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Similar to insulin, central administration of IGF-1 can
suppress hepatic glucose production (HGP), but it is
unclear whether this effect is mediated via insulin
receptors (InsRs) or IGF-1 receptors (IGF-1Rs) in the
brain. To this end, we used pharmacologic and genetic
approaches in combination with hyperinsulinemic-
euglycemic clamps to decipher the role of these recep-
tors in mediating central effects of IGF-1 and insulin on
HGP. In rats, we observed that intracerebroventricular
(ICV) administration of IGF-1 or insulin markedly
increased the glucose infusion rate (GIR) by >50% and
suppressed HGP (P < 0.001). However, these effects
were completely prevented by preemptive ICV infusion
with an IGF-1R and InsR/IGF-1R hybrid (HybridR) block-
ing antibody. Likewise, ICV infusion of the InsR antago-
nist, S961, which also can bind HybridRs, interfered with
the ability of central insulin, but not IGF-1, to increase
the GIR. Furthermore, hyperinsulinemic clamps in mice
lacking IGF-1Rs in AgRP neurons revealed ~30% reduc-
tion in the GIR in knockout animals, which was
explained by an impaired ability of peripheral insulin to
completely suppress HGP (P < 0.05). Signaling studies
further revealed an impaired ability of peripheral insulin
to trigger ribosomal S6 phosphorylation or phosphati-
dylinositol (3,4,5)-trisphosphate production in AgRP
neurons lacking IGF-1Rs. In summary, these data sug-
gest that attenuation of IGF-1R signaling in the medio-
basal hypothalamus, and specifically in AgRP neurons,
can phenocopy impaired regulation of HGP as previ-
ously demonstrated in mice lacking InsRs in these cells,
suggesting a previously unappreciated role for IGF-1Rs

and/or HybridRs in the regulation of central insulin/IGF-
1 signaling in glucosemetabolism.

Insulin has previously been established as an important
central regulator of peripheral metabolism (1–8). Obici
et al. (2) initially showed that central delivery of insulin
directly suppressed hepatic glucose production (HGP) dur-
ing insulin clamp studies in rats. Several subsequent
reports using strategies to disrupt insulin signaling in the
brain or periphery have confirmed that central insulin
action is critical to maintaining glucose homeostasis (6,9).
Furthermore, studies using genetic or pharmacologic
strategies to disrupt insulin receptors (InsRs) strongly
support that InsR signaling is required for mediating the
effects of central insulin (1,2,7,8). Moreover, K€onner
et al. (8) was able to demonstrate that insulin action at
the level of hypothalamic AgRP-expressing neurons is
required for suppression of glucose production by the
liver. Similarly, chronic reduction of InsRs in the ventro-
medial hypothalamus has been shown to lead to glucose
intolerance in nonobese nondiabetic rats (10).

IGF-1, which is a hormone closely related to insulin, is
most well-known for its role in somatic growth and devel-
opment (11). However, IGF-1 has also been shown to
have insulin-like effects on glucose metabolism, including
the promotion of glucose uptake and suppression of HGP,
while serum IGF-1 levels have been inversely related to
type 2 diabetes risk in some epidemiological studies
(12–14). IGF-1 primarily signals via IGF-1 receptors
(IGF-1Rs) or InsR/IGF-1R hybrids (HybridRs). However,
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IGF-1Rs are only scantly expressed on hepatocytes, sug-
gesting that IGF-1 may suppress HGP through other sites,
such as the brain. Indeed, it was demonstrated that central
delivery of IGF-1 during an insulin clamp markedly sup-
pressed HGP in rats (15), reminiscent of effects with intra-
cerebroventricular (ICV) insulin.

Although central insulin and IGF-1 similarly suppress
HGP, the mechanism(s) whereby IGF-1 acts centrally, and
rather these effects occur via a distinct or overlapping
manner, remains elusive. IGF-1 may mediate these effects
via binding IGF-1Rs to trigger shared downstream effec-
tors as InsR signaling. Alternatively, IGF-1 can bind the
InsR, albeit with much lower affinity than the IGF-1R
(16), and may act to suppress HGP via this canonical
pathway. However, IGF-1 and insulin have exquisite
affinity for their respective receptors, and the complex-
ity of how these ligands might impact cell signaling is
further complicated by evidence that both IGF-1 and
insulin can elicit distinct cellular responses due to
unique interactions between ligand and receptor and
distinct properties inherent to each cognate receptor
(17,18).

Thus, in order to better understand the receptor(s)
mediating the effects of central IGF-1 to suppress HGP,
we have used pharmacologic and genetic strategies in
combination with in vivo studies. Here we show that
interfering with IGF-1R signaling, either by pharmacologic
blockade or genetic disruption of IGF-1Rs specifically in
AgRP neurons, is sufficient to block the ability of central
IGF-1 to modulate peripheral insulin action and suppress
HGP. Remarkably, attenuating IGF-1R signaling was also
sufficient to attenuate the ability of insulin to regulate
peripheral metabolism or to activate insulin signaling
pathways in AgRP neurons, suggesting that intact InsRs
alone in AgRP neurons are not sufficient to mediate the
effects of insulin. Instead, these data suggest that activa-
tion of this pathway may require cooperative effects of
InsRs, IGF-1Rs, and potentially HybridRs, which are
highly expressed in brain and are particularly abundant in
neurons. Indeed, removal of HybridRs would be a com-
mon feature to both InsR and IGF-1R deletion or inhibi-
tion, suggesting a potentially important and previously
unappreciated role for these receptors in the regulation of
glucose homeostasis.

RESEARCH DESIGN AND METHODS

Animals
Young (3-month-old) male Fisher � Brown Norway (FBN)
F1 hybrid rats were obtained from the National Institute
on Aging aged rodent colony. Rats were individually
housed and allowed to acclimate for at least 1 week upon
arrival before undergoing any surgical procedures. For the
generation of knockout (KO) mice, Igf1rflox/flox mice (stock
no. 012251) and Agrp-IRES-Cre mice (012899) were obtained
from The Jackson Laboratory (Bar Harbor, MA) and
Igf1rflox/flox–Agrp-IRES-Cre1/� were mated with Igf1rflox/flox

mice to produce Igf1rDAgRP (referred to hereafter as KO) and
Igf1rflox/flox (control) offspring. For immunostaining and sin-
gle-cell studies, Igf1rflox/flox mice were mated with Agrp-IRES-
Cre and NPY-GFP [B6.FVB-Tg(Npy-hrGFP)1Lowl/J, stock no.
006417; The Jackson Laboratory] mice to generate KO and
control animals with GFP-expressing NPY/AgRP neurons for
either peripheral saline or insulin treatment. Mice were
housed either individually for longitudinal measures or
group housed for other experiments. All animals were kept
at standard temperature (�22�C) and humidity-controlled
conditions under a 14 hours light–10 hours dark photope-
riod and provided ad libitum access to water and chow. All
experiments were approved by the Institutional Animal Care
and Use Committee at the Albert Einstein College of
Medicine.

Surgeries
All surgical procedures were conducted under 2% iso-
flurane. Stereotactic placement of a steel guide cannula
(PlasticsOne, Roanoke, VA) reaching the 3rd ventricle
was performed in rats (coordinates from bregma: 0.2
mm anterior/posterior, �9.0 mm dorsal/ventral, 0.0
directly on the midsagittal suture), and the implant
was secured in place with dental cement and treated
with analgesic for up to 3 days. Approximately 14 days
later, animals were either used for experiments or
sedated a second time for surgical placement of
indwelling catheters into the right internal jugular vein
and the left carotid artery as previously described
(19–21). Likewise, mice used for clamp studies under-
went similar placement of vascular catheters under iso-
flurane anesthesia and supportive care was provided.
Recovery was monitored until animals were within 3%
of their preoperative weight (5–7 days) before subse-
quent clamp studies were conducted.

Hyperinsulinemic-Euglycemic Clamp Studies in Rats
We performed hyperinsulinemic-euglycemic clamp studies
with ICV infusion of peptides and/or inhibitors, respec-
tively, to evaluate central regulation of insulin sensitivity,
similar to studies previously described (19,20). All studies
were 360 min in duration and consisted of a 120-min
equilibration period, 120-min basal period, and 120-min
hyperinsulinemic clamp period. Beginning at t 5 �15
min, animals received a primed continuous ICV infusion
of artificial cerebral spinal fluid (aCSF); an IGF-1R (and
HybridR) antagonist (IGF-1R monoclonal antibody [mAb],
Amgen Inc.) (22), provided as a 12-mg bolus over 15 min,
followed by a continuous infusion of 18 mg over 6 h
(3 mg � h�1; 30 mg total dose); or the InsR (and HybridR)
small peptide inhibitor, S961 (Novo Nordisk) (23), pro-
vided as a 240-pmol bolus over 15 min, followed by a con-
tinuous infusion of 400 pmol over 6 h (66 pmol � h�1;
640 pmol total dose). At t 5 0 min, animals were pro-
vided a second primed continuous ICV infusion of aCSF;
1 mg human IGF-1, provided as a 0.3-mg bolus over 7.5
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min, followed by a continuous infusion of 0.7 mg over 6 h
(0.12 mg � h�1); or 30 mU insulin, provided first as a bolus
of 7.5 mU over 7.5 min and then as a continuous infusion
of 22.5 mU over 6 h (3.8 mU � h�1) as previously
described (19).

At t 5 120 min, which is the beginning of the basal
period, a primed continuous infusion of [3-3H]-glucose
(20 mCi bolus, 0.2 mCi/min maintenance; NEN Life Sci-
ence Products, Boston, MA) was given into the jugular
vein and maintained throughout the remainder of the
study. The hyperinsulinemic-euglycemic clamp was then
initiated at t 5 240 min by peripheral administration of a
primed continuous infusion of regular insulin (3 mU �
kg�1 � min�1), and somatostatin (1.5 mg � kg�1 � min�1)
was also provided to suppress endogenous insulin secre-
tion. A 25% glucose solution was given and periodically
adjusted to clamp the plasma glucose concentration at
�140–145mg/dL. Serum samples for determination of
[3-3H]-glucose and [3-3H]-glucose water specific activities
were obtained at 10-min intervals during the basal and
clamp periods. At the completion of the study, rats were
killed with a lethal dose of intravenous pentobarbital
sodium (100 mg/kg body wt). Several tissues were then
rapidly excised, weighed, and flash frozen in liquid nitro-
gen, prior to storage at �80�C.

Body Weight and Food Intake in Mice
For determination of possible effects of IGF-1Rs in AgRP
neurons on energy balance, KO (n 5 12) and control
(n 5 13) male mice as well as KO (n 5 12) and control
(n 5 11) female mice were singly housed at weaning and
body weight and food intake were monitored and
recorded until 16 weeks of age.

Glucose, Insulin, and Pyruvate Tolerance Tests in Mice
Glucose metabolism and insulin sensitivity were assessed
in KO (n 5 13) and control (n 5 10) male mice. Glucose
tolerance tests (GTTs) and insulin tolerance tests (ITTs)
were performed essentially as previously described
(24,25). Briefly, at 12–14 weeks of age, mice were fasted
for 4 h, a baseline blood glucose measurement was taken,
and animals were injected with 2 mg/kg glucose i.p., and
blood glucose was measured at 15, 30, 60, 90, and 120
min postinjection with a glucose meter (CONTOUR;
Bayer). ITTs were performed �1 week later in random-
fed mice early in their light cycle (�0700–0800 h) as pre-
viously described (24). Briefly, following a baseline glucose
measurement, mice were injected with 1 unit/kg i.p. insu-
lin and blood glucose was measured at 15, 30, 45, and 60
min later. For the pyruvate tolerance test (PTT), mice
were fasted overnight. Following a baseline glucose mea-
surement, mice were then injected with pyruvate at a
dose of 2 g/kg, and glucose levels were monitored at 15,
30, 60, 90, and 120 min (26).

Hyperinsulinemic-Euglycemic Clamp Studies in Mice
We performed hyperinsulinemic-euglycemic clamp studies
in conscious, unrestrained, catheterized KO (n 5 10) and
control male mice (n 5 10) similar to studies previously
described (27,28). All studies were 240 min in duration.
The protocol consisted of a 120-min tracer equilibration
basal period, first with infusion of [3-3H]-glucose (5 mCi
bolus, 0.05 mCi/min maintenance). A continuous infusion
of insulin (1.5 mU � kg�1 � min�1) was then initiated and
[3-3H]-glucose was increased to 0.1 mCi/min for the
remaining 2 h of the clamp. Food was removed from the
hopper �3 h prior to initiation of the clamp, and we col-
lected plasma samples to determine glucose levels at base-
line, prior to initiating exogenous insulin, and glucose
level was monitored every 10 min thereafter to 120 min.
Additional blood was collected at 90–120 min for measur-
ing insulin level and [3-3H]-glucose and [3-3H]-glucose
water specific activities. The total volume of blood with-
drawn was �250 mL/study. Volume depletion and anemia
were prevented by resuspending of washed red blood cells
in 10 units/mL heparinized saline and infusion back into
the animal. At the end of the clamp study, animals were
killed by exsanguination and tissues were rapidly excised,
weighed, and flash frozen in liquid nitrogen, prior to stor-
age at �80�C.

Assays and Analytical Procedures
Serum glucose was monitored throughout the clamp via
the glucose oxidase method with an Analox GM7 analyzer
(Analox Instruments USA, Lunenberg, MA) for rats and via
glucose test strips in mice. Endogenous insulin was mea-
sured with a rat/mouse ELISA (EMD Millipore) with rat
insulin standards, and clamp insulin levels were measured
with a human ELISA (ALPCO, Salem, NH) with human
insulin standards.

Calculations of Whole-Body Glucose Fluxes
Estimation of glucose fluxes during the clamp were
carried out as previously described (19–21,29). Briefly,
[3-3H]-glucose radioactivity was measured in duplicates in
the supernatants of Ba(OH)2 and ZnSO4 precipitates of
serum samples (10 mL in mice, 50 mL in rats) after evapo-
ration to dryness to eliminate tritiated water. Under
steady-state conditions for plasma glucose concentrations,
the glucose Rd equals the Ra. The Ra was calculated as the
ratio of the rate of infusion of [3-3H]-glucose (disintegra-
tions per minute) and the steady-state serum [3-3H]-glu-
cose specific activity (disintegrations per minute per
milligram). The rate of HGP was calculated as the differ-
ence between Ra and the glucose infusion rate (GIR). The
rates of glycolysis and glycogen synthesis were estimated
as previously described (15).

In Vitro Studies
The SH-SY5Y human neuroblastoma cell line, obtained
from ATCC (CRL-2266), and the adult hypothalamic
mHypoA-NPY/GFP cell line (CLU499; Cedarlane) were
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cultured in DMEM with 10% FBS. On reaching 80–90%
confluence, cells were serum starved for 4 h prior to the
experiment. For demonstration of in vitro specificity of
inhibitors, cells were pretreated with vehicle, S961 (100
ng/mL), or IGF-1R mAb (100 mg/mL) diluted in serum-
free media. One hour later, each pretreatment condition
was subsequently challenged with vehicle, IGF-1 (10
nmol/L), or insulin (10 nmol/L) in duplicate, and cells
were collected and lysed on ice with radioimmunoprecipi-
tation assay buffer 30 min after challenge for analysis of
downstream insulin/IGF-1 signaling markers, as described
below.

RNA Isolation and Expression
Total RNA from frozen tissues was isolated with use of the
Trizol procedure as previously described. First-strand cDNA
was synthesized with random primers and total RNA as a
template using iScript cDNA Synthesis Kit (Bio-Rad Labora-
tories, Hercules, CA). InsR-A and B isoform expression in
multiple tissues was performed as previously described (30).
Following PCR with primers designed to amplify both InsR
isoforms, products were resolved on a 4% agarose gel (Life
Technologies). Gene expression in single-cell samples was
performed for IGF-1R (forward, 50-GCAGTAGGCACCCTT-
GGTAA, and reverse, 50-AAATGCCCACAGTTCACT), InsR
(forward 50-TCAAGACCAGACCCGAAGATT, and reverse,
50-TCTCGAAGATAACCAGGGCATAG), NPY (forward, 50-ATGC-
TAGGTAACAAGCGAATGG, and reverse, 50-TGTCGCAGAGCG-
GAGTAGTAT), and 18S (forward, 50-TTGACGGAAGGGCACCA-
CCAG, and reverse, 50-GCACCACCACCCACGGAATCG). For
gene expression in rat liver, the following primers were used:
IL-6 (forward, 50-GTGGCTAAGGACCAAGACCA, and reverse,
CATTCATATTGCCAGTTCTTCG), Gsk3b (forward, 50-ATTA-
CGGGACCCAAATGTCA, and reverse, CCACGGTCTCCAG-
CATTAGT), Gck (forward, 50-AGACCAGACCCCAGGAGAGT,
and reverse, GGTCCCCTTAGAGCAAGGAC), Pc (forward, 50-
AGATGCACTTCCATCCCAAG, and reverse, CCTTGGTCACGT-
GAACCTTT), Pepck (forward, 50-CCCCAGGAAGTGAGGAAG,
and reverse, GACCGTCTTGCTTTCGATCC), G6pase (forward,
50-ACCCTGGTAGCCCTGTCTTT, and reverse, GGGCTTTCT-
CTTCTGTGTCG), and Pygl (forward, 50-GTGAACACTA-
TGCGCCTCTG, and reverse, CCTCAGCTCCTTCCCTTCAA),
and data were normalized to Ppia (forward, 50-AGC-
ACTGGGGAGAAAGGATT, and reverse, AGCCACT-
CAGTCTTGGCAGT) using the DDCt method.

Protein Isolation and Western Blot
Total protein from cells and tissues was extracted with
radioimmunoprecipitation assay buffer, and total protein
content was determined with the BCA protein assay
(Sigma-Aldrich, St. Louis, MO) with BSA as a standard.
Proteins were separated by SDS-PAGE with Bis-Tris gels
(Bio-Rad Laboratories), transferred onto polyvinylidene
fluoride membranes at 100 V constant for 1 h, and
incubated with an appropriate primary antibody against
phosphorylated (p)AktThr308 (13038; Cell Signaling

Technology), pAktSer473 (4060; Cell Signaling Technol-
ogy), total Akt (4691; Cell Signaling Technology), p-p44/
42MAPKThr202/Tyr204 (9101; Cell Signaling Technology),
and total p44/42 MAPK (9107; Cell Signaling Technology)
IGF-1R (9750; Cell Signaling Technology) or InsRb (9H4;
Santa Cruz Biotechnology) overnight at 4�C (24,31). Fol-
lowing a 1-h incubation with secondary antibody, Clarity
Western ECL Substrate (Bio-Rad Laboratories) was
applied to the membrane and bands were visualized with
a ChemiDoc bio-imager (Bio-Rad Laboratories) to first
pixel saturation and densitometry performed with
Image Lab (Bio-Rad Laboratories).

Hypothalamic Slice Preparations and Single-Cell
Quantitative PCR
Coronal slices were obtained from 3-month-old NPY/GFP
reporter mice (n 5 4). In brief, animals were decapitated
and their brains were transferred into an ice-cold sucrose-
based solution bubbled with 95% O2 and 5% CO2 as pre-
viously described (32). A vibratome was used to prepare
200-mm coronal slices, which were kept in oxygenated
aCSF solution at 37�C. An upright, infrared-differential
interference contrast microscope (Olympus BX50WI)
mounted on a Gibraltar X-Y table (Burleigh) was used to
visualize NPY/AgRP fluorescent cells in hypothalamic
brain sections at a 40� magnification. With aspiration
into a patch glass pipette, cytoplasm containing total
RNA was collected from individual single NPY/AgRP neu-
rons. Then, each cell was placed into a 0.2-mL microcen-
trifuge tube by pressure ejection and further processed
for reverse transcription to cDNA with a REPLI-g WTA
Single Cell Kit (QIAGEN) per the manufacturer’s guide-
lines. A column-based MEGAquick-spin Plus Total Frag-
ment DNA Purification Kit (cat. no. 17287; iNtRON
Biotechnology) was used to purify the cDNA, and its con-
centration was measured with a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific). Single-cell
quantitative PCR was performed as described above, and
PCR products were run on a 2% agarose gel to verify
product size. InsR and IGF-1R products were subse-
quently sent for sequencing to the Einstein Genomics
Core for confirmation of the final product.

In Vivo Receptor Distribution and Immunoprecipitation
for Hybrid Receptor Levels
For determination of relative InsR and IGF-1R levels,
standard Western blotting was performed, while
HybridR content in tissues was assessed by immuno-
precipitation as previously described (24). In brief, 70
mg total protein was immunoprecipitated from several
rat tissues (n 5 4 each) with 1 mg anti–IGF-1R anti-
body (9750; Cell Signaling Technology) overnight, using
the Catch and Release v2.0 Reversible Immunoprecipi-
tation System (EMD Millipore) as previously described
(24). Equal volumes of eluted sample containing immu-
noprecipitated protein were then loaded and separated
by SDS-PAGE, transferred onto polyvinylidene fluoride
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membranes, probed with anti-InsRb antibody (C-19;
Santa Cruz Biotechnology), and visualized as described
above.

In Vivo Activation Studies
For determination of the relative abilities of insulin and
IGF-1 to trigger shared downstream signaling mediators in
mediobasal hypothalamus (MBH), FBN rats were implanted
with an ICV catheter and, �14 days later, were assigned to
receive an ICV infusion of aCSF, IGF-1 (1 mg), or an equi-
molar dose of insulin (22 mU) over 5 min. For evaluation of
downstream signaling of pAkt, animals were euthanized at
15 min after initiation of infusion and MBH wedges were
collected as previously described for Western blotting
(19,33). For evaluating insulin signaling specifically in AgRP
neurons, a jugular catheter was inserted into Igf1rflox/flox

(control) and Igf1rDAgRP–NPY-GFP (KO) reporter mice. One
week later, animals were fasted overnight, infused with an
intravenous dose of insulin (0.2 units/min over 5 min; 1
unit total dose) or saline, and then sedated and transcar-
dially perfused 10 min later. Brain tissue was then rapidly
excised for further processing.

Immunohistochemistry
For immunostaining in brain tissue, animals were trans-
cardially perfused with room temperature 0.1 mol/L PBS
(pH 7.4) followed by ice-cold 4% paraformaldehyde in
PBS. Brains were removed, postfixed overnight at 4�C,
and then infiltrated with 30% sucrose in 0.1 mol/L PBS at
4�C and frozen. Serial coronal sections of 30 mm thick-
ness were cut at 160-mm intervals on a cryostat (Leica
CM1950; Leica, Wetzlar, Germany) and collected in PBS
with 1% sodium azide until processing. For 3,30-diamino-
benzidine (DAB) detection, free-floating sections were
incubated in 3% hydrogen peroxide in 0.1 mol/L PBS for
30 min, rinsed, and incubated in 0.5% Triton X-100 in
0.1 mol/L PBS with 10% normal goat serum for 1 h at
room temperature and then incubated overnight at 4�C
in rabbit pAktSer473(4060; Cell Signaling Technology). Sec-
tions were incubated in biotinylated goat anti-rabbit IgG
(1:300, BA-1000; Vector Laboratories, Burlingame, CA)
for 2 h, rinsed, and incubated in avidin-biotin complex
(VECTASTAIN Elite; Vector Laboratories) for 90 min prior
to DAB exposure (DAB Substrate Kit; Vector Laborato-
ries). Imaging was conducted with the PANORAMIC 250
Flash II Slide Scanner (3DHISTECH).

Immunofluorescence was performed for pS6 activation
and phosphatidylinositol (3,4,5)-trisphosphate (PIP3) for-
mation in AgRP neurons in response to insulin. Specifi-
cally, rabbit monoclonal pS6Ser240/Ser242 (cat. no. 5364;
Cell Signaling Technology) and mouse monoclonal PIP3
(z-P345; Echelon Biosciences) were used as primary anti-
bodies. A mouse-on-mouse (M.O.M). immunodetection
kit was used for PIP3 staining (BMK-2202; Vector Labora-
tories) in order to block endogenous mouse IgG staining.
Free-floating sections were then incubated in either goat

anti-rabbit Alexa Fluor 568 (A-11036; Thermo Fisher Sci-
entific) or goat anti-mouse Alexa Fluor 565 (A-11004;
Thermo Fish Scientific) for 90 min, rinsed, and mounted
with mounting medium with DAPI (VECTASHIELD, cat.
no. H-1200; Vector Laboratories). Immunofluorescent
images were taken with a Leica SP5 confocal microscope
with a 63� magnification and with a zoom value of 2. For
pS6 immunofluorescence, images were analyzed with mea-
surement of the mean fluorescence intensity within NPY
cells using the Volocity 6.3 software (PerkinElmer); PIP3
immunofluorescence was analyzed in ImageJ, using decon-
volution analysis, and the JACoP plugin was used for coloc-
alization coefficient analysis.

Statistics
Longitudinal measures were assessed by repeated-meas-
ures ANOVA and cross-sectional measures were
assessed by one-way ANOVA. When a significant effect
was observed, planned contrasts with Tukey honestly
significant difference or Dunnett adjustment, when
appropriate, were applied to determine individual dif-
ferences among groups. All analyses were performed
with SPSS (SPSS, Chicago, IL). All values are presented
as means ± SE. A P # 0.05 was considered statistically
significant.

Data and Resource Availability
Data generated and/or analyzed in the current study are
available from the corresponding authors on reasonable
request.

RESULTS

IGF-1Rs, InsRs, and HybridRs are Abundantly
Expressed in the MBH
To investigate the relative distribution of InsRs, IGF-1Rs,
and HybridRs among tissue types, we measured protein
expression in several central and peripheral tissues. InsRs
were detected to various degrees in all analyzed tissues but
were relatively most abundant in liver, pancreas, and MBH
(Fig. 1A). However, IGF-1Rs and HybridRs were mainly
enriched in brain tissues, whereas levels in many peripheral
organs were lowly expressed or even below the level of
detection as a function of total protein loaded (Fig. 1B and
C). Similar to previous reports, in assessment of the pres-
ence of InsR isoforms A and B among tissues, while liver
mainly fexpresses InsR isoform B, InsR-A was the most
abundantly present isoform in brain tissues, including
MBH, whereas adipose and skeletal muscle expressed both
InsR-A and -B (Fig. 1D). Moreover, consistent with the
abundant expression of IGF-1Rs in MBH, an acute ICV
IGF-1 injection was able to stimulate downstream signaling
in the arcuate nucleus, as demonstrated by an increase
in pAktSer473 and pAktThr308 (Fig. 1E and F) (P < 0.05),
whereas insulin led to more variable Akt activation that
was not significant after Tukey adjustment, but significantly
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downregulated total Erk content in MBH, as compared
with controls (P < 0.05).

Selective Inhibition of Brain IGF-1Rs Prevents
Suppression of HGP by Central Insulin or IGF-1
Prior to performing in vivo studies, we first aimed to con-
firm the specificity of the blocking reagents in vitro using
two different neuronal cell lines, SH-SY5Y and mHypoA-
NPY/GFP (Supplementary Fig. 1). Both cells lines were
found to express InsRs and IGF-1Rs (Supplementary Fig.
1A and D). Moreover, as anticipated, pretreatment with
IGF-1 mAb blunted the ability of IGF-1 to activate pAkt
and pERK in SH-SY5Y cells and mHypoA-NPY/GFP cells
(Supplementary Fig. 1B and C), while S961 tended to
interfere with the ability of insulin to trigger pAkt and
pERK in these same cells (Supplementary Fig. 1E and F).
We next aimed to determine whether the ability of central
IGF-1 to regulate HGP during hyperinsulinemic-glycemic
clamps in rats is mediated via IGF-1Rs (Fig. 2D). To this
end, animals were preemptively infused with ICV aCSF as
vehicle, a selective IGF-1R mAb antagonist, or the InsR
antagonist S961 15 min prior to chronic infusion of ICV
vehicle, IGF-1, or insulin. As expected, the GIR needed to
maintain euglycemia was increased with central infusion

of insulin or IGF-1 (Fig. 2E) (P < 0.001), which was
explained mainly by the suppression of HGP (Fig. 2F) by
IGF-1 (P < 0.001) and insulin (P < 0.05), respectively,
and a significant increase in Rd, as compared with aCSF
controls (Fig. 2G). Preemptive infusion of IGF-1R mAb
completely prevented the ability of IGF-1 to increase GIR
or accentuate suppression of HGP and glucose uptake
over controls, suggesting that that the central actions of
IGF-1 are indeed mediated by its cognate receptor. How-
ever, IGF-1R mAb treatment not only abrogated the cen-
tral effects of IGF-1 but also completely prevented the
ability of central insulin to increase GIR (Fig. 2E) or sup-
press HGP (Fig. 2F). Moreover, ICV IGF-1R mAb tended
to raise basal glucose, which was significant between ICV
IGF-1 and ICV IGF-11ICV mAb groups (Supplementary
Fig. 2A) (P < 0.05).

To interfere with insulin signaling, we also administered
S961, which alone had mild agonist effects on the GIR
(P 5 0.09) and HGP (P 5 0.10), and S961 has previously
been noted to have agonist activity on HybridRs at some
doses (34). However, S961 resulted in the complete inabil-
ity of central insulin to increase GIR, but unlike the IGF-
1R mAb, S961 did not interfere with the ability of IGF-1
to increase GIR but did alter glucose fluxes such that

Figure 1—IGF-1Rs, InsRs, and HybridRs are abundantly expressed in the MBH. A: In rats, InsR was expressed in multiple tissues, with
the greatest levels detected in liver, pancreas, and MBH (n 5 4 per tissue). B: IGF-1R was highly enriched in the brain, including cortex
and MBH, but less abundant in most peripheral tissues (n5 4 per tissue). C: Similar to IGF-1R, HybridRs were also highly expressed in the
brain and modestly expressed in pancreas but nearly undetectable elsewhere (n 5 4 per tissue). D: InsR-A gene expression was the main
isoform detected in pancreas and brain, and InsR-B was the predominant isoform expressed in liver, whereas muscle and fat expressed
both isoforms. E and F: ICV administration of either IGF-1 or insulin to young male rats leads to pAkt (Ser473) activation in the ArcN, as
confirmed by immunostaining (taken at 10�; zoomed inset presented at 20�) and Western blotting in MBH enriched fractions (n 5 6
aCSF, n5 7 IGF-1, n5 7 insulin). Bars graphs represent means ± SE, and circles indicate individual data points. Different letters denote a
significant difference between groups, P < 0.05. AU, arbitrary units; bp, base pairs; Epi., epididymal; ns, not statistically significant; NTS,
nucleus of the solitary tract; SkM, skeletal muscle.
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central IGF-1 further increased glucose disposal (P <
0.001) rather than lowering HGP (Fig. 2F and G). More-
over, these effects occurred in the absence of differences in
clamp glucose or insulin levels among groups (Supp-
lementary Fig. 2). We further assessed expression of several
metabolic genes in liver collected following clamp studies
(Fig. 3A–G). Interestingly, ICV IGF-1R mAb and, to some
extent, ICV S961 tended to increase liver expression of sev-
eral gluconeogenic genes, which was significant for Gck, as
compared with ICV IGF-1–infused animals (Fig. 3B) (P <
0.05). However, no significant effects were observed in
estimated whole-body glycolysis or glycogen synthesis rates
among groups (Fig. 3H and I). Meanwhile, liver IL-6
expression was significantly greater in rats receiving ICV
insulin that were preemptively treated with IGF-1R mAb,
as compared with rats receiving either IGF-1R mAb or
S961 alone (Fig. 3E), suggesting that this known effect of
central nervous system (CNS) insulin was enhanced by
selectively blocking IGF-1Rs. Taken together, these results
suggest that IGF-1Rs may play a previously unappreciated
role in mediating the effects of central insulin on whole-
body glucose homeostasis.

Hyperinsulinemia Fails to Suppress Glucose
Production in Mice Lacking IGF-1Rs in AgRP Neurons
Given that InsRs in AgRP neurons were previously dem-
onstrated to be necessary for the central effects of insulin
to suppress HGP, we next aimed to determine the poten-
tial role of IGF-1Rs in this neuronal population. We first
set out to confirm the presence of IGF-1Rs in NPY/AgRP
neurons. To this end, we collected cytoplasm from indi-
vidual NPY/AgRP neurons in hypothalamic slices from
reporter mice that express eGFP specifically in these cells.
Amplified cDNA from individual NPY/AgRP cells showed
that NPY/AgRP neurons express both InsR and IGF-1R
(Fig. 4A), which we confirmed by sequencing the amplified
products.

We next generated mice lacking IGF-1Rs specifically in
AgRP neurons (referred to hereafter as KO mice) and
examined effects on energy balance and glucose metabo-
lism. KO animals appeared normal and did not show any
obvious signs of growth or endocrine abnormalities, and
IGF-1Rs appeared to be intact at other sites, including
cortex and lung, suggesting that deletion was restricted to
AgRP neurons (Supplementary Fig. 3A and B). Male KO

Figure 2—Selective inhibition of IGF-1R and InsR signaling reveals a critical role of central IGF-1Rs in the regulation of glucose metabo-
lism: A: Experimental design of hyperinsulinemic-clamp studies in rats. Created with BioRender (biorender.com). B–D: GIR was increased
with administration of either ICV insulin or IGF-1 in rats. However, with preemptive treatment with an IGF-1R inhibitor via ICV infusion, the
ability of central IGF-1 or insulin to enhance GIR was abrogated, as was the ability of central insulin to suppress HGP. Likewise, S961
completely prevented the ability of ICV insulin to enhance GIR and suppress HGP, but did not interfere with the ability of ICV IGF-1to
enhance GIR, though the effect was shifted to an increase in glucose disposal rather than suppression of HGP (aCSF controls n5 15, ICV
IGF-1 n 5 12, ICV insulin n 5 10, ICV IGF-1R mAb only n 5 12, ICV IGF-11IGF-1R mAb n 5 6, ICV insulin1IGF-1R mAb n 5 7, ICV S961
only n 5 10, ICV S9611IGF1 n 5 8, ICV S9611insulin n 5 8). Bar graphs indicate means ± SE, and circles indicate individual data points.
*P< 0.05, †P< 0.01, ‡P< 0.001 vs. aCSF control after Dunnett post hoc adjustment.
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mice did not show any differences in body weight (Fig. 4B)
or food intake (Fig. 4C) up to 4 months of age, and there
were not any differences in 4-h fasting insulin (Fig. 4D)
compared with controls. Similarly, no differences in energy
or glucose metabolism were observed in female KO mice
(Supplementary Fig. 4A–D). Furthermore, GTTs (Fig. 4E)
and ITTs (Fig. 4F) revealed no significant differences
between groups for glucose or insulin tolerance, respec-
tively, in males. However, when challenged with a PTT,
male KO mice showed a significant increase in glucose lev-
els over 2 h, suggesting a potential defect in hepatic gluco-
neogenesis compared with control mice (Fig. 4G and H)
(P < 0.05).

To more definitively determine the impact of IGF-1Rs
in AgRP neurons on glucose metabolism, we performed

hyperinsulinemic-euglycemic clamps in control and KO
mice (Fig. 5A). Plasma glucose and insulin levels were sim-
ilar between groups during the clamp (Fig. 5B and C).
However, consistent with PTT results, KO mice demon-
strated an �30% reduction in the GIR (Fig. 5D) (P <

0.05) that was due mainly to an impaired ability to
completely suppress HGP (Fig. 5E) (P < 0.05), without
effects on Rd (Fig. 5F), compared with control mice.

Activation of Insulin Signaling in NPY/AgRP Neurons Is
Dependent On the Presence of IGF-1Rs
To determine whether the physiologic consequences of
lacking IGF-1Rs could be corroborated by signaling studies,
we catheterized control and KO mice expressing the
eGFP reporter in NPY/AgRP neurons and performed acute

Figure 3—Expression of metabolic genes in rat liver following hyperinsulinemic-euglycemic clamps. A–F: We assessed expression of sev-
eral metabolic genes in liver from rats collected immediately after a hyperinsulinemic-euglycemic clamp, including Pepck, Gck, Gsk3b,
G6pase, Il6, Pgyl, and Pc. While ICV IGF-1R mAb and, to some extent, ICV S961 tended to increase liver expression of several gluconeo-
genic genes, there was no significant effect among groups for Pepck, G6Pase, Gsk3b, Pc, or Pgyl, but Gck was significantly increased in
most groups receiving either ICV IGF-1R mAb or S961, as compared with ICV IGF-1 alone. Moreover, liver IL-6 expression was signifi-
cantly greater in rats receiving ICV insulin that were preemptively treated with IGF-1R mAb, as compared with rats receiving either IGF-1R
mAb or S961 alone (aCSF controls n5 8, ICV IGF-1 n5 8, ICV insulin n5 10, ICV IGF-1R mAb only n5 8, ICV IGF-11IGF-1R mAb n5 7,
ICV insulin1IGF-1R mAb n 5 8, ICV S961 only n 5 10, ICV S9611IGF1 n 5 7, ICV S9611insulin n 5 5). H and I: However, no significant
effects were observed in estimated whole-body glycolysis or glycogen synthesis (Syn) rates among groups during the clamp. Bar graphs
indicate means ± SE, and dots indicate individual data points. *P< 0.05 after Tukey post hoc adjustment. Rel., relative.
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intravenous infusions with saline or insulin. A peripheral
insulin challenge was able to stimulate both pS6 (Fig. 6A
and B) (P < 0.05) and PIP3 (Fig. 6C and D) formation (P <
0.05) by more than twofold in NPY/AgRP neurons versus
saline-injected controls. Likewise, while insulin-stimulated
pS6 and PIP3 levels were well visualized in surrounding
hypothalamic cells of both control and KO mice, pS6 and
PIP3 in colocalized NPY/AgRP neurons were markedly
attenuated in mice lacking IGF-1Rs in these cells (Fig.
6A–D). Thus, these data demonstrate an impaired ability
of insulin to stimulate canonical downstream targets in
AgRP neurons lacking IGF-1Rs, which supports relative
insulin resistance observed in these animals under clamp
conditions.

DISCUSSION

Several lines of evidence now support the notion that regu-
lation of HGP by insulin is dependent on InsR signaling
not only in hepatocytes, but also in extrahepatic tissues
(1–8,35). Indeed, disruption of insulin signaling in the CNS
has been shown to be sufficient to perturb glucose homeo-
stasis at the level of the liver (2,3,8) as well as lipid metab-
olism in rodents (36–38). Previous studies have shown
that interfering with CNS insulin signaling in the MBH
(2,3,8) or dorsal vagal complex (7) using antisense, phar-
macologic, or genetic strategies, respectively, is sufficient to

impair suppression of HGP. However, the strongest evi-
dence for a discrete extrahepatic cell population in the
direct control of HGP involves AgRP neurons in the MBH
(5,6,8). As a result, the ability of insulin to regulate HGP
via the brain is often characterized by its ability to bind
InsRs on AgRP neurons, thereby triggering downstream
signaling, FOXO translocation, and neuronal hyperpolariza-
tion to drive this brain-liver circuit (39,40).

Similar to insulin, we have previously found that cen-
tral administration of IGF-1 can suppress HGP (15) and is
even more potent than central insulin at restoring periph-
eral insulin action in aged Sprague-Dawley rats (19).
Therefore, we initially aimed to gain a better understand-
ing as to how the effects of central IGF-1 on HGP are
mediated, including the extent to which signaling was
dependent on InsRs and/or IGF-1Rs. While many similari-
ties exist between insulin and IGF-1 signaling, these path-
ways still serve to elicit distinct effects due to unique
properties of the InsR and IGF-1R, cellular distribution,
and the way in which ligand interacts with their respec-
tive receptor (17,18). While our results unequivocally
demonstrate that central IGF-1 signaling requires its cog-
nate receptor to regulate HGP, they unexpectedly show a
previously unappreciated requirement for IGF-1Rs in the
brain, and specifically at the level of AgRP neurons, in
mediating the ability of insulin to suppress HGP. K€onner

Figure 4—Metabolic phenotype of male mice lacking IGF-1Rs in AgRP neurons. A: Using single-cell quantitative PCR, we demonstrate
that both IGF-1Rs and InsRs are expressed in all examined NPY/AgRP neurons (n 5 4 neurons). B–D: Body weight, food intake (n 5 13
controls [CON], n 5 12 KO), and fasting insulin levels (n 5 11 controls, n 5 8 KO) were not significantly different in male KO animals com-
pared with controls. E and F: Similarly, no differences were seen between groups during GTT or ITT (n5 10 controls, n5 13 KO). G and H:
Nevertheless, KO animals showed increased glucose levels during a PTT, as compared with controls. Data are represented as means ±
SE, and dot overlays indicate individual data points. *Significant difference between groups, P < 0.05. AUC, area under the curve; ns, not
statistically significant.
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et al. (8) elegantly showed previously that InsR signaling
in AgRP neurons was essential for suppression of HGP
(8). However, given the complexity of clamp studies in
rodents, it is difficult to speculate at this stage on the rel-
ative contribution of the IGF-1R versus InsR in AgRP neu-
rons in disrupting central regulation of HGP across
studies, though the relative degrees of suppression under
hyperinsulinemia between control and KO animals in this
study and that of K€onner et al. (8) seem somewhat com-
parable. Moreover, the GIR did not appear to be compro-
mised in InsRDAGRP mice under clamp conditions (8),
while mice in this study lacking IGF-1Rs in AgRP neurons
demonstrated a marked 30% reduction in the GIR, dem-
onstrating that these animals were more insulin resistant
than controls.

Given the clear evidence that disrupting InsRs in the
CNS is sufficient to prevent central regulation of HGP by
insulin (2,8), how to reconcile the apparent requirement
of IGF-1Rs in these effects is not yet clear, but there are a
few potential explanations. One possibility involves a
codependency of both InsRs and IGF-1Rs being present
and active in these neurons in order to trigger a sufficient
response to ligand binding via collateral signaling to insti-
gate these neuronal effects. There is some precedent for
this, as there are examples of IGF-1 dependency on InsRs,
such as in the regulation of body temperature by the

anterior hypothalamus (41), as well as the induction of
more severe phenotypes on metabolism (42–45) and
behavior (46) by removal of both InsRs and IGF-1Rs,
thereby eliminating collateral signaling via either ligand
on this pathway. On the other hand, loss of IGF-1Rs
and HybridRs in osteoblasts or preadipocytes actually
increases the sensitivity to insulin in these cells (47,48).
These studies postulate that the mere presence of IGF-
1Rs and HybridRs in these cell types might temper InsR
signaling (47). It is also conceivable, though only specula-
tive, that in removing IGF-1Rs, and hence the ability to
form HybridRs, there is a greater ability for InsR homo-
dimer formation in cells, thereby increasing insulin
responses. However, it is unclear to what extent if any,
removal of InsRs by past studies, or IGF-1Rs in the cur-
rent investigation, altered abundance of the IGF-1R or
InsR, respectively.

A related possibility involves signaling through a third
receptor, HybridR. Indeed, deleting InsRs or IGF-1Rs,
respectively, not only results in removal of the cognate
receptor but also eliminates the ability to form HybridRs,
which are heterotetramers of the a- and b-subunits of
InsR and IGF-1R, respectively. The complexity of HybridR
combinations is further increased by the presence of
InsR-A (no exon 11) and InsR-B (49), with our data sug-
gesting that the brain is composed mainly of the former

Figure 5—The ability of insulin to suppress HGP is impaired in mice lacking IGF-1Rs in AgRP neurons. A: To determine whether mice lack-
ing IGF-1Rs in AgRP neurons have impaired regulation of HGP, we performed hyperinsulinemic-euglycemic clamps in mice. B and C: Ani-
mals were clamped under glucose and insulin levels that were similar between groups. D: Under hyperinsulinemia, KO mice had
attenuated GIR. E–G: The reduction in GIR was due to an impaired ability to suppress HGP and was not due to differences in Rd compared
with controls (n5 10 controls, n5 10 KO). Data are represented as means ± SE, and dots represent individual data points. *Significant dif-
ference between groups, P < 0.05. CON, control; ns, not statistically significant.
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isoform, and as a result, InsR-A/IGF-1R Hybrids should
comprise the vast majority of these receptors in MBH and
elsewhere in the CNS.

While the stoichiometry of HybridRs in tissues remains
somewhat controversial, it is generally believed that for-
mation of HybridRs occurs stochastically in the endoplas-
mic reticulum in any cell type that expresses InsR and
IGF-1Rs, prior to reaching the cell membrane (50–52).
Radioligand studies have suggested that HybridRs com-
prise nearly half of all InsRs and IGF-1Rs in some tissues.
Interestingly, our data also show that IGF-1Rs and
HybridRs are particularly enriched in brain tissue, includ-
ing MBH, as compared with peripheral tissues, at least as
a function of total protein load (52). Interestingly, a
recent study showed that InsRs and IGF-1Rs are present
in all of the major cell types in the brain and also showed
that HybridRs are highly expressed in neurons, microglia,
and astrocytes, with much less abundance in endothelial
cells and oligodendrocytes (53). While we did not measure
the presence of HybridRs in individual NPY/AgRP neu-
rons per se, we did confirm that both IGF-1Rs and InsRs

are expressed in the same NPY/AgRP neurons at the sin-
gle-cell level, thereby supporting the likelihood that these
heterodimers could form under stochastic processes in
these cells as they have been shown to do in other neu-
rons (53).

Presence and function of HybridRs in normal physiology
have been understudied and are still debatable (51), though
the general consensus is that they function as receptor
tyrosine kinases, albeit more as IGF-1Rs, given their rela-
tively lower affinity for insulin than IGF-1 (54). Progress in
deciphering the role of these receptors has been particu-
larly difficult because technologies that effectively allow for
the specific recognition of the HybridR, without targeting
either homodimer also present in the same cells or tissues,
have not been developed. Indeed, our pharmacologic
approach involved an IGF-1R mAb that selectively antago-
nizes both IGF-1Rs and HybridRs (22), while our genetic
approach of deleting IGF-1Rs also presumably eliminated
HybridRs in AgRP neurons and was sufficient to diminish
the ability of central or peripheral insulin to regulate HGP
or activate canonical signaling in NPY/AgRP neurons.

Figure 6—Absence of IGF-1Rs in NPY/AgRP neurons attenuates the ability of systemic insulin to trigger metabolic signaling pathways in
these cells. A and B: Administering an IV insulin challenge (0.2 units/min over 5 min; 1 unit total dose), but not saline, results in increased
pS6 mean fluorescence intensity within NPY/AgRP cells in control animals, but insulin was unable to activate pS6 in KO mice (n5 6 saline
control [Con], n 5 7 insulin control, n 5 5 saline KO, n 5 7 insulin KO). C and D: Deconvoluted representative images are shown for PIP3

fluorescence. Similar to pS6, administration of IV insulin resulted in a significant increase in PIP3% colocalization with NPY/AgRP neurons
in control mice. Saline-infused KO mice had a slight, but significant, reduction in PIP3 levels in AgRP/NPY neurons, as compared with
saline Control mice, while similar to pS6, insulin was unable to activate PIP3 in NPY/AgRP neurons from KOmice (n5 3 saline control, n5
3 insulin control, n5 3 saline KO, n5 4 insulin KO). Bar graphs represent means ± SE, and dot overlays indicate individual data points. Dif-
ferent letters denote significant difference between groups after Tukey honestly significant difference adjustment, P# 0.05.
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Meanwhile, S961 has been shown to have antagonist
effects on both InsRs and HybridRs (23), which might
explain the inability of either insulin or IGF-1 to signifi-
cantly suppress HGP in the presence of S961 or IGF-1R
mAb, as compared with controls, which was achieved with
either ligand alone. Future studies that compare the effects
of antibodies capable of blocking both the cognate receptor
and HybridR versus antagonists against only the cognate
receptor could be leveraged to better tease apart the iso-
lated effects of HybridRs in normal physiology.

In summary, our results show that a pharmacologic
approach to specifically target IGF-1Rs (and HybridRs),
but not InsRs in the brain, was sufficient to interfere with
not only IGF-1 but also central insulin in whole-body
insulin action, particularly at the level of the liver. Fur-
thermore, the inability of systemic hyperinsulinemia to
trigger downstream signaling in NPY/AgRP neurons or
completely suppress HGP in mice lacking IGF-1Rs in
these neurons suggests that this mechanism might
involve more than simply insulin triggering InsRs on
AgRP neurons to exert its effects. Instead, these data sug-
gest that IGF-1Rs as well as potentially HybridRs might
be of importance in mediating the central effects of insu-
lin on glucose metabolism, particularly in liver. Given that
deletion of HybridRs is common to both InsR and IGF-1R
KO models, the collective activation of these heterote-
tramers in AgRP neurons by insulin may be critical for
sufficient triggering of downstream effects in these neu-
rons to effectively suppress HGP in normal physiology.
Furthermore, results of this study could have potential
translational implications regarding strategies that have
been leveraged to target insulin to the brain via the intra-
nasal route. Indeed, the potential importance of IGF-1Rs–
and HybridRs-mediated signaling in these CNS effects
suggests that IGF-1 and related analogs should also be
explored and leveraged as a potential therapeutic option
for treating metabolic disease.
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