 1 ml of Trizol. The samples were then disrupted using a bead 

homogenizer. Chloroform was added and the samples were vigorously shaken and incubated 

at room temperature for 5 minutes. A series of centrifugation steps was then performed and 

purified RNA was collected. RNA sample concentration was measured using a NanoDrop™ 

One/OneC Microvolume UV-Vis Spectrophotometer (Thermofisher Scientific). cDNA was 
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synthesized with random primers and reverse transcriptase (Applied Biosystems) using 1 μg 

of total RNA. cDNA was evaluated with quantitative RTPCR using True Amp SYBR green 

qPCR Supermix (Applied Biosystems). The relative amount of mRNA was calculated by 

comparison to the corresponding controls and normalized relative to Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). Data are presented as means ± SE relative to IRloxp 

controls [relative quantitation (RQ =2−ΔΔCt)]. The sequences of the primers used are as 

follows: TNF-α; (F: CAGGCGGTGCCTATGTCTC; R: 

CGATCACCCCGAAGTTCAGTAG), IL-10; (F: GCTGGACAACATACTGCTAACC, R: 

ATT TCC GAT AAG GCT TGG CAA), LXR- α; (F: AAACTGAAGCGGCAAGAAGA; R: 

GCAGGACTTGAGGAGGTGAG), UCP-1; (F: GGATGGTGAACCCGACAACT, R: 

AACTCCGGCTGAGAAGATCTTG), βAR3; (F: GGCACAGGAATGCCACTCCAAT, R: 

AGGAGGGGAAGGTAGAAGGAGAC), CHOP; (F: AAGCCTGGTATGAGGATCTGC; R: 

TTCCTGGGGATGAGATATAGGTG), Bcl-2 homologous antagonist killer (BAK); (F: 

GCCCTGTACGTCTACCAGC; R: TGGCGATGTAATGATGCAGTATG), Bcl-XL; (F: 

GGTGAGTCGGATTGCAAGTT, R: TGGATCCAAGGCTCTAGGTG), GAPDH; (F: 

AGGTCGGTGTGAACGGATTTG; R: TGTAGACCATGTAGTTGAGGTCA)

Indirect Calorimetry Analysis

7–8 month old mice were placed in calorimetric chambers (CLAMS system, Columbus 

Instruments, Columbus, OH), acclimated for 2 days, and then recorded for 3 days with free 

access to food and water as described (Ghadieh et al., 2015). Locomotor and physical 

activities were detected via an optical beam measuring vertical and horizontal movements. 

O2 consumption (VO2), CO2 production and energy expenditure were measured every 20 

minutes. The bar graphs show indirect calorimetry parameters (VO2, VCO2, RER, etc) over 

the 72 hour period. In total, there are 864 individual points per group with each individual 

point representing the value of a 20 minute interval (3 individual points per hour x 72 hours 

x 4 mice per group = 864). Data is reported as mean ± SEM of light (600–1800 h) and dark 

(1800–600 h) cycles (Ghadieh et al., 2015).

Body Temperature Assessment

At 9 months of age, body temperature measurements were obtained using a rectal 

temperature probe thermometer (Thermalert TH.5, Physitemp NJ) between 9:00–10:00am in 

the light cycle and 9:00–10:00pm in the dark cycle, as described (Chong et al., 2015a). As 

specified, baseline readings were obtained from mice with ad libitum access to food and 

water or following a 12–16h overnight fast.

In the acute cold challenge, we fasted mice overnight and then individually caged them with 

bedding in a 4°C cold room for 80 minutes. Body temperature was recorded every 20 

minutes (Chong et al., 2015a) and food was given when the mice were returned to standard 

temperatures.

BAT Histology and Immunohistochemistry

Paraffin-embedded BAT tissues were sectioned for staining with H&E (Qiu et al., 2013) or a 

primary antibody; rabbit anti-TH (Abcam, ab112), rabbit anti-beta 3 adrenergic receptor 

(Abcam, ab94506); and a biotinylated goat anti-rabbit IgG secondary antibody (Vector lab, 

Manaserh et al. Page 5

J Endocrinol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BA-1000). Immunohistochemical staining was performed as previously described (Nobili et 

al., 2017). Sections were photographed using an Olympus BX61US microscope (X-cite 120 

LED boost EXCELITAS technology) with OlyVia 2.9 software. For H&E staining, BAT 

sections were automatically analyzed by evaluating the size and number of fat droplets via 

ImageJ software. Images were thresholded using the default setting, size (pixel^2) was set 

from 50-infinity, and circularity was set from 0.2–1.00. For tyrosine hydroxylase (TH) 

staining, nerve terminals were counted manually at 40× using OLYvia 2.9 software. For beta 

3 adrenergic receptor (βAR3) staining, a score was then giving in a range from 1 (lowest 

βAR3 expression intensity) to 5 (highest expression intensity). For TH staining and beta 3 

adrenergic receptor (βAR3) staining, images obtained from olyvia 2.9 software were 

evaluated in a blinded manner by three qualified scientists.

Statistical Analysis

All values in the text and figures are presented as mean ± SEM of independent experiments 

for the given n-sizes. Statistical significance was determined by two-way ANOVA with 

Tukey post-hoc test or three-way ANOVA with repeated measures followed by Tukey post-

hoc test. For all statistical tests, a p value of P<0.05 was considered significant. Analyses 

were performed using GraphPad Prism 8 software (Graph Pad).

Results

To create an astrocyte-specific deletion of the IR (IRKOGFAP mice), IRloxp mice were 

crossed with a mouse line expressing GFAP promotor-driven cre-recombinase (Konner et 

al., 2007). In mature astroglia, GFAP is the core intermediate filament protein; it is also an 

important element of their cytoskeleton during development (Reeves et al., 1989, 

Middeldorp and Hol, 2011). Thus, these mice lack IR in GFAP-expressing cells throughout 

life. First, we established that the GFAP-cre mouse line alone shows no significant 

difference in body composition and systemic metabolism when compared to IRloxp mice 

(Figure S1 B-H). We have previously characterized the specificity of this deletion (Manaserh 

et al., 2019). Western blotting confirmed lower IR protein levels in the brains of IRKOGFAP 

mice (Manaserh et al., 2019). When crossed with a cre-dependent tdTomato red fluorescent 

protein (RFP) reporter line, RPF was observed in IRKOGFAP astrocytes (Manaserh et al., 

2019); 94% of GFAP immunopositive cells were found to show RFP staining. However, 

there was no localization with RFP when neurons were labeled with the neuronal marker 

NeuN (Manaserh et al., 2019). By using the astrocyte cell surface antigen-1 (ACSA-1) for 

fluorescence-activated cell sorting (FACS), we isolated astrocytes from IRKOGFAP mice that 

exhibited substantially lower IR mRNA levels when compared to astrocytes from control 

animals and non-astrocyte pools of cells (Manaserh et al., 2019). Gene expression of 

neuronal (MAP-1), tanycytic (Hes-1 and Hes-5), microglia (Cd11b), and endothelial (vWF) 

markers were also measured in the astrocyte pool isolated by FACS and confirmed the purity 

and specificity of these astrocytes. To further validate the specificity of our model, we tested 

IR expression in peripheral tissues related to thermoregulation including liver, BAT, and 

WAT via PCR (Figure S1 A). Finally, we used magnetic cell sorting to isolate astrocytes 

expressing the NA+-dependent glutamate transporter (GLT-1). Western blotting of this 

population demonstrated prostaglandin E2 (PGE2) synthase levels were lower only in 
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astrocytes from IRKOGFAP mice (Manaserh et al., 2019). Thus, multiple sources of evidence 

demonstrate that this line of mice exhibit a specific deletion of the IR in astrocytes.

Using this model, we first examined energy balance and glucose regulation. There were no 

significant differences in mean bodyweight between IRKOGFAP and IRlxop mice at each age 

considered (Figure S2 A-B). IRKOGFAP and IRloxp groups also showed comparable fat and 

lean mass percentages at 2 months of age, but higher fat mass and lower lean mass 

percentages were observed in IRKOGFAP females at 7 months of age (Figure S2 C-D). 

Insulin tolerance testing (ITT) revealed sex differences where IRKOGFAP male mice 

developed insulin resistance starting as early as 2 months. Insulin resistance was also 

confirmed at 7 months of age in IRKOGFAP male mice (Figure 1 A-C). Unlike males, 

congenital deletion of astrocyte IR in female mice led to glucose intolerance at 7 months of 

age (Figure 1 D-F). In contrast, we found that the GFAP-cre only mouse line has a 

phenotype similar to IRloxp mice (Figure S1 E-H). IRKOGFAP mice exhibited comparable 

fasting insulin and glucose levels at 7–8 months of age (Figure S3 A-C).

At 7–8 months of age, IRKOGFAP mice showed comparable locomotion and food intake to 

control animals (Figure S4 A-G). Interestingly, more lipid droplets were seen in their livers 

(Figure 2 A-B, F) along with higher pro-inflammatory TNF-α gene expression in IRKOGFAP 

females, lower anti-inflammatory IL-10 mRNA in IRKOGFAP males, and comparable 

expression of the cholesterol transport marker LXR-α gene in the liver of both sexes (Figure 

2 C-E). Notably, IRKOGFAP female mice also displayed lower O2 consumption (VO2) 

(Figure 3 A-B) and had an elevated respiratory exchange ratio (RER), indicating that they 

utilize less fat for energy production (Figure 3 E). Unlike females, IRKOGFAP male mice 

exhibited lower VO2, CO2 production (VCO2) and RER compared to controls (Figure 3 A-

E).

The energy expenditure of male IRKOGFAP mice was lower in IRKOGFAP males (Figure 4 

A-B), suggesting less thermogenesis. Indeed, in the fed state, IRKOGFAP mice exhibited 

lower body temperature in the dark phase (female 33.62 ± 0.2662, male 33.18 ± 0.2418) 

when compared to the IRloxp group (female 36.76 ± 0.1647, male 36.61 ± 0.2029) (Figure 4 

C). After an overnight fast, IRKOGFAP mice displayed a substantially lower body 

temperature in the light phase (female 32.92 ± 0.4120, male 32.61 ± 0.1184) when 

compared to controls (female 35.88 ± 0.2833, male 34.66 ± 0.2534) (Figure 4 D). We next 

tested whether IRKOGFAP mice were able to defend their body temperature during an acute 

cold temperature challenge. Although IRKOGFAP mice exhibited a lower body temperature 

at 0 and 20 minutes, body temperatures at 40, 60 and 80 minutes of the cold challenge did 

not differ from controls. (Figure 4 E)

IRKOGFAP female mice showed larger fat droplets and a lower number of adipocytes in BAT 

(Figure 5 A, C-D). Similar results were seen in males (Figure 5 B, C-D). IRKOGFAP mice 

displayed lower UCP-1 mRNA levels in females with a similar trend in males (Figure 6 A), 

suggesting less SNS outflow. Lower SNS input to BAT may increase apoptosis of adipocytes 

(Penicaud et al., 2000). Indeed, we found higher pro-apoptotic markers C/EBP Homologous 

Protein (CHOP) and Bcl-2 homologous antagonist/killer (BAK) mRNA levels (Figure 6 C-
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D), and less anti-apoptotic marker B-cell lymphoma-extra-large mRNA (Bcl-XL) in 

IRKOGFAP female mice (Figure 6 E).

Tyrosine hydroxylase (TH) is a rate limiting enzyme for catecholamine biosynthesis that 

serves as a marker of denervation (Daubner et al., 2011). IRKOGFAP mice had fewer TH 

positive nerve endings (119.3 ± 9.735) in BAT when compared to controls (523.3 ± 26.03) 

(Figure 7 A,C-D). We then determined the levels of β3-adrenergic receptor (βAR3), a G-

protein coupled receptor that increases UCP1 levels (Fig. 8). In addition to lower βAR3 

mRNA levels in IRKOGFAP females (Figure 6 B), both IRKOGFAP female and male mice 

had lower protein levels of βAR3 (Figure 8 A-C). These results suggest that insulin 

resistance in astrocytes alters SNS outflow to BAT. All outlier data points have been 

included in the main statistical analysis.

Discussion

Maintaining a constant body temperature requires a substantial amount of energy. Therefore, 

sensing energy availability is a critical function of thermoregulatory circuits. The hormone 

insulin is one of several metabolic signals that regulate the decision whether to defend a 

normal body temperature at temperatures below thermoneutrality or to reduce metabolic rate 

(Humphries et al., 2003, Swoap, 2008). Defense of a chronically lower body temperature set 

point can conserve energy.

Descending pathways from thermoregulatory centers in the hypothalamus and hindbrain 

regulate sympathetic neural outflow to BAT to control heat production. The median preoptic 

nucleus (MnPO) and the medial preoptic area (POA), containing warm-sensitive neurons, 

were originally recognized as playing a critical role for eliciting fever (Cooper et al., 1967, 

Lazarus et al., 2007, Morrison et al., 2008, Nakamura and Morrison, 2008, Romanovsky et 

al., 2009). They have reciprocal connections with the OVLT, a structure at the anterior wall 

of the third ventricle that senses circulating pyrogens (Ott et al., 2010, Blatteis, 1992). 

Neurons in the preoptic hypothalamus are believed to provide a tonic inhibitory GABAergic 

input to thermogenic pre-sympathetic neurons in the rostral medullary raphe nucleus (RMR) 

of the brain stem. In addition to the direct inhibitory projection from the preoptic 

hypothalamus to the RMR, this structure also receives input from the preoptic hypothalamus 

via a relay in the dorsomedial hypothalamus (DMH). The input from the DMH is excitatory, 

though still under inhibitory control from the preoptic hypothalamus (Nakamura et al., 

2005). The DMH is a critical node for cold induced thermogenesis (Almeida et al., 2006); 

thermogenesis through sympathetic activation of BAT requires the disinhibition of the 

projection to the RMR from the DMH (Rathner et al., 2008). Shivering thermogenesis may 

also be mediated by this pathway (Nakamura and Morrison, 2011). Other hypothalamic 

regions, including the VMH, LHA, PVH, and arcuate (via projections to the PVH) also 

modify the sympathetic activation of thermogenesis in BAT and BeAT (Fuller et al., 1975, 

Holt et al., 1987, Contreras et al., 2017, Lage et al., 2016, Amir and Schiavetto, 1990, 

Monda et al., 1997).

Insulin is known to play a role in the neuronal control of body temperature (Sanchez-Alavez 

et al., 2010, Chong et al., 2015a). Insulin can cause hyperthermia by direct inhibition of 
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warm-sensitive neurons in the POA (Sanchez-Alavez et al., 2010). However, a role for 

astrocyte insulin sensing has not been previously identified. Previous work has shown that 

insulin signaling in astrocytes regulates GLUT-1 expression, the number and/or length of 

astrocyte processes throughout the brain, and the activation and synaptic contacts of neurons 

in the arcuate nucleus (Garcia-Caceres et al., 2016, Salameh et al., 2016). In addition, insulin 

signaling in astrocytes has been shown to increase exocytosis of ATP from astrocytes, which 

can alter the function of adjacent neurons (Cai et al., 2018). Through such means, insulin 

responsive astrocytes in the vicinity of thermogenic circuits may help those neurons respond 

in a metabolically appropriate manner.

In IRKOGFAP mice, regulation of basal body temperature was disturbed when the mice were 

awake, the time period during which feeding and other activity occurs. The drop of body 

temperature during their period of highest physical activity is surprising. Insulin is known to 

affect postprandial thermogenesis; intranasal insulin administration in humans enhances the 

acute thermoregulatory response to food intake (Benedict et al., 2011). However, the basal 

body temperature of IRKOGFAP mice was 1–2 degrees lower under the dark phase in fed 

conditions as well as overnight fasted conditions. The latter finding argues against an 

alteration in postprandial heat generation accounting for the difference in temperature.

It is also possible that insulin action in astrocytes of the blood-brain barrier underlies the 

alteration in body temperature in this model. Others have demonstrated a lower availability 

of glucose to hypothalamic neurons in IRKOGFAP mice due to reduced glucose transport into 

the brain (Cai et al., 2018)(Garcia-Caceres et al., 2016). Increased glucose demand by 

neurons in the awake animal (Thomas et al., 2000) may result in insufficient local glucose 

availability to hypothalamic neurons for efficient body temperature regulation. If so, one 

would expect that mouse lines lacking astrocyte IR expression only in adulthood would 

share this phenotype. While body temperature does not appear to have been directly 

measured in such mice, they reportedly show normal energy expenditure (Cai et al., 2018), 

contrary to predictions if body heat were affected. The contrasting finding of lower energy 

expenditure in IRKOGFAP male mice in the current study suggests that the absence of insulin 

signaling in astrocytes during development leads to altered body temperature circuitry. 

Neuronal insulin signaling can influence neuronal survival (Mielke et al., 2006, Valenciano 

et al., 2006), dendritic outgrowth and arbor development (Govind et al., 2001, Cheng et al., 

2003), and the maintenance of synapses (Chiu and Cline, 2010). Several IR signaling 

pathways have been implicated in excitatory synaptic connectivity and dendritic structure 

(Wu et al., 2001, Dunah et al., 2005). Whether these processes are also modulated by insulin 

sensing by astrocytes is unclear but deserves attention.

Given the lack of an effect of astrocytic IR signaling on total body weight, it is unsurprising 

that chronic absence of astrocyte insulin signaling driven by congenital expression of 

hGFAP-cre caused no change in body composition, locomotor activity, or food intake at 2 

months of age. However, sex differences in systemic metabolism were notable. While 

IRKOGFAP male mice demonstrated insulin resistance at 2 months and 7 months of age, 

IRKOGFAP females did not. Instead, IRKOGFAP females exhibited a higher fat mass (%) and 

lower lean mass (%) at 7 months of age, accompanied by glucose intolerance. These 

findings suggest that these metabolic effects of insulin signaling in astrocytes are solely due 
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to effects in the adult brain. Indeed, adult deletion of IR in GFAP-expressing cells altered 

astrocytic morphology and circuit connectivity (Garcia-Caceres et al., 2016).

Despite a lower basal body temperature, IRKOGFAP mice exhibited a normal increase in 

temperature when exposed to a major cold challenge. Astrocyte populations that respond to 

metabolic factors are likely distinct from those involved in responding to cold conditions, 

similar to recent findings regarding insulin-sensing neurons. When insulin and leptin 

receptors are deleted from Nkx2.1-positive neurons of the hypothalamus and basal ganglia, 

mice expend less energy, resulting in higher body weight and adiposity (Chong et al., 

2015b). These double knockout mice also exhibited a 1.5°C lower core body temperature 

during the fed state when housed at 20–22°C, a mild cold stress. Further, these mice 

dramatically reduce their body temperature during a fast (Chong et al., 2015a, Chong et al., 

2015b). At 4°C, however, fasted mice were able to quickly increase their body temperature 

(Chong et al., 2015b). Neurons in the midbrain and brainstem that form polysynaptic 

connections with BAT may be sufficient to maintain a thermogenic response to an acute cold 

challenge (Hermann et al., 2006, Nautiyal et al., 2008). These brain regions may 

differentially regulate sympathetic outflow to WAT and BAT in response to fasting and cold 

exposure (Brito et al., 2008, Murano et al., 2009, Bamshad et al., 1999, Bamshad et al., 

1998). A recent study found a differential sympathetic drive to WAT and BAT for different 

lipolytic stimuli; for example, fasting altered beiging selectively in subcutaneous WAT 

without affecting BAT, an effect that was replicated by activation of AgRP neurons in the 

ARC (Ruan et al., 2014). In contrast, RIP‐Cre neurons in VMH regulated WAT beiging and 

lipolysis preferentially in WAT in response to cold exposure but not fasting (Wang et al., 

2018). These studies shed light on how regional neuronal circuits can tailor the modulation 

of body temperature to the type of stimulus received.

An important caveat for these considerations derives from the limitations of rectal probe 

measurement of body temperature. This procedure may be uncomfortable for the mice, and 

stress is known to induce vasoconstriction to maintain core body temperature (Charkoudian, 

2010). Repeated probe measurements in the cold challenge may therefore have interfered 

with the natural response to the low external temperature in both the experimental and 

control groups. Future experiments should employ intra-BAT and/or intraperitoneal 

implanted temperature probes to examine longitudinal body temperature regulation without 

mouse handling.

IRKOGFAP female mice exhibited less VO2 consumption and higher RER, indicating that 

they utilize less fat for energy homeostasis. In male mice, an RER of around 0.87 for IRloxp 

and 0.82 for IRKOGFAP shows CO2 production was lowered more than O2 consumption in 

the IRKOGFAP males. Our model exhibits that less β3-adrenergic receptor and UCP-1 gene 

expression was seen in IRKOGFAP female BAT, with only a trend towards a reduction in 

IRKOGFAP males. These findings suggest less SNS outflow, which may increase apoptosis 

of adipocytes (Penicaud et al., 2000). In accord with this idea, we found that IRKOGFAP 

mice exhibited fewer adipocytes with bigger fat droplets in BAT. Interestingly, we found sex 

differences in BAT morphology. While IRKOGFAP females showed lower β3-adrenergic 

receptor and UCP-1 gene expression, IRKOGFAP males demonstrated higher expression of 

pro-apoptotic (CHOP and BAK) genes and lower expression of anti-apoptotic (Bcl-XL) 
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genes. These findings support the idea that astrocyte insulin signaling affects thermogenesis 

by modulating SNS outflow to BAT.

Several mechanistic questions remain to be explored. Interestingly, the phenotype of 

IRKOGFAP mice is associated with lower PGE2 synthase in the hypothalamus (Manaserh et 

al., 2019), which catalyzes the conversion of prostaglandin H2 to PGE2. PGE2, a 

prostaglandin synthesized by cyclooxygenases (COX), plays a key role in regulating body 

temperature (Cao et al., 1997, Matsumura et al., 1997, Feleder et al., 2004). Indeed, several 

studies suggest astrocyte PGE2 production may influence body temperature regulation (Yun 

et al., 2011, Kageyama et al., 2013) by altering the function of adjacent neurons (Clasadonte 

et al., 2011). Previous studies in humans have shown that blockade of PGE2 production by 

COX inhibitors can lead to hypothermia (Donaldson and Keatinge, 1997). Overall, our 

findings are consistent with central insulin action regulating thermogenesis via astrocyte 

production of PGE2.

Notably, the POA is the site most sensitive to the pyrogenic action of PGE2 (Scammell et al., 

1996a, Scammell et al., 1998) and expresses a high concentration of the PGE2 receptor EP3 

(Ek et al., 2000, Oka et al., 2000, Vasilache et al., 2007). Administration of PGE2 into the 

POA of the monkey resulted in a marked and dose-dependent fever response (Onoe et al., 

1992), while PGE2 injection into the POA of rats induced fever and Fos induction in the 

ventromedial POA and the paraventricular nucleus (PVH) (Scammell et al., 1996b). In mice, 

low PGE2 levels in the POA can reduce body temperature (Bhatnagar et al., 1993b, Yoshida 

et al., 2009). Preoptic neurons are silenced when PGE2 binds to EP3 receptors, hence 

providing a disinhibition of RMR presympathetic neurons. Neurons found in the MnPO are 

responsive to the action of PGE2 and project directly to the RMR (Yoshida et al., 2009). 

Skin vasoconstriction due to skin cooling or PGE2 delivery to the preoptic hypothalamus 

depends on the inhibition of the direct projection from the POA to the RMR. Administration 

of PGE2 to the PVH also leads to the activation of BAT thermogenesis (Bhatnagar et al., 

1993a, Contreras et al., 2017). The POA and PVH are thus prime candidates for further 

investigation of the role of insulin-sensitive astrocytes in thermogenesis.

In summary, our data confirm that impaired insulin signaling in astrocytes lead to systemic 

insulin and glucose dysregulation largely due to actions in the adult brain. These studies 

have demonstrated that astrocyte insulin signaling contributes to body temperature 

regulation by influencing sympathetic stimulation of heat generation by BAT. It is possible 

that the lower production of astrocyte PGE2 synthase induced by absence of astrocytic 

insulin signaling contributes to dysregulation of body temperature in this model. Given that 

thermogenesis is a critical component of energy expenditure, our results suggest that insulin 

resistance in astrocytes may contribute to the development of obesity and type 2 diabetes or 

exacerbate these conditions when already present, providing a potential target for therapeutic 

strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IRKOGFAP mice exhibit sex differences in insulin sensitivity and glucose tolerance over 
time.
(A) Insulin tolerance test (ITT) measurements of blood glucose levels for females (n=9–14 

per group) and males (n=9–13 per group) after peripheral insulin injections (0.75U/kg IP) at 

2 months of age. (B) ITT measurements of blood glucose levels for females (n= 6–8 per 

group) and males (n=7 per group) after peripheral insulin injections at 7 months of age. (C) 
Area under curve (AUC) measurements of ITT for females and males at 2 months and 7 

months of age. (D) Glucose tolerance test (GTT) measurements of blood glucose levels for 

females (n=10 per group) and males (n=9–11 per group) after peripheral glucose injection 

(2g/kg) at 2 months of age. (E) GTT measurements of blood glucose levels for females 

(n=6–8 per group) and males (n=7 per group) after peripheral glucose injection at 7 months 

of age. (F) Area under curve (AUC) measurements of GTT for females and males at 2 

months and 7 months of age. The female IRloxp group is represented with light pink line/

dots, female IRKOGFAP group with dark pink line/dots, male IRloxp group with light blue 
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line/dots and male IRKOGFAP group with dark blue line/dots. Values are expressed as means 

± SEM. * P<0.0332, * * P<0.0021, *** P<0.0002, **** P< 0.0001 by three-way ANOVA 

and Tukey post-hoc test relative to IRKOGFAP versus IRloxp groups.
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Figure 2. IRKOGFAP mice exhibit alterations in liver morphology and inflammation at 7–8 
months of age.
(A-B) Histological H&E and ORO analysis of liver sections in females (n=3–4 per group) 

and males (n=4 per group). (C) Quantification of RT-PCR data showing fold change 

(RQ=2−ΔΔCt) in TNF-α mRNA expression in female and male mice (n=4 for females and 4–

6 for males). (D) Quantification of RT-PCR data showing fold change in IL-10 mRNA levels 

in females and males (n=4–5 for females and 4–6 for males). (E) Quantification of RT-PCR 

data showing fold change in LXR- α mRNA expression in females and males (n=5 for 

females and 4–5 for males). (F) Quantitative analysis of fat droplets in liver tissues of female 

and males mice (n=3 per group). Female IRloxp group is represented with black bar/circle 

dots, female IRKOGFAP group with dark grey bar/triangle dots, male IRloxp group with black 

bar/circle dots and male IRKOGFAP group with dark grey bar/triangle dots. Values are 

expressed as means ± SEM. * P<0.0332, * * P<0.0021, *** P<0.0002, **** P< 0.0001 by 

two-way ANOVA and Tukey post-hoc test relative to IRKOGFAP versus IRloxp groups.
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Figure 3. At 7–8 months of age, IRKOGFAP mice display significant sex differences in energy 
utilization.
IRKOGFAP mice were fed ad libitum and subjected to indirect calorimetry analysis to assess 

light and dark cycle of (A) O2 consumption in females and males, (B) carbon dioxide 

production (VCO2) in females and males and (C) respiratory exchange ratio (RER) in 

female and male mice. Values represent measurements of 3 consecutive days. n=4 per group. 

The female IRloxp group is represented with a light pink line/black bar, the female 

IRKOGFAP group with a dark pink line/grey bar, the male IRloxp group with a light blue line/

black bar and the male IRKOGFAP group with a dark blue line/grey bar. Values are expressed 

as means ± SEM. * P<0.0332, * * P<0.0021, *** P<0.0002, **** P< 0.0001 by three-way 

ANOVA and Tukey post-hoc test relative to IRKOGFAP versus IRloxp groups.
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Figure 4. Despite sex differences in energy expenditure, IRKOGFAP mice display a significant 
reduction in body temperature at 9 months of age.
IRKOGFAP mice were fed ad libitum and subjected to indirect calorimetry analysis to assess 

light and dark cycle of (A) energy expenditure for three consecutive days for female and 

male mice (n=4 per group). Recording of body temperature measurements via rectal probe 

in females and males during (B) fed state, (C) overnight fasting, and (D) overnight fasting/

cold exposure condition. n= 8–10 per group for females, n=7–8 per group for males. The 

female IRloxp group is represented with a light pink line/black bar, the female IRKOGFAP 

group with a dark pink line/grey bar, the male IRloxp group with a light blue line/black bar 

and the male IRKOGFAP group with a dark blue line/grey bar. Values are expressed as means 

± SEM. * P<0.0332, * * P<0.0021, *** P<0.0002, **** P< 0.0001 by two-way ANOVA and 

Tukey post-hoc test (panel D) and three-way ANOVA and Tukey post-hoc test relative to 

IRKOGFAP versus IRloxp groups.
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Figure 5. IRKOGFAP mice show alterations in BAT morphology and larger droplet size at 9 
months of age.
(A-B) Histological H&E analysis in females and males. (C) Quantitative analysis of fat 

droplet area in female and male mice. (D) Quantification of BAT cell counts in females and 

males. n=3 per group. Female IRloxp group is represented with black bar/circle dots, female 

IRKOGFAP group with dark grey bar/triangle dots, male IRloxp group with black bar/circle 

dots and male IRKOGFAP group with dark grey bar/triangle dots. Values are expressed as 

means ± SEM. * P<0.0332, * * P<0.0021, *** P<0.0002, **** P< 0.0001 by two-way 

ANOVA and Tukey post-hoc test relative to IRKOGFAP versus IRloxp groups.
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Figure 6. At 9 months of age, IRKOGFAP BAT exhibit sex differences in gene expression that are 
consistent with lower thermogenesis and higher apoptosis.
Quantification of RT-PCR data showing fold change (RQ=2−ΔΔCt) in (A) UCP-1 mRNA 

levels, (B) βAR3 mRNA levels, (C) pro-apoptotic marker CHOP mRNA levels, (D) pro-

apoptotic BAK mRNA levels, and (E) Anti-apoptotic Bcl-XL mRNA levels in female and 

male BAT tissues. (n=4–7 per group). The female IRloxp group is represented with black bar/

circle dots, the female IRKOGFAP group with dark grey bar/triangle dots, the male IRloxp 

group with black bar/circle dots and the male IRKOGFAP group with dark grey bar/triangle 

dots. Values are expressed as means ± SEM. * P<0.0332, * * P<0.0021, *** P<0.0002, **** 

P< 0.0001 by two-way ANOVA and Tukey post-hoc test relative to IRKOGFAP versus IRloxp 

groups.
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Figure 7. IRKOGFAP mice show less innervation of BAT tissue at 9–10 months of age
(A-B) Representative images of immunohistochemical (IHC) sections of unstained and 

stained tyrosine hydroxylase (TH) in BAT tissues of females and males. (C) Quantitative 

analysis of positive nerve terminals in females and males. n=3 per group. The female IRloxp 

group is represented with a black bar/circle dots, the female IRKOGFAP group with dark a 

grey bar/triangle dots, the male IRloxp group with a black bar/circle dots and the male 

IRKOGFAP group with a dark grey bar/triangle dots. Values are expressed as means ± SEM. 

* P<0.0332, * * P<0.0021, *** P<0.0002, **** P< 0.0001 by two-way ANOVA and Tukey 

post-hoc test relative to IRKOGFAP versus IRloxp groups.
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Figure 8. At 9–10 months of age, IRKOGFAP mice show lower β-adrenergic receptor 3 levels in 
BAT tissues.
(A-B) Representative images of immunohistochemical (IHC) sections of unstained and 

stained βAR3 density of BAT tissues in females and males. (C) Quantification of the density 

of browning with a score from 1 (lowest intensity) to 5 (highest intensity) in female and 

male mice. n=3 per group. The female IRloxp group is represented with a black bar/circle 

dots, the female IRKOGFAP group with a dark grey bar/triangle dots, the male IRloxp group 

with a black bar/circle dots and the male IRKOGFAP group with a dark grey bar/triangle 

dots. Values are expressed as means ± SEM. * P<0.0332, * * P<0.0021, *** P<0.0002, **** 

P< 0.0001 by two-way ANOVA and Tukey post-hoc test relative to IRKOGFAP versus IRloxp 

groups.
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