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Monitoring FoxO1 Localization in Chemically Identified
Neurons
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The PI3K-Akt-FoxO1 pathway contributes to the actions of insulin and leptin in several cell types, including neurons in the CNS. However,
identifying these actions in chemically identified neurons has proven difficult. To address this problem, we have developed a reporter
mouse for monitoring PI3K-Akt signaling in specific populations of neurons, based on FoxO1 nucleocytoplasmic shuttling. The reporter,
FoxO1 fused to green fluorescent protein (FoxO1GFP), is expressed under the control of a ubiquitous promoter that is silenced by a loxP
flanked transcriptional blocker. Thus, the expression of the reporter in selected cells is dependent on the action of Cre recombinase. Using
this model, we found that insulin treatment resulted in the nuclear exclusion of FoxO1GFP within POMC and AgRP neurons in a dose- and
time-dependent manner. FoxO1GFP nuclear exclusion was also observed in POMC neurons following in vivo administration of insulin. In
addition, leptin induced transient nuclear export of FoxO1GFP in POMC neurons in a dose dependent manner. Finally, insulin-induced
nuclear export was impaired in POMC neurons by pretreatment with free fatty acids, a paradigm known to induce insulin resistance in
peripheral insulin target tissues. Thus, our FoxOIGFP mouse provides a tool for monitoring the status of PI3K-Akt signaling in a

cell-specific manner under physiological and pathophysiological conditions.
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Introduction
The phosphoinositide 3-kinase (PI3K)-AKT signaling pathway is
a key mediator of the metabolic actions of hormones such as
insulin in peripheral tissues (Whiteman et al., 2002; Manning and
Cantley, 2007). The PI3K system has also been reported to play a
crucial role in energy homeostasis in the CNS (Morton et al.,
2006; Plum et al., 2006a; Prodi and Obici, 2006). The PI3K-Akt
signaling pathway is activated in the hypothalamus after admin-
istration of insulin and leptin (Niswender et al., 2001; Niswender
et al., 2003). Both receptors are expressed in the CNS, and their
deletion in the CNS results in metabolic alterations including
obesity and glucose intolerance (Morton et al., 2006; Plum et al.,
2006a; Prodi and Obici, 2006). Thus, it has been proposed that
the PI3K-Akt pathway contributes to the metabolic actions of
insulin and leptin within the CNS.

Two groups of neurons in the arcuate nucleus of the hypothal-
amus are thought to be key targets of insulin and leptin action.
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The first group coexpress the orexigenic peptides neuropeptide Y
(NPY) and agouti-related peptide (AgRP). The other group ex-
press the anorexigenic neuropeptide a-MSH, which is a product
of pro-opiomelanocortin (POMC) (Elmquist et al., 1999; Xu et
al., 2005; Morton et al., 2006; Plum et al., 2006a; Prodi and Obici,
2006; Konner et al., 2007).

Recent evidence suggests that dysregulation of the PI3K-Akt
pathway may directly contribute to the onset or development of
diabetes (Elmquist and Marcus, 2003; Niswender et al., 2003;
Prodi and Obici, 2006). Indeed, hypothalamic insulin resistance
has been reported in animals fed with high fat diet (Wang et al.,
2001; De Souza et al., 2005). However, the molecular mecha-
nisms and the identity of the neurons underlying hypothalamic
insulin resistance remain to be elucidated. Despite the hypothe-
sized importance of the PI3K-Akt pathway in regulating coordi-
nated neuronal responses, assessment of the activity of the PI3K
pathway in chemically identified neurons has proven technically
difficult. This is an issue as it is likely that signals such as leptin
and insulin act differentially in neurons adjacent to each other
such as the POMC and NPY/AgRP neurons that have opposite
effects on food intake and body weight.

To circumvent these issues, we generated a “knock-in” re-
porter mouse in which FoxO1 fused with GFP (Nakamura et al.,
2000) is used as a readout of PI3K-Akt signaling at the single cell
level. FoxO1, a terminal component of the PI3K-Akt pathway,
shuttles between the nucleus and the cytoplasm upon activation/
inhibition of Akt (Kau et al., 2003; Accili and Arden, 2004; Van
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Der Heide et al., 2004) (see Fig. 1 A). FoxOl is the most exten-
sively studied and best characterized of the FoxO family members
with regards to the regulatory mechanisms of its nucleocytoplas-
mic transport. Direct phosphorylation of FoxO1 by Akt causes its
nuclear exclusion by virtue of its nuclear export signal (Accili and
Arden, 2004; Van Der Heide et al., 2004). This nucleocytoplasmic
shuttling of FoxO1GFP has been successfully used as an indicator
of the activation of the PI3K-Akt pathway in a cell culture system
(Kau et al., 2003). Our novel FoxO1GFP reporter mouse model
has enabled us to monitor in vitro and in vivo alterations in the
PI3K-Akt signaling cascade within hypothalamic neurons re-
sponsible for energy homeostasis.

Materials and Methods

Generation of FoxO1GFP mice and AGRP-IRES-CRE mice. FoxO1GFP
was excised from pcDNA3-GFPFKHR (Addgene plasmid 9022) (Naka-
mura et al., 2000) by cutting with HindIII and Xbal, and then subcloned
into pEGFP-C1 (Invitrogen) with HindIIl and Xbal. The FoxO1GFP
portion was excised from pEGFP-FoxO1GFP by digesting it with Xhol
and Bcll, and inserted into pBigT plasmid (Srinivas et al., 2001) digested
with Xhol and Bcll. This plasmid was then digested with Pacl and Ascl to
release the entire floxed neo-tpA and FoxO1GFP assembly, and inserted
into pROSA26PA (Soriano, 1999) digested with Pacl and Ascl. This plas-
mid was subsequently linearized with Iscel and used for electropo-
ration. Using standard ES cell procedures, chimeric animals were ob-
tained and mated with C57BL/6 mice to generate mice heterozygous for
the Rosa26-FoxoGFP allele on a mixed C57BL6/] and 129Sv background.
The targeting construct for AGRP-IRES-CRE mice was generated using
ET cloning and related technologies within EL250 cells as described
previously (Balthasar et al., 2004). A PCR was performed using the SIM-
IRES-CRE BAC as a template using the following primers: CTTCT-
TCAATGCCTTTTGCTACTGCCGCAAGCTGGGTACGGCCACGAA-
CCTCTGTAGTCGCACCTAGCCAAATTCCGCCCCTCTCCCT  and
ACCACAGCTTTAAGGTTAAACCGTCCCATCCTTTATTCTCATCCC-
CTGCCTTTGCCCAAACAACATCCATACAAAATATTAACGCTTACA.
The IRES-Cre sequence flanked by AGRP homology arms was inserted
into a mouse AGRP-containing bacterial artificial chromosome, at an
insertion site located 3 base pairs after the AGRP stop codon (supple-
mental Fig. 4, available at www.jneurosci.org as supplemental material).
The final targeting construct, which consisted of the AGRP-IRES-Cre
flanked by 4 kb and 1.3 kb AGRP homology arms, was electroporated
into ES cells, and correct targeting was confirmed by Southern blot and
PCR analyses. After germline transmission was established, the chimera
carrying the recombinant allele was crossed onto a C57BL/6] background
to yield N,F, animals.

Hypothalamic organotypic slice culture. The hypothalamic slices were
made as essentially described (House et al., 1998). Briefly, FoxO1GFP
mice pups, 8—11-d-old, were decapitated, and the brains were quickly
removed. Hypothalamic tissues were blocked and sectioned at a thick-
ness of 300 wm on a vibratome (VT1000 S, Leica) in chilled Gey’s Bal-
anced Salt Solution (Invitrogen) enriched with glucose (0.5%) and KCl
(30 mm). The coronal slices containing the arcuate nucleus were then
placed on Millicell-CM filters (Millipore; pore size 0.4 wm, diameter 30
mm), and then maintained at an air-media interface in MEM (Invitro-
gen) supplemented with heat-inactivated horse serum (25%, Invitro-
gen), Glucose (32 mm) and GlutaMAX (2 mm, Invitrogen). Cultures were
typically maintained for 10 d in standard medium, which was replaced
three times a week. After overnight incubation in low-serum (2.5%)
MEM supplemented with GlutaMAX (2 mwm), slices prepared from the
FoxO1GFP-POMC mice were used for experiments. Palmitic acid con-
taining media was prepared by conjugation of palmitic acid (Sigma) with
fatty acid-free BSA (ICN), by a method modified from that described by
Svedberg et al. (1990). Briefly, free fatty acids were dissolved in ethanol at
60°C and then was mixed with prewarmed BSA (5% in MEM supplemented
with 12.5% HBSS) to yield a 10X stock concentration of 4 mm. This corre-
sponds to 5:1 ratios of FFA/BSA, given 400 um FFA in 0.5% BSA.

Immunohistochemistry for GFP. Tissues were fixed with 4% formalin in
PBS at 4°C overnight. After washing in PBS, the tissues were incubated
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overnight at room temperature in a rabbit anti-GFP primary antiserum
(Invitrogen, 1:20,000) in PBT-azide (3% normal donkey serum (Jackson
ImmunoResearch) with 0.25% Triton X-100 in PBS). After washing in
PBS, the tissues were incubated in Alexa488 anti-rabbit IgG antibody
(Invitrogen; 1:2000) for 3 h at room temperature. Tissues were mounted
onto slides with Fluoromount-G (Southern Biotechnology Associates),
and then visualized with Zeiss ApoTome. For in vivo studies, FoxOIGFP
mice were perfused with 10% formalin, the brains were sectioned on a
microtome, and GFP immunohistochemistry was performed as previ-
ously described (Balthasar et al., 2004).

Dual-label in situ hybridization histochemistry/immunohistochemistry
for AgRP and GFP. The protocol for in situ hybridization histochemistry
(ISHH) was a modification of that previously reported (Liu et al., 2003;
Kishi et al., 2005) Tissue was rinsed with DEPC-treated PBS, pH 7.0 for
1 h before being pretreated with 0.1% sodium borohydride (Sigma) in
DEPC-PBS for 15 min. After washing in DEPC-PBS, tissue was briefly
rinsed in 0.1 M TEA, pH 8.0 and incubated for 10 min in 0.25% acetic
anhydride in 0.1 M TEA. The tissue was then rinsed in DEPC-treated 2X
SSC before hybridization. Antisense mouse agouti-related protein
(AgRP) **S-labeled riboprobe was generated from cDNA template that
includes positions 422-649 of GenBank accession number
NM_007427.2. The plasmid was linearized with BamHI and subjected to
in vitro transcription with T3 polymerase according to the manufactur-
er’s protocols (Ambion). The *°S-labeled probe was diluted to 10°
cpm/ml in 50% formamide, 10 mm Tris-HCI, pH 7.5 (Invitrogen), 5 mg
of tRNA (Invitrogen), 100 mwm dithiothreitol, 10% dextran sulfate, 0.1%
SDS, 0.1% sodium thiosulphate, 0.6M NaCl, 0.5 mm EDTA, pH 8.0, 1X
Denhardt’s solution (Sigma), 1% sheared salmon sperm DNA (Sigma),
and 2.5% total yeast RNA (Sigma) and applied to the free floating tissue.
Sections were incubated overnight at 57°C. Tissue was rinsed four times
in 4X sodium chloride/sodium citrate (SSC) before being incubated in
0.002% RNase A (Roche Applied Bioscience) diluted in 0.5 M NaCl, 10
muM Tris-HCI, pH 8.0, and 1 mm EDTA (RNase buffer) for 30 min at
37°C. After 30 min in RNase buffer, and two rinses at room temperature
in 2X SSC, tissue was washed in increasing stringency with 2X SSC at
50°C, 0.2X SSC at 55°C, 0.2 X SSC at 60°C for 1 h at each wash and then
0.1X SSC at 55°C for 30 min. After rinsing twice in PBS at room temper-
ature, tissue sections were peroxide treated, blocked in normal donkey
serum (Equitech), and incubated in GFP rabbit primary antiserum (In-
vitrogen; 1:20,000) overnight. The next day, tissues were incubated in
biotinylated donkey antirabbit IgG (Jackson ImmunoResearch; 1:1000)
for 2 h. Sections were then incubated in the avidin—biotin complex
(ABC; Vector Elite Kit; 1:500) and incubated in 0.04% DAB and 0.01%
hydrogen peroxide. Tissue was mounted on SuperFrost Plus slides
(Fisher), dehydrated in 1 min incubations of increasing concentrations
of ethanol (50, 70, 80, 95, and 100%), and delipidated for 5 min in
chloroform. After washes in 100% and 95% ethanol, tissue was air-dried,
and slides were placed in x-ray film cassettes with BMR-2 film (Kodak)
for 1 d. Slides were then dipped in NTB photographic emulsion (Kodak),
dried, and stored in desiccant-containing, foil-wrapped slide boxes at
4°C for 1 week. Slides were developed with Dektol developer (Kodak),
dehydrated in increasing concentrations of ethanol, cleared in xylenes,
and coverslipped with Permaslip.

Intracerebroventricular cannulation and injection. FoxO1GFP-POMC
males (8 weeks old) were implanted with indwelling intracerebroventric-
ular cannulas described before (Zigman et al., 2005). Afterward, animals
were housed in separate cages, and correct placement of the indwelling
cannulas was validated 7 d later by observing the response to intracere-
broventricular administration of 10 ng of angiotensin II. The mice de-
prived of food for 16 h with ad libitum access to water were injected with
wortmannin (25 pmol, Calbiochem) or vehicle (1 wl) followed 1 h later
by intracerebroventricular administration of insulin (100 pmol, human
insulin from E. Lilly) or saline (1 ul). The mice were perfused with 10%
formalin 20 min after intracerebroventricular injection, and brains were
isolated for GFP immunohistochemical analysis.

Image analysis. All fluorescence images were acquired as z-stacks com-
prising sequential x—y sections taken at 1.0 wm z-intervals by using an
ApoTome imaging system (Imager Z1; Zeiss) with a X20/1.4 objective
(Zeiss), avoiding saturation of maximum pixel value. Image pixel inten-
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sity, as a measurement of fluorescence intensity,
was measured within specific regions of the
neuron [cytoplasmic (in the soma) and nu-
clear] as well as in regions outside the cell (back-
ground) with the AxioVision 4.1 software. After
correction for background fluorescence, mean
pixel intensity was used to determine the nucle-
ar:cytoplasmic (N:C) ratio of fluorescence in-
tensity. The mean N:C ratio was determined
from 100 to 200 neurons for each condition.
We defined neurons positive for cytoplasmic
staining of GFP, for nucleus staining or for both
staining as described in supplemental Figure 1,
available at www.jneurosci.org as supplemental
material. Neurons positive for cytoplasmic
FoxO1GFP were defined as those with an N:C
ratio of <1:2. Neurons with nuclear FoxO1GFP
were ones with an N:C ratio of 2:1 or more.
Neurons with an N:C ratio of between 1:2 and
2:1 were deemed as neurons showing both nu-
clear and cytoplasmic FoxO1GFP staining. The
micrographs were generated by compiling
Z-stacks of images taken at 1.0 um z-intervals.

Results

Generation and characterization of
FoxO1-GFP knock-in mice

We took advantage of the fact that PI3K-
Akt dependent nuclear export of
FoxO1GFP can be used as an indicator of
the activity of the PI3K-Akt/PKB pathway
(Kau et al., 2003) (Fig. 1A). FoxO1 fused
with GFP, which has the same shuttling
properties as endogenous FoxO1 (Frescas
etal., 2005), was inserted into the endoge-
nous Rosa26 locus using gene targeting,
enabling ubiquitous expression of the re-
porter (Soriano, 1999). However, to
achieve cell type specific expression of
FoxO1GFP, a transcriptional blocking se-
quence (Srinivas et al., 2001) flanked by loxP
sites was inserted between the Rosa26 pro-
moter and the FoxO1GFP (Fig. 1B). Thus,
the reporter is silent at baseline, but can be
expressed in any cell type in a Cre-dependent
manner. The targeting of FoxO1GFP into
the Rosa26 locus was confirmed by Southern
blot and PCR analysis (Fig. 1C).

To characterize the mice, we crossed
FoxOIGFPmice with Pomc-Cre mice
(FoxO1GFP-POMC mice) in which Cre is
expressed in hypothalamic POMC neu-
rons (Balthasar et al., 2004). POMC neu-
rons are anorexigenic neurons that re-
spond to insulin (Benoit et al., 2002; Plum
et al., 2006a) and leptin (Elias et al., 1999;
Elmquist et al., 1999; Cowley et al., 2001).
Single label immunohistochemistry for
GFP showed that FoxO1GFP then was ex-
pressed in a pattern similar to POMC (Fig.
1 D). We then performed a double immu-
nohistochemistry for B-endorphin (a
POMC peptide product) and GFP (Fig.
1E). Quantification indicated that >90%
of B-endorphin-positive neurons expressed
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Figure 1.  Generation and validation of Fox07GFP mice. A, The PI3K-Akt pathway controls nucleocytoplasmic translocation of
FoxO1GFP. Upon activation of the pathway, FoxO1GFP is rapidly exported from the nucleus. In contrast, inhibition of the pathway
leads to nuclearimport of Fox01GFP. B, Mice expressing FoxO1GFP under the control of the Rosa26 promoter were generated by
inserting Fox01GFP into the Rosa26 locus. Fox01GFP is only expressed in cells producing Cre recombinase because a STOP cassette
(PGFk-Neo tpA) flanked by loxP sites was inserted between the Rosa26 promoter and FoxO1GFP. C, The genotypes of mice were
shown by PCRanalysis. 521 bp PCR product shows wild-type allele. The 298 bp band shows the presence of the FoxO1GFP gene. D,
Immunohistochemical staining for GFP in a Fox01GFP-POMC mouse (Fox01GFP mouse X POMC-Cre mouse). Bregma —2.06 mm.
Scale bar, 400 pum. FoxO1GFP was only observed in the hypothalamus. E, Double immunohistochemistry for 3-endorphin (a
marker for POMC neurons) and GFP was performed in Fox07GFP-POMC mice. Arrows indicate the neurons that are doubly positive
for both GFP and 3-endorphin.
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Figure2.  Dynamics and specificity of FoxO1GFP nuclear export within POMC neurons. A-D, Hypothalamic organotypic slices from Fox07GFP-
POMC mice were untreated (4) or treated with insulin (100 nm for 30 min) (B), wortmannin (100 nw for 30 min) (€) or wortmannin (100 nmfor 30
min) followed by insulin (100 nw for 30 min) (D), and subjected to immunohistochemistry with an anti-GFP antibody. Scale bar, 20 um. E, Dose-
dependent nuclear exclusion of FoxO1GFP by insulin in POMC neurons. F, Time-dependent nuclear export of FoxO1GFP by insulin (100 nm) in POMC
neurons. G, LY 294002 (100 nw for 30 min) blocked the nudlear export of FoxO1GFP by insulin (30 nw for 30 min). Values in E, F, and G represent the
percentage of neurons with cytoplasmic Fox01GFP. The ariteria used here are described in Materials and Methods and supplemental Figure 1, available
atwww.jneurosci.org as supplemental material. ***p << 0.001, **p << 0.01and *p << 0.05, compared with control by unpaired Student’s ¢ test.
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FoxO1GFP, and that >90% of FoxO1GFP
expressing neurons displayed 3-endorphin
immunoreactivity. Thus, the FoxO1GFP re-
porter was expressed eutopically and the vast
majority of POMC neurons in the arcuate
nucleus expressed FoxO1GFP.

FoxO1GFP dynamics in POMC neurons
To further validate our reporter system, we
used hypothalamic organotypic slice cul-
tures (House et al., 1998). Hypothalamic
slices (300 wm thickness) of the
FoxOIGFP-POMC mice were prepared,
and maintained in culture for 10 d. We
found that POMC neurons in the slices
maintained for 2 weeks were morphologi-
cally and functionally intact. The slices
were treated with different doses of insulin
and then were subjected to immunohisto-
chemistry for GFP to assess subcellular
distribution of FoxO1GFP. For example,
30 min after the addition of 100 nM insu-
lin, FoxO1GFP was excluded from the nu-
clei of >90% of POMC neurons (Fig.
2A,B). To evaluate whether the reporter
provides measures for the PI3K-Akt activ-
ity in terms of quantity and dynamics, we
quantified the ratios of nuclear to cyto-
plasmic  fluorescent  intensity  of
FoxO1GFP as described in Materials and
Methods and supplemental Figure 1, avail-
able at www.jneurosci.org as supplemental
material. A semiquantitative assessment
revealed that insulin-induced nuclear ex-
clusion of FoxOl occurred in a
concentration-dependent manner, reach-
inga plateau between 10 and 25 nm insulin
(Fig. 2E). We found that insulin-induced
cytoplasmic migration as early as 15 min
that continued up to 120 min (Fig. 2F;
supplemental Fig. 2 A, available at www.
jneurosci.org as supplemental material).

We next tested whether insulin-
induced nuclear export of FoxO1GFP is
mediated by PI3K. Treatment with wort-
mannin, a PI3K inhibitor, led to promi-
nent FoxO1GFP relocalization to the nu-
cleus (Fig. 2C). In addition, wortmannin
completely blocked the insulin-induced
nuclear export of FoxO1GFP (Fig. 2D).
We observed a similar inhibition following
administration of another inhibitor of
PI3K, LY 294002 (Fig. 2G). Treatment
with LMB, an inhibitor for the nuclear ex-
port receptor (CRM1) (Fukuda et al.,
1997), also resulted in FoxO1GFP nuclear
sequestration. These data indicate that
FoxO1 shuttles between the nucleus and
cytoplasm in a PI3K- and CRMI-
dependent manner in our novel model
and that the nucleocytoplasmic shuttling
of FoxO1GFP is an appropriate measure of
activity of the PI3K/Akt pathway.
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Effects of leptin on FoxO1 dynamics in POMC neurons

Leptin has been reported to increase phosphatidylinositol
triphosphate (PIP3) production in POMC neurons (Xu et al.,
2005; Plum et al., 2006b). Thus, we next examined the effect of
leptin on FoxO1GFP dynamics in POMC neurons. We treated
slices prepared from FoxOIGFP-POMC mice with increasing
doses of leptin for 30 min. Leptin treatment induced nuclear
export of FoxO1GFP in POMC neurons in a dose-dependent
manner starting at 12 nM reaching a plateau at 120 nMm (Fig. 34,
supplemental Fig. 2 B, available at www.jneurosci.org as supple-
mental material). Treatment of slices with leptin also resulted in
transient nuclear exclusion of FoxO1GFP in POMC neurons in a
time dependent manner (Fig. 3B; supplemental Fig. 2C-F, avail-
able at www.jneurosci.org as supplemental material). In particu-
lar, leptin-induced nuclear export was apparent 15 min after
stimulation and persisted up to 30 min during constant exposure.
Thereafter, the percentage of POMC neurons with cytoplasmic
FoxO1GFP gradually returned close to control levels (Fig. 3B;
supplemental Fig. 2C-F, available at www.jneurosci.org as sup-
plemental material). Wortmannin completely inhibited the nu-
clear export of FoxO1GFP by leptin (Fig. 3C). We also tested
whether or not FoxO1GFP is translocated to the cytoplasm from
the nucleus of POMC neurons in response to insulin-like growth
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factor-1 (IGF-1) or IGF-2. We found that FoxO1GFP translo-
cated to the cytoplasm in response to both IGF-1 and IGF-2 in a
subset of POMC neurons (supplemental Fig. 3A-D, available at
www.jneurosci.org as supplemental material).

FoxO1GFP in AgGRP/NPY neurons
We next evaluated FoxO1GFP dynamics within AgRP neurons,
which are also responsive to insulin and leptin. However, unlike
POMC neurons, NPY/AgRP neurons are orexigenic and are in-
hibited by leptin (Elmquist et al., 1999; Xu et al., 2005; Morton et
al., 2006; Plum et al., 2006a; Prodi and Obici, 2006; Kénner et al.,
2007). For these studies, we generated AgRP-Cre mice in which a
DNA cassette containing an internal ribosome entry site (IRES)
followed by the coding sequence for Cre recombinase was in-
serted at a site located 3 base pairs after the AgRP stop codon
(supplemental Fig. 4 A, available at www.jneurosci.org as supple-
mental material) (Tongetal., 2008). To assess whether functional
Cre protein was restricted to AgRP neurons, we crossed the
AGRP-Cre mice with Z/EG Cre reporter mice in which GFP is
expressed after Cre-mediated excision of a loxP-flanked lacZ
gene (Novak et al., 2000). We assessed coexpression of Cre activ-
ity (immunohistochemical detection of GFP) and AgRP mRNA
expression (in situ hybridization). We found that all Cre recom-
binase activity was restricted to AgRP neurons in the Arc (sup-
plemental Fig. 4C,D, available at www.jneurosci.org as supple-
mental material), suggesting that GFP was expressed eutopically.
To examine FoxO1GFP dynamics in AgRP neurons,
FoxOIGFP mice were crossed with AgRP-Cre mice, and hypotha-
lamic organotypic slices of FoxO1GFP-AgRP mice were prepared.
Insulin stimulation (100 nm) induced translocation of
FoxO1GFP from the nucleus to the cytoplasm in AgRP neurons
(Fig. 4A,B,D). As expected wortmannin treatment (100 nM) re-
sulted in the strong nuclear accumulation of FoxO1GFP in AgRP
(Fig. 4C,D). Thus, insulin activates PI3K activity in both POMC
and NPY/AgRP neurons. We also assessed the responses of AGRP
neurons to leptin treatment. FoxO1GFP was found in the cyto-
plasm ~15 min after exposure to leptin (120 nm) and then shifted
toward the nucleus at 60 min (Fig. 4E).

Dynamics of FoxO1GFP in POMC neurons in vivo

To assess whether FoxOIGFP mice could be used to effectively
monitor PI3K-Akt signaling in identified neuronal populations
in vivo, we performed intracerebroventricular (ICV) infusions of
insulin alone (100 pmol) or wortmannin (25 pmol) followed by
insulin (100 pmol) in 16 h fasted FoxO1GFP-POMC mice. Mice
were perfused 20 min after ICV infusion and we then performed
immunohistochemistry for GFP in the brains of treated mice.
Similar to our in vitro data, a single ICV injection of insulin
excluded FoxO1GFP from the nucleus of POMC neurons (Fig.
5B,D). In contrast, wortmannin completely relocalized
FoxO1GFP to the nucleus even in the presence of insulin (Fig.
5C,D). This suggests that insulin-induced nuclear export of
FoxO1GFP is mediated through the PI3K pathway. In control
mice, FoxO1 was localized to both the nucleus and the cytoplasm
in POMC neurons in fasted mice (Fig. 54, D).

We further assessed whether FoxO1GFP may be able to detect
physiological changes in PI3K-Akt signaling in POMC neurons
by examining the reporter in fed and fasted mice. FoxO1GFP was
observed in the cytoplasm of POMC neurons in fed mice (Fig. 5F;
supplemental Fig. 5, available at www.jneurosci.org as supple-
mental material). In contrast, the fasted mice displayed signifi-
cantly more localization of the reporter in the nuclear compart-
ment (Fig. 5E; supplemental Fig. 5, available at
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Figure 4.

by unpaired Student’s ¢ test.

www.jneurosci.org as supplemental material). These data suggest
that FoxO1GFP can be used to monitor PI3K-Akt signaling in
vivo under physiological conditions.

Free fatty acid-induced impairment of the insulin signaling in
POMC neurons

High fat feeding or over nutrition has been reported to blunt
hypothalamic insulin action, including induction of hypotha-
lamic insulin resistance (Wang et al., 2001; De Souza et al., 2005).
In addition, infusion of free fatty acids has been shown to induce

Time (min)

Fox01GFP dynamics in AgRP neurons. A—C, Hypothalamic organotypic slices expressing Fox01GFP in AgRP neurons
were untreated (4) or treated with insulin (100 nm, 30 min) (B) or wortmannin (100 nu, 30 min) (), and then fixed and stained
with an anti-GFP antibody. Scale bar, 20 m. D, Quantification of Fox01GFP nuclear translocation in control, insulin or wortman-
nin treated organotypic slices of Fox01GFP-AgRP mice. E, Effect of Leptin on Fox01 subcellular localization in AgRP neurons. Slices
expressing Fox01GFP in AgRP neurons were treated with leptin (120 nm) for indicated time. Subcellular localization of Fox01GFP
is plotted as the percentage of neurons with cytoplasmic Fox01GFP as in Figure 2. **p << 0.01, *p << 0.05 compared with control
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insulin resistance in peripheral tissues by
impairing the ability of insulin to suppress
hepatic glucose production and to stimu-
late glucose uptake into skeletal muscle
(Dresner et al., 1999; Lam et al., 2003;
Boden et al., 2005). To determine whether
POMC neurons lose their ability to re-
spond to insulin after treatment of free
fatty acids, we examined the responses of
slices from the FoxOIGFP-POMC mice
following exposure to FFAs in vitro. The
organotypic slices of FoxOIGFP-POMC
mice were pretreated with the saturated
free fatty acid, palmitic acid (400 um), for
6 h, and then stimulated at the threshold
level of insulin concentration (20 nM insu-
lin for 20 min) (Fig. 6A—C). A semiquan-
titative assessment revealed that insulin-
induced nuclear export of FoxO1GFP was
significantly impaired by pretreatment
with palmitic acid at 400 um (Fig. 6D);
palmitic acid at lower dose (100 or 200
M) also tended to blunt insulin-induced
nuclear export of FoxO1GFP, although
these responses did not reach statistical
significance. Collectively, these data sug-
gest that free fatty acids may cause insulin
resistance by blocking the activity of the
PI3K pathway within POMC neurons.

Insulin, 30min

Discussion

Recent genetic, anatomic and pharmaco-
logical studies support the model that hy-
pothalamic neurons are direct targets of
several metabolic cues whose action is re-
quired to maintain energy balance. One
key signal transduction cascade is the PI3K
pathway which has been reported to be
downstream of both leptin and insulin re-
ceptor signaling. However, the inherent
molecular and cellular complexities of the
CNS, has made it quite difficult to assess
the CNS PI3K-Akt pathway with cellular
resolution in chemically identified neu-
rons. This relative lack of reagents has been
the limiting factor in studying PI3K signal-
ing in chemically identified neurons. We
have developed a novel reporter mouse for
monitoring nucleocytoplasmic shuttling
of FoxOl as a measure of activity of the
PI3K-Akt pathway. The initial character-
ization of FoxOIGFP mice described indi-
cates that FoxO1GFP translocation is use-
ful as a specific and sensitive indicator of
the activity of the PI3K-Akt pathway in vitro and in vivo.

Here, we found that insulin is able to exclude FoxO1 from the
nucleus in POMC neurons and AgRP neurons. FoxO1 has been
reported to directly control AgRP and POMC gene expression
(Kim et al., 2006; Kitamura et al., 2006). FoxO1 increases AgRP
mRNA and decreases POMC mRNA. Our data are consistent
with this as insulin induces POMC expression and suppresses
NPY/AgRP expression (Kim et al., 2006; Kitamura et al., 2006).
Recent data has suggested that whole body glucose intolerance
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and insulin resistance may be due to de-
fects in sensing and integrating multiple
metabolic cues in the CNS (Elmquist and
Marcus, 2003; Prodi and Obici, 2006).
This includes hypothalamic insulin resis-
tance, which may contribute to the onset
or development of diabetes (Obici et al.,
2002; Konner et al., 2007). The underlying
mechanisms are still to be revealed. As a
step toward this goal, we found that simi-
lar to peripheral tissues (Roden et al., 1996;
Boden, 1997) free fatty acids induced cel-
lular insulin resistance in hypothalamic
POMC neurons using organotypic slice
cultures from reporter mice.

POMC neurons play an essential role in
controlling energy balance and glucose
homeostasis, secreting a-MSH (a product
of the POMC gene) that activates melano-
cortin receptors. Several studies have re-
ported that the central melanocortin sys-
tem can regulate peripheral insulin
sensitivity independent of body weight
regulation. For example, melanocortin-4
receptor (MC4r) knock-out mice showed
insulin resistance before the onset of obe-
sity (Huszar et al., 1997; Fan et al., 2000).
Pharmacological activation of central
melanocortin receptors enhances periph-
eral insulin sensitivity (Obici et al., 2001;
Heijboer et al., 2005). Activation of sero-
tonin 2C receptors acutely restores periph-
eral insulin sensitivity in an MC4r-
dependent manner in diet-induced obese
mice (Zhou et al., 2007). In addition, sev-
eral reports have suggested that POMC
neurons control whole body insulin sensitiv-
ity. For example, overexpression of a-MSH
derived from POMC product attenuates in-
sulin resistance in 0b/ob mice (Mizuno et al.,
2003). Also, mice lacking suppressor of cyto-
kine signaling-3, which inhibits leptin and
insulin signaling within POMC neurons, re-
sulted in improvement of glucose homeosta-
sis (Kievit etal., 2006). Thus, the dysfunction
of POMC neurons may contribute to whole
body insulin resistance.

POMC neurons are regulated by sev-
eral humoral factors including insulin and
leptin. Recent evidence suggests that both hormones activate
PI3K signaling in hypothalamic neurons (Niswender et al., 2001,
2003; Plum et al., 2006b; Koénner et al., 2007). Recently, we found
that selective deletion of the PI3K regulatory subunits (p85« and
B), abolished the ability of POMC neurons to acutely respond to
leptin and insulin (Hill et al., 2008). This is consistent with ob-
servations that central insulin action was also blocked with phar-
macological inhibition of the PI3K pathway (Niswender et al.,
2003). Collectively, these findings support the model that when
plasma free fatty acid concentration is elevated (over ~1 mm) in
diet-induced obesity, PI3K impairment in POMC neurons by
free fatty acids may contribute to the pathophysiology of central
insulin resistance and, subsequently, systemic insulin resistance.

FoxO1GFP reporter mice have several advantages for detect-

Figure 5.
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In vivo characterizations of Fox01GFP mice. A-C, Fox01GFP-POMC mice fasted for 16 h were administrated with
saline (1 wl;i.c.v.) (4), insulin (100 pmol), or wortmannin (100 pmol) (B) 30 min before insulin (100 pmol) (C). Twenty minutes
after injection, the mice were perfused and sliced (30 m). Sections were immunohistochemically stained using an anti-GFP
antibody. Scale bar, 20 .em. D, Quantification of FoxO1GFP nuclear translocation in control, insulin or wortmannin plus insulin
treated Fox01GFP-POMCmice. Subcellularlocalization of FoxO1GFP is presented as the percentage of POMC neurons with C, C+N
or N. E, F, Subcellular localization of FoxO1GFP in POMC neurons in Fox01GFP-POMC mice fasted for 16 h (E) or fed normally (F).

ing PI3K-Akt signaling. First, the reporter mice can be used to
detect inhibition of the PI3K-Akt pathway. This is contrast to the
conventional methods, such as immunohistochemistry of anti
Phospho-Akt or anti Phospho-FoxO1 antibodies, which assess
PI3K pathway activation. Another advantage of the current
model compared other approaches such as electrophysiological
recordings is that the FoxO1GFP mouse expresses the reporter
across the entire population of chemically identified neurons,
enabling a broader view of the spatial and temporal patterns of
activation or inhibition of the PI3K-Akt pathway. Previously, Xu
et al. (2005) developed a system to monitor PIP3 production in
POMC and AgRP neurons using GRP1-PH-GFP reporter that
binds to PIP3 and then is translocated to the plasma membrane
upon activation of PI3K. The adenovirus-mediated delivery suc-
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have concentrated on neuronal cell types
in the current study, it is important to note
that this model would also be useful to
study PI3K-dependent signaling in any cell
type such as muscle, adipocytes, and hepa-
tocytes. This is due to the ubiquitous ex-
pression of the reporter and the potential
to activate its expression with specific Cre
mice (e.g., fat and muscle specific lines).

One caveat of our approach is that it is
possible that other signaling pathways
could regulate the nucleocytoplasmic
shuttling of FoxO1GFP affecting the inter-
pretation of the reporter as an indicator of
cellular activation or inhibition of the
PI3K-Akt pathway. For example, it is pos-
sible that FoxO1 shuttling would be af-
fected by other protein kinases, such as
SGK, that are able to phosphorylate amino
acid residues on FoxO1 responsible for de-
termining its nucleocytoplasmic transport
(Van Der Heide et al., 2004).

To assess this possibility, we used spe-
cific inhibitors for PI3K including wort-
mannin and LY294002. Around 10-20%
of POMC neurons or AgRP neurons al-

i ways showed cytoplasmic localization of

204 —— FoxO1GFP even without leptin or insulin
stimulation (Figs. 2 E-G, 3A—C). This cy-

toplasmic staining seen in control com-

0 T v T pletely disappeared when slices were
Control Insulin Insulin treated with the inhibitors for PI3K, indi-

+ Palmitic Acid cating that cytoplasmic localization of

Figureé.

*¥p <0.01 compared with insulin-treated slices, by unpaired Student’s ¢ test.

cessfully expressed the reporter in POMC and AgRP neurons,
and the reporter was capable of monitoring PIP3 production in
living neurons in response to insulin or leptin. Notably, our re-
porter model provides a reliable system to monitor the majority
of chemically identified cells without the need for adenovirus
delivery.

The requirement for cell-type specificity in investigating the
CNS has become obvious from recent understanding of local
neuro-circuits. For example, among the hypothalamic nuclei, the
arcuate nucleus contains small, adjacent groups of neurons that
are reciprocally regulated by several cues including leptin, glucose
and neurotransmitters such as serotonin (Elmquist et al., 1999;
Xu et al., 2005; Morton et al., 2006; Plum et al., 2006a; Prodi and
Obici, 2006; Konner et al., 2007). Indeed, these two neuronal
groups have opposite effects on food intake and body weight
(Elmquist et al., 1999; Morton et al., 2006). Thus, it is important
to ascertain the molecular mechanisms underlying the ability of
these cues to regulate transcriptional and cellular activity of
POMC and NPY/AgRP neurons. In addition, the Cre/loxP-
mediated strategy used here makes it possible to selectively ex-
press the reporter and to illuminate the activity of the PI3K-Akt
pathway in a specific population of neurons. Finally, although we

Impairment of POMCinsulin signaling by palmitic acids. A-C, Hypothalamic organotypic slices expressing Fox01GFP
in POMCneurons were treated with BSA 6 h before either PBS (4) orinsulin (B) (20 nm for 20 min) treatment or palmitic acid loaded
on BSA (400 wum), 6 h followed by insulin treatment (20 nm for 20 min) (). D, Quantification of Fox01GFP nuclear translocation in
control, insulin or palmitic acid followed by insulin treated organotypic slices of Fox07GFP-POMC mice. Subcellular localization of
Fox01GFPis plotted as the percentage of neurons with cytoplasmic Fox01GFP as in Figure 2. ***p << 0.001 compared with control;

FoxO1GFP observed in controls would be
attributed to activation of the PI3K-FoxO1
pathway. Despite this potential limitation,
our approach adds a new tool to the list of
reagents for investigating PI3K-Akt signal-
ing. Furthermore, beyond regulation of
energy homeostasis, FoxOl1 is believed to
be involved in a diverse set of physiological
and pathological conditions ranging from cancer biology to ag-
ing. The reporter mouse presented here should also facilitate the
investigation of FoxO1 functions in multiple tissues and in mul-
tiple physiological contexts.
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