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Mice lacking peroxisome-proliferator activated receptor-g (PPARg) in neurons do not become leptin
resistant when placed on a high-fat diet (HFD). In male mice, this results in decreased food intake and
increased energy expenditure, causing reduced body weight, but this difference in body weight is not
observed in female mice. In addition, estrous cycles are disturbed and the ovaries present with hem-
orrhagic follicles.We observed that PPARgwasmore highly expressed in astrocytes than neurons, so we
created an inducible, conditional knockout of PPARg in astrocytes (AKO). The AKO mice had impaired
glucose tolerance and hepatic steatosis that did not worsen with HFD. Expression of gluconeogenic
genes was elevated in the mouse livers, as was expression of several genes involved in lipogenesis, lipid
transport, and storage. The AKO mice also had a reproductive phenotype with fewer estrous cycles,
elevated plasma testosterone levels, reduced corpora lutea formation, and alterations in hypothalamic
and ovarian gene expression. Thus, the phenotypes of the AKOmice were very different from those seen
in the neuronal knockout mice, suggesting distinct roles for PPARg in these two cell types.

Copyright © 2017 Endocrine Society

This article has been published under the terms of the Creative Commons Attribution Non-
Commercial, No-Derivatives License (CC BY-NC-ND; https://creativecommons.org/licenses/by-nc-
nd/4.0/).
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Previous studies have reported that peroxisome-proliferator activated receptor-g (PPARg)
activation in the central nervous system (CNS) may be neuroprotective, influence energy
intake and expenditure, and modulate reproductive cycles [1–6]. Consistent with these
findings, PPARg is expressed in neurons and astrocytes in key brain areas involved in
cognitive function, energy homeostasis, and reproduction [7]. We previously reported that
neuronal PPARg contributes to weight gain in diet-induced obesity (DIO) and in response to
rosiglitazone treatment inmale mice, is essential for obesity-induced leptin resistance, and is
required for the improvement of liver insulin sensitivity upon rosiglitazone treatment,
suggesting effects on vagal output [4]. In female mice, we subsequently showed that neuronal

Abbreviations: AKO, knockout of PPARg expression in astrocytes; CNS, central nervous system; DIO, diet-induced obesity; FSH,
follicle-stimulating hormone; Fshr, follicle-stimulating hormone receptor; GC, granulosa cell; GFAP, glial fibrillary acidic protein;
GnRH, gonadotropin-releasing hormone; GTT, glucose tolerance test; HFD, high-fat diet; IP, intraperitoneal; ITT, insulin tolerance
test; LFD, low-fat diet; LH, luteinizing hormone; PCR, polymerase chain reaction; PPARg, peroxisome-proliferator activated receptor-
g; Slc1a2, glutamate transporter GLT-1; WT, wild type.
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PPARg does not alter weight gain in DIO, unlike male mice, but is still required for obesity-
induced leptin resistance via the induction of Socs3 [3]. We also showed that neuronal PPARg
is required for optimal female fertility by regulating luteinizing hormone (LH) surges and
ovulation.

Although neuronal circuits regulating food intake, energy expenditure, and the
hypothalamic-pituitary-gonadal axis have been the focus of intense investigation, the role of
glial cells has been largely overlooked [8–10]. These cells make up 50% of the cells in the brain
and comprise several important subtypes [11, 12]. Astrocytes are themost abundant glial cell
in the CNS and have abundant projections resulting in a star-like morphology. They are an
essential component of the blood-brain barrier, linking neurons to their blood supply, but they
also support energy requirements, providing lactate and glutamine, and support neuronal
function by clearing potassium and recycling neurotransmitters in synapses [13–15]. They
can also become activated (astrogliosis) to form scar tissue around lesions and to clear
damaged neurons. Astrocytes have an important metabolic function: 60% of glucose is
converted into lactate and delivered to adjacent neurons via themonocarboxylate transporter
MCT-1 [16]. Only a small proportion of brain energy (20%) comes from fatty acid oxidation,
and this likely reflects lipid oxidation as an energy source for astrocytes, because the pyruvate
derived from glycolysis is primarily converted to lactate for neurons, rather than entering the
tricarboxylic acid cycle [16]. Recent evidence has shown that astrocytes may also play an
active role in regulating peripheral metabolism [17]. Insulin signaling in astrocytes controls
glucose-induced activation of POMC neurons [18], and leptin signaling in astrocytes controls
feeding and obesity [19, 20]. Astrocyte inflammation is involved in promoting weight gain
after a high-fat diet (HFD) feeding and loss of NF-KB signaling reduces food intake and
increases energy expenditure [21, 22].

Astrocytes have also been postulated to contribute to reproductive regulation. Tanycytes, a
specialized subtype of astrocyte, contact the axon termini of gonadotropin-releasing hormone
(GnRH) neurons in themedian eminence andmodulateGnRH release [23–25]. Astrocytes can
suppress postsynaptic currents in GnRH neurons [26, 27] and can produce RFRP-3, which
inhibits GnRH secretion and action [28–30]. Conversely, prostaglandin E2 release from
astrocytes can trigger GnRH neuron firing via EP2 receptors [31]. A functional connection is
supported by physical evidence that astrocytes and GnRH neurons interact via the synaptic
cell adhesion molecule 1 [32]. Given the effects of PPARg activation in the CNS and our
observation that PPARgwas expressedmore highly in astrocytes than neurons, we created an
inducible, conditional deletion of PPARg in astrocytes using a GFAP-Cre-ERT [33] mouse
crossed with our PPARg floxed mice to investigate the involvement of astrocyte PPARg in
metabolism and reproduction in female mice.

1. Materials and Methods

A. Animals

Male Ppargflox/flox [34, 35] mice (C57Bl/6 background) were bred with female GFAP-Cre-
ERT (GCTF-CRE) mice (Balb/c background; Dr. Frank Kirchhoff, Max Planck Institute,
Gottingen, Germany) [33] to generate female Ppargflox/+:GCTF-Cre mice, which were then
bred to Ppargflox/flox male mice to obtain cre+ Ppargflox/flox:GCTF-Cre mice (referred to as
AKO) and Ppargflox/flox littermate controls (referred to as WT). The GCTF-Cre allele was
alwaysmaintained on the female side.Micewere housed in a 12-hour light, 12-hour dark cycle
at 22°Cwith ad libitum access to food andwater. All experimental protocols were approved by
the Institutional Animal Care and Use Committee at the University of California, San Diego,
and in accordance with the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. We focused on female mice in this study to compare the effects of PPARg
loss in astrocytes with PPARg loss in neurons that we recently reported [3].

Genotyping of the mice was performed using sequence-specific primers Pparg-flox and Cre
(Supplemental Table 1). All mice used were used on the mixed C57Bl/6:Balb/c background.
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Mice were fed a diet containing 400 mg of tamoxifen citrate (TAM) per kilogram,
(TD.07262; Harlan Laboratories, Madison, WI) for 2 weeks starting at 11 weeks of age to
induce the knockout in Cre+ mice (termed AKO). Cre2 mice treated with the same diet and
Cre+mice not treated with tamoxifen were used as the control group (termedWT). Mice were
then returned to a normal chow diet for another 2 weeks to allow for the metabolism and
excretion of TAM before proceeding with experiments. The PPARg knockout was confirmed
by polymerase chain reaction (PCR) on genomic DNA using the primers Pparg-recombined
(Supplemental Table 1). PCR with this primer pair gives a 230-bp product.

A-1. High-fat diet feeding and measurement of estrous cycles

Groups of AKO andWT female mice were randomly assigned to a 60%HFD to induce obesity
or to a matched 10% low-fat diet (LFD; D12492 and D12450B; Research Diets, New
Brunswick, NJ) for the remainder of the study. Major lipid components of the HFD are
derived from lard and include 20% palmitic acid, 11% stearic acid, 34% oleic acid, and 29%
linoleic acid, resulting in 32% saturated, 36% monounsaturated, and 32% polyunsaturated
fat. Bodyweight and food intake datawere recordedweekly. Femalemice were evaluated for
estrous cycles over 27 days by vaginal lavage starting 2 weeks after the cessation of the
tamoxifen treatment or after 18 weeks on a HFD or LFD. Smears were classified as diestrus
or metestrus, proestrus, and estrus on the basis of cellular morphology. A cycle was defined
as a day of diestrus or metestrus followed by a day of proestrus and a day of estrus. The first
6 days of the cycling were excluded from analysis to allow the mice to acclimatize to the
procedure.

B. Tissue Collection and Histology

Ovaries, brain, pituitaries, and other tissues were collected for histology and RNA extraction
when themicewere killed. Paraffin-embedded sections (5mm)were cut, dewaxed, and stained
with hematoxylin and eosin. Follicle number and stage, and corpora lutea number were
counted on three to five sections from ovaries from three to four mice per group and are
presented as mean number per section. Follicle stages were defined as follows: Follicles were
classified as primordial if they contained an oocyte surrounded by a partial or complete layer
of squamous granulosa cells; as 1° if there was a single layer of cuboidal granulosa cells (GCs);
as 2° if there were two or more layers of cuboidal GCs but no antrum; as early antral if there
were small patches of clear space between GCs; as antral if there was a clearly defined
antrum; and as atretic if there was irregular oocyte morphology. Ovarian sections examined
were separated by 50 mm. Images were scanned using an Aperio ImageScope and analyzed
using the Imagescope software (Leica, Buffalo Grove, IL).

C. Gene Expression

Total RNA was extracted from the tissues, using RNAbee (Tel-Test, Friendswood, TX) and
RNA purification kits from Qiagen (Germantown, MD), following the manufacturers’ in-
structions. First-strand complementary DNA was synthesized using a high-capacity com-
plementary DNA synthesis kit (Applied Biosystems, Waltham, MA). Quantitative PCR
assays were run in 20-mL triplicate reactions on an MJ Research Chromo4 instrument (Bio-
Rad, Hercules, CA) or in 7-nL reactions on a BioMark HD System (Fluidigm, South San
Francisco, CA). Primer sequences are listed in Supplemental Table 1. Gene expression levels
were calculated after normalization to the housekeeping genesm36B4, Gapdh, orRpII, using
the 2-ΔΔCt method and expressed as relative mRNA levels compared with the control.

D. Gonadotropin Measurements

Blood (20mL)was collected from the tail vein of femalemice inEDTA-coated capillary tubes at
diestrus (9:00 AM) and proestrus (6:00 PM) and plasma obtained by centrifugation. Plasma LH
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and follicle-stimulating hormone (FSH) levels were measured by Luminex assay (catalog no.
MPTMAG-49K; Millipore, Temecula, CA). Sensitivity of the assays was 4.9 pg/mL for LH and
24.4 pg/mL for FSH. For the GnRH and kisspeptin stimulation tests, tail-vein blood was
collected before and 10 minutes (for GnRH) or 20 minutes (for kisspeptin) after in-
traperitoneal (IP) injection of 1 mg/kg GnRH or 30 nmol kisspeptin-10, dissolved in sterile
saline solution, and gonadotropins were measured.

E. IP Glucose Tolerance and Insulin Tolerance Tests

Mice were fasted for 6 hours starting at 6:00 AM and then injected IP with glucose (1 g/kg body
weight in sterile saline solution) or insulin (0.4 U/kg for normal chow and LFD, or 0.75 U/kg
body weight for HFD, dissolved in sterile saline solution). Tail-vein blood glucose level was
measuredwith a glucometer (OneTouchUltra; BayerHealthcare, Tarrytown,NY) at 0, 15, 30,
45, 60, 90, and 120 minutes after injection.

F. Steroid Measurements

Blood (50mL)was drawn from the tail vein and plasmawas prepared. Estrogen, progesterone,
and testosterone levels were measured using a Custom Steroid Hormone Panel Kit (Meso
Scale Discovery, Rockville, MD). Sensitivity of the assay was 5 pg/mL for estradiol, 70 pg/mL
for progesterone, and 20 pg/mL for testosterone; the coefficients of variation were 7%, 15%,
and 22%, respectively.

G. In Vivo Leptin Sensitivity Test

We measured food intake in individually housed mice injected IP with 0.5 or 1 mg/kg leptin
dissolved in phosphate-buffered saline for the LFDandHFD, respectively (NationalHormone
and Peptide Program, Torrance, CA) at 12-hour intervals for a total of four consecutive doses.
Food intake and body weight were measured throughout the 48-hour period and compared
with a 48-hour period during which animals received twice daily IP injections of vehicle
(phosphate-buffered saline).

H. Statistical Analysis

Data were analyzed by one- or two-way analysis of variance followed by Tukey multiple
comparison posttest or Student t test, as appropriate, using Prism (GraphPad, La Jolla, CA).
Normality was assessed by D’Agostino-Pearson omnibus normality test. Results were
expressed as mean 6 standard error and considered significant at P , 0.05.

2. Results

A. Detection of PPARg in Astrocytes

Our previous immunofluorescence imaging indicated that PPARg was expressed in neuronal
and nonneuronal cells in the brain [4]. To assess relative expression, we generated primary
cortical astrocyte and neuron cultures from whole brains of WTmice. PPARg was detected in
the astrocyte and the neuron cultures. The purity of the cultures was confirmed by the
presence of b-3 tubulin in neuronal cultures and by the presence of glial fibrillary acidic
protein (GFAP) in the astrocyte cultures. Notably, PPARg was more robustly expressed in
astrocytes than in neurons [Fig. 1(A)].

B. Deletion of PPARg From Astrocytes

PPARgwas deleted from astrocytes by crossingPparg floxedmicewithmice expressing aCre-
ERTM fusion protein under the control of the human GFAP promoter (GCTF-CREmice). The

doi: 10.1210/js.2017-00242 | Journal of the Endocrine Society | 1335

http://dx.doi.org/10.1210/js.2017-00242


fusion protein contains a mutant estrogen receptor that does not bind estrogen but binds
TAM; upon addition of TAM, the Cre-ERTM fusion protein translocates to the nucleus to allow
recombination [33]. Expression of Cre was restricted to the brain and no expression was
detected in peripheral tissues (Supplemental Fig. 1A). The deleted allele was detected in the

Figure 1. Inducible deletion of PPARg in astrocytes. (A) Extracts from primary cortical
neurons or astrocytes, blotted for PPARg, the neuronal marker b-3 tubulin (TUBB3), the
astrocyte marker glial fibrillary acidic protein (GFAP), or actin. (B) Recombination of Pparg
allele in multiple brain regions but not in liver by PCR. (C) Immunofluorescent staining for
PPARg (green), GFAP (red), and DNA (blue) in sections from the nucleus accumbens of WT
and AKO mice. Boxes show nuclei from GFAP-positive cells costaining for PPARg. (D) Body
weights of mice from 8 weeks to 18 weeks. Groups are Cre+ no TAM (white triangles; n = 8
mice), Cre2/ TAM (white squares; n = 16 mice), and AKO knockout Cre+/ TAM (cyan circles;
n = 24 mice). The yellow bar indicates the period of TAM treatment. Data are given as mean 6
standard error of the mean. (E) Intraperitoneal glucose tolerance tests performed in female WT
mice (white circles; n = 29 mice) and AKO mice (cyan circles; n = 20 mice) at 18 weeks of age.
After a 6-hour fast, glucose in tail-vein blood samples was measured over 120 minutes (mean 6
standard error of the mean) after a bolus of glucose (1 g/kg body weight). cereb, cerebellum; DAPI,
40,6-diamidino-2-phenylindole; hypo, hypothalamus; KO, knockout; olf, olfactory.
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olfactory bulb, cortex, hypothalamus, and cerebellum but not in liver, confirming the spec-
ificity of Cre expression [Fig. 1(B)]. The astrocyte knockout was confirmed by immunofluo-
rescent staining of brain sections [Fig. 1(C)]. Punctate staining was observed for PPARg, as
previously reported [7]. PPARg and GFAP costaining was evident in the WTmice but absent
in the AKO mice. There was no evidence for recombination in the testes and ovaries (Sup-
plemental Fig. 1A, 1B, and 1C). Body weight was monitored from 8 weeks to 18 weeks on
normal chow including during the TAM treatment. The body weight of mice receiving the
TAM diet decreased during the treatment but quickly recovered once the mice were returned
to regular chow [Fig. 1(D)]. Glucose tolerance was tested in female mice at 18 weeks and there
was no significant difference between AKO and controls receiving normal chow [Fig. 1(E)].
Nor was there a difference in insulin tolerance (Supplemental Fig. 1D). Similarly, there was
no difference in glucose tolerance test (GTT) and insulin tolerance test (ITT) results for male
mice (Supplemental Fig. 2A and 2B).

C. Effect of HFD-Induced Obesity on AKO Mice

Because obesity is associated with astrocyte activation, we determined whether AKO mice
respond to HFD-induced obesity in the same way as WT mice. AKO and WT mice gained
weight equally on the LFD orHFD [Fig. 2(A)].Mice ate significantlymore calories on theHFD
in both genotypes, as would be expected, but the AKOmice fed the LFD ate less food thanWT
mice fed the LFD [Fig. 2(B)]. We then tested whether leptin suppression of food intake was
altered. Leptin (0.5 mg/kg) suppressed food intake in WT mice fed the LFD but not in the
AKO mice, because intake was already suppressed (Supplemental Fig. 2C), but a higher
dose of leptin (1 mg/kg) suppressed food intake in mice fed the HFD to the same extent in
both genotypes, indicating that the knockout did not alter the response to leptin. The WT
mice fed the HFD were leptin resistant compared with those fed the LFD; a higher dose of
leptin was required for the same decrease in food intake. The AKO mice were leptin re-
sistant compared with WT mice when fed the LFD; interestingly, this corrected when they
were fed the HFD.

GTT results after 10 weeks on diets indicated that the DIO caused glucose intolerance in
WT mice, as expected. Interestingly, lean AKO mice fed the LFD were slightly glucose in-
tolerant compared with WT mice, but obese AKOmice fed the HFD did not show any further
glucose intolerance compared with lean AKO mice [Fig. 2(C)]. An intermediate effect was
observed when the GTTs were performed at 4 weeks, indicating the glucose intolerance was
progressive (Supplemental Fig. 3A). ITT results indicated that the AKO mice had the same
initial drop in blood glucose level as WT mice fed either the LFD or HFD, but glucose values
recovered faster in the AKO mice, suggesting either slight insulin resistance or faster
elimination of insulin [Fig. 2(D)]. Interestingly, results of prior GTTs and ITTs of mice fed
normal chow [Fig. 1(E); Supplemental Fig. 1D] showed similar trends to the LFD mice but
were not significant. Histologically, the AKOmice had hepatic steatosis even when fed a LFD
[Fig. 2(E)]. The average lipid droplet number was significantly higher in the WTmice fed the
HFD compared with mice fed the LFD [Fig. 2(F)]. The AKO mice showed an intermediate
number of lipid droplets that did not differ with diets. The lipid droplet size was larger in the
WT mice fed the HFD compared with the other groups [Fig. 2(G)]; consequently, the total
lipid-droplet area followed the droplet number (Supplemental Fig. 3B).

D. Altered Liver Gene Expression in AKO Mice

To assess changes in the liver, wemeasured gene expression by quantitative PCR in lean and
obese WT and AKO female mice. Expression of genes related to gluconeogenesis (i.e., Pcx,
G6pc, and Pdk4) was increased in lean AKO mice compared with control mice and did not
increase further on the HFD; only Pck1 showed the expected HFD effect [Fig. 3(A)].The
astrocyte glutamate transporter GLT-1 (Slc1a2) is a known PPARg target gene [36];
therefore, we measured expression of Slc1a2 and the related gene Slc1a3. Slc1a2 expression
was decreased in AKOmice compared with that inWTmice [Fig. 3(B)], whereas there was no
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Figure 2. AKO mice were glucose intolerant but protected from the effects of the HFD. Mice
were fed a 60% HFD or a matched 10% LFD for 20 weeks. (A) Body weight over time on diets
[mean 6 standard error of the mean (SEM)]. There were 11 WT mice in the LFD group
(white bar), 13 WT mice in the HFD group (gray bar), 10 AKO mice in the LFD group (cyan
bar), and 15 AKO mice in the HFD group (blue bar). Squares, WT mice; circles, AKO mice.
Body weights of mice fed the HFD showed a time effect (P , 0.0001) but no genotype effect
or interaction by repeated measures two-way analysis of variance (ANOVA). (B) Mean weekly
caloric intake over 18 weeks on diets. There was a significant diet effect (P , 0.0001) by two-
way ANOVA. *P , 0.05; ***P , 0.001. (C) IP GTTs performed in WT mice (n = 9 in the LFD
group; n = 13 in the HFD group) and AKO mice (n = 9 in the LFD group; n = 15 in the HFD
group) after 10 weeks on diets. After a 6-hour fast, glucose levels from tail-vein blood samples
were measured over 120 minutes (mean 6 SEM) after a bolus of glucose (1 g/kg body weight).
WT mice showed a significant diet and time effect (P , 0.01 and , 0.0001, respectively) and
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difference in Slc1a3 expression compared with that in WT mice (Supplemental Fig. 3C).
Expression of the cytosolic acetyl-CoA carboxylase 1 gene (Acaca) that controls malonyl-CoA
production for lipid synthesiswas increased in theAKOmice fed theLFDanddecreased in the
AKO mice fed the HFD, whereas the mitochondrial acetyl-CoA carboxylase 2 gene (Acacb),
which generates malonyl-CoA to block CPT1, showed an HFD-dependent decrease in both
genotypes [Fig. 3(C)]. Other lipid biosynthetic genes did not show a genotype effect, although
some showed diet effects (Supplemental Fig. 3D). These results suggested increased lipid
synthesis in the AKOmice fed the LFD and increased lipid uptake/oxidation in mitochondria
in the obese mice irrespective of genotype. The liver expresses high levels of the lipid transfer
genes cell-death inducing DFFA-like effectors Cideb and Cidec, and the perilipin Plin2, with
lower levels of Cidea and Plin1 (Supplemental Fig. 3E). Expression of Cidecwas increased by
HFD in the WT mice but basal Cidec expression was elevated in the AKO mice and did not
increase significantly with the HFD [Fig. 3(D)]. Cideb was expressed less in the AKO mice in
the LFD andHFD groups and Plin2 expression was increased with the HFD and decreased in
the AKO mice [Fig. 3(D)]. Plin1 expression showed a HFD-dependent increase in both ge-
notypes andCidea expressionwas elevated byHFD selectively in theWTmice (Supplemental
Fig. 3F).

The changes in these genes indicated altered lipid storage in the AKOmice. Furthermore,
hormone-sensitive lipase gene (Lipe) expression showed a similar pattern toCidec expression,
being increased by HFD in WT mice but basally elevated in AKO mice [Fig. 3(E)], consistent
with increased hepatic lipid metabolism and storage. Expression of the low-density lipo-
protein receptor gene (Ldlr) was increased by the HFD, consistent with increased hepatic
lipid uptake via low-density lipoprotein clearance [Fig. 3(E)]; however, again,Ldlr expression
was higher in the AKOmice and did not respond to theHFD. In contrast, the lipid transporter
Abcd2, involved in fatty acid transport into peroxisomes, was reduced by the HFD and AKO,
whereas the transporters Crot and Cpt2a, which mediate transport out of peroxisomes and
intomitochondria, were increased by theHFD in both genotypes, although the response in the
AKO mice was lower [Fig. 3(E)]. Last, genes related to lipid oxidation in peroxisomes (i.e.,
Acox1, Ehhadh, and Acaa1a) or in mitochondria (i.e., Acadvl and Acadl) had decreased
expression in AKO mice irrespective of diet [Fig. 3(F)], as did the Slc24a4 and Slc24a5
mitochondrial nucleotide transport genes (Supplemental Fig. 3G).

E. AKO Mice had Altered Estrous Cycles; HFD Reversed This effect

We have reported that loss of PPARg in neurons disrupts estrous cycles [3]. Therefore, we
assessed estrous cycles in the AKO mice and WT animals fed normal chow. AKOs had
significantly fewer days in proestrus and significantly fewer cycles over 3 weeks of cycling
[Fig. 4(A) and 4(B)]. Example cyclegrams are shown in Supplemental Fig. 4. There were no

diet-time interaction (P , 0.01) by two-way ANOVA; however, AKO mice only showed
a significant time effect (P , 0.0001) and diet-time interaction (P , 0.05). *P , 0.05; **P ,
0.05; ***P , 0.001 for WT mice fed the HFD vs WT mice fed the LFD; #P , 0.05 for AKO
mice fed the HFD vs AKO mice fed the LFD; &P , 0.05 for AKO mice fed the HFD vs WT
mice fed the HFD. (D) ITTs performed in WT and AKO mice after 11 weeks on diets. Mice
fed the LFD received 0.4 IU/kg insulin and mice fed the HFD received 0.75 IU/kg insulin
after a 6-hour fast. Glucose levels in tail-vein blood samples were measured over 120 minutes
(mean 6 SEM). Two-way ANOVA of LFD data showed a time effect (P , 0.0001) and
significant differences between genotypes at 90 and 120 minutes. *P , 0.05. HFD data also
showed a time effect but no significant differences between genotypes. (E) Hematoxylin- and
eosin-stained sections of livers from mice killed after 18 weeks on diets. (F) Quantification of
lipid droplet number from multiple sections of livers. Data are given as mean 6 SEM. Two-
way ANOVA indicates a significant diet effect (P , 0.001) and a diet-genotype interaction
(P , 0.05). *P , 0.05; **P , 0.05; ***P , 0.001 for indicated comparisons. (G) Quantification
of mean lipid-droplet area from multiple sections of livers. Data are mean 6 SEM; n = 3 per
group. Two-way ANOVA indicates a significant diet effect (P , 0.05). *P , 0.05 for the
indicated comparison. Ave, average.
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significant differences in diestrus LH or FSH levels in AKO mice [Fig. 4(C)]. A GnRH-
stimulation test indicated that the pituitary gonadotropin response to GnRH was not dif-
ferent betweenAKOand control mice [Fig. 4(D)], with the expected increase in LH levels after
GnRH stimulation in both groups.

To evaluate the effects of DIO on estrous cycles and ovarian histology, estrous cycles were
monitored over 21 days in AKO and control mice that had been fed a 60% HFD or 10% LFD
over 18weeks.WTmice fed theHFDhad fewer cycles over 21 days and fewer days in proestrus
when compared with lean controls [Fig. 5(A) and 5(B)], consistent with our previously

Figure 3. Alterations in liver gene expression after loss of PPARg in astrocytes. Gene
expression was measured on RNA extracted from livers by quantitative PCR when mice were
killed. Data are presented as mean 6 standard error of the mean; n = 6 mice per group. (A)
Expression of the gluconeogenic genes pyruvate carboxylase (Pcx), glucose-6-phospatase
(G6pc), pyruvate dehydrogenase 4 (Pdk4), and phosphoenolpyruvate carboxykinase (Pck1). (B)
Expression of Slc1a2. (C) Expression of Acaca and Acacb. (D) Expression of Cideb, Cidec, and
Plin2. (E) Expression of Lipe, Ldlr, the peroxisome fatty acid transporters Abcd2 and Crot,
and the mitochondrial fatty acyl-CoA transporter Cpt2a. (F) Expression of the peroxisomal
fatty acid oxidation genes acyl-CoA oxidase 1 (Acox1), enoyl-CoA hydratase and 3-hydroxyacyl-
CoA dehydrogenase (Ehhadh), and acetyl-CoA acyltransferase 1a (Acaa1a); and the
mitochondrial genes acyl-CoA dehydrogenase very long chain (Acadvl) and acyl-CoA
dehydrogenase long chain (Acadl). All gene expression was significantly different by two-way
analysis of variance. *P , 0.05; **P , 0.01; ***P , 0.001 for the indicated post hoc
comparisons. Rel, relative.
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published data [37]. AKOmice fed the LFD had the same decrease in cycle number as theWT
mice fed the HFD, consistent with our initial cycling in mice fed normal chow. Surprisingly,
HFD feeding normalized the reduced number of cycles and number of days in proestrus in the
AKO mice [Fig. 5(A) and 5(B)].

When ovarian histology was analyzed [Fig. 5(C)], we observed that although the number of
primordial follicles was reduced in control mice fed HFD, this effect was lost in AKO mice.
Interestingly, lean AKO mice had more primary follicles, and the HFD reduced the numbers
to those of control mice. TheHFD reduced the number of corpora lutea inWTmice, as we have
shown previously [37]. The lean AKO mice had significantly fewer corpora lutea than lean
control mice, but obesity increased the number of corpora lutea, consistent with the cycling
results [Fig. 5(D)]. These results show that a PPARg deletion in astrocytes impairs estrous
cycles similar to the HFD in WT mice, and that functional PPARg in astrocytes is necessary
for the detrimental effects of HFD.

F. AKO Mice Had Lower Diestrus LH and Higher Testosterone Levels

Gonadotropin levels were analyzed in lean and obese animals in diestrus and in proestrus.
The diestrus LH level was significantly lower in both lean and obese AKO [Fig. 6(A)], but the
diestrus FSH level was not significantly different [Fig. 6(B)]. LH levels in WT mice at pro-
estrus had basal and surge values indicating that 50% of the mice (three of the six) had the
proestrus surge [Fig. 6(C)]. Obesity reduced the number of surges in WT mice to 20% (one of

Figure 4. Alterations in estrous cycles after loss of PPARg in astrocytes. (A) Estrous cycles
of mice were staged by vaginal cytology for 21 days. WT mice, n = 22 (white); AKO, n = 22
(cyan). (B) Quantification of the number of cycles during the 21 days. (C) Plasma LH and
FSH levels during the morning of diestrus (n = 10/group). (D) GnRH pituitary stimulation
test. Mice received GnRH (1 mg/kg) in the morning (n = 4/group). Tail-vein blood samples
were collected before (white bars) and 10 minutes after (green bars) GnRH injection. Data are
shown as mean 6 standard error of the mean. LH values showed a significant GnRH effect
(P , 0.05) but no genotype effect by two-way analysis of variance. FSH values did not change
significantly. Flox, floxed mice; Met/di, metestrus/diestrus.
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Figure 5. DIO impaired estrous cycles in WT but not AKO mice. (A) Number of cycles over
time on diets for WT mice (n = 11, LFD group; n = 13, HFD group) and AKO mice (n = 10 in
LFD group; n = 15 in HFD group) mice. Estrous cycles were monitored by vaginal cytology
for 21 days after 15 weeks on diets. (B) Days at metestrus/diestrus, proestrus, or estrus over
21 days of cycling. (C) Ovarian morphology. Representative hematoxylin- and eosin-stained
sections of ovaries (D) Quantification of follicle stage and corpora lutea. Number of follicles
per three to five sections spaced by 50 mm (mean 6 standard error of the mean) for WT mice
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five), as we have previously reported [37]. LH values in the lean AKOmice showed that 33% of
mice (three of nine) had ovulated, and 33% (two of six) of the obese AKO mice had ovulated.
Therefore, AKO mice had fewer LH surges and the occurrence of surges was not altered by
obesity. In contrast, proestrus FSH levels did not varywith diet or genotype [Fig. 6(D]. Plasma
estradiol and progesterone levels at diestrus did not change with genotype or diet, but
testosterone was increased in obese control mice and AKO mice compared with their lean
counterparts, whereas lean AKO mice also had higher testosterone levels when compared
with lean controls [Fig. 6(E)].

(n = 12, LFD group; n = 12, HFD group) and AKO mice (n = 10, LFD group; n = 12, HFD
group) mice. Primary and antral follicles showed a diet effect (P , 0.05) and there was
a significant diet-genotype effect for corpora lutea (P , 0.01) by two-way analysis of variance.
Data are shown as mean 6 standard error of the mean. *P , 0.05; **P , 0.01 for indicated
post hoc comparisons. CL, corpus lutea; Flox, floxed mice.

Figure 6. Effect of DIO and astrocyte PPARg knockout on levels of plasma gonadotropins
and steroids. (A) Plasma diestrus LH values for WT mice (n = 6, LFD group; n = 5, HFD
group) and AKO mice (n = 9, LFD group; n = 6, HFD group). (B) Plasma diestrus FSH
values. (C) Plasma proestrus LH values from samples taken at 6:00 PM on the day of
proestrus. Individual, median, and range values are plotted. (D) Proestrus FSH values. (E)
Diestrus estradiol, progesterone, and testosterone values. Testosterone shows a significant
diet (P , 0.05) and genotype effect (P , 0.01) by two-way analysis of variance. Data are
shown as mean 6 standard error of the mean (n = 4, WT mice fed LFD; n = 4, WT mice fed
HFD; n = 4, AKO mice fed LFD; n = 6, AKO mice fed HFD). *P , 0.05; **P , 0.01 for
indicated post hoc comparisons.
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G. Astrocyte-Specific Deletion of PPARg Altered Hypothalamic and Ovarian Gene Expression
and Gonadotropin Response to Kisspeptin Stimulation

The expression of various hypothalamic peptides involved in the regulation of reproduction
was tested. Expression ofNpvf, which encodes for RFRP-3;Hcrt, which encodes for orexin; and
Kiss1, which encodes for kisspeptin, was increased in the hypothalamus of lean AKO mice
compared with lean control mice. Obesity normalized expression to the levels of control mice
[Fig. 7(A)]. Expression of receptors for neurokinin B (Tac3r) and RFRP3 (Npffr1) was sig-
nificantly elevated in WT mice fed the HFD but not in AKO mice. In contrast, the kisspeptin
receptor (Gpr54) and the cocaine and amphetamine-regulated transcript (Cart) showed
genotype effects and expression was elevated in the AKOmice [Fig. 7(A)]. Expression of other
neuropeptides, including Gnrh, Tac2, Pdyn, Agrp, Pomc, and Avp, did not significantly differ
between groups (Supplemental Fig. 5A), nor did expression of the receptors for orexin (Hcrtr1
and Hcrtr2), for the melanocortins (Mc2r and Mc4r), the k-opioid receptor for dynorphin
(Oprk1), or the leptin receptor (Lepr; Supplemental Fig. 5B). No significant changeswere seen
in a panel of inflammatory genes (Supplemental Fig. 5C), indicating that loss of Pparg in
astrocytes does not cause hypothalamic inflammation.

Gpr54 expressionwas altered in theAKOmice; therefore, a kisspeptin stimulation testwas
performed to test the response of the GnRH neurons. An acute bolus of kisspeptin-10 in-
creased plasma LH levels in all groups [Fig. 7(B)], but the response was muted in the AKO
mice fed theHFD. Plasma FSH levels also increased in response to kisspeptin in control mice,
in contrast to the GnRH stimulation test [Fig. 4(D)], but the AKO mice did not show a FSH
response to kisspeptin, although the HFD increased plasma FSH levels in this group [Fig.
7(C)].

Testosterone levels were altered in the AKO mice; therefore, we measured expression of
steroidogenic genes in the ovary. Expression of the genes for aromatase (Cyp19a1), the FSH
receptor (Fshr), and the steroidogenic acute regulatory protein (Star) were decreased in lean
AKOmice, and obesity did not significantly modify this effect [Fig. 7(D)]. Other steroidogenic
genes were not significantly altered in these groups (Supplemental Fig. 6).

3. Discussion

We report that loss of PPARg expression in astrocytes in mice caused a metabolic de-
rangement with mild hepatic steatosis and impaired glucose and insulin tolerance. Sur-
prisingly, the metabolic phenotype did not worsen with DIO due to high-fat feeding; thus,
obese AKO mice were significantly less glucose and insulin intolerant than obese WT lit-
termates. Loss of PPARg did not alter weight gain in mice fed either a LFD or HFD, although
food consumption was lower in the AKO mice fed the LFD and these animals were not re-
sponsive to leptin-induced repression of food intake. The impaired glucose tolerance in the
AKO mice was associated with increased expression of the gluconeogenic genes Pcx, G6pc,
and Pdk4, and the hepatic steatosis was associated with increased expression of lipid syn-
thesis, and uptake and storage genes (i.e.,Acaca, Ldlr, andCidec). Expression ofLipewas also
increased, suggesting that the triglyceride content in the lipid droplets is dynamic and that
energy was derived from fatty acid oxidation. Peroxisomal and mitochondrial fatty acid
oxidation expression of Acox1, Ehhadh, Acaa1a, Acadvl, and Acadl was decreased, however,
to levels seen in obese mice, suggesting impaired function in the face of increased lipid
oxidation.

How can these metabolic and gene expression changes be explained? We could not detect
recombination of the Pparg allele in the liver, although Gfap is expressed in some stellate
cells, sowe believe the effect of the deletion is central.We sawno evidence of gliosis or elevated
cytokine levels, so the changes do not appear to be related to hypothalamic inflammation. One
possible explanation is that these metabolic and gene expression changes are caused by
increased sympathetic output to the liver [38] because POMC and AgRP neurons control
adipocyte lipolysis and liver metabolism via the melanocortin system and the sympathetic
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Figure 7. Effect of DIO and astrocyte PPARg knockout on hypothalamic gene expression,
kisspeptin response, and ovarian gene expression. (A) Gene expression was measured in RNA
extracted from mouse hypothalamus quantitative PCR (qPCR; n = 7 WT-LFD; n = 6 WT-
HFD; n = 6 AKO-LFD; n = 5 AKO-HFD). Expression of hypothalamic neuropeptides RFRP3
(Npvf), orexin (Hcrt), kisspeptin (Kiss1), of cocaine- and amphetamine-regulated transcript
(Cart), and of the receptors for Gpr5), Tac3r and Npffr1 was measured by qPCR. Data are
presented as mean 6 standard error of the mean. (B) Kisspeptin hypothalamic stimulation
test. Mice received kisspeptin 10 (30 nmol) in the morning. Tail-vein blood samples were
taken before (white bars) and 20 minutes after kisspeptin injection (green bars). Data are
shown as mean 6 standard error of the mean (n = 3 WT-LFD; n = 4 WT-HFD; n = 2 AKO-
LFD; n = 4 AKO-HFD). Kisspeptin significantly stimulated plasma LH levels in WT and
AKO mice, *P , 0.05; **P , 0.01. The HFD significantly attenuated the response in the
AKO mice (*P , 0.05). Kisspeptin significantly stimulated FSH levels in WT mice (P , 0.05)
but not in AKO mice. DIO significantly elevated FSH levels in AKO mice (P , 0.05). (C)
Ovarian steroidogenic genes. Expression of Cyp19a1, Fshr, and Star were measured by qPCR
(n = 4/group). *P , 0.05 for the indicated comparison. AKO-HFD, knockout mice fed the high-
fat diet; AKO-LFD, knockout mice fed the low-fat diet; Rel, relative; WT-HFD, wild-type mice
fed the high-fat diet; WT-LFD, wild-type mice fed the low-fat diet.
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nervous system [39, 40]. A role for astrocytes in sympathetic output is supported by the
observation that angiotensin II decreases glutamate transporter activity in astrocytes,
leading to activation of NMDA receptors and enhanced sympathetic outflow [41].
Moreover, astrocyte activation inhibits AgRP neurons and feeding, via modulating ex-
tracellular levels of adenosine [42]. Insulin is a satiety factor and represses AgRP neurons;
mice lacking the insulin receptor in AgRP neurons exhibit hepatic insulin resistance [43],
and the fasting activation of AgRP neurons requires NMDA receptors and glutamatergic
input [44].

What is PPARg’s role in astrocytes? On the one hand, PPARg activation increases glucose
uptake into astrocytes and increases lactate release to provide metabolic support for neurons
[16, 45]. On the other hand, the glutamate transporter GLT-1 is a PPARg target gene [36] and
PPARg activation reduces excitotoxicity by increasing glutamate uptake [46, 47], indicating a
direct effect on neuronal activation. Loss of the glutamate transporter GLT-1 in astrocytes,
but not neurons, causes a decrease in body weight, but the effect on food intake, energy
expenditure, and livermetabolismwas not studied [48]. Thus, it is intriguing to speculate that
the reduced GLT-1 expression may increase glutamatergic signaling in AgRP neurons,
causing hepatic insulin resistance via increased sympathetic output.

In addition to the metabolic phenotype, the female AKO mice had altered estrous cycles,
with fewer corpora lutea andmore early-stage follicles. LH surges appeared intact in the AKO
mice, suggesting the reduced corpora lutea numbers were a result of impaired follicle de-
velopment rather than an ovulation defect. Reproduction is regulated centrally through the
hypothalamic kisspeptin-GnRH neural network. Although we did not find any differences in
GnRH expression in the AKO mice, several other hypothalamic genes were altered. In
particular, expression of Npvf, the homolog of avian gonadotropin-inhibiting hormone, and
Hcrt were significantly elevated in the AKO mice. RFRP3 can directly inhibit gonadotropin
production at the pituitary by interfering with GnRH signaling [29, 49] and, in some species,
may inhibit the activity of GnRH neurons [27, 50, 51]. Similarly, orexins can inhibit pulsatile
gonadotropin release at the pituitary or inhibit GnRH neuron activity [52–55]. It is not clear
how loss of PPARg in astrocytes would alter the expression of RFRP3 or HCRT, thus
impairing the hypothalamic-pituitary-ovarian axis, but gliosis is associated with loss of
HCRT neurons in people with narcolepsy [56]. Interestingly, RFRP3 immunoreactivity has
been detected in astrocytes in the rat hippocampus, raising the possibility of direct astrocytic
suppression of GnRH neuron activity [28]. We observed that the kisspeptin-GnRH neural
network was partially disrupted in the AKO mice, because we did not observe an increase in
plasma FSH levels after kisspeptin administration despite a normal LH response. A single
administration of GnRH did not cause an increase in FSH level, as we and others have
reported [37, 57], but kisspeptin administration caused a robust increase in FSH level [58].
Kisspeptin has no direct effect on FSH secretion from anterior pituitary cells [59], so the effect
is likely central. Loss of GPR54 severely inhibits circulating LH and FSH levels [60], but,
interestingly, residual kisspeptin effects on FSH levels were observed in GPR542/2 mice,
suggesting other possible signaling pathways [61].

At the ovary level, we observed decreased Cyp19a1, Fshr, and Star expression but normal
Cyp17a1,Cyp11a1, andLhr.Cyp17a1 andCyp11a1 are primarily expressed in theca cells and
regulate testosterone production in response to LH [62]. In contrast, Cyp19a1 and Fshr are
expressed in granulosa cells and regulate conversion of testosterone to estradiol in response to
FSH. The reduced expression ofCyp19a1was consistent with the decrease inFshr expression,
the increased numbers of early-stage follicles in theAKOmice, and the increased testosterone
levels. It is not clear whether the alterations at the ovary are a result of changes to the
hypothalamus-pituitary axis or due to direct innervation of the ovary [63], because sym-
pathetic stimulation of the ovary decreases Fshr expression and inhibits ovarian estradiol
production [64, 65]. Women with polycystic ovary syndrome also have autonomic dysfunction
[66] with increased sympathetic tone [67, 68] and elevated testosterone to estradiol ratios
[69]. So, the observations in theAKOmice could also be consistentwith increased sympathetic
output in addition to hypothalamic changes.
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In conclusion, we have shown that PPARg plays an important role in astrocytes and
neurons in the CNS to regulate metabolic and reproductive pathways. In neurons, PPARg’s
principal role was to modulate leptin sensitivity; however, in astrocytes, PPARg maintains
normal hepatic insulin sensitivity, prevents steatosis, and is important for the correct
kisspeptin regulation of the hypothalamic-pituitary axis and estrous cycles. Additional de-
tailed studies will be needed to dissect these metabolic and reproductive responses to identify
the molecular and neuroendocrine pathways involved.
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