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a-MSH enhances activity-based anorexia
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Abstract

Activity-based anorexia (ABA) is considered an animal model of anorexia nervosa (AN). In ABA, scheduled feeding in combination with
voluntary access to running wheels, results in hyperactivity, hypophagia, body weight loss and activation of the HPA axis. Since stimulation
of the melanocortin (MC) system has similar effects, this system is a candidate system involved in ABA. Here it is shown that chronic a-MSH
treatment enhances ABA by increasing running wheel activity (RWA), decreasing food intake and increasing HPA axis activation.
© 2005 Elsevier Inc. All rights reserved.
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. Introduction

Anorexia nervosa (AN) is a psychiatric disorder often
haracterized by extreme hypophagia, severe body weight

oss and hyperactivity[8,30]. AN mainly affects teenage girls
nd has the highest mortality rate among psychiatric disorders

44]. By mimicking aspects of AN in rats, more insight can
e obtained on physiological aspects underlying the human
isease.

Activity-based anorexia (ABA) is considered an animal
odel of AN. The phenomenon of ABA was first described

n the early fifties of the last century[21,40]. ABA (also
nown as activity-stress or activity-anorexia) is based upon
he combination of scheduled feeding and voluntary wheel
unning. In ABA, scheduled feeding results in increased run-
ing wheel activity (RWA), decreased food intake (as com-
ared to food-restricted controls), extensive body weight loss
>20%) and increased activity of the hypothalamus-pituitary-
drenal (HPA) axis[40]. Not only total RWA increases, but

he distribution of activity throughout the day changes as
ell. Rats develop food-anticipatory activity (FAA), which

n general takes place 3–4 h preceding food intake[35]. ABA

rats also show hypothermia, loss of estrous cycle, stom
ulceration and will eventually die[6,38].

A candidate system possibly underlying the phenom
ABA is the melanocortin (MC) system. The brain MC s
tem comprises of (a) proopiomelanocortin (POMC) neu
in the arcuate nucleus (ARC) and nucleus of the solitary
[9,17]; (b) agouti-related protein (AGRP) neurons in the A
[4,20]and (c) melanocortin 3 and 4 receptors (MCRs), w
are widely distributed throughout the brain[16,36,39]. Stimu-
lation of the MC system by intracerebroventricular (icv) in
sion of a-melanocyte-stimulating hormone (a-MSH) or
analogs results in hypophagia[13,46]. a-MSH infusion raise
metabolic rate, increases sympathetic nerve traffic to b
adipose tissue and stimulates lipolysis in ob/ob mice
wildtype rats[15,23]. Furthermore, a-MSH treatment infl
ences HPA axis activity by increasing adrenocorticotr
(ACTH) and corticosterone release in rats[10,48]. These
effects can be antagonized by treatment with the compe
MC antagonist SHU9119[1,13,41]. Furthermore, the invers
agonist AGRP(83–132) increases food intake, decreases o
gen consumption and reduces capacity of brown ad
tissue to expend energy[19,32,43].
∗ Corresponding author. Tel.: +31 302538517; fax: +31 302539032.
E-mail address:r.a.h.adan@med.uu.nl (R.A.H. Adan).

Now that the role of the MC system in obesity is widely
accepted[7,26,31,45], it was hypothesized that inadequate
suppression of the MC system may contribute to develop-
ment or maintenance of anorexia. Given that stimulation of
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MC activity decreases food intake, increases energy expen-
diture and stimulates the HPA axis (phenomena which also
occur in ABA), a hyperactive MC system possibly underlies
ABA. It has recently been reported that during ABA, MCR
binding sites are increased in the ventromedial hypothalamus
(VMH), indeed suggesting hyperactivity of the MC system
[27]. Furthermore, it was shown that suppression of MC activ-
ity by chronic icv infusion of AGRP(83–132)increases survival
of rats in the ABA model[27]. In the present study, it was
investigated whether stimulation of melanocortinergic activ-
ity by chronic icv infusion of a-MSH enhances development
of ABA.

2. Materials and methods

2.1. Rats

Female outbred Wistar WU rats (n= 33, Harlan, Horst,
The Netherlands) weighing 160 g upon arrival were individ-
ually housed in a temperature and humidity controlled room
(21± 2◦C) under a 12:12 h dark:light cycle (ZT12 = lights
off). The ethical committee on use and care of animals of
Utrecht University approved all described procedures. For
ethical reasons, rats eating less than 4 g chow on 2 consec-
utive days were removed from the experiment before day 6
a
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surgery. After surgery, rats were treated with buprenorphin
(Temgesic®, Schering-Plough, Maarssen, The Netherlands,
0.05 ml/100 g s.c.) and saline (1 ml s.c.).

2.4. Experimental set-up

Since it was hypothesized that a-MSH treatment would
decrease food intake in ABA rats, resulting in (an even more)
rapid body weight loss and early collapse in ABA, it was
decided to use a 2 h feeding schedule, which normally results
in a slower development of ABA[11]. Thus, the effects of
a-MSH treatment in 2 h-fed rats were compared to the effects
of vehicle treatment in 2 h-fed rats and 1 h-fed rats (normal
ABA procedure). After 1 week acclimatization to the animal
facility, rats were individually housed in cages with running
wheels for a training period of 10 days (from days−10 to 0).
RWA was continuously registered using a Cage Registration
Program (Dep. Biomedical Engineering, UMC Utrecht, The
Netherlands). At the end of day−1, rats were divided into
three groups matched for 4-day RWA (average day−4: day
−1: 7655.0± 589.2 revolutions) and body weight (average
day−1: 195.2± 1.9 g). In all rats, icv cannulae and osmotic
minipumps were implanted as indicated above. After surgery
(day 0, ZT12) food was removed from all cages. The next
days, rats had 1 or 2 h(s) access to food during the first hour(s)
of the dark phase, while water was continuously available.
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.2. Drugs

a-MSH (24�g/day) (Bachem, Bubendorf, Switzerlan
as dissolved in sterile isotonic saline and was chronic

continuous during 4.5 days) infused (12�l/day) into the
ateral ventricle using osmotic minipumps (Alzet, mo
007D, DURECT Corporation, Cupertino, CA, USA).

.3. Surgical procedures

Rats were anaesthetized by fentanyl/fluanis
Hypnorm®, Janssen Pharmaceutica, Beerse, Belgium
l/100 g im) and midazolam (Dormicum®, Hoffman-
aRoche, Mijdrecht, The Netherlands, 0.05 ml/100 g

or icv surgery. The head was shaven and the skull
xposed by a midline incision. A brain infusion cann
Alzet, brain infusion kit 3–5 mm) was placed into the late
entricle 1 mm lateral, 1 mm posterior from bregma
xed in place with two small screws and dental cem
he cannula was connected by tubing (filled with vehi

o an osmotic minipump containing vehicle or a-MS
inipumps were subcutaneously placed into the fl

egion of the rat after overnight incubation at 37◦C. The
olyvinylchloride tubing between the minipump and
annula was filled with vehicle and had a fixed len
8 cm). Considering tubing characteristics (i.d. 0.69 m
.d. 1.4.mm) and pump rate (0.5�l/h), it was calculated tha

he ligand from the pump entered the brain± 60 h following
ody weight, food intake and RWA were measured d
t the end of day 6 (ZT11) rats were decapitated. Tr
lood was collected in lithium-heparin (Sarstedt, Nümbrecht
ermany) containing tubes after adding 83�mol EDTA and
mg aprotonin. Plasma was separated and frozen at−20◦C.
rains were rapidly removed, quickly frozen in cold (−35◦C)

sopentane and stored at−80◦C. Adrenal glands were is
ated and weighed.

.5. In situ hybridization

Cryosections (coronal, 20�m) of the hypothalamus o
h-fed vehicle and a-MSH treated rats were sliced u
cryostat (Leica, Rijswijk, The Netherlands) and th
ounted onto RNAse free Superfrost slides (Menzel,
any). The slides were stored at−80◦C until processin

or in situ hybridization. All cryostat sections were conc
ently prepared for hybridization and used in the same a
or each probe. Sections were fixed in 4% paraforma
yde (PFA) in phosphate-buffered-saline (PBS) for 10
ashed in PBS, pretreated with 0.25% acetic anhyd

n 0.1 M triethanolamine, washed again in PBS and d
rated in graded ethanol followed by 100% chloroform
00% ethanol.33P-labeled antisense RNA probes were m
sing a 350 bp rat POMC cDNA fragment[27], a 286 bp
at NPY cDNA fragment[12] and a 396 bp mouse AGR
DNA fragment[27]. The sections were hybridized overni
t 72◦C with 1× 106 cpm probe in buffer containing 50
eionized formamide, 2× standard saline citrate (SSC), 1
extrane sulphate, 1× Denhardt’s solution, 5 mM EDT



1692 J.J.G. Hillebrand et al. / Peptides 26 (2005) 1690–1696

and 10 mM phosphate buffer, after 5 min heating at 80◦C.
After hybridization, the sections were washed in 5× SSC
(short, 72◦C) and 0.2× SSC (2 h, 72◦C) and dehydrated in
graded ethanol with 3 M ammoniumacetate. Sections were
exposed to X-ray films (Kodak Bio-Max MR) for 5 days.
The films were developed and film absorbance values (con-
verted to radioactivity concentrations using a standard curve)
reflecting POMC, AGRP and NPY expression were semi-
quantitatively analyzed using the Microcomputer Imaging
Device (MCID) (Imaging Research Inc., St. Catharine’s,
Ont., Canada).

2.6. Radioimmunoassay

Plasma levels of corticosterone and ACTH were analyzed
by radioimmunoassay (RIA). Corticosterone was measured
using a commercially available rat corticosterone RIA kit
(ICN Biochemicals, Costa Mesa, CA, USA). ACTH was
measured using a specific rabbit antiserum directed to the
midportion of ACTH kindly provided by Dr. G.B. Makara
(Budapest, Hungary). Synthetic human ACTH(1–39) (Penin-
sula Laboratories, Belmont, CA, USA) was labeled with125I
and used as a tracer[37].

2.7. Data analysis
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tion: F(12,156) = 1.06, n.s.) were not significantly affected
(Fig. 1A). a-MSH-treated rats showed increased RWA dur-
ing the light phase as compared to 2 h-fed vehicle-treated
rats, but not as compared to 1 h-fed controls. More thorough
analysis of RWA at day 4 and 5 (in the middle of the period
of a-MSH infusion) revealed that total light phase activity
(F(2,28) = 5.89,P= 0.01) but not total dark phase activity
(F(2,28) = 0.16, n.s.) was increased in a-MSH-treated rats as
compared to 2 h-fed vehicle-treated rats (P= 0.01), but not
as compared to 1-hr fed controls (Fig. 1B). a-MSH treated
rats developed light phase RWA earlier than 2 h-fed controls

Fig. 1. Running wheel activity in vehicle-treated and a-MSH-treated rats
exposed to the ABA model. Revolutions per hour at days 2–6 in 2 h-
fed vehicle-treated (n= 12), 2 h-fed a-melanocyte-stimulating hormone (a-
MSH) treated (n= 12) and 1 h-fed vehicle-treated (n= 5) rats exposed to the
activity-based anorexia (ABA) model. a-MSH infusion entered the brain in
the light phase of day 2 (A). Revolutions per dark/light phase on days 4 and 5
(B) and per 4-h periods on days 4 and 5 (C) of 2 h-fed vehicle-treated (n= 12),
1 h-fed vehicle-treated (n= 5) and 2 h-fed a-MSH-treated rats (n= 12) ABA
rats. Data indicate mean values± S.E. ANOVA Bonferroni,*P< 0.05 vs.
2 h-fed vehicle.
All data are presented as mean± standard error. Da
ere analyzed using SPSS 11.5 for Windows and were

rolled for normality and homogeneity. Four rats (2× 2 h
-MSH-treated, 2× 1 h vehicle-treated) were removed fro

he experiment before day 6 (due to low food intake) and
xcluded from all analysis. For all measurements bas

evels were not significantly different between groups. R
elative body weight and food intake were analyzed by G
epeated measures analysis using Huynh Feldt correcti
auchlys sphericity effects followed by ANOVA using Bo

erroni as a post hoc test. Time (days) was used as a w
ubjects factor and condition (2 h-fed + vehicle, 2 h-fed
SH or 1 h-fed + vehicle) was used as a between-sub

actor. Body weight loss, cumulative food intake (days 1
nd HPA axis activation were analyzed by ANOVA us
onferroni as post hoc test. Furthermore, cumulative

ntake (days 3–6) and RWA (days 4–5) were more thorou
nalyzed during the period of ligand infusion by ANO
sing Bonferroni as post hoc test. ISH data were analyze

-tests. Differences were considered significant atP< 0.05.

. Results

Running wheel activity in the light phase was significa
nfluenced by condition over time (day:F(6,156) = 30.60
< 0.001, dayx condition: F(12,156) = 4.05,P< 0.001)
hereas dark phase RWA (day:F(6,156) = 19.69,P< 0.001
ay x condition: F(12,156) = 0.31, n.s.) and total da
WA (day: F(6,156) = 30.00,P< 0.001, day x condi-
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Table 1
Characteristics of ABA in vehicle-treated and a-MSH-treated rats

Condition Final body
weight (%)

4/6 day food intake (g) ACTH (pg/ml) Corticosterone
(�g/dl)

Adrenal weight
(%)

2-h + vehicle (n= 12) (a) 80.8± 1.2b,c 40.0± 1.6b,c; 50.2± 1.8b,c 162.6± 17.1b 27.2± 3.2 0.030± 0.001b

2-h + a-MSH (n= 12) (b) 72.8± 1.4a 30.0± 1.3a,c; 39.1± 1.7a,c 640.8± 105.8a,c 35.6± 3.3 0.034± 0.001a

1 h + vehicle (n= 5) (c) 70.7± 2.7a 22.9± 0.2a,b; 28.2± 0.4a,b 237.4± 50.1b 27.1± 4.2 0.031± 0.004

Two hour-fed rats treated with vehicle (a) or a-melanocyte-stimulating hormone (a-MSH) (b) and 1 h-fed-vehicle-treated controls (c) had access to food during
the first hour(s) of the dark phase starting on day 1. a-MSH entered the brain 60 h following surgery, in the light phase of day 2. Final body weight (%day−1),
4-day food intake (=a-MSH infusion, days 3–6), 6-day food intake (days 1–6), plasma ACTH, plasma corticosterone and relative adrenal glands weight (% bw
day 6) were examined. Data indicate mean values± S.E. Superscript letters (a–c) indicate values different from condition, ANOVA Bonferroni,P< 0.05.

(Fig. 1C). Although 1 h-fed controls showed higher levels of
RWA (dark and light) than 2 h-fed vehicle-treated rats, this
difference was not significant.

Relative body weight was significantly different among
conditions over time (day:F(6,156) = 358.97,P< 0.001,
day x condition: F(12,156) = 11.06,P< 0.001). a-MSH-
treated rats and 1 h-fed vehicle treated rats lost more body
weight than 2 h-fed controls (F(2,28) = 11.51,P< 0.001)
(bothP< 0.001).

Statistical analysis also revealed an interaction of con-
dition and time on food intake (day:F(5,130) = 81.06,
P< 0.001, dayx condition: F(10,130) = 3.27,P< 0.001).
Cumulative food intake during 4 days of a-MSH infu-
sion was significantly different among all conditions
(F(2,28) = 28.86,P< 0.001). a-MSH-treated rats and 1 h-fed
controls decreased food intake as compared to 2 h-fed con-
trols (bothP< 0.001), however 2 h-fed a-MSH-treated rats
consumed more than 1 h-fed controls (P= 0.02).

Plasma ACTH levels were significantly influenced by con-
dition (F(2,28) = 12.32,P< 0.001). a-MSH-treated rats had
elevated plasma ACTH levels as compared to both con-
trol groups (bothP< 0.001). The weight of adrenal glands
was significantly (F(2,28) = 4.25,P= 0.03) increased in a-
MSH-treated rats as compared to 2 h-fed controls, also
when corrected for body weight (P= 0.03). Plasma corticos-
terone levels were not significantly different among condition
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Fig. 2. POMC, AGRP and NPY gene expression in vehicle-treated and
a-MSH-treated rats following exposure to the ABA model. Proopiome-
lanocortin (POMC), agouti-related protein (AGRP) and Neuropeptide Y
(NPY) expression in the arcuate nucleus was semi-quantitatively mea-
sured by radioactive in situ hybridization in rats exposed to activity-based
anorexia (ABA) (2 h feeding) for 1 week and treated with vehicle (n= 5)
or a-melanocyte-stimulating hormone (a-MSH) (n= 5). Data is expressed as
percentage of 2 h-fed vehicle treated ABA rats (mean± S.E.).t-test;P< 0.05.
F(2,28) = 2.10, n.s.), which was probably due to time
lasma collection (near the peak of diurnal corticoste
elease) (Table 1).

By in situ hybridization it was shown that AGR
nd NPY expression levels were significantly increa

n a-MSH-treated rats as compared to 2 h-fed veh
reated rats, whereas POMC expression was non s
cantly decreased (AGRP:t(8) =−4.74, P< 0.001, NPY
(7) =−4.44,P= 0.003, POMC:t(7) = 1.24, n.s.) (Fig. 2).

. Discussion

a-MSH treatment in 2 h-fed rats increased RWA in
ight phase, decreased food intake, decreased body w
nd increased activity of the HPA axis as compared to 2 h
ehicle-treated rats. Therefore, it is concluded that chron
SH infusion enhances ABA. a-MSH-treated rats respon
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similar to 1 h-fed vehicle-treated rats regarding RWA and
body weight loss. However, food intake and plasma ACTH
levels were significantly different between these two groups.

ABA rats still responded to a-MSH treatment by decreas-
ing food intake. Increased AGRP and NPY expression
reflected their negative energy balance following a-MSH
treatment. This is noteworthy since it was reported before that
the anorectic efficacy of a-MSH wanes with chronic adminis-
tration[34]. Moreover, it was recently shown that scheduled
feeding attenuates the anorectic effects of MTII, an a-MSH
analog, which might be explained by anticipatory physiolog-
ical effects arising during scheduled feeding[5]. Apparently
ABA rats are in a unique state and still respond to a-MSH
treatment regardless of their catabolic state.

All ABA rats developed RWA prior to food access. This
food-anticipatory activity seems to have compulsive charac-
teristics[2]. In our experimental setting, FAA took place at
the end of the light phase (which is normally the inactive
period of the day). a-MSH treatment did not influence total
daily RWA or dark phase RWA, but specifically increased
light phase activity (thus FAA) in this study. In a-MSH treated
rats, FAA was extended to earlier parts of the light phase (7 h
before lights off) (Fig. 1).

It has been reported before that increasing the duration of
feeding (1 h versus 2 h) delays the development of ABA[11].
In the present experiment, it was shown that food intake and
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chronic AGRP(83–132)treatment in ad libitum fed and food-
restricted rats does not influence plasma corticosterone levels
or adrenal gland weight[42]. Hence, it appears that stim-
ulation of MCRs by a-MSH and suppression of MCRs by
AGRP(83–132)influence ABA, although not all parameters of
ABA were influenced by both treatments.

Further evidence for a role of the MC system in ABA was
reported before by Kas et al.[27], who showed that125I-
NDP-MSH binding sites are increased in the VMH, but not
in the Habenular nucleus (a region not involved in feeding
behavior) after 1 week exposure to ABA. Since the VMH
itself has only minor a-MSH and AGRP neuronal innerva-
tion, increased125I-NDP-MSH binding sites are most likely
an effect of constitutive activity of the MCRs[4]. Increased
density of MCRs during food restriction has been shown
before[22] and suggests increased activity of the MC system
in ABA, which seems paradoxical in a situation of negative
energy balance. Exogenously applied a-MSH in the present
study may directly activate MCRs in the VMH, which may
contribute to the development of ABA.

Hyperactivity of the MC system can also be generated
by increased expression of POMC, increased processing and
release of a-MSH or decreased expression and release of
AGRP. However, ARC POMC gene expression is decreased
(although not significantly different) and ARC AGRP expres-
sion is increased after 1 week exposure to ABA, thus, coun-
t
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ody weight were significantly decreased in 1 h-fed ra
ompared to 2 h-fed vehicle-treated rats, confirming tha
ength of the feeding period is a crucial factor in developm
f ABA. RWA was not significantly different between 1 h-f
ehicle-treated rats and 2 h-fed vehicle-treated rats, w
ight be explained by large individual differences in R

n both groups.
It has been described before that a-MSH treatment i

nces HPA axis activity in ad libitum fed rats[10,48]. During
BA, the HPA axis is activated resulting in increased
ls of corticosterone or ACTH and enlarged adrenal gl

6,27]. Here it was shown that a-MSH treatment furt
ncreased HPA axis activity, thereby possibly contributin

rapid development of ABA. Alternatively, increased H
xis activity following a-MSH treatment might reflect ad

ional body weight loss induced by a-MSH. However, th
ere no body weight differences between 1 h-fed veh

reated rats and 2 h-fed a-MSH-treated rats, but their pl
CTH levels were significantly different, suggesting a di

nfluence of a-MSH treatment on HPA axis activity.
Previously it was shown that AGRP(83–132) (chronic icv

.6�g/day) treatment increased survival in ABA rats[27].
n the same experimental set-up as used in this s
GRP(83–132)treatment increased food intake in rats on a

eeding schedule and partly prevented the starvation-ind
ecrease in body temperature, resulting in increased sur
hereas a-MSH treatment increased FAA, AGRP(83–132)

reatment did not influence FAA or total RWA. Furthermo
GRP(83–132)treatment did not change HPA axis activity
BA, similar to results from another study reporting t
eracting the increased MCRs response[27,49]. Since MCR
inding studies and gene expression studies were al

ormed after 1 week exposure to ABA, it would be interes
o examine changes in gene expression and MCR bin
arly during development of ABA.

ABA rats display similar characteristics as AN patie
.g. starvation, hyperactivity, considerable body weight
nd increased activity of the HPA axis. Changes in the
ystem have also been reported in AN patients. Leve
OMC-related peptides in cerebrospinal fluid are decre

n ill and short-term recovered patients, while normalize
ong-term recovered patients[28]. In addition, AN patient
how increased levels of plasma cortisol and CRH, ind
ng increased activity of the HPA axis[18,25,29]. Recently
he presence of auto-antibodies against the MC syste
lasma of AN patients was described, which could pos

nterfere with MC signaling and contribute to pathophys
gy in AN patients[14]. Polymorphisms in the MC4R ge
Val103Ile, Ile251Leu) and AGRP gene (Ala67Thr) have
een described in populations of AN patients. Although
ccurrence of the MC4R polymorphisms was not diffe

rom a control population[24], the AGRP polymorphism
ccurred more frequently in a population of AN patient
ompared to controls[47] and was associated with low bo
eight in two other populations[3,33].
In conclusion, chronic a-MSH treatment enhances A

y decreasing food intake and increasing FAA and H
xis activation. Together with previous findings show

hat AGRP(83–132)treatment inhibits ABA and evidence f
ncreased MCR binding in the VMH of ABA rats, the
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results suggest that the MC system plays an important role in
ABA.
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