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Amylin phosphorylates ERK (p-ERK) in the area postrema

to reduce eating and synergizes with leptin to phosphor-

ylate STAT3 in the arcuate (ARC) and ventromedial (VMN)

hypothalamic nuclei to reduce food intake and body

weight. The current studies assessed potential amylin

and amylin-leptin ARC/VMN interactions on ERK signal-

ing and their roles in postnatal hypothalamic pathway

development. In amylin knockout mice, the density of

agouti-related protein (AgRP)-immunoreactive (IR) fibers

in the hypothalamic paraventricular nucleus (PVN) was

increased, while the density of a-melanocyte–stimulating

hormone (aMSH) fibers was decreased. In mice deficient

of the amylin receptor components RAMP1/3, both AgRP

and aMSH-IR fiber densities were decreased, while only

aMSH-IR fiber density was decreased in rats injected

neonatally in the ARC/VMN with an adeno-associated vi-

rus short hairpin RNA against the amylin core receptor.

Amylin induced p-ERK in ARC neurons, 60% of which was

present in POMC-expressing neurons, with none in NPY

neurons. An amylin-leptin interaction was shown by an

additive effect on ARC ERK signaling in neonatal rats and

a 44% decrease in amylin-induced p-ERK in the ARC of

leptin receptor–deficient and of ob/obmice. Together, these

results suggest that amylin directly acts, through a p-ERK–

mediated process, on POMC neurons to enhance ARC-

PVN aMSH pathway development.

Amylin is synthesized by pancreatic b-cells and is coreleased

with insulin in response to eating and increasing glucose levels

(1). The amylin receptor (AMY) is composed of the core calci-

tonin receptor (CTR) A or B (2), which heterodimerizes with

one or several receptor activity–modifying proteins (RAMP1,

-2, and -3) (3,4). These components can be found in the area

postrema (AP), nucleus of the solitary tract (NTS), the lateral

hypothalamic area, ventromedial (VMN) and arcuate (ARC)

hypothalamic nuclei, and the ventral tegmental area (5). Sev-

eral studies have demonstrated that the AP is the primary

site for amylin’s satiating effects (6–8), but the ventromedial
hypothalamus (VMH) (VMH = ARC + VMN) is also a direct

target for amylin signaling. Diet-resistant (DR) rats whose CTR

expression in the VMH was depleted displayed an increased

weight and adiposity and insulin resistance, but high-fat diet

intake was not affected compared with control rats (9), sug-

gesting that VMH amylin signaling might directly control

energy metabolism. In the VMH, amylin and leptin act syner-

gistically to enhance STAT3-mediated leptin action and to
decrease eating and weight gain (10–12). Amylin stimulates

VMH microglial cells to secrete interleukin-6 (IL-6), which

subsequently binds to its neuronal receptor coupled to gp130

to enhance leptin-induced pSTAT3 signaling (13,14).

In rodents, hypothalamic neurons are born during the

2nd week of gestation (15,16). However, the axonal con-

nections between various hypothalamic nuclei only fully

develop during the 2nd week postnatally in rodents (17).
In the early postnatal period, endogenous leptin acts as

a neurotrophic factor from postnatal day (P)4 to P12 whereby

it stimulates axonal outgrowth from ARC a-melanocyte–

stimulating hormone (aMSH) and agouti-related protein

(AgRP) neurons to the hypothalamic paraventricular nu-

cleus (PVN) (18). This process involves leptin’s activation

of ERK and STAT3 signaling pathways (19). Diet-induced

obese (DIO) rats (20,21) are leptin resistant and have defective
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ARC aMSH and AgRP axonal outgrowth to the PVN that
persists into adulthood (21). Amylin treatment of DIO

neonates from P0 to P16 partially improves impaired ARC

leptin signaling and enhances defective aMSH and AgRP

ARC-PVN axonal fiber development (22).

ERK signaling pathway activation leads to the phosphor-

ylation of ERK1/2 (p-ERK) (23,24) and activation of gene

transcription and also triggers rapid neuronal responses by

directly modulating neuronal activity (25,26). Amylin’s ac-
tivation of the ERK1/2 pathway in the AP is neuron specific

and is colocalized with CTR-expressing neurons (27), and

their activation is correlated with a decrease in eating. ERK

signaling can also be activated by leptin in the ARC, which

decreases eating and weight gain and increases thermogenic

sympathetic outflow (28).

This study aims to determine the role of endogenous amylin

as a neurotrophic factor in the ARC using various rodent
models lacking amylin or AMY signaling. Next, we assessed

whether amylin activates ERK signaling in specific ARC and

VMN neurons and whether amylin signaling was dependent

upon leptin signaling. Finally, we examined whether the

hindbrain was required for amylin to act on ARC neurons.

RESEARCH DESIGN AND METHODS

Animal Husbandry and Diet

Animals were maintained in a temperature-controlled

(216 2°C) room on a 12:12 h light:dark schedule. Standard

chow (category no. 3430, energy content 3.15 kcal/g; Provimi

Kliba, Kaiseraugst, Switzerland) and water were provided ad

libitum. Animals were handled and housed in an enriched

environment. Male and female mice were used and included

in the study when no differences between the sexes were
noticed. All procedures were approved by the Veterinary

Office of the Canton Zurich (no. 029/2015) and the Insti-

tutional Animal Care and Use Committee of the East

Orange Veterans Affairs Medical Center.

Amylin Signaling in NPY-hrGFP, LepRb LoxTB, RAMP

1/3 Knockout, and Amylin Knockout Mice

NPY-hrGFP [B6.FVB-Tg(Npy-hrGFP)1Lowl/J, no. 006417; The

Jackson Laboratory], LepRb LoxTB [B6.129X1(FVB)-
Leprtm1Jke/J, no. 019111; The Jackson Laboratory], and wild-

type (WT) littermates were bred in our facility. LepRb LoxTB

mice possess a transcription blocker cassette that prevents the

transcription of the LepRb gene (29). NPY-hrGFP mice allow

the identification of NPY neurons without any additional im-

munohistochemistry (IHC) staining owing to their endoge-

nous GFP fluorescence driven by the NPY promoter. Male

and female NPY-hrGFP and LepRb LoxTB mice and respective
WT littermates were fasted for 6 h and, at dark onset, injected

with saline (NaCl 0.9%) versus amylin (50 mg/kg i.p.; Bachem

AG, Bubendorf, Switzerland) (n = 8/group) and 45 min later

perfused with saline followed by 2% paraformaldehyde

(PFA) in 0.1 mol/L phosphate buffer (pH 7.4).

Male RAMP1/3 double knockout (KO) mice (background:

129S6/SvEv [kindly donated by Kathleen Caron, University of

South Carolina]) (30) and amylin KO (background: C57BL/6)

(12) were bred, and 6-week-old WT and KO littermates
were injected at dark onset after a 6-h fast with either saline

or amylin (50 mg/kg) (n = 8/group) and perfused with 4%

PFA in borate buffer (pH 9.5). Brains were postfixed in 20%

sucrose–4% PFA, cryoprotected overnight, and frozen.

Effect of Leptin Replacement From P4 to P16 in ob/ob

Mice on Amylin Signaling

ob/+ mice (B6.Cg-Lepob/J Jax, no. 000632; Charles River

Laboratories, Calco, Italy) were bred, and litters were culled

to six to eight pups and genotyped at P2. WT pups and

ob/ob pups were injected once daily with PBS or leptin

(10 mg/kg s.c. in PBS; PeproTech, London, U.K.) from P4 to
P16. At P24, mice were fasted and injected with amylin (i.p.

50 mg/kg) (n = 4–7/group) and were perfused similarly to

amylin KO mice (Fig. 5I).

Effect of Neonatal Depletion of VMH Amylin Signaling in

DR Rats on ARC-PVN Pathway Development

Male rats selectively bred to express the DR phenotype were

used (20). DR litters were culled to six male and four female

pups per dam at P2. At P4, one male from each litter was

injected bilaterally in the VMH with adeno-associated virus

(AAV) CTR short hairpin RNA (shRNA) (serotype 1 [0.25 mL

saline containing 0.625 E8 genome copies]) and one male from

the same litter was injected with AAV control (9,31,32). At
P17, all rats were perfused with 4% PFA in borate buffer.

AAV injection and fluorescence was verified under the mi-

croscope, and CTR depletion efficacy was previously validated

in the VMH (9).

Amylin and Leptin Interaction in P12 and P13

Sprague-Dawley Rats

Four Sprague-Dawley dams with a P8 litter (Charles River Lab-

oratories, Sulzfeld, Germany) were used. At P12 or P13, male

and female rats were weighed and injected with saline, amylin

(25 mg/kg i.p.), leptin (2.5 mg/kg i.p), or amylin + leptin (n =

8/group). Forty-five minutes after the injection, rats were
sacrificed and brains were frozen on dry ice. The ARC

was punched out of 300-mm slices and lysed (10 mL/mg of

tissue) as previously published (33). Protein (20 mg) was

loaded onto a 12% TGX gel (Bio-Rad Laboratories, Munich,

Germany) and transferred onto polyvinylidene fluoride mem-

brane (Bio-Rad Laboratories). p-ERK (1:1,000, category no.

9101; Cell Signaling, BioConcept, Allschwill, Switzerland)

antibody was applied to the membrane and detected using
chemiluminescence following the manufacturer’s protocol.

The membrane was then stripped (200 mmol/L glycine, 3.5

mmol/L SDS, and 1% Tween 20, pH 2.2) for 20 min and

reprobed after blocking with total ERK antibody (1:1,000,

category no. 9102; Cell Signaling). Images were acquired using

the LAS-3000 Imager (Fujifilm), and the density of the im-

munoreactive (IR) bands was quantified (ImageJ) and the

ratio (p-ERK/total ERK 3 100) was calculated for each rat.

Amylin Effect in Intact and AP-Lesioned

Sprague-Dawley Rats

Thirty-six 7-week-old male Sprague-Dawley rats with an initial

weight of 200–250 g (Janvier Labs, Le Geneste-Saint-Isle,
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France) were used. On the day of sacrifice, the rats were
fasted for 4 h and injected with saline versus amylin (50

mg/kg i.p.) at dark onset. Five, 15, or 45 min later, rats were

perfused to assess ERK signaling.

Further, sixteen 250-g male Sprague-Dawley rats were

anesthetized and AP lesion was performed as previously

published (34,35). For confirmation of the AP lesion, rats

underwent an amylin-induced anorexia test where amylin

(20 mg/kg i.p.) and saline were injected at dark onset after
a 12-h fast and eating was measured at 1 h, 2 h, and 24 h. On

the day of the sacrifice, rats were fasted for 6 h, injected with

amylin (50 mg/kg), and perfused 45 min later with saline

followed by 4% PFA in phosphate buffer (n = 6/group). The

brains were postfixed overnight, cryoprotected, and frozen.

IHC

p-ERK and POMC IHC

Brains were sectioned serially at 25 mm through the ARC

and VMN (36) and slide mounted onto Superfrost Plus

slides (Life Technologies Europe, Zug, Switzerland). Single-

label p-ERK IHC was carried out as previously described

using rabbit anti–p-ERK antibody (1:1,000) (27,37). Double-

labeled p-ERK–POMC IHC was carried out subsequently (22)

by incubating sections for 72 h with rabbit anti-POMC

antibody (1:1,000, category no. H-029-30; Phoenix Pharma-
ceuticals, Karlsruhe, Germany) and Alexa Fluor 488 goat

anti-rabbit for 2 h (1:250; Life Technologies) and cover-

slipped using VECTASHIELD HardSet mounting medium

(Vectorlabs, Servion, Switzerland).

aMSH and AgRP IHC

aMSH and AgRP IHC were performed using previously

described methods (21,22,38). Brains were sectioned at

25 mm serially through the PVN and dorsomedial nucleus

(DMN). For aMSH, sections were incubated after overnight

blocking (0.3% Triton and 2% normal donkey serum in

potassium PBS) with sheep anti-aMSH (1:40,000, category

no. ab5087; Merck Millipore, Schaffhausen, Switzerland)
for 72 h and visualized with Alexa Fluor 488 donkey anti-

sheep secondary antibody (1:200). For AgRP, sections were

incubated with rabbit anti-AgRP (1:4,000, category no. H-003-

57; Phoenix Biotech) for 72 h. The signal was amplified using

a TSA Biotin Tyramide kit (NEL700A001KT; PerkinElmer,

Rodgau, Germany) and visualized with streptavidin–Alexa

Fluor 488 conjugate (1:1,000).

CTR IHC

Sections were blocked for 90 min with 3% normal donkey

serum and 0.3% Triton in 0.1 mol/L PBS. Slides were

washed and incubated for 48 h at 4°C in rabbit anti-CTR

(1:1,000, category no. ab11042; Abcam, Cambridge, U.K.)

followed by CY3 donkey anti-rabbit (1:200; Jackson Immu-
noResearch) for 2 h (27).

Quantitative Analysis of Immunolabeled Cells and Fibers

Cells expressing p-ERK and POMC in the ARC, VMN, AP,

and NTS were imaged using an L2 Imager upright micro-

scope (Zeiss Germany). For quantitative analysis of aMSH

and AgRP fiber densities, three sections through the PVN
and DMN from animals of each experimental group were

acquired using a Zeiss SP8 confocal system equipped with

a 203/0.75 objective (HD1 488, laser 2% with 10% gain,

zoom 1, pinhole 1, Z-stack 21mm, and step of 1.5 mm). Slides

were numerically coded to obscure the treatment group.

Image analysis was performed using ImageJ analysis soft-

ware (National Institutes of Health) as previously described

(22,37). For representative images, images were equally ad-
justed for brightness and contrast within the same experiment.

Statistics

Statistical comparisons among variables were made by

one- or two-way ANOVA, as appropriate, with Bonferroni

post hoc analysis. Comparisons between control and amylin-

treated groups were assessed using t test for nonparametric

statistics (GraphPad Prism, La Jolla, CA). All data are expressed
as mean 6 SEM.

RESULTS

Endogenous Amylin Acts as a Neurotrophic Factor on

ARC Neurons

Exogenous amylin enhances leptin’s neurotrophic action on

AgRP and aMSH ARC-PVN axon fiber development during

the early postnatal period of selectively bred DIO rats (22).

To assess the potential endogenous amylin neurotrophic

action in the hypothalamus, we used different models

where amylin or components of AMY were absent. In

6-week-old male amylin KO, AgRP-IR fiber density in the

PVN was increased by 46%, while aMSH-IR fiber density
was decreased by 26% (P , 0.05) (Fig. 1A, B, and G)

compared with respective WT littermates. In 6-week-old

male RAMP1/3 KO mice, AgRP- and aMSH-IR fiber density

was decreased by 51% and 37% compared with WT mice,

respectively (P , 0.05) (Fig. 1C, D, and H). In selectively

bred DR rats injected in the VMH at P4 with an AAV CTR

shRNA, AgRP-IR fibers analyzed at P17 were unaffected,

whereas aMSH-IR PVN fiber density was decreased by
48% compared with AAV controls (P , 0.05) (Fig. 1E, F,

and I). Finally, AgRP and aMSH-IR fiber densities were sim-

ilar to WT littermates in the DMN of amylin KO and RAMP1/

3 KO mice (Supplementary Fig. 1).

Amylin Activates ERK Signaling in ARC POMC Neurons

of Adult Rodents

The time course of amylin-induced p-ERK in the median

eminence (ME), ARC, and VMN was determined in 7-week-old

male Sprague-Dawley rats (Supplementary Fig. 2). Amylin

significantly activated ERK signaling at 5 min and 45 min

but not at 15 min in the ME, ARC, and VMN (Supplementary
Fig. 2 and Fig. 2A and B). At 45 min, amylin increased the

number of p-ERK–positive neurons by 70% and 174% in

the ARC and the VMN, respectively (P, 0.05) (Fig. 2A and

B). Since the total number of p-ERK–positive neurons was

8–10 times higher in the ARC than in the VMN, the following

experiments focused on the ARC. Amylin administration in-

creased the total number of p-ERK–expressing ARC neurons

by 47%. The total number of POMC-positive neurons was

diabetes.diabetesjournals.org Lutz and Associates 807
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Figure 1—AgRP (A, C, and E) and aMSH (B, D, and F) PVN were stained and axonal density was quantified in 6-week-old male amylin KO and

Ramp1/3 KO mice and their respective WT controls, and male DR rats were injected in the ARC and VMN at P4 with control vs. AAV CTR

shRNA. G–I: Representative images of AgRP-IR fibers and aMSH-IR fibers in the PVN for each animal model. The staining and quantification of

the amylin KO and Ramp1/3 KO mice and DR rats were done independently. N = 8/group. Data are expressed as mean6 SEM. *P , 0.05 and

**P , 0.01 vs. WT mice after Student t test. 3V, third ventricle.
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unaltered, but amylin doubled the number of POMC-positive

neurons that coexpressed p-ERK compared with controls (P ,

0.0001) (Fig. 2C and D). On the other hand, there was no

effect of amylin on the percentage of NPY neurons that

expressed p-ERK (Fig. 3). Thus, amylin increased overall

ARC p-ERK expression selectively in POMC as opposed to

NPY neurons. In addition, amylin also activated ERK sig-

naling in the ME and VMN but to a markedly lesser degree

than in the ARC.

RAMP1/3 KO Mice Are Insensitive to ERK Signaling

Activation

Similarly to results in outbred rats (Fig. 2), amylin increased
ERK phosphorylation in the ARC of WT mice by 61% (P ,

0.01), while amylin had no effect in RAMP1/3 KOmice (Fig.

4A and D). The depletion of RAMP1 and -3 had no effect on
the number of POMC neurons (Fig. 4C), but while amylin

increased p-ERK signaling in POMC neurons by 85% in WT

mice (P , 0.05), it had no effect in the RAMP1/3 KO mice

(Fig. 4B and D). This suggests that functional amylin recep-

tors (AMY1 or AMY3 [39]) are necessary for amylin to in-

crease ERK phosphorylation in the ARC.

Amylin-Induced p-ERK in the ARC of Leptin- and LepRb-

Deficient Mice

Since amylin and leptin signaling in the hypothalamus are

closely linked (9,12,13), amylin-induced p-ERK was first
assessed in leptin receptor–deficient (LepRb LoxTB) mice.

Figure 2—Amylin-induced p-ERK neurons in the ARC (A) and VMN (B) of 7-week-old male Sprague-Dawley rats (n = 6/group) 45 min after saline

or amylin injection (50 mg/kg i.p.). Neurons were also double labeled for POMC. C: Number of POMC neurons quantified in the ARC. D:

Percentage of p-ERK–activated POMC neurons. E: 203 representative picture of the ARC after saline and amylin injection. p-ERK neurons are in

red and POMC neurons in green. The white arrows represent the double-labeled neurons. Data are means6 SEM with average neuronal count

per section. ****P , 0.0001 and ***P , 0.001 vs. saline-treated rats after Student t test. 3V, third ventricle; Avg/sec, average per section.

Figure 3—Male and female 4-week-old NPY-hrGFP mice were tested for ARC amylin response. A: ARC amylin-induced p-ERK 45 min after

saline or amylin injection (50 mg/kg i.p.). B: Percentage of p-ERK–activated NPY neurons.C: 203 representative picture of the ARC after saline or

amylin injection. p-ERK neurons are in red, and NPY-hrGFP neurons are in green. N = 8/group. Data are means6 SEM. ***P, 0.001 vs. saline-

treated rats after Student t test. 3V, third ventricle; Avg/sec, average per section.
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At 7 weeks of age, LepRb LoxTB mice weighed almost twice

as much as WT littermates (P , 0.05) (Fig. 4E); amylin

increased ARC p-ERK by 103% in WT mice (P , 0.05)

but not in LepRb LoxTB mice (Fig. 4F and I). Unexpectedly,
LepRb LoxTB mice had a slightly increased number of

POMC neurons compared with WT mice (7% [P , 0.05])

(Fig. 4G and I). More importantly, while amylin doubled the

number of POMC neurons that coexpressed p-ERK in WT

mice (P , 0.05), it had no such effect in the LepRb LoxTB

mice (Fig. 4H and I).

This suggests a critical interaction between leptin sig-

naling and amylin-induced ERK phosphorylation in adult
POMC neurons. Since LepRb LoxTB mice and leptin-

deficient ob/ob mice both have defective ARC-PVN axonal

pathway development (18,40), we next assessed the poten-

tial role of amylin-leptin signaling interactions on this de-

fective development. ob/ob mice and WT littermates were

treated once daily with leptin or saline from P4 to P16 (18).

Leptin treatment decreased weight gain at P16 in WT and

ob/ob mice by 39% and 40%, respectively, compared with WT

and ob/ob saline-treated mice (P, 0.05) (Fig. 5B). However,

by the time of sacrifice, i.e., 8 days after the cessation of

leptin treatment, ob/ob leptin-treated mice displayed the

same weight gain as ob/ob saline-treated mice (Fig. 5B). As
expected from previous studies (18), PVN aMSH-IR fiber

density was decreased by 38% in ob/ob saline-treated mice

compared with WT mice (P , 0.05) (Fig. 5C and D),

whereas leptin restored aMSH-IR fiber density in ob/ob

leptin-treated mice to the level of WT littermates (P ,

0.05) (Fig. 5C and D). The number of amylin-induced ARC

p-ERK neurons in ob/ob saline-treated mice was reduced by

46% compared with WT mice but was restored to WT levels
after neonatal leptin treatment (P , 0.05) (Fig. 5E and H).

The total number of POMC neurons was similar in WT and

ob/ob mice (Fig. 5F and H), but the number of POMC

neurons in which amylin induced p-ERK was decreased by

48% in ob/ob saline-treated mice compared with WT mice

(P , 0.05) (Fig. 5G and H). p-ERK was restored to control

levels in leptin-treated ob/ob mice (P , 0.05) (Fig. 5G and

H). Leptin treatment in WT mice had no effect on aMSH-IR

Figure 4—Male 6-week-old Ramp1/3 KO and male and female 7-week-old LepRb LoxTB mice and their respective WT littermates were tested

for ARC amylin response. A: ARC amylin-induced p-ERK 45 min after saline or amylin injection (50 mg/kg i.p.) in Ramp1/3 KO mice. Neurons

were also double labeled for POMC. B: Percentage of p-ERK–activated POMC neurons. C: Number of POMC neurons quantified in the ARC.

D: 203 picture of p-ERK and POMC IHC in WT and Ramp1/3 KOmice injected with amylin. p-ERK neurons are in red, and POMC neurons are in

green. White arrows represent the double-labeled neurons. E: Weight at sacrifice in LepRb LoxTB mice. F: ARC amylin-induced p-ERK 45 min

after saline or amylin injection (50 mg/kg i.p.) in LepRb LoxTB mice. Neurons were also double labeled for POMC. G: Number of POMC neurons

quantified in ARC. H: Percentage of p-ERK–activated POMC neurons. I: 203 picture of p-ERK and POMC IHC in WT and LepRb LoxTB mice

injected with amylin. p-ERK neurons are in red, and POMC neurons are in green. The white arrows represent the double-labeled neurons. N =

8/group. Data are means 6 SEM. *P , 0.05 and ***P , 0.01 vs. WT mice after Student t test. Parameters with differing lowercase letters differ

from each other at the P, 0.05 level by post hoc Bonferroni adjustment after significant intergroup differences were found by one-way ANOVA.

3V, third ventricle; Avg/sec, average per section.
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Figure 5—Amylin-induced p-ERK in ARC of WT vs. leptin-deficient (ob/ob) mice. ob/ob and WT mice were treated with leptin (10 mg/kg s.c.) or

saline from P4 to P16. Mice were injected at P24 with amylin (50 mg/kg i.p.) and sacrificed 45 min later. Weight at P4 (A) and weight gain during

the treatment time (P4 to P16) and at the time of sacrifice at P24 (B). a-MSH PVN axonal density at P24 (C) and 203 confocal stack

representative picture of the PVN area (D). E: Amylin-induced p-ERK neuronal count in the ARC. Neurons were also double labeled for

POMC. F: Number of POMC neurons quantified in the ARC. G: Percentage of p-ERK–activated POMC neurons. H: 203 picture of p-ERK

and POMC IHC in WT and ob/ob mice treated with saline or leptin after amylin injection. p-ERK neurons are in red, and POMC neurons are in

green. I: Timeline of the experiment.N = 4–7/group. Data are means6 SEM. Parameters with differing lowercase letters differ from each other at

the P, 0.05 level by post hoc Bonferroni adjustment after significant intergroup differences were found by one-way ANOVA. 3V, third ventricle;

Avg/sec, average per section; BW, body weight; Stop Rx, stop treatment.
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fiber density or p-ERK or POMC neurons (Fig. 5C–G). Thus,
intact leptin signaling is required for the ability of amylin to

activate ERK phosphorylation and to support normal ARC-

PVN axonal outgrowth in POMC neurons.

Amylin and Leptin Coactivate ERK Signaling in the ARC

of Neonatal Rats

While we showed that amylin-induced ERK signaling is

codependent with leptin signaling, we next assessed the

effect of amylin and leptin on p-ERK in the ARC of neonatal

rats during the period when their ARC-PVN neuronal path-
ways are developing. P12 male and female rats were injected

with subthreshold doses of amylin, leptin, or amylin+leptin

at dark onset. Single injection of amylin or leptin did not

activate ERK in the ARC, whereas their combination in-

creased p-ERK signaling by 57% (P , 0.05) (Fig. 6). This

suggests that both amylin and leptin coactivate ERK signal-

ing in neonatal animals in an additive manner that might

explain their neurotrophic interactions in outgrowth of
ARC POMC axons to the PVN.

Amylin Signaling in the ARC and VMN Is Independent of

Its AP Actions

As the AP is thought to be the primary site of peripheral

amylin’s satiating action (6,8) and since the amylin activa-

tion pathway projects to the lateral parabrachial nucleus,

which then projects densely to the ARC and VMN (41),

it is possible that amylin acts indirectly on ARC neurons

through this polysynaptic pathway. Thus, AP-lesioned rats
were assessed for amylin-induced p-ERK in the ARC and

VMN. As expected, AP-lesioned rats lost weight and de-

creased their eating compared with sham-lesioned rats

(Fig. 7A and B). As published previously (34,35), sham rats

ate less 1 h and 2 h after amylin injection, while AP-lesioned

rats were insensitive to the anorectic effect of peripheral

amylin (Fig. 7C and D). Nevertheless, amylin-induced p-ERK

in the ARC and VMN was similar in sham- and AP-lesioned
rats (Fig. 7E–G), suggesting that amylin acts directly in

those nuclei to activate ERK signaling. We have to mention

here that p-ERK signaling was not directly compared be-

tween saline-injected AP-lesioned versus sham-lesioned

rats, thus creating a limitation to our conclusion. However,

we do not expect a differential effect of saline in these ani-

mals because we have previously published studies examining

the effect of AP lesions on amylin-induced cFos in the NTS,
which is the direct downstream target, and we have never

found any difference between sham- and AP-lesioned saline-

injected animals (34,42).

DISCUSSION

These studies highlight the role of amylin signaling in the

VMH and show, for the first time, that amylin activates

ERK signaling in the ARC and that this activation occurs

preferentially in POMC versus NPY/AgRP neurons. Al-

though exogenous amylin exerts a neurotrophic effect on

axonal outgrowth of both POMC and NPY/AgRP neurons

(22), we show here that endogenous amylin directly exerts

neurotrophic properties specifically on POMC neurons, pre-
sumably via p-ERK signaling. On the other hand, amylin’s

neurotrophic effect on NPY/AgRP neurons appears to be in-

direct, possibly via IL-6 signaling (13,22). Furthermore, in

neonatal and adult rodents, exogenous amylin activated the

p-ERK signaling pathway selectively in ARC POMC neurons,

and this activation was leptin dependent. Importantly, we

show for the first time that leptin and LepRb are both neces-

sary for amylin to activate ARC ERK signaling and that amylin
and leptin exert an additive activation of VMH ERK signaling.

Finally, we demonstrated that amylin hypothalamic signaling

is independent of input coming from the AP, amylin’s sug-

gested primary site of action for its satiating effect (6,8).

The neurotrophic action of endogenous amylin was

demonstrated using different rodent models where amylin

signaling was disrupted. Amylin KO and RAMP1/3 KO mice

and rats depleted of CTR in the VMH all displayed decreased
POMC (aMSH) axonal projections to the PVN. AgRP fiber

density was decreased in RAMP1/3 KO mice but was un-

affected in DR rats depleted of CTR in the VMH. We thus

hypothesize that endogenous amylin might act directly on

POMC neurons through ERK signaling to enhance aMSH

axonal fiber outgrowth, whereas it acts indirectly on

NPY/AgRP neurons, probably by first acting on microglial

cells to increase IL-6 production, which then enhances leptin-
induced p-STAT3 to increase NPY/AgRP axonal fiber out-

growth (13,22) (Fig. 8). This hypothesis is supported by the

fact that IL-6 KO mice only showed a decrease in AgRP and

not in aMSH PVN fiber density (22). One important caveat

of this study is that the assessment of fiber density using

IHC does not necessarily correlate with axonal outgrowth,

since the amount of AgRP and aMSH peptide can vary

depending upon both the density of fibers and the turnover
of the peptide at the axon terminal (43). However, the

advantage of using IHC is that we are able to distinguish

between the fibers carrying specific neuropeptides (21).

While AgRP axons in the PVN arise only from the ARC (44) and

arise mostly from NPY/AgRP neurons (44,45), NPY axons in

the PVN can additionally arise from hindbrain NPY neurons

(46). Thus, AgRP staining represents a reasonable means of

identifying axons arising from NPY/AgRP ARC neurons.
Surprisingly, in amylin KO mice, AgRP PVN axonal

fiber density was increased, whereas it was decreased in

RAMP1/3 KO mice. Since these mice had either no amylin

or no AMY signaling, respectively, we would have expected

the same outcome. It is possible that some of amylin’s effect

on NPY/AgRP neurons might still be present in RAMP 1/3

KO mice, since they still have the functional RAMP2 sub-

unit and amylin could thus act through this receptor sub-
type. RAMP2 has the lowest affinity for amylin compared

with RAMP1 and -3 (39,47); thus, RAMP2 might be suffi-

cient to maintain amylin’s neurotrophic effect during the

neonatal period but not during adulthood, as shown by the

decrease in ERK phosphorylation after amylin injection.

Unfortunately, this hypothesis cannot be tested directly

owing to the lethality of RAMP2 KO (48). Aside from amylin,

AMY1, -2, and -3 are also the target of other peptides such
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as CGRP. In particular the AMY1 has been claimed to be

a second CGRP receptor, even though CGRP has a lower

affinity for these receptors than amylin (39). Thus, the de-

pletion of RAMP1/3 could alter a possible CGRP neurotro-

phic action on NPY/AgRP neurons while remaining intact

in amylin KO mice. Last, this difference of effect on AgRP

PVN fibers could also result from the fact that amylin KO
and RAMP1/3 KO mice are bred on different backgrounds

(C57BL/6 vs. 129Sv) (49). Overall, these studies strongly

suggest that endogenous amylin secreted by the pancreas

or locally by neurons (50) is necessary for the full develop-

ment of neuronal connections among hypothalamic nuclei

during the neonatal period in rodents. However, the exact

time period by which amylin exerts its neurotrophic action

during the formation of the ARC-PVN pathways remains
to be determined. It is known that postnatal amylin levels

are similar to levels in adult animals and there is no amylin

“surge” similar to that seen for leptin between P6 and

P10 (51). Also, amylin is cosecreted with insulin by the

pancreatic b-cells, and insulin secretion starts at embyonic

day 12 and increases progressively until birth (52). Finally,

amylin administration from P4 to P16 corrects the leptin

resistance of selectively bred DIO rats and, as a consequence,
corrects their defective ARC-PVN aMSH and AgRP projec-

tions (22).

Finally, our studies suggest that endogenous amylin acts

as a neurotrophic factor directly and preferentially on

POMC neurons, while its neurotrophic effect on NPY/AgRP

neurons appears to be indirect, possibly via microglial IL-6

production (13,22). While we believe that the action of

postnatal amylin on POMC neurons versus NPY/AgRP

neurons is well established, it is important to mention

here that it has recently been shown that 25% of POMC

neurons also express AgRP (53) and that half of embryonic

POMC-expressing precursors adopt a non-POMC fate at

adulthood. Moreover, nearly one-quarter of the mature

NPY-positive cell population shares a common progenitor

with POMC-positive cells (15).
We next examined amylin signaling in adult animals

using p-ERK as a specific marker for amylin activation of

the ERK signaling pathway. In the AP, amylin directly

activates the ERK signaling pathway, which was shown to

correlate with an amylin-induced decrease in eating (27).

Here, we demonstrated that amylin stimulates p-ERK sig-

naling primarily in the ARC, where it activates 8–10 times

more neurons than in the VMN or ME. On the other hand,
amylin’s sensitizing effect on leptin signaling is more potent

in the VMN, with a greater activation of p-STAT3 than in

the ARC (9,13). Thus, while amylin’s role as a leptin sensi-

tizer in the VMN through the STAT3 pathway targets eat-

ing preferentially, amylin’s effect on the ERK signaling

pathway in ARC neurons might modulate other aspects of

energy balance such as energy expenditure and metabolism.

Indeed, the depletion of CTR in the VMH of adult DR rats
induced increased weight gain and adiposity on a high-fat

diet, whereas eating remained unaltered (9), suggesting

a critical role for amylin to influence energy expenditure.

We next demonstrated that amylin acts preferentially on

POMC neurons compared with NPY neurons in adult ani-

mals. We postulate that amylin’s rapid action on eating takes

place through the AP/NTS pathway (6,35), while amylin’s

effect on long-term energy homeostasis acts through ARC

Figure 6—p44/42 p-ERK and total p44/42 ERK1/2 in the ARC of P12 rats 45 min after saline, amylin (25 mg/kg i.p.), leptin (2.5 mg/kg i.p.), or

amylin+leptin injection. Data are represented as the ratio of p-ERK to total ERK. n = 8/group. Data are means 6 SEM. Parameters with differing

lowercase letters differ from each other at the P , 0.05 level by post hoc Bonferroni adjustment after significant intergroup differences were

found by one-way ANOVA.
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POMC neurons similarly to leptin (28). This hypothesis will
have to be assessed in future studies.

In the ARC and VMN, amylin is known to synergize with

leptin (13), but whether leptin or LepRb is necessary to

enhance amylin signaling remains unknown. Our studies

confirm that the presence of leptin is not necessary for

amylin’s acute actions on ARC neurons, whereas the pres-

ence of the LepRb, or effects induced by leptin, appear to be

critical. Thus, amylin-induced p-ERK was decreased in the
ARC of ob/ob mice, suggesting that some leptin or leptin

signaling must be present for full amylin action. Indeed, the

effect of amylin on p-ERK expression was restored when

ob/ob mice were injected with leptin from P4 to P16 to

pharmacologically replace leptin during the critical neonatal

period (17,54,55). It is important to note that the brains of

the respective animals were analyzed 8 days after the last

leptin injection, suggesting that leptin per se does not need
to be present for amylin to act. Furthermore, amylin-

induced p-ERK was decreased in LepRb LoxTB mice. Hence,

LepRb seems to be necessary for amylin to activate ARC

ERK signaling. Currently, we cannot decipher whether this

decrease was due to the absence of LepRb at the time of

testing or due to abnormal hypothalamic axonal fiber de-

velopment that could prevent the action of amylin, similar

to what has been shown with leptin (21,56). We hypothesize

that the latter factor may be more important. Indeed, amylin-
induced p-ERK signaling in leptin-treated ob/ob mice was

completely restored to the level of WT controls, suggesting

that once leptin’s neurotrophic action took place during the

neonatal period, this was sufficient to restore ARC amylin

signaling (18).

One drawback of this study is that, since LepRb LoxTB

mice were obese once amylin-induced p-ERK was tested,

their obesity and its metabolic concomitants could have
thus played a role in the absence of an amylin effect on the

ERK signaling pathway in the ARC. However, the fact that

saline- and leptin-treated ob/ob mice had similar weights, but

only leptin-treated mice had amylin-induced p-ERK at this

time, supports the hypothesis that amylin’s activation of ERK

signaling requires leptin, independent of body weight.

While we first focused here only on amylin-induced

p-ERK, leptin also activates the MAPK/p-ERK downstream
pathway in the ARC which modulates energy expendi-

ture at adulthood (28) and increases ARC projections neo-

natally (19). Bouret et al. (19) also showed that the

disruption of LepRb→ERK signaling does not disrupt

AgRP and aMSH projection in adult mice as compared

with LepRb→STAT3 signaling, suggesting the possible ac-

tion of other neurotrophic factors such as amylin acting to

normalize these projections. From this and our previously

Figure 7—AP lesioning was performed in 6-week-old male Sprague-Dawley rats. Weight (A) and food intake (B), represented as cumulative food

intake, were monitored after the surgery. C: Amylin-induced anorexia test was performed after 10 days (20 mg/kg i.p.), and food intake was

measured 1 h and 2 h after injection. D: Food intake after amylin expressed as a percent of baseline. ARC (E) and VMN (F) amylin-induced p-ERK

IHC was performed, and positive neurons were counted. G: 103 representative picture of the ARC 45 min after amylin injection (50 mg/kg i.p.) in

sham and AP-lesioned (AP-X) rats. p-ERK neurons are in red. N = 8/group. Data are mean 6 SEM. *P , 0.05 vs. saline after one-way ANOVA

with repeated measures followed by post hoc t test. Parameters with differing superscripts differ from each other at the P , 0.05 level by post

hoc Bonferroni adjustment after significant intergroup differences were found by two-way ANOVA. 3V, third ventricle; APX, AP-lesioned;

Avg/sec, average per section.
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published studies (9), we now confirm that amylin can

enhance leptin’s neurotrophic action through ERK signaling

and that amylin and leptin have an additive effect on

activation of the ERK signaling pathway downstream of their
respective receptors, similar to the p-STAT3 pathway (13).

Moreover, since amylin-induced p-ERK is decreased when

LepRb is absent and subthreshold doses of amylin and lep-

tin, which in themselves have no activity, activate ERK

signaling when given together, it is likely that leptin and

amylin act directly on their respective receptors to code-

pendently activate ERK signaling.

To conclude, while amylin acts indirectly to enhance
p-STAT3–mediated leptin signaling in the VMH (10,11,13),

the current studies demonstrate the novel finding that

amylin directly activates ARC p-ERK signaling, primarily

in POMC neurons, as a potential mechanism by which amylin

activates these neurons and by which it exerts its neuro-

trophic properties on aMSH axon outgrowth during post-

natal hypothalamic development (Fig. 8).
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