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Abstract To test the hypothesis that astrocytic leptin signaling
induces an overall potentiation of the neuronal response to leptin,
we generated a new line of astrocyte-specific leptin receptor
knockout (ALKO-A1) mice in which no leptin receptor is
expressed in astrocytes. Corresponding to cell-specific Cre
recombinase expression in hypothalamic astrocytes but not neu-
rons, this new strain of ALKO mice had attenuated pSTAT3
signaling in the arcuate nucleus of the hypothalamus 30 min after
intracerebroventricular delivery of leptin. In response to high-fat
diet for 2 months, the ALKO mice showed a greater increase of
percent fat and blood leptin concentration. This coincided with a
mild reactive gliosis in the hypothalamus. Overall, the absence of
leptin receptors in astrocytes attenuated hypothalamic pSTAT3
signaling, induced a mild reactive morphology, and promoted the
development of diet-induced obesity. We conclude that leptin
signaling in astrocytes is essential for the homeostasis of neuro-
endocrine regulation in obesity.

Keywords Leptin - Astrocyte - STAT3 - Reactive
astrogliosis - Obesity

Introduction

Existing results suggest that leptin signaling in astrocytes can
modulate the metabolic response to high-fat diet (HFD), but
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the detailed mechanisms involved are not yet clear. Leptin is a
neuroendocrine polypeptide hormone produced by fat tissue
and released into blood. After reaching the cerebral circula-
tion, leptin crosses the blood-brain barrier (BBB) by a selec-
tive transport system (Banks et al. 1996). Within the central
nervous system, leptin has multiple sites of action, including
the hypothalamus, where its inhibitory effect on the develop-
ment and maintenance of obesity is exerted. Hyperleptinemia
and leptin resistance are common features in most forms of
adult-onset obesity. Leptin resistance is thought to be caused
by the saturation of BBB transport of leptin and desensitiza-
tion of neuronal leptin signaling. It is only in the past few
years that non-neuronal leptin signaling in the CNS and its
regulatory changes in obesity have been addressed (Pan et al.
2008a, 2011a, 2012b).

In the hypothalamus, leptin receptors (LepR) are present in
neurons, astrocytes, and cerebral endothelial cells and they
show developmental changes in subtype distribution and
levels of expression (Pan et al. 2008b). The neuronal predom-
inance of LepR in lean mice is shifted in full-blown adult-
onset obesity, with a strong predilection for astrocytic expres-
sion. This is seen in agouti viable yellow (A*Y) mice that have
sustained inactivation of melanocortin signaling (Pan et al.
2008a), in diet-induced obesity (DIO) after 68 weeks of feed-
ing with HFD (Hsuchou et al. 2009), and in pan-LepR knock-
out mice (Hsuchou et al. 2013; Wang et al. 2013). In these
models, there is an increase of reactive astrogliosis in the
hypothalamus.

This leads to the question whether the concurrent in-
crease of astrocytic LepR is a parallel phenomenon or
whether there is a causal relationship. If causal, it is still
to be determined whether astrogliosis upregulates LepR or
vice versa where overexpression of LepR promotes
astrogliosis. To further test these possibilities, we mapped
and quantified the pattern of leptin-induced activation of
phosphorylated signal transducer and activator of
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signaling (STAT)-3 in the arcuate nucleus of the hypothal-
amus (Arc). The mice in the model used differ from any
previous knockout mice in that astrocytic LepR is fully
removed rather than mutated. This allows us to differen-
tiate the potential effect of “ligand passing” by a mem-
brane-bound, though non-signaling receptor used in pre-
vious studies (Pan et al. 2011b).

Materials and Methods
Generation of Exon 1-Flanked ALKO-A1 Mice

To generate ALKO mice, we used a Cre recombinase
transgenic mouse under the control of a mouse glial fi-
brillary acidic protein (GFAP) promoter. The GFAP-Cre
mice were B6.Cg-Tg(Gfap-Cre)73.12Mvs/J (stock num-
ber 012886, Jackson Laboratory, Bar Harbor, MN) that
contain a mouse GFAP promoter sequence directing ex-
pression of Cre recombinase (Garcia et al. 2004). The
LepR-floxed mice were B6.129P2-Lepr™ /%5 (stock
number 008327, Jackson Laboratory), with loxP sites on
either side of exon 1 (Cohen et al. 2001). GFAP*™" hemi-
zygous transgenic mice and LepR'**'**P homozygote
mice were bred for two generations. The hemizygotes of
the F1 generation were backcrossed with LepR-floxed
mice, to select the F2 generation of astrocyte-specific lep-
tin receptor knockout (ALKO-AT1) mice that express both
GFAP-Cre and LepR-floxed alleles on tail genotyping.
The agarose gel electrophoresis of PCR products and
genotyping primers are shown in Fig. la and Table 1.

Fig. 1 Specificity of ALKO-A1 mutation. a Tail DNA genotyping
showed that the ALKO mice (lanes 3, 6, and 7) had a WT GFAP PCR
product of 324 bp, a Cre recombinase transgene amplicon of 100 bp, and
floxed LepR amplicon of 227 bp. b Confocal microscopic images of
sections of the arcuate nucleus of the hypothalamus (Arc). The WT
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IHC to Determine the Regional Difference and Specificity
of Astrocytic LepR Deletion

Two groups of mice were studied: ALKO and wild-type (WT)
mice, both male and female, at age 4 months (n=3/group).
The mice were anesthetized and perfused intracardially with
phosphate-buffered saline (PBS), followed by 4 % parafor-
maldehyde (PFA). Brain was postfixed in PFA overnight,
cryoprotected in 15 % and then 30 % sucrose, and stored
embedded in HistoPrep at —80 °C until cryosectioning.
Coronal sections of 40-um thickness were obtained by use
of a Cryostat. Matching sections from the ALKO and WT
mice were permeabilized with Triton X-100, blocked with
normal donkey serum, and incubated with Cre recombinase
and S100 3 primary antibodies overnight at 4 °C, followed by
fluorescent conjugated secondary antibodies for 2 h at 23 °C,
with thorough washes in between, as described previously
(Pan et al. 2008a; Hsuchou et al. 2009). The primary antibod-
ies and secondary antibodies are listed in Table 2. Negative
controls for single staining used sections incubated with sec-
ondary antibody only. Dual labeling controls included sec-
tions stained with one primary antibody only. The sections
were thoroughly washed in PBS and mounted by use of
Prolong Gold antifading mounting medium, coverslipped,
and sealed. Confocal imaging was acquired using identical
parameters and postacquisition processing for matching sec-
tions between the two groups.

Intracerebroventricular Delivery of Leptin

Two groups of mice were studied: ALKO and WT mice at
about 4 months old (n=7/group). The mice were fasted

Overlay

mouse (top row) did not show Cre recombinase immunoreactivity. The
ALKO mouse (bottom row) showed overlap of Cre recombinase immu-
noreactivity (red) and an astrocytic marker S1003 (green) in the same
cells. Scale bar of first three columns, 50 um. Scale bar of the last
column, 5 um (color figure online)
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Table 1 ~ Genotyping primers

Gene Forward primer Reverse primer Amplicon size (bp)
GFAP-Cre WT 5'-CTAGGCCACAGAATTGAAAGATCT 5'-GTAGGTGGAAATTCTAGCATCATCC 324

GFAP-Cre transgene 5'-GCGGTCTGGCAGTAAAAACTATC 5'-GTGAAACAGCATTGCTGTCACTT 100

LepR-floxed 5'-GTCACCTAGGTTAATGTATTC 5'-TCTAGCCCTCCAGCACTGGAC 227

overnight, anesthetized by intraperitoneal injection of ure-
thane, and their body temperature maintained by use of a
heating blanket. Stereotaxic injection of recombinant mouse
leptin (R&D Systems, Minneapolis, MN) was performed at
about 1300 hours, 6 h after onset of the light cycle. The coor-
dinates for the right lateral ventricle were as follows: 1 mm
lateral, 0.2 mm posterior, and 2.5 mm below the skull surface.
The dose of leptin was 2.5 pgin 1 pl of PBS, delivered by use
of'a syringe pump at an infusion rate of 0.5 pl/min. The needle
was withdrawn slowly 1 min after cessation of the infusion. At
30 min after the initiation of leptin infusion, mice were either
perfuse-fixed for immunohistochemistry (IHC) (n=4/group)
or decapitated to obtain brain regions for western blotting
(WB) after blood collection for serum ELISA (n=3/group).
For IHC, the mouse was perfused intracardially with PBS and
then 4 % PFA. Brain sections were processed as described
above and THC for pSTAT3 was performed, along with
coimmunostaining of cell phenotype markers. Neurons were
immunostained by a HuC/D antibody, whereas astrocytes
were demarcated by a GFAP antibody. Detailed antibody in-
formation is shown in Table 2.

Feeding Experiments and Metabolic Analysis

ALKO and WT mice were started with a 45 % HFD or
isocaloric control diet (CD) with 10 % fat (catalog nos.
12451 and 12450H, respectively, Research Diets, New
Brunswick, NJ) at age 6 weeks (n=8-10 mice/group for
a total of four groups). Besides basal body weight, percent

Table 2  Antibodies used for IHC

Antibody Host Dilution Company
species
PSTAT3 (Tyr’®)  Rabbit 1:100  Cell Signaling Technology
HuC/D Mouse 1:100  Life Technology
GFAP Mouse 1:500  Sigma
Cre recombinase Mouse 1:100  Abcam
S1003 Rabbit 1:100  Abcam
Alexa488 donkey  Donkey 1:500  Life Technology
anti-rabbit 2° Ab
Alexa 594 donkey  Donkey 1:500  Life Technology

anti-mouse 2° Ab

fat was determined by nuclear magnetic resonance (NMR
Minispec, Brucker) as described previously (Pan and
Kastin 2007). Percent fat and lean mass were monitored
monthly during the course of diet manipulation. At the
time of the terminal study (2 months after being on the
diet), mice were anesthetized without fasting. Arterial
blood was collected into a prechilled tube on ice by cut-
ting of a carotid artery at Zeitgeber time of 4-9 h (11
a.m.—4 p.m.). Serum was used for measurement of glu-
cose, leptin, and soluble LepR levels by ELISA as de-
scribed previously (Jayaram et al. 2013), and brain tissue
from half of the mice in each group was randomly col-
lected for WB or qPCR analysis.

WB Analysis

Two classes of proteins were analyzed: signaling proteins
downstream to leptin activation and structural proteins
reflecting cell phenotype. Hypothalamic tissue was lysed
in the presence of complete protease inhibitor cocktail
containing phosphatase inhibitor (Pierce, Rockford, IL).
Protein concentration was determined by use of the
BCA assay. Forty micrograms of protein/well was re-
solved in 10 % SDS-PAGE, transferred to nitrocellulose
membrane, blocked with 4 % BSA, incubated with prima-
ry antibodies at 4 °C overnight, thoroughly washed, and
incubated with HRP-conjugated secondary antibodies at
23 °C for 1 h. The membranes were then incubated with
enhanced chemiluminescent reagents, and the signals
were developed on X-ray film in the dark with a Kodak
X-Omat device. The antibodies and loading controls are
indicated in Table 3.

Statistics

Means are presented with their standard errors. The effects of
ALKO and leptin treatment on signaling activation and gene
expression were analyzed by two-way analysis of variance.
The interactions of the two factors were also determined.
The effects of ALKO and diet were determined by repeated
measures analysis of variance, followed by the Bonferroni
post hoc test of individual time points within the group.
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Table 3  Antibodies used for Western blotting

Antibodies Host Dilution Company
species

PSTAT3 (Tyr’ %) Rabbit  1:1000  Cell Signaling Technology
Total STAT3 Rabbit  1:2000 Cell Signaling Technology
NeuN Mouse  1:500 Millipore
GFAP Rabbit  1:2000  Sigma
COX-2 Mouse  1:300 Santa Cruz Biotechnology
[3-Actin Mouse  1:5000 Sigma
HRP-conjugated Goat 1:5000  Thermo Scientific

anti-mouse 2° Ab
HRP-conjugated Goat 1:5000  Thermo Scientific

anti-rabbit 2° Ab

Results
Specificity and Sensitivity of ALKO Mutation

The presence and relative levels of PCR products for Cre
recombinase, WT LepR, and floxed LepR alleles from tail
DNA genotyping are shown in Fig. 1a. To determine the pres-
ence of Cre recombinase in astrocytes, S1003 was used as an
astrocytic phenotype marker. The cell density of S1003(+)
cells was similar in WT and ALKO mice. In the Arc of the
WT mice, there was no Cre recombinase immunoreactivity.
WT mice serve as an ideal negative control to confirm the
specificity of the Cre antibody for IHC. In the ALKO mice,
Cre recombinase was expressed almost homogenously
throughout the hypothalamus. Confocal images showed that
the expression of Cre was highly associated with S1003, with
a specificity of 95.60+2.28 % in serial section analyses of
three mice. The Arc had a high efficacy of Cre expression in
astrocytes, as indicated by 72.22+1.67 % of the S1003(+)
cells that colocalized with Cre staining (Fig. 1b). Thus, the
results indicate that essentially, all Cre expressions in this area
resided in mature astrocytes and more than two thirds of the
astrocytes had Cre incorporation driven by the GFAP
promoter.

Effects of ALKO Mutation and HFD to Modulate
Leptin-Induced pSTAT3 Activation in the Hypothalamus

To determine the differential effects of WT and ALKO mice
on leptin-induced pSTAT3 activation, anesthetized mice re-
ceived intracerebroventricular (icv) injection of either PBS
vehicle control (1 ul) or leptin (2.5 pg/ul). IHC was per-
formed 30 min later. The WT mice showed a minimal basal
level of pSTAT3 expression that resided sporadically in neu-
rons, shown by HuC/D double labeling. Leptin icv induced a
robust increase of pSTAT3. The cells were mainly neuronal, as
pSTAT3 was present in the nuclei of neurons within the Arc.
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Tanycytes along the third ventricle also showed pSTAT3 im-
munoreactivity. By contrast, ALKO mice had no pSTAT3
signal after PBS icv, and they showed fewer cells and a lower
density of pSTAT3 in the Arc after leptin icv. The pSTAT3(+)
cells were mainly in HuC/D(+) neurons, and the tanycytes
were not activated (Fig. 2a).

Among the pSTAT3(+) cells, there was heterogeneity of
the levels of signal intensity. Although most of the cells ap-
peared to be neuronal shown by confocal microscopic analysis
after double labeling with HuC/D (Fig. 2a, b), colocalization
analysis of pSTAT3 with the astrocytic marker GFAP showed
that some of the brighter pSTAT3 cells were associated with
GFAP(+) processes in WT mice (Fig. 2¢, d). In ALKO mice,
astrocytic pSTAT3 was no longer seen, the pSTAT3 signal was
less intense, and the GFAP(+) cells showed more engorged
morphology suggesting mild reactive astrogliosis (Fig. 2d).
The results were replicated four times.

In the hypothalamic homogenate (n=3/group), leptin treat-
ment but not the ALKO mutation had a significant effect on
PSTAT3 expression (p<0.005) by two-way analysis of vari-
ance. Post hoc tests showed that the increase of pSTAT3 in
WT mice receiving leptin was greater than in those receiving
PBS (p<0.01). ALKO mice receiving leptin icv showed a
trend of increase from ALKO mice with PBS icv (p=0.056),
but the increase was less than in the WT mice after leptin icv
(»<0.05) (Fig. 3a, b). The increase of pSTAT3 contrasts with a
lack of change of total STAT3, neuronal marker NeuN, or
astrocytic marker GFAP (Fig. 3c—e), despite a mild gliotic
morphology in the ALKO mice. The results were duplicated.

Effects of ALKO Mutation and HFD on Body Weight
and Adiposity

When fed with CD, ALKO and WT mice had similar weight
and fat percent from birth till at least age 3 months. HFD
resulted in weight gain in the WT mice, significant at weeks
7 and 8 in comparison with the CD group. The ALKO mice on
HFD gained a significant amount of weight earlier, starting at
week 4. By week 6, the ALKO mice on the HFD weighed
more than the WT mice on HFD (p<0.05; Fig. 4a). The in-
crease of adiposity was apparent at 4 weeks in all four groups.
The %fat was higher in the HFD groups than their respective
CD controls of the same strain at weeks 6 and 8 (Fig. 4b).
When expressed as percent fat gain in comparison with the
“week 0” control (when mice were 6 weeks old), the ALKO
mice had a greater increase of %fat both on CD and HFD
(Fig. 4c).

Effect of ALKO and HFD on Serum Biomarkers
Serum leptin concentration was affected by both strain

(»<0.05) and diet (p<0.005). The ALKO mice had higher
concentrations of serum leptin than the WT mice while on
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pSTAT3

Fig. 2 Effect of ALKO on cell-type specific pSTAT3 activation in Arc
region 30 min after leptin icv. a While the basal level of pSTAT3 immu-
noreactivity was minimal in both WT and ALKO mice after PBS icv, WT
responded to leptin with robust pSTAT3 activation in cells that also
expressed the neuronal marker HuC/D. ALKO mice did not have the
same level of pSTAT3 activation. b Higher magnification images show-
ing colocalization of pSTAT3 and HuC/D by confocal microscopy. Scale
bar, 50 pm. ¢ In slightly more rostral sections, pSTAT3 activation is seen
in ArC neurons and tanycytes along the third ventricle of the WT mice

the HFD (p<0.05) (Fig. 5a). Serum sLepR level was only
affected by diet (p<0.05 for overall effect) but not by strain

ALKO leptin

pSTAT3

Overlay

after leptin icv, with minimal overlap with GFAP immunoreactivity. This
was attenuated in a matching section from an ALKO mouse, where the
number of pSTAT3(+) neurons was decreased and that of tanycytes was
diminished. d Higher magnification images show that pSTAT3 immuno-
reactivity had heterogeneous intensity in a WT mouse that did not overlap
with GFAP. The pSTAT3 signal was reduced and more homogeneous
with low intensity in the ALKO mice. The GFAP staining depicts an
increase of engorgement of astrocytes, suggesting mild reactivity. Scale
bar, 20 pm

(Fig. 5b). By contrast, non-fasting blood glucose levels
showed a significant overall increase in the ALKO mice
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Fig. 3 Effects of ALKO and A
leptin icv on hypothalamic PBS

Leptin

pSTAT3 signaling. a In WT mice, wT ALKO

WT ALKO

leptin icv induced an increase of
pSTATS3 signal intensity at

30 min. In ALKO mice, the basal
low level of pSTAT3 was similar
to that of WT mice, and the leptin-
induced increase was less pro-

e o

nounced than that of WT. b Den-
sitometric analysis showed that
PSTAT3 was increased signifi-
cantly in the WT but not ALKO
mice (n=3/group). *p<0.05;
**p<0.01; #p=0.07. ¢ The ex-
pression of neuronal marker
NeuN and astrocytic marker
GFAP did not change as a result
of ALKO or leptin icv. d Densi-
tometric analysis of NeuN ex-

O wr IR ALKO
0.6

0.4+

0.2

pSTAT3 signal intensity(/Total STAT3 [0

0.0

o

pression showing a lack of sig-

nificant change. e Densitometric
analysis of GFAP expression
showing a lack of significant C
change by ALKO or leptin icv

Leptin

PBS Leptin

WT

ALKO WT

ALKO

O wT
EE ALKO

NeuN/B-actin
e

o

PBS

(»<0.05). However, there was no main effect of diet or post
hoc difference (Fig. 5¢).

Effect of ALKO and HFD on Reactive Astrogliosis

The ALKO mutation did not change overall GFAP expression
by WB quantification while the mice were on the CD. This is
similar to that seen in the leptin icv study shown above.
However, ALKO mice on the HFD had a greater expression
of GFAP than their WT counterpart (p<0.05). This suggests
an increase of reactive astrogliosis. However, the expression
of cyclooxygenase (COX)-2 did not show major changes

1.5
O wT
EE ALKO
£ 101
s o
S T
&
o
<
G 0.5
! 0.0
Leptin PBS Leptin

(Fig. 6). This suggests a lack of acute inflammatory changes
in COX2 pathways.

Discussion

We have shown that obesity induces upregulation of astrocytic
LepR and that inhibition of astrocytic metabolic activity en-
hances neuronal leptin signaling in the A" mice with adult-
onset obesity (Pan et al. 2008a). There are several possible
mechanisms by which astrocytic LepR exerts its effects: (a)
endocytose and process leptin, (b) transmit secondary signals
to neurons, and (c) compete with neurons for the availability
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Fig. 4 Response of ALKO-A1 mice to 45 % HFD. a Since starting the
experimental diet at the age of 4 weeks, ALKO and WT littermates had
similar weight gain on control diet (CD). Both strains gained more weight
on HFD in comparison with their respective CD groups. ALKO HFD
gained more weight than the WT HFD group at 6-8 weeks of HFD
feeding. b %Fat was increased after 4 weeks of HFD in both ALKO
and WT mice, and this persisted at 8 weeks. ¢ The increase of %fat, in
comparison with time 0 (4 weeks old), was significantly higher in the
ALKO mice at 8 weeks of diet, including both CD and HFD groups (n=
8-10 mice/group). *p<0.05; **p<0.01; ***p<0.005

Increased fat/BW from time 0 (%) )

8

of leptin. Many of the questions can be addressed in experi-
mental conditions in which astrocytes no longer express
LepR. Here, we used astrocytic LepR knockout mice to iden-
tify potential mechanisms by which leptin signaling in
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Fig. 5 Effect of ALKO and HFD on serum biomarkers of obesity. a
Leptin concentrations were increased after 8§ weeks of HFD. The
increase was greater in ALKO mice than WT mice. b sLepR level was
similar in the WT and ALKO mice. There was a significant decrease by
HFD in both strains. ¢ Blood glucose concentrations did not show
significant change by strain or diet at this time (n=6/group). *p<0.05;
**p<0.01; ***p<0.005

astrocytes affects the cell-cell communication and the re-
sponse of mice to DIO.

We first determined the specificity of LepR deletion in
astrocytes by double labeling of Cre recombinase with cell
phenotype markers. Although GFAP-Cre is the most reliable
tool to drive Cre recombinase expression in astrocytes, a small
percent of neural progenitor cells also express GFAP at the
embryonic stage (Casper et al. 2007). Thus, GFAP-Cre medi-
ated removal of the floxed gene would cause gene deletion in
a few neurons in some CNS regions. Although the generation
of inducible KO mice is a theoretical option, the technical
feasibility of obtaining inducible ALKO in the 1:8 ratio is very
low, particularly with the known information that there are
additional challenges to produce inducible KO mice in
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Fig. 6 Potential effects of ALKO A

and HFD on reactive astrogliosis.
a WB of four groups of
hypothalamic samples (n=2/
group) showed that GFAP
expression was mainly increased
by HFD in the ALKO mice,
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astrocytes (Casper et al. 2007; Chow et al. 2008).
Nonetheless, double-labeling IHC in the hypothalamus of
the ALKO mice showed that Cre recombinase was almost
exclusively present in cells expressing S100(3, another marker
for astrocytes. The results indicate that the ALKO mice are
suitable to study the effect of embryonic astrocytic LepR de-
letion on leptin-induced cell signaling in the hypothalamus.

In the Arc of the WT mice, pSTAT3 induction 30 min after
leptin icv was mainly seen in cells expressing HuC/D, a marker
of mature neurons, and in 31 tanycytes along the wall of the third
ventricle. Like the WT mice receiving PBS icv, the ALKO mice
receiving PBS did not have many pSTAT3(+) cells. Leptin-
induced pSTAT3 activation was seen in far fewer neurons and
tanycytes in ALKO mice. Some of the cells with higher pSTAT3
intensity in WT mice receiving leptin were no longer seen in the
ALKO mice. GFAP(+) astrocytes remained free of pSTAT3 ac-
tivation. WB confirmed the overall reduction of pSTAT3 in re-
sponse to leptin. Thus, a lack of astrocytic LepR attenuated the
effect of leptin to induce cell signaling in both the number of
neurons and also the intensity of activation. The effect was se-
lective, rather than resulting from non-specific deletion of LepR
from neurons. The results support a potentiating effect of astro-
cytic leptin signaling on the neuronal response to leptin. Since the
GFAP(+) astrocytes appeared to be mildly gliotic with engorged
cellular processes, a mechanism by which a lack of LepR results
in astrocytic inflammation affecting neuronal pSTAT3 signaling
might be involved. However, the lack of increase of COX-2
makes it less likely. Rather, an effect of ALKO to change cell-
cell interactions is a greater possibility.

GFAP is a protein expressed mainly by astrocytes. The
GFAP promoter typically drives gene expression in astrocytes,
though a small percent of neural progenitor cells also express
GFAP at the embryonic stage (Casper et al. 2007; Garcia et al.
2004). To determine how astrocyte-specific leptin signaling
modulates metabolic behavior, we initially generated a strain

of ALKO mice by cross-breeding the GFAP-Cre recombinase
transgenic mice with LepR-floxed mice (McMinn et al. 2004;
Hsuchou et al. 2011). These ALKO-A17 mice, so called be-
cause the loxP sites flank exon 17 of LepR that encodes the
membrane juxtapositional cytoplasmic domain (McMinn
et al. 2004) have similar body weight and adiposity as their
WT littermates fed with either CD or HFD (Jayaram et al.
2013). Nonetheless, ALKO-A17 mice have less leptin pro-
duction, lower levels of circulating soluble LepR and triglyc-
eride, reduced hypothalamic astrogliosis, and higher produc-
tion of uncoupling protein UCP-1 in brown adipose tissue
than their WT littermates under HFD. The better preserved
biochemical profile in the ALKO-A17 mice suggests that as-
trocytic LepR signaling worsens obesity, a role counter to that
of neuronal LepR (Jayaram et al. 2013). The results differ
from the diabesity of neuronal LepR knockout mice
(Kowalski et al. 2001; McMinn et al. 2005) but are more
congruous with the endothelial LepR mutant mice that also
produce a mutant membrane-bound LepR in endothelia and
show partial resistance to DIO (Pan et al. 2012a).

In previous studies with ALKO-A17 mice, a potential con-
founding factor prevented concluding a promoting role of as-
trocytic leptin signaling in the development of obesity. Present
in the ALKO-A17 mice is a mutant membrane-bound LepR
in astrocytes (Philo et al. 1994; Jayaram et al. 2013). It has
been shown in cultured cells that a tail-less, membrane-bound
LepR retains its capacity to endocytose leptin (Tu et al. 2010).
Astrocytes in ALKO-A17 mice are predicted to internalize
and possibly transcytose leptin and perhaps generate second-
ary signaling to affect neuronal function.

Thus, we used an alternative approach to generate a new
strain of ALKO mice that does not produce any LepR. This
involved a different strain of LepR-floxed mice (Cohen et al.
2001) in which loxP sites flank exon 1 of LepR that encodes
the N terminus of the extracellular domain, instead of exon 17
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that encodes the membrane juxtapositional cytoplasmic do-
main. When the LepR exon 1 floxed mice are back-crossed
with cell-specific Cre recombinase transgenic heterozygotes
for two generations, about one fourth of the F2 mice have
neither soluble nor membrane-bound LepR in the targeted
cells. With these newly generated ALKO-AT mice used in
the present report, we observed a different phenotype in re-
sponse to HFD, suggesting that the membrane-bound, non-
signaling mutant LepR in ALKO-A17 mice actually had an
effect to modulate the fate of leptin in the brain.

The consequence of the ALKO-A1 mutation on the basal
metabolic phenotype does not appear very large. This is con-
sistent with a homeostatic regulatory role of astrocytes. Leptin
does activate several other signaling pathways besides
PSTAT3 downstream to the longest LepRb isoform, and there
was some heterogeneity of receptor isoform composition and
distribution in different regions of the hypothalamus and the
entire brain. Alternative cellular signaling pathways might
also show adaptive changes as a consequence of a lack of
pSTAT3 signaling in response to leptin, though we did not
detect changes of signals such as cyclin-dependent kinase-5
or its kinases that can be activated by leptin treatment (He
etal. 2009). When fed with CD, ALKO mice had similar body
weight, percent fat, fasting glucose, and blood leptin and
sLepR levels as did the WT mice, at least up to 3 months of
age. Upon HFD challenge (45 % HFD in comparison with
isocaloric controls), both ALKO and WT mice had an increase
of adiposity after a month, and this progressed after 2 months.
By 8 weeks, however, the ALKO mice had a higher fat gain in
comparison with the baseline. Blood leptin concentrations
were higher, though sLepR was equally reduced in both
strains. The protein expression of GFAP was increased in
the hypothalamus. It appears that there was no major increase
of inflammation (same level of COX-2) despite an increase of
GFAP in ALKO mice on HFD. However, the mice showed
less resilience to DIO than did ALKO-A17 in comparison
with its FVB counterpart (Jayaram et al. 2013).

The difference between the ALKO-A1 mice in this
study and the ALKO-A17 mice in our previous report
(Jayaram et al. 2013) might be largely explained by
sLepR that serves as a leptin antagonist (Yang et al.
2004; Tu et al. 2008). In addition, astrocytes from the
ALKO-A17 mice continue to endocytose leptin and may
serve either as a reservoir or a competing compartment of
leptin reaching the adjacent neurons. It is clear that astro-
cytic leptin signaling directly affects neuronal pSTAT3 ac-
tivation and the response of mice to DIO.

In summary, we present for the first time a new strain of
ALKO mice devoid of LepR in their astrocytes. The specific-
ity of ALKO was verified by Cre recombinase IHC, and the
reduction of leptin-induced pSTAT3 activation was shown by
IHC and WB. In response to 45 % HFD, the ALKO mice had
greater fat gain and hyperleptinemia and increased GFAP
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expression. Overall, part of the effect of leptin on neuroendo-
crine regulation is mediated by astrocytes.
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