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Abstract

Recently, two proteins have been localized in the arcuate nucleus (ARC) and implicated in the

regulation of food intake: the serine-threonine-kinase mammalian target of rapamycin (mTOR) as

part of the TOR signaling complex 1 (TORC1), and nesfatin-1 derived from the precursor protein

nucleobindin2. However, the exact cell types are not well described. Therefore, we performed

double-labeling studies for NPY, CART, nesfatin-1 and pmTOR in the ARC. In this study, we

showed that nesfatin-1 is not only intracellularly co-localized with cocaine- and amphetamine-

regulated transcript (CART) peptide as reported before, but also with phospho-mTOR (pmTOR)

and neuropeptide Y (NPY) in ARC neurons. Quantification revealed that 59 ± 5% of the pmTOR-

immunoreactive (ir) neurons were immunoreactive for nesfatin-1. Moreover, double labeling for

nesfatin-1 and NPY exhibited that 19 ± 5% of the NPY positive cells were also immunoreactive

for nesfatin-1. Furthermore, we could also confirm results from previous studies, showing that the

majority of nesfatin-1 neurons are also positive for CART peptide, whereas most of the pmTOR is

co-localized with NPY and only to a lesser extent with CART.
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1. Introduction

The arcuate nucleus (ARC) of the hypothalamus plays a crucial role in the regulation of

energy homeostasis and food intake in the mammalian brain. Two “first-order” populations

of neurons are particularly important: a group of neuropeptide Y (NPY) and agouti-related

peptide (AgRP) neurons located in the ventromedial part and another group of cocaine- and

amphetamine-regulated transcript (CART) and pro-opiomelanocortin (POMC) neurons in

the lateral part of the arcuate nucleus [6,7,18,31]. 90% of the NPY neurons co-express

AgRP, likewise, 90% of CART neurons are co-localized with POMC [2,6,13].

Intracerebroventricular (icv) injections of NPY and AgRP stimulate food intake in rodents,

whereas POMC/CART neurons exert an inhibitory effect on rodent food ingestion [3,5,19–

21,27,30].

Recently, two other proteins have been localized in ARC neurons that were suggested to

play a regulatory role in the control of feeding: the serine–threonine-kinase mammalian

target of rapamycin (mTOR) as part of the TOR signaling complex 1 (TORC1), and the

protein nesfatin-1/nucleobindin2 (NUCB2) [4,24]. Recently, Cota et al. found that 90% of

phosphorylated mTOR (phospho-mTOR, pmTOR) in ARC neurons are co-localized with

NPY, and only to a small extent with POMC/CART [4]. Also, their studies showed that

pmTOR expression in ARC neurons is reduced in fasted compared to ad libitum fed animals

[4]. This supports the hypothesis that mTOR is involved in the mediation of satiety

signaling.

Nesfatin-1 is formed by post-translational cleavage from the precursor protein NUCB2

[22,24]. The enzyme prohormone convertase (1/3) splits NUCB2 into three fragments: the

N-terminal nesfatin-1, nesfatin-2 and the C-terminal peptide fragment nesfatin-3 [24]. Acute

icv or intraperitoneal (ip) injection of nesfatin-1 potently inhibits food intake in rats and

mice, and similarly, chronic third ventricular administration induces a loss in body weight,

whereas nesfatin-2 and -3 have no effect [24,28]. Conversely, chronic central infusion of a

NUCB2 antisense oligonucleotide over a period of 10 days increased food intake as well as

body weight gain in rats pointing toward a physiological role of nesfatin-1/NUCB2 as

modulator of food intake [24]. In the same way, it has been shown that the expression of

NUCB2 mRNA as well as the activation of nesfatin-1 neurons in the paraventricular nucleus

(PVN) of the hypothalamus is influenced by fasting and re-feeding [17,24]. Interestingly, in

the ARC, 64% of the nesfatin-1/NUCB2 neurons are co-localized with CART, but not with

NPY [24]. The activation of this population of neurons may inhibit food intake. This is in

accordance with the observation made in vitro using whole cell current clamps of ARC brain

sections that the application of nesfatin-1 leads to an electrophysiological inhibition of NPY/

AgRP neurons [26]. This population of neurons is known to be involved in the initiation of

food intake. For instance, peripheral ghrelin exerts its stimulatory effect on food intake via

NPY/AgRP neurons in the ARC [32].

Recently, we showed that peripheral injection of ghrelin activates a proportion of nesfatin-1

immunoreactive neurons in the ARC [14]. These results were interesting in light of previous

studies showing that ghrelin primarily activates NPY neurons in the ARC [15,23,29].
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Therefore, nesfatin-1 may not only be co-localized with POMC/CART neurons, but also

with NPY. To investigate these hypotheses double-labeling studies were performed for

NPY, CART, nesfatin-1 and also pmTOR in the ARC.

2. Methods

2.1. Animals

Male Sprague–Dawley rats (Harlan-Winkelmann Co., Borchen, Germany) weighing 250–

300 g were housed in a group of four rats under conditions of controlled illumination (12:12

h light/dark cycle), humidity, and temperature (22 + 2 °C) for at least 21 days prior to the

experiments. Animals were fed with a standard rat diet (Altromin®, Lage, Germany) and tap

water ad libitum. To minimize the stress response, all rats were accustomed to the

experimental conditions for a period of 14 days by handling them daily and putting them in

a supine position to mimic the procedure of intraperitoneal (ip) injection of the anesthetic

immediately before carrying out the transcardial perfusion. The handling was carried out

between 9:00 and 11:00 h at the beginning of the light phase. Animal care and experimental

procedures followed institutional ethic guidelines and conformed to the requirements of the

state authority for animal research conduct.

2.2. Experimental protocol

Ad libitum fed rats were sacrificed during the light phase between 9:00 and 11:00 am. Rats

(n = 4) were deeply anesthetized with 100 mg/kg ketamine (Ketanest®, Curamed, Karlsruhe,

Germany) and 10 mg/kg xylazine (Rompun® 2%, Bayer, Leverkusen, Germany) and

heparinized with 2500 IU heparin ip (Liquemin®, Hoffmann-La Roche, Grenzach-Whylen,

Germany). Transcardial perfusion was performed as described before [16].

2.3. Double labeling immunohistochemistry for nesfatin-1, pmTOR, CART, and NPY in the
arcuate nucleus of the hypothalamus

Brain sections (25 μm) were pre-treated with a 1% (w/v) sodium borohydride solution for 15

min. After rinsing sections in PBS for three times, sections were incubated with 3% (v/v)

H2O2 in PBS to block peroxidase activity in tissue. After rinsing in TNT wash buffer (0.1 M

Trizma hydrochloride, 0.15 M NaCl and 0.05% (v/v) Tween 20, pH 7.5) for three times,

sections were incubated in TNT blocking buffer (0.1 M Trizma hydrochloride, 0.15 M NaCl

and 1% (w/v) donkey normal serum, pH 7.5) for 1 h. Afterwards, the diluted primary

antibody solution (rabbit anti-CART; Phoenix-Pharmaceuticals, Inc., 1:2000; or rabbit anti-

Phospho-mTOR (pmTOR); Cell Signaling Technology, Inc., Danvers, MA, USA; 1:100; or

rabbit anti-NPY; Phoenix-Pharmaceuticals, Inc., Burlingame, CA, USA, 1:500 in TNT

blocking buffer) was applied for 48 h at room temperature. After rinsing the sections in TNT

wash buffer three times, and incubation in a solution containing 3% (w/v) goat serum and

0.1% (v/v) sodium azide in TNT buffer for 1 h, sections were incubated with the secondary

antibody goat biotin-SP-conjugated anti-rabbit IgG (Jackson ImmunoResearch Laboratories

Inc., West Grove, PA, USA) for 12 h at room temperature (1:2000 in 3% (w/v) goat normal

serum and 0.1% (v/v) sodium azide in TNT buffer).
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After rinsing in TNT wash buffer three times (sodium azide free), sections were incubated in

avidin-biotin peroxidase complex (ABC; 1:1000; Vector Laboratories, UK) in TNT buffer

for 5 h. Subsequently, sections were rinsed in TNT wash buffer three times again, and then

incubated in TSA™ fluorescein or tetramethyl rhodamine tyramide in amplification solution

(PerkinElmer, Waltham, MA, USA) for 10 min at room temperature. After rinsing sections

in TNT wash buffer three times, sections were incubated with the second primary antibody

solution (rabbit anti-Nesfatin-1; Phoenix-Pharmaceuticals, Inc., 1:500, or rabbit anti-CART;

Phoenix-Pharmaceuticals, Inc., 1:400; or rabbit anti-NPY; Phoenix-Pharmaceuticals, Inc.,

1:500 in PBS containing 1% (w/v) donkey normal serum) for 48 h at room temperature.

After washing in PBS for three times, brain sections were treated for 12 h with the

secondary antibody (fluorescein isothiocyanate (FITC) labeled donkey anti-rabbit IgG;

1:200 or with tetramethyl rhodamine isothiocyanate (TRITC) labeled donkey anti-rabbit

IgG, 1:200; Jackson ImmunoResearch Laboratories Inc. in 1% (w/v) goat normal serum, and

0.1% (v/v) sodium azide in PBS) at room temperature. After washing in PBS for three times,

sections were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min to counterstain

cell chromatin. Sections were rinsed in PBS three times again, then embedded in 10 μl

antifading solution (100 mg/ml 1,4-diazabicyclo [2.2.2] octane (Sigma-Aldrich Corp., St.

Louis, MO, USA) in 90% (v/v) glycerine, 10% (v/v) PBS, pH 7.4), and analyzed using a

confocal laser scanning microscope (cLSM 510 Meta, Carl Zeiss, Jena, Germany).

2.4. Data analysis

One out of eight of all consecutive coronal 25 μm sections were counted for nesfatin-1-,

phospho-mTOR-, NPY-, and CART-ir staining bilaterally in the ARC (n = 4 rats; Bregma

−2.12 to −3.60 mm) according to the coordinates by Paxinos and Watson's rat brain atlas

[25]. Quantitative assessment of nesfatin-1-, CART-, NPY- and phospho-mTOR-ir was

achieved by counting the total number of immunoreactive neurons, and double labeled

neurons (CART + pmTOR; nesfatin-1 + CART; pmTOR + nesfatin-1; NPY + -nesfatin-1;

NPY + pmTOR) in the ARC. All data are presented as mean ± SE.

3. Results

On average, we found 53 ± 10 CART-ir (n = 4 rats) neurons per section (∼23% of the

counted neurons), 78 ± 18 phospho-mTOR-ir (n = 4 rats) neurons/section (∼34% of the

counted neurons), 97 ± 23 nesfatin-1-ir (n = 4 rats) neurons/section (∼42% of the counted

neurons) and 65 ± 22 NPY-ir (n = 4 rats) neurons/section (∼27% of the counted neurons) in

the ARC. CART immunoreactive neurons were located predominantly in the lateral part of

the ARC, whereas NPY-ir cells were found mostly in the ventral part of the ARC. PmTOR

neurons were evenly distributed in the ARC, whereas more nesfatin-1 immunoreactive

neurons were found in the lateral part.

Double labeling for nesfatin-1 (102 ± 33 neurons/sections) and pmTOR (81 ± 17 neurons/

section) revealed that 47 ± 10 neurons/section were immunoreactive for both peptides (Figs.

1A and 2A). Consequently, 59 ± 5% of the pmTOR-ir neurons were immunoreactive for

nesfatin-1. Moreover, double labeling for nesfatin-1 (117 ± 14 neurons/sections) and NPY

(46 ± 6 neurons/section) exhibited that 19 ± 5% of the NPY positive cells were also
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immunoreactive for nesfatin-1 (9 ± 3 neurons/section, Figs. 1B and 2B). Immunostaining of

nesfatin-1 (92 ± 8 neurons/section) and CART (60 ± 10 neurons/section) revealed 36 ± 6

neurons/section to be positive for both peptides (Figs. 1C and 3A), corresponding to 60 ±

10% of CART-ir neurons being co-localized with nesfatin-1.

Additionally, 58 ± 15 neurons/section displayed co-localization for NPY (84 ± 10 neurons/

section) and pmTOR (93 ± 15 neurons/section) corresponding to 70 ± 17% of the NPY

neurons being also positive for pmTOR (Figs. 1D and 3B). Staining for CART and pmTOR

revealed that 38 ± 5% (17 ± 2 neurons/section) of CART neurons (46 ± 5 neurons/section)

were also immunoreactive for pmTOR (61 ± 1 neurons/section; Figs. 1E and 4).

4. Discussion

In this investigation, we studied the distribution of nesfatin-1, pmTOR, CART and NPY in

neurons in the ARC by means of immunohistochemical double labeling. We observed

nesfatin-1 being co-localized with pmTOR neurons, and, to a lesser extent, with NPY

neurons. These observations – co-expression of nesfatin-1 and pmTOR as well as the co-

localization of nesfatin-1 with NPY in ARC neurons – have been described for the first time

in the present study.

Recent studies showed, that NPY/AgRP and POMC/CART neurons in the ARC are co-

localized with two other regulators of food intake, the above-mentioned peptides nesfatin-1

and mTOR [4,24]. It has been reported, that ∼90% of the NPY neurons in the ARC are co–

localized with the phosphorylated, i.e. activated form of the serine–threonine–kinase mTOR

(pmTOR) [4]. This enzyme plays a role in the integration of peptidergic signals regulating

food intake behavior [4]. An increased activity of mTOR suppresses food intake when

energy supply is sufficient [4]. Accordingly, if only few high energy substrates are available

to fasted animals, mTOR activity in the ARC is decreased, thus stimulating food intake [4].

A decreased mTOR activity was found to lead to increased NPY expression, thus

presumably stimulating food intake in test animals [4]. In the present study we could show

the co-localization of a high proportion of pmTOR neurons with NPY or CART in the ARC.

However, in contrast to NPY, it remains to be established whether mTOR influences CART

expression in the ARC.

In the present study, we were able to show that ∼64% of the nesfatin-1-ir neurons are co-

localized with CART. Nesfatin-1 immunoreactivity could be detected in several brain nuclei

of the hypothalamus such as the supraoptic nucleus (SON), the paraventricular nucleus of

the hypothalamus (PVN), and others including the ARC [1,8-10,12,17,24]. Additionally, co-

localization of nesfatin-1 in ARC neurons has been also reported for neurotensin, GHRH,

and α-MSH [8].

Nesfatin-1 exerts an inhibitory effect on food intake after icv or ip injection [24,28]. Chronic

icv administration of nesfatin-1 induces a loss in body weight in rodents [24]. The

expression of NUCB2 mRNA in the PVN in fasted rats is decreased. Consequently, the

expression of NUCB2 mRNA in this brain nucleus was found to increase after re-feeding

[24]. The adaptive expression pattern of the NUCB2 mRNA shows the potentially regulative

impact of this peptide on food intake in mammals. Presumably, the expression of NUCB2
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mRNA is also regulated by the neuropeptide α-MSH [24]. However, electrophysiological

studies performed on brain sections showed that nesfatin-1 inhibits orexigenic NPY neurons

[26]. Taking this into account, it appears feasible that neighboring nesfatin-1 neurons in the

ARC induce an inhibition of NPY neurons which in turn leads to a reduction in food intake

[26].

To date, it is not known, how intracellular regulation of nesfatin-1 expression is controlled.

It is an interesting observation from our present study that ∼50% of the nesfatin-1

immunoreactive neurons in the ARC are co-localized with pmTOR. Furthermore, we found,

as previously described [24], ∼60% of the CART-ir neurons in the ARC to be also positive

for nesfatin-1. Taking into account that CART and nesfatin-1 both inhibit food intake after

icv injection and that a great number of CART-ir neurons in the ARC is co-localized with

nesfatin-1, suggests a potentially synergetic effect on the inhibition of food intake.

Nevertheless, the physiological role of the co-localization of pmTOR, CART and nesfatin-1,

which all have anorexigenic functions, remains to be further evaluated. It is feasible that

pmTOR may modulate the activity of CART and nesfatin-1 in these cells, or they could act

in concert to inhibit food intake.

We observed in this study that ∼19% of the NPY neurons in the ARC are immunoreactive

for nesfatin-1. The physiological role of this co-localization is still unknown. It is

conceivable that nesfatin-1 has other functions that have not yet been identified as suggested

by previous report that nesfatin-1 immunoreactive neurons are activated by restraint stress

[11]. Moreover, nesfatin-1 could play a modulatory role one the release of NPY thereby

modulating food intake in an inhibitory manner. This speculation is supported by the

observation of nesfatin-1 in the neuronal bodies but not in fibers [8,10].

In conclusion, we showed that a portion of the NPY neurons in the ARC is immunoreactive

for the satiety peptide nesfatin-1. The physiological role of the intracellular co-localization

remains to be investigated. Additionally, we found that a number of pmTOR neurons are

also nesfatin-1 positive. We could also confirm the results from earlier studies

demonstrating the intracellular co-localization of pmTOR/NPY, pmTOR/CART and CART/

nesfatin-1.
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Fig. 1.
Confocal microscopy of double labeled neurons in the rat arcuate nucleus of the

hypothalamus (ARC) with antibodies against nesfatin-1, pmTOR, NPY and CART. The

major portions of the pmTOR-ir (green) neurons were also immunoreactive for nesfatin-1

(red) (A). A proportion of NPY neurons (red) were also immunopositive for nesfatin-1

(green) (B). Most of the CART neurons (red) displayed also nesfatin-1 immunoreactivity

(green) (C). A considerable portion of NPY neurons (green) showed also pmTOR

immunoreactivity (red) (D). Moreover, a portion of CART neurons (green) co-labeled with
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pmTOR (red) (E). The inserts display a zoom-in of double labeled neurons. The white scale

bar represents 100 and 10 μm in the inserts. (For interpretation of the references to color in

this figure caption, the reader is referred to the web version of the article.)
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Fig. 2.
Total number of neurons immunopositive for nesfatin-1 and NPY (A) or nesfatin-1 and

CART (B) as well as number of double labeled neurons in the ARC for the respective maker

(A and B). Data are expressed as mean and SE of the number of rats indicated in

parentheses.
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Fig. 3.
Total number of neurons immunoreactive for nesfatin-1 and pmTOR (A) or NPY and

pmTOR (B) as well as number of double labeled neurons in the ARC for the respective

maker (A and B). Data are expressed as mean and SE of the number of rats indicated in

parentheses.
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Fig. 4.
Total number of pmTOR-, CART- and double labeled neurons in the ARC. Data are

expressed as mean and SE of the number of rats indicated in parentheses.
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