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Agouti-related protein (AGRP) is thought to be one of the
neuropeptides mediating the effects of leptin on appetite and
satiety. The central administration of AGRP not only stimulates food intake, but also inhibits the hypothalamic-pituitary-thyroid axis (HPT) axis, closely replicating the central
hypothyroid state induced by fasting. AGRP binds as an endogenous antagonist or inverse agonist of the central melanocortin receptors but has also been hypothesized to have
melanocortin receptor-independent effects. Thus, we determined whether the central effects of AGRP on the HPT axis
are altered in mice with selective deletion of the melanocortin
4 receptor (MC4-R). AGRP or artificial cerebrospinal fluid was
administered daily into the lateral ventricle of adult, male
MC4-R knockout and wild-type (WT) mice for 3 d. AGRP sig-

T

HE HYPOTHALAMIC-PITUITARY-THYROID (HPT)
axis plays important role in the regulation of energy
homeostasis (1, 2) via the effects of thyroid hormone to increase oxygen consumption and heat generation (1, 2). Thus,
inhibition of the HPT axis during fasting (3–5) would appear
to be an important adaptive mechanism to conserve energy
stores. The state of central hypothyroidism induced by fasting is orchestrated by changes of circulating levels of a protein, leptin, which declines with fasting and is restored to
normal levels by refeeding (4). Thus, if leptin is administered
exogenously to fasting animals, the reduction in circulating
levels of thyroid hormones, TSH, and hypophysiotropic proTRH mRNA in the hypothalamic paraventricular nucleus
(PVN) can be prevented (3). The primary action of leptin on
the HPT axis is mediated by the hypothalamic arcuate nucleus through direct axonal projections to the PVN. If the
arcuate nucleus is ablated, not only is the response of the
Abbreviations: aCSF, Artificial cerebrospinal fluid; AGRP, agoutirelated protein; GABA, ␥-aminobutyric acid; HPT, hypothalamic-pituitary-thyroid; KO, knockout; MC4-R, melanocortin 4 receptor; PVN,
paraventricular nucleus; WT, wild-type.
Endocrinology is published monthly by The Endocrine Society (http://
www.endo-society.org), the foremost professional society serving the
endocrine community.

nificantly increased the cumulative food intake and weight of
white and brown adipose tissue, suppressed circulating levels
of T4 [control vs. AGRP in WT (g/dl): 4.54 ⴞ 0.16 vs. 3.87 ⴞ 21],
and inhibited proTRH mRNA content in the hypothalamic
paraventricular nucleus of WT mice (control vs. AGRP in WT
(density units ⴞ SEM): 4.65 ⴞ 0.50 vs. 2.47 ⴞ 0.17). In contrast,
no significant effects of AGRP were observed in any of these
parameters in the MC4-R knockout mice. These data suggest
that AGRP signaling to TRH hypophysiotropic neurons in the
paraventricular nucleus is primarily mediated by the MC4-R
and therefore, binding to the MC3-R or other putative AGRP
receptors may have only a minor role. (Endocrinology 145:
4816 – 4821, 2004)

thyroid axis to fasting abolished, but its response to the
exogenous administration of leptin is lost as well (6).
One of the most important arcuate nucleus-derived neuropeptides mediating the effects of leptin on energy homeostasis is agouti-related protein (AGRP) (7, 8). Central
administration of AGRP not only markedly stimulates food
intake, but also simultaneously inhibits the hypothalamicpituitary-thyroid axis (HPT) axis, closely replicating the central hypothyroid state associated with fasting (9). Because
AGRP is an endogenous antagonist at melanocortin receptors (8), it is presumed that its primary role on the HPT axis
may be to prevent the stimulatory effects of ␣-MSH on the
TRH gene (9, 10). Although practically all hypophysiotropic
TRH neurons receive contacts by axons containing AGRP
(10, 11), only approximately 30% of TRH neurons in the
medial parvocellular subdivision are contacted by axons containing ␣-MSH (10), and only approximately 48% have been
shown to express melanocortin 4 receptor (MC4-R) mRNA
(12). Furthermore, the MC4-R knockout (KO) mouse retains
significant responses to centrally administered AGRP (13).
Thus, the possibility that AGRP might exert its actions on the
HPT axis by a receptor other than the MC4-R must be
considered.
To determine the importance of the MC4-R in mediating
the inhibitory effects of AGRP on the HPT axis, we compared
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the effects of central AGRP administration on circulating
levels of T4, as well as the relative expression of TRH mRNA
in hypophysiotropic neurons in the PVN of wild-type (WT)
and MC4-R KO mice.
Materials and Methods
Animals
The experiments were carried out on adult, male, WT (C57BL/6J) and
MC4-R KO mice (C57BL/6J background) (14). The animals were housed
individually in cages under standard environmental conditions (light
between 0600 and 1800 h, temperature 22 ⫾ 1 C, mouse chow and water
ad libitum). All experimental protocols were reviewed and approved by
the Animal Welfare Committee at Tufts-New England Medical Center
and Oregon Health and Science University.

AGRP infusion
The WT and MC4-R KO mice were implanted with 25-gauge stainless
steel guide cannula (Small Parts Inc., Miami Lakes, FL) into the lateral
cerebral ventricle under stereotaxic control using a Cartesian stereotaxic
apparatus (coordinates from Bregma anteroventral ⫺0.2; lateral 1.0;
dorsoventral 2.0) through a burr hole in the skull. The cannula was
secured to the skull with Crazy Glue (Electron Microscopy Sciences, Fort
Washington, PA) and dental cement, and temporarily occluded with a
dummy cannula. Bacitracin ointment was applied to the interface of the
cement and the skin. Animals were weighed daily and any animal
showing signs of illness or weight loss was removed from the study and
euthanized. One week after icv cannulation, both WT and MC4-R KO
mice were divided into two groups. In the first group, WT (n ⫽ 8) and
MC4-R KO (n ⫽ 9) mice were injected icv with 5 l artificial cerebrospinal fluid (aCSF) [140 mm NaCl, 3.35 mm KCl, 1.15 mm MgCl2, 1.26
mm Ca Cl2, 1.2 mm Na2HPO4, 0.3 mm NaH2PO4 (pH 7.4)] containing
0.05% BSA every day between 1400 and 1600 h for 3 d. In the second
group, WT (n ⫽ 8) and MC4-R KO (n ⫽ 10) groups were injected icv with
2.5 g AGRP (Phoenix Pharmaceuticals Inc., Belmont, CA) in 5 l aCSF
every day between 1400 and 1600 h for 3 d. All icv injections were made
through a 31-gauge needle that extended 0.5 mm below the guide cannula, connected by durametervinyl tubing (Scientific Commodities Inc.,
Lake Havasu City, AZ) to a 50-l Hamilton syringe and infused over 2
min. Animals were weighed and food intake was assessed daily. On the
fourth day of the experiment between 0900 and 1200 h, the animals were
anesthetized with sodium pentobarbital, blood was taken from inferior
vena cava for measurement of serum T4, and the animals immediately
perfused with fixative as described below. Blood was collected into
polypropylene tubes, centrifuged for 15 min at 4000 rpm, and the plasma
stored at ⫺80 C until assayed. Brown adipose tissue was carefully
dissected from the interscapular area and weighed.

Tissue preparation for in situ hybridization histochemistry
Under sodium pentobarbital anesthesia, the animals were perfused
transcardially with 10 ml 0.01 m PBS (pH 7.4), containing 15,000 U/liter
heparin sulfate followed by 40 ml 4% paraformaldehyde in PBS. The
brains were removed and postfixed by immersion in the same fixative
for 2 h at room temperature. Tissue blocks containing the hypothalamus
were cryoprotected in 20% sucrose in PBS at 4 C overnight, then snap
frozen on dry ice. Serial 18-m-thick coronal sections through the rostrocaudal extent of the PVN were cut on a cryostat (Leica CM3050 S,
Leica Microsystems, Nussloch GmbH, Germany) and adhered to Superfrost/Plus glass slides (Fisher Scientific Co., Pittsburgh, PA) to obtain
three sets of slides, each set containing every third section through the
PVN. Cannula placement was confirmed by light microscopic examination. The tissue sections were desiccated overnight at 42 C and stored
at ⫺80 C until prepared for in situ hybridization histochemistry.

In situ hybridization histochemistry
Every third section of the PVN was hybridized with a 265-base
single-stranded [35S]UTP-labeled cRNA probe for mouse proTRH (gift
from Dr. Satoh, Gunma University School of Medicine, Maebashi, Japan)
following methods as previously described (15, 16). The hybridization
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was performed under plastic coverslips in a buffer containing 50%
formamide, a 2-fold concentration of standard sodium citrate (2⫻ SSC),
10% dextran sulfate, 0.5% sodium dodecyl sulfate, 250 g/ml denatured
salmon sperm DNA, and 6 ⫻ 105 cpm of radiolabeled probe for 16 h at
56 C. Slides were dipped into Kodak NTB2 autoradiography emulsion
(Eastman Kodak, Rochester, NY), and the autoradiograms were developed after 4 d of exposure at 4 C. The specificity of hybridization was
confirmed using sense probes which resulted in the absence of specific
hybridization in the PVN.

Image analysis
Autoradiograms were visualized under dark-field illumination using
a COHU 4910 video camera (COHU, Inc., San Diego, CA). The images
were captured with a color PCI frame grabber board (Scion Corp.,
Frederick, MD) and analyzed with a Macintosh G4 computer using Scion
Image. Background density points were removed by thresholding the
image and integrated density values (density ⫻ area) of hybridized
neurons in the same region of each side of the PVN were measured in
four consecutive sections on each side of the PVN for each animal.
Nonlinearity of radioactivity in the emulsion was evaluated by comparing density values with a calibration curve created from autoradiograms of known dilutions of the radiolabeled probes immobilized on
glass slides in 2% gelatin fixed with 4% formaldehyde and exposed and
developed simultaneously with the in situ hybridization autoradiograms.

Hormone measurements
Plasma T4 and TSH concentrations were measured by RIA. Plasma T4
levels were measured with specific RIA using antiserum from Ventrex
(Portland, ME) and [125I]-labeled T4 obtained from NEN Life Science
Products (Boston, MA). The details of the assay have been reported
previously (17). The Cobra 500 program was used for data reduction and
calculation of the RIA results. The mouse TSH assay was performed
using the rat TSH assay kit RPA 554 obtained from GE Healthcare
(formerly Amersham Bioscience, Piscataway NJ). Sera from hypothyroid, methimazole-treated mice contained 14.86 ng/ml TSH. Observed
TSH concentrations for the hypothyroid sera and its next three 1:1 serial
dilutions (1/2, 1/4, and 1/8) were linear. The value for TSH was within
4% or less of the value predicted by the degree of dilution of the hypothyroid sera using the equation Value ⫽ 1 ⫺ [(0.743 ⫺ Observed
Value)*(0.743)]. This equation, therefore, was used to obtain the values
for the mouse serum samples in the RPA 554 rat TSH assay.

Statistical analysis
Results are presented as means and ses of the mean (sem). The data
were analyzed using one-way ANOVA with linear contrasts for the
individual comparisons. SPSS version 11.5 (SPSS Inc., Chicago, IL) was
used for the analysis with P values less than 0.05 considered statistically
significant.

Results
Effects of central AGRP administration on food intake, body
weight, and fat pad weight of WT and MC4-R KO mice

AGRP-treated WT mice consumed significantly more food
and gained more weight than aCSF-treated WT animals over
the duration of the study (Table 1). In WT mice, AGRP
administration also increased the weight of epidydimal
white fat and interscapular brown adipose tissue. Control
MC4-R KO mice were heavier, and had a significantly larger
epidydimal fat pad, but had similar size brown adipose
tissue as the aCSF-treated WT mice. A tendency for increased
food consumption was observed in the MC4-R KO mice
relative to control WT mice during the experiment, but the
increase in food intake was not significant. In contrast to the
WT animals, AGRP treatment had no significant effect on
food intake, weight gain, and the weight of epidydimal white
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TABLE 1. Effects of central AGRP administration on food intake, body weight, brown adipose tissue and epididymal fat pad weight, and
plasma thyroid hormone levels of WT and MC4-R KO mice

Cumulative food intake
Body weight gain
Epididymal white fat
normalized to weight
Brown adipose tissue
normalized to weight
T4 (g/dl)
TSH (ng/ml)
TRH mRNA (integrated
density units)

WT control
(n ⫽ 8)

WT AGRP
(n ⫽ 8)

MC4-R KO
Control (n ⫽ 9)

MC4-R KO
AGRP (n ⫽ 9)

WT control vs.
WT AGRP
P value

7.95 ⫾ 0.71
⫺0.3 ⫾ 0.26
9.70 ⫾ 0.53

10.15 ⫾ 0.18
1.49 ⫾ 0.17
11.97 ⫾ 0.72

9.47 ⫾ 0.65
⫺0.79 ⫾ 0.34
24.61 ⫾ 4.12

10.67 ⫾ 0.65
⫺0.34 ⫾ 0.30
18.86 ⫾ 1.56

0.017
⬍0.001
0.02

0.16
0.26
0.22

3.55 ⫾ 0.31

6.24 ⫾ 0.31

3.19 ⫾ 0.28

4.10 ⫾ 0.39

⬍0.001

0.051

4.55 ⫾ 0.16
2.31 ⫾ 0.13
4.65 ⫾ 0.50

3.87 ⫾ 0.21
2.56 ⫾ 0.15
2.46 ⫾ 0.17

4.84 ⫾ 0.27
2.40 ⫾ 0.15
4.21 ⫾ 0.41

4.31 ⫾ 0.09
2.62 ⫾ 0.14
3.45 ⫾ 0.35

0.024
0.46
⬍0.001

0.057
0.54
0.15

MC4-R KO control vs.
MC4-R KO AGRP
P value

FIG. 1. Dark-field illumination photomicrographs
of proTRH mRNA in the periventricular and medial
parvocellular subdivisions of the hypothalamic
PVN in aCSF-treated WT (A), AGRP-treated WT
(B), aCSF-treated MC4-R KO (C), and AGRPtreated MC4-R KO (D) mice. Note the marked
reduction in silver grains over neurons of the
PVN in AGRP-treated WT mice, whereas the density of silver grains is unchanged in the AGRPtreated MC4-R KO mice. III, Third ventricle. Scale
bar, 200 m.

fat in MC4-R KO mice. However, a tendency for increased
weight of brown adipose tissue was noticed in these animals.
Effect of central AGRP treatment on the hypothalamicpituitary-thyroid axis of WT and MC4-R KO mice

In aCSF-treated WT mice, neurons containing proTRH
mRNA were readily visualized by in situ hybridization histochemistry, symmetrically distributed in the medial and
periventricular parvocellular subdivisions of the PVN on
either side of the third ventricle (Fig. 1A). AGRP administration reduced hybridization signal over these neurons (Fig.
1B), which when analyzed semiquantitatively was approximately 50% of control values (Fig. 2). Administration of
AGRP to WT animals resulted in a significant reduction in
circulating levels of T4 but did not change TSH levels
(Table 1).
TRH mRNA in MC4-R KO animals was also readily visualized in the PVN (Fig. 1C). Semiquantitative analyses
demonstrated the TRH mRNA levels of aCSF-treated WT
and MC4-R KO animals were not significantly different (Fig.

FIG. 2. Computerized image analysis of proTRH mRNA content in
the PVN of aCSF-treated WT, AGRP-treated WT, aCSF-treated
MC4-R KO and AGRP-treated MC4-R KO mice. *, Statistically different from aCSF-treated animals (P ⬍ 0.05, Newman-Keuls test).

2). Circulating T4 and TSH levels were also similar in WT
controls and MC4-R KO animals receiving aCSF (Table 1). In
contrast with WT animals, however, the central administration of AGRP did not reduce proTRH mRNA in the PVN of
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MC4-R KO mice (Figs. 1D and 2). AGRP also had no significant effect on TSH and thyroid hormone levels in MC4-R KO
mice, although a tendency for a decrease in T4 level was
observed (Table 1).
Discussion

Previous studies from our laboratories have demonstrated
that AGRP-immunoreactive axons densely innervates hypophysiotropic TRH neurons in the PVN (10, 11), and that
the exogenous administration of AGRP markedly inhibits the
HPT axis in rats (9). Because fasting up-regulates the synthesis of AGRP in the arcuate nucleus neurons (18), the only
source for AGRP-containing axons in the brain (19), we have
proposed that AGRP is an important mediator of the inhibitory effects of fasting on the HPT axis (9).
AGRP is known to exert its central effects as an endogenous antagonist or inverse agonist at melanocortin receptors,
including MC-4 and MC-3 receptors. Both receptor subtypes
are believed to be involved in the regulation of energy homeostasis (14, 20). Targeted disruption of MC4-R in mice
results in an obesity syndrome associated with hyperphagia,
hyperinsulinemia, and increased linear growth (14), resembling the obesity syndrome of agouti mice (21), and a similar
syndrome has also been observed in humans with mutations
of the MC4-R (22).
In accordance with previous reports (14, 23), the MC4-R
KO mice were heavier and had increased fat deposition compared with WT animals. Interestingly, however, although a
tendency for hyperphagia was observed in the MC4-R KO
mice, the increase of food intake was not significantly different in these animals from WT controls. Similar findings
were published by Butler et al. (23), who observed significantly increased food intake in MC4-R KO mice only on
high-fat diet. Food intake of MC4-R KO mice maintained on
a standard low-fat diet did not differ from that of WT animals
(23).
Whereas the MC4-R is abundantly expressed in the PVN
(24, 25), only approximately 48% of TRH neurons in the PVN
express this receptor (12). Nevertheless, by double-labeling
anatomical studies (10, 11), all TRH neurons in the PVN are
contacted by axon terminals containing AGRP, raising the
possibility that AGRP might exert its effect on the HPT axis
via more than one receptor.
Another melanocortin receptor, the MC3-R, is also present
in the PVN (26). Because AGRP acts as an antagonist at both
MC4- and MC3-receptors (8) and the MC3 receptor is involved in the regulation of energy homeostasis (20), AGRP
may also influence the HPT axis by binding to the MC3-R. In
addition, the observation that long-term effects of AGRP on
food intake do not chronically block ␣-MSH action (27),
further raises the possibility that AGRP may act on receptors
other than the melanocortin receptors. Structural similarities
between the C-terminal, biologically active region of the
AGRP molecule with -agatoxin IVB, a spider venom toxin
with P-type Ca2⫹-channel blocking properties (28), has
raised the additional possibility that AGRP may inhibit Ca2⫹currents analogous to the effects of the inhibitory neurotransmitter, ␥-aminobutyric acid (GABA), acting on the
GABAB receptor (28).
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To determine the importance of the MC4-R in mediating
the actions of AGRP on the HPT axis, we determined the
effect of the central administration of synthetic AGRP on
metabolic parameters and thyroid function in mice with targeted deletion of the MC4-R. Daily administration of AGRP
into the lateral cerebral ventricle of WT mice significantly
increased food intake, weight gain, accumulation of white
and brown adipose, lowered circulating levels of T4 but had
no significant effects on TSH, and suppressed proTRH
mRNA levels in neurons in the hypothalamic PVN. These
responses are similar to that previously observed in the rat
(28), suggesting the importance of this response across animal species. Observations by Mihály et al. (29) that AGRP is
expressed in the hypothalamic infundibular nucleus in man,
the homolog of the arcuate nucleus, and that TRH neurons
in the PVN are densely innervated by AGRP, suggest that
this response may also be important in man.
In contrast with observations in WT mice, AGRP administration to MC4-R KO mice had little effect on most of the
parameters studied. Similar observations were observed by
other groups when they used a comparable dose of AGRP
(13). In particular, proTRH mRNA levels in the PVN in
AGRP-treated MC4-R KO mice were not significantly different than aCSF-treated MC4-R KO mice. These data suggest that the MC4-R is of critical importance in mediating the
effects of AGRP on hypophysiotropic TRH gene expression.
Thus, we presume that either a greater percentage of proTRH
neurons in the PVN express MC4-R than reported (12), or the
effect of AGRP on TRH neurons via MC4-R are mediated
both directly and indirectly. Indirect effects may be mediated
through ultrashort loops among TRH neurons in the PVN
(30), or possibly through monosynaptic projections from
neurons in other regions of the brain. The hypothalamic
dorsomedial nucleus, for example, is heavily innervated by
axon terminals containing ␣-MSH and AGRP (19, 31), expresses MC4-R (25), and projects heavily to TRH neurons in
the PVN (32). An indirect effect of AGRP may also be mediated by neurons of the arcuate nucleus, lateral hypothalamus and PVN that express c-fos after AGRP administration
(33).
Whereas circulating T4 levels were not significantly different in MC4-R KO animals treated with AGRP, compared
with MC4-R KO animals treated with aCSF, the mean T4 level
was lower after AGRP treatment and closely approached
statistical significance. Therefore, we cannot exclude with
certainty the possibility that with a larger sample size, AGRP
might be at least partially effective in lowering thyroid hormone levels. Given that proTRH mRNA was not affected by
AGRP in MC4-R KO animals, any inhibitory effect of AGRP
would have to be exerted downstream of hypophysiotropic
TRH gene expression. One possibility to consider is that
melanocortin signaling at the MC3-R exerts posttranslational
effects on hypophysiotropic TRH neurons that are sufficient
to sustain normal levels of TRH in these animals. Kim et al.
(34), however, have demonstrated that ␥2-MSH, a selective
MC3-R agonist, is inhibitory to TRH release in vitro. Thus,
were the MC3-R to have an important role in the regulation
of hypophysiotropic TRH, one might have expected activation of the HPT axis after AGRP as a result of antagonism of
this receptor. Of interest, anterior pituitary cells have been
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reported to express the MC3-R (35), raising the possibility
that AGRP may exert inhibitory effect on the thyrotrophs via
the MC3-R. Alternatively, because AGRP stimulates the
hypothalamic-pituitary-adrenal axis through a mechanism
that is presumed other than action on MC4-R (36), and corticosterone can inhibit TSH secretion (37), AGRP may have
yet other mechanisms of action to inhibit thyroid hormone
levels. No significant reduction in TSH levels were observed
in either the WT or MC4-R KO mice after AGRP infusion,
however, although the absence of a rise in TSH in WT AGRPinfused mice when circulating T4 levels were low could be
interpreted as inappropriately normal.
Because AGRP would appear to have an important effect
in modulating hypophysiotropic TRH primarily through the
MC4-R, and the MC4-R agonist, ␣-MSH, exerts potent stimulatory effects on the HPT axis, one might have predicted
that the MC4-R KO mice would have abnormalities in thyroid function. Because AGRP inhibits the HPT axis of ad
libitum-fed WT animals, it is reasonable to hypothesize that
stimulation of melanocortin receptors either by ␣-MSH (10)
or by constitutive activation of melanocortin receptors (38 –
40) when AGRP secretion is inhibited, may be important to
establish normal circulating levels of thyroid hormone. Thus,
lack of MC4-R might be expected to result in inhibition of the
HPT axis. Nevertheless, proTRH mRNA levels in the PVN of
MC4-R KO mice and circulating levels of T4 were comparable
with that of the control mice. One must assume, therefore,
that to maintain normal thyroid function, MC4-R KO mice
might evoke one or more compensatory mechanisms that
allow activation of the HPT axis. Because the administration
of CART to fasted animals prevents fasting-induced inhibition of the HPT axis (41), up-regulation of CART may be
involved in this compensatory mechanism (42). Other possibilities to consider include GABA, galanin, and catecholamines, because these neurotransmitter systems are involved in the regulation of energy metabolism and directly
innervate the hypophysiotropic TRH neurons (43– 48). Elevated circulating levels of leptin in the MC4-R KO mice (14)
might also contribute to this compensatory response.
Whereas most of the effects of leptin to regulate the HPT axis
may be mediated through its effects on ␣-MSH and AGRPsynthesizing neurons in the hypothalamic arcuate nucleus
(6), recent evidence by Huo et al. (49) and Guo et al. (50), have
provided data to suggest a direct action of leptin on at least
a subpopulation of TRH neurons in the PVN.
In summary, these data indicate that AGRP has a similar
inhibitory effect in mice as in rats. Furthermore, this effect is
primarily mediated through MC4-R. Consequently, MC3-R
or other putative AGRP receptors may play only a minor role
in regulation of the HPT axis by AGRP.
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