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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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1. Introduction rats also show hypothermia, loss of estrous cycle, stomach
ulceration and will eventually digs,38].

Anorexia nervosa (AN) is a psychiatric disorder often A candidate system possibly underlying the phenomenon
characterized by extreme hypophagia, severe body weightABA is the melanocortin (MC) system. The brain MC sys-
loss and hyperactivit}8,30]. AN mainly affects teenage girls  tem comprises of (a) proopiomelanocortin (POMC) neurons
and has the highest mortality rate among psychiatric disordersin the arcuate nucleus (ARC) and nucleus of the solitary tract
[44]. By mimicking aspects of AN in rats, more insight can [9,17]; (b) agouti-related protein (AGRP) neuronsinthe ARC
be obtained on physiological aspects underlying the human([4,20]and (c) melanocortin 3 and 4 receptors (MCRSs), which
disease. are widely distributed throughout the br§i,36,39] Stimu-

Activity-based anorexia (ABA) is considered an animal lation of the MC system by intracerebroventricular (icv) infu-
model of AN. The phenomenon of ABA was first described sion of a-melanocyte-stimulating hormone (a-MSH) or its
in the early fifties of the last centurf21,40] ABA (also analogs results in hypophadi8,46] a-MSH infusion raises
known as activity-stress or activity-anorexia) is based upon metabolic rate, increases sympathetic nerve traffic to brown
the combination of scheduled feeding and voluntary wheel adipose tissue and stimulates lipolysis in ob/ob mice and
running. In ABA, scheduled feeding results in increased run- wildtype rats[15,23] Furthermore, a-MSH treatment influ-
ning wheel activity (RWA), decreased food intake (as com- ences HPA axis activity by increasing adrenocorticotropin
pared to food-restricted controls), extensive body weight loss (ACTH) and corticosterone release in rf19,48] These
(>20%) and increased activity of the hypothalamus-pituitary- effects can be antagonized by treatment with the competitive
adrenal (HPA) axi$40]. Not only total RWA increases, but MC antagonist SHU911[,13,41] Furthermore, the inverse
the distribution of activity throughout the day changes as agonist AGRkg3-13z)increases food intake, decreases oxy-
well. Rats develop food-anticipatory activity (FAA), which gen consumption and reduces capacity of brown adipose
in general takes place 3—4 h preceding food in{8ké ABA tissue to expend enerd¥9,32,43]

Now that the role of the MC system in obesity is widely
accepted7,26,31,45] it was hypothesized that inadequate

* Corresponding author. Tel.: +31 302538517; fax: +31 302539032. suppression of the MC system may contribute to develop-
E-mail addressr.a.h.adan@med.uu.nl (R.A.H. Adan). ment or maintenance of anorexia. Given that stimulation of
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MC activity decreases food intake, increases energy expen-surgery. After surgery, rats were treated with buprenorphin
diture and stimulates the HPA axis (phenomena which also (Temgesi®, Schering-Plough, Maarssen, The Netherlands,

occur in ABA), a hyperactive MC system possibly underlies
ABA. It has recently been reported that during ABA, MCR

0.05ml/100g s.c.) and saline (1 ml s.c.).

binding sites are increased in the ventromedial hypothalamus2.4. Experimental set-up

(VMH), indeed suggesting hyperactivity of the MC system
[27]. Furthermore, itwas shown that suppression of MC activ-
ity by chronic icv infusion of AGR[&3-13z)increases survival

of rats in the ABA mode[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 rate € 33, Harlan, Horst,
The Netherlands) weighing 160 g upon arrival were individ-

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 ABAL1]. 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 day%0 to 0).
RWA was continuously registered using a Cage Registration
Program (Dep. Biomedical Engineering, UMC Utrecht, The
Netherlands). At the end of dayl, rats were divided into
three groups matched for 4-day RWA (average ddy day

ually housed in a temperature and humidity controlled room —1: 7655.0+ 589.2 revolutions) and body weight (average
(21£2°C) under a 12:12 h dark:light cycle (ZT12=lights day—1:195.2+1.99). In all rats, icv cannulae and osmotic
off). The ethical committee on use and care of animals of minipumps were implanted as indicated above. After surgery
Utrecht University approved all described procedures. For (day 0, ZT12) food was removed from all cages. The next
ethical reasons, rats eating less than 4 g chow on 2 consecédays, rats had 1 or 2 h(s) access to food during the first hour(s)
utive days were removed from the experiment before day 6 of the dark phase, while water was continuously available.

and were excluded from analysis.
2.2. Drugs

a-MSH (24u.g/day) (Bachem, Bubendorf, Switzerland)

Body weight, food intake and RWA were measured daily.
At the end of day 6 (ZT11) rats were decapitated. Trunk
blood was collected in lithium-heparin (Sarstediimbrecht,
Germany) containing tubes after adding880l EDTA and

1 mg aprotonin. Plasma was separated and frozer2atC.

was dissolved in sterile isotonic saline and was chronically Brains were rapidly removed, quickly frozenin cold35°C)

(continuous during 4.5 days) infused (lRday) into the
lateral ventricle using osmotic minipumps (Alzet, model
1007D, DURECT Corporation, Cupertino, CA, USA).

2.3. Surgical procedures
Rats

were anaesthetized by

isopentane and stored aB0°C. Adrenal glands were iso-
lated and weighed.

2.5. In situ hybridization

Cryosections (coronal, 20m) of the hypothalamus of

fentanyl/fluanisone 2 h-fed vehicle and a-MSH treated rats were sliced using

(Hypnorn®, Janssen Pharmaceutica, Beerse, Belgium, 0.1a cryostat (Leica, Rijswijk, The Netherlands) and thaw-

ml/100g im) and midazolam (Dormiciy Hoffman-
LaRoche, Mijdrecht, The Netherlands, 0.05ml/1004g i.p.)

mounted onto RNAse free Superfrost slides (Menzel, Ger-
many). The slides were stored a80°C until processing

for icv surgery. The head was shaven and the skull wasfor in situ hybridization. All cryostat sections were concur-

exposed by a midline incision. A brain infusion cannula
(Alzet, brain infusion kit 3-5 mm) was placed into the lateral
ventricle 1 mm lateral, 1 mm posterior from bregma and
fixed in place with two small screws and dental cement.
The cannula was connected by tubing (filled with vehicle)
to an osmotic minipump containing vehicle or a-MSH.
Minipumps were subcutaneously placed into the flank
region of the rat after overnight incubation at°%7. The
polyvinylchloride tubing between the minipump and the
cannula was filled with vehicle and had a fixed length
(8cm). Considering tubing characteristics (i.d. 0.69 mm,
0.d. 1.4.mm) and pump rate (QuFh), it was calculated that
the ligand from the pump entered the br&iB0 h following

rently prepared for hybridization and used in the same assay
for each probe. Sections were fixed in 4% paraformalde-
hyde (PFA) in phosphate-buffered-saline (PBS) for 10 min,
washed in PBS, pretreated with 0.25% acetic anhydride
in 0.1 M triethanolamine, washed again in PBS and dehy-
drated in graded ethanol followed by 100% chloroform and
100% ethanoP3P-labeled antisense RNA probes were made
using a 350 bp rat POMC cDNA fragmefR7], a 286 bp

rat NPY cDNA fragmen{12] and a 396 bp mouse AGRP
cDNA fragmen{27]. The sections were hybridized overnight
at 72°C with 1x 10° cpm probe in buffer containing 50%
deionized formamide, R standard saline citrate (SSC), 10%
dextrane sulphate, X1 Denhardt’s solution, 5mM EDTA
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and 10 mM phosphate buffer, after 5min heating at@0
After hybridization, the sections were washed ir SSC
(short, 72C) and 0.% SSC (2 h, 72C) and dehydrated in
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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

graded ethanol with 3 M ammoniumacetate. Sections wererats, but not as compared to 1 h-fed controls. More thorough

exposed to X-ray films (Kodak Bio-Max MR) for 5 days.

analysis of RWA at day 4 and 5 (in the middle of the period

The films were developed and film absorbance values (con-of a-MSH infusion) revealed that total light phase activity
verted to radioactivity concentrations using a standard curve) (F(2,28) =5.89,P=0.01) but not total dark phase activity
reflecting POMC, AGRP and NPY expression were semi- (F(2,28)=0.16, n.s.) was increased in a-MSH-treated rats as
quantitatively analyzed using the Microcomputer Imaging compared to 2 h-fed vehicle-treated rafs=(0.01), but not
Device (MCID) (Imaging Research Inc., St. Catharine’s, as compared to 1-hr fed controlsig. 1B). a-MSH treated
Ont., Canada). rats developed light phase RWA earlier than 2 h-fed controls

2.6. Radioimmunoassay
2000 =

==2 hrs saline
=2 hrs a-MSH

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 AGTHg) (Penin-
sula Laboratories, Belmont, CA, USA) was labeled WP ol
and used as a trac|g7].

1500 = =1 hr saline
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2.7. Data analysis
02 hrs vehicle
2 hrs a-MSH

All data are presented as mearstandard error. Data — 8000 S
z rvehicle

were analyzed using SPSS 11.5 for Windows and were con-
trolled for normality and homogeneity. Four ratsx(2 h
a-MSH-treated, 2 1h vehicle-treated) were removed from
the experiment before day 6 (due to low food intake) and were
excluded from all analysis. For all measurements baseline
levels were not significantly different between groups. RWA,
relative body weight and food intake were analyzed by GLM
repeated measures analysis using Huynh Feldt correction for
Mauchlys sphericity effects followed by ANOVA using Bon-
ferroni as a post hoc test. Time (days) was used as a within-
subjects factor and condition (2 h-fed + vehicle, 2 h-fed + a-
MSH or 1 h-fed + vehicle) was used as a between-subjects
factor. Body weight loss, cumulative food intake (days 1-6)
and HPA axis activation were analyzed by ANOVA using
Bonferroni as post hoc test. Furthermore, cumulative food
intake (days 3-6) and RWA (days 4-5) were more thoroughly
analyzed during the period of ligand infusion by ANOVA
using Bonferroni as post hoc test. ISH data were analyzed by
t-tests. Differences were considered significarR €10.05.

=
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[=1
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Revolutions (12 hr:

Dark
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02 hrs vehicle
* H2 hrs a-MSH
M1 hr vehicle
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17-20  21-24 1-4
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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 2h-
fed vehicle-treatedn(=12), 2 h-fed a-melanocyte-stimulating hormone (a-
MSH) treated i = 12) and 1 h-fed vehicle-treated£ 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 ondays 4 and 5 (C) of 2 h-fed vehicle-treated?2),

1 h-fed vehicle-treatedhE 5) and 2 h-fed a-MSH-treated rats<12) ABA

rats. Data indicate mean valugsS.E. ANOVA Bonferroni,”P<0.05 vs.

2 h-fed vehicle.

3. Results

Running wheel activity in the light phase was significantly
influenced by condition over time (da¥(6,156)=30.60,
P<0.001, dayx condition: F(12,156)=4.05,P<0.001),
whereas dark phase RWA (d&(6,156) =19.69P <0.001,
day x condition: F(12,156)=0.31, n.s.) and total daily
RWA (day: F(6,156)=30.00,P<0.001, dayx condi-
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Table 1

Characteristics of ABA in vehicle-treated and a-MSH-treated rats

Condition Final body 4/6 day food intake (g) ACTH (pg/ml) Corticosterone  Adrenal weight
weight (%) (rg/dl) (%)

2-h +vehicle A=12) (a) 80.8+ 1.0:¢ 40.0+ 1.6 50.24+ 1.8>¢ 162.6+ 17.1° 272+ 3.2 0.030+ 0.00P

2-h+a-MSH 6=12) (b) 72.8+ 1.4 30.0+ 1.3639.1+£1.A¢ 640.8+ 105.8°¢ 35.6+ 3.3 0.034+ 0.007

1 h+wehicle 6=5) (c) 707+ 2.7 22.9+4 0.2b 28.240.4P0 237.44 50.1° 271+ 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) hadcactdesng f

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 weighj},(%day
4-day food intake (=a-MSH infusion, days 3-6), 6-day food intake (days 1-6), plasma ACTH, plasma corticosterone and relative adrenal glafti®weight (
day 6) were examined. Data indicate mean vali&sE. Superscript letters (a—c) indicate values different from condition, ANOVA Bonfefet,05.

(Fig. 1C). Although 1 h-fed controls showed higher levels of
RWA (dark and light) than 2 h-fed vehicle-treated rats, this 240
difference was not significant.

Relative body weight was significantly different among
conditions over time (dayfF(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 2h-fed controlsF(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=(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 il
(F(2,28) =28.86P < 0.001). a-MSH-treated rats and 1 h-fed & W yehicle
controls decreased food intake as compared to 2 h-fed con- Wa-MSH
trols (bothP<0.001), however 2 h-fed a-MSH-treated rats
consumed more than 1 h-fed contrds=0.02).

Plasma ACTH levels were significantly influenced by con-
dition (F(2,28)=12.32P<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 2h-fed controls, also
when corrected for body weighP& 0.03). Plasma corticos-
terone levels were not significantly different among condition
(F(2,28)=2.10, n.s.), which was probably due to time of 2407 %

W vchicle
Ha-MSH
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1804

POMC mRNA (%
&
1

f=a)
o
1

A
>
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o
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AgRP mRNA (%)

60 4

0-

C

plasma collection (near the peak of diurnal corticosterone :;ex,;:'ﬁ
release) Table 1. i

By in situ hybridization it was shown that AGRP =
and NPY expression levels were significantly increased .
in a-MSH-treated rats as compared to 2h-fed vehicle- = 120
treated rats, whereas POMC expression was non signif- x
icantly decreased (AGRPY8)=—-4.74, P<0.001, NPY: Z 60+
t(7)=—4.44,P=0.003, POMCt(7) =1.24, n.s.)Fig. 2.

(©) o+

4. Discussion Fig. 2. POMC, AGRP and NPY gene expression in vehicle-treated and

a-MSH-treated rats following exposure to the ABA model. Proopiome-
a-MSH treatment in 2 h-fed rats increased RWA in the lanocortin (POMC), agouti-related protein (AGRP) and Neuropeptide Y
Iight phase decreased food intake. decreased body WeigthPY) expression in the arcuate nucleus was semi-quantitatively mea-
. ’ . N sured by radioactive in situ hybridization in rats exposed to activity-based
and_mcreased activity ofthe HP’_A‘ _aXIS as compared o2 h_'fed anorexia (ABA) (2 h feeding) for 1 week and treated with vehicle §)
VehIC|e-tI’eated ratS Therefore, |t IS COI’]C|Uded that ChI‘OﬂIC a- or a_me|anocyte_stimu|aﬂng hormone (a_MSH):(S) Datais expressed as

MSH infusion enhances ABA. a-MSH-treated rats responded percentage of 2 h-fed vehicle treated ABA rats (mgeB.E.) t-test;P < 0.05.
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similar to 1h-fed vehicle-treated rats regarding RWA and chronic AGRRg3_13z)treatment in ad libitum fed and food-
body weight loss. However, food intake and plasma ACTH restricted rats does notinfluence plasma corticosterone levels
levels were significantly different between these two groups. or adrenal gland weighd2]. Hence, it appears that stim-
ABA rats still responded to a-MSH treatment by decreas- ulation of MCRs by a-MSH and suppression of MCRs by
ing food intake. Increased AGRP and NPY expression AGRPg3 13p)influence ABA, although not all parameters of
reflected their negative energy balance following a-MSH ABA were influenced by both treatments.
treatment. This is noteworthy since it was reported beforethat  Further evidence for a role of the MC system in ABA was
the anorectic efficacy of a-MSH wanes with chronic adminis- reported before by Kas et g27], who showed that?3I-
tration[34]. Moreover, it was recently shown that scheduled NDP-MSH binding sites are increased in the VMH, but not
feeding attenuates the anorectic effects of MTII, an a-MSH in the Habenular nucleus (a region not involved in feeding
analog, which might be explained by anticipatory physiolog- behavior) after 1 week exposure to ABA. Since the VMH

ical effects arising during scheduled feed[by Apparently itself has only minor a-MSH and AGRP neuronal innerva-
ABA rats are in a unique state and still respond to a-MSH tion, increased?®-NDP-MSH binding sites are most likely
treatment regardless of their catabolic state. an effect of constitutive activity of the MCR4]. Increased

All ABA rats developed RWA prior to food access. This density of MCRs during food restriction has been shown
food-anticipatory activity seems to have compulsive charac- before[22] and suggests increased activity of the MC system
teristics[2]. In our experimental setting, FAA took place at in ABA, which seems paradoxical in a situation of negative
the end of the light phase (which is normally the inactive energy balance. Exogenously applied a-MSH in the present
period of the day). a-MSH treatment did not influence total study may directly activate MCRs in the VMH, which may
daily RWA or dark phase RWA, but specifically increased contribute to the development of ABA.
light phase activity (thus FAA) in this study. In a-MSH treated Hyperactivity of the MC system can also be generated
rats, FAA was extended to earlier parts of the light phase (7 h by increased expression of POMC, increased processing and
before lights off) Fig. 1). release of a-MSH or decreased expression and release of

It has been reported before that increasing the duration of AGRP. However, ARC POMC gene expression is decreased
feeding (1 h versus 2 h) delays the development of ABH. (although not significantly different) and ARC AGRP expres-

In the present experiment, it was shown that food intake and sion is increased after 1 week exposure to ABA, thus, coun-
body weight were significantly decreased in 1 h-fed rats as teracting the increased MCRs respofz&49]. Since MCR
compared to 2 h-fed vehicle-treated rats, confirming that the binding studies and gene expression studies were all per-
length of the feeding period is a crucial factor in development formed after 1 week exposure to ABA, it would be interesting
of ABA. RWA was not significantly different between 1 h-fed to examine changes in gene expression and MCR binding
vehicle-treated rats and 2 h-fed vehicle-treated rats, which early during development of ABA.

might be explained by large individual differences in RWA ABA rats display similar characteristics as AN patients;

in both groups. e.g. starvation, hyperactivity, considerable body weight loss
It has been described before that a-MSH treatment influ- and increased activity of the HPA axis. Changes in the MC
ences HPA axis activity in ad libitum fed rdt0,48]. During system have also been reported in AN patients. Levels of

ABA, the HPA axis is activated resulting in increased lev- POMC-related peptides in cerebrospinal fluid are decreased
els of corticosterone or ACTH and enlarged adrenal glandsin ill and short-term recovered patients, while normalized in
[6,27]. Here it was shown that a-MSH treatment further long-term recovered patienf&8]. In addition, AN patients
increased HPA axis activity, thereby possibly contributing to show increased levels of plasma cortisol and CRH, indicat-
a rapid development of ABA. Alternatively, increased HPA ing increased activity of the HPA axj$8,25,29] Recently,

axis activity following a-MSH treatment might reflect addi- the presence of auto-antibodies against the MC system in
tional body weight loss induced by a-MSH. However, there plasma of AN patients was described, which could possibly
were no body weight differences between 1 h-fed vehicle- interfere with MC signaling and contribute to pathophysiol-
treated rats and 2 h-fed a-MSH-treated rats, but their plasmaogy in AN patientd14]. Polymorphisms in the MC4R gene
ACTH levels were significantly different, suggesting a direct (Val103lle, lle251Leu) and AGRP gene (Ala67Thr) have also

influence of a-MSH treatment on HPA axis activity. been described in populations of AN patients. Although the
Previously it was shown that AGRR_132)(chronic icv occurrence of the MC4R polymorphisms was not different
5.6ng/day) treatment increased survival in ABA r§2y]. from a control populatiorj24], the AGRP polymorphism

In the same experimental set-up as used in this study,occurred more frequently in a population of AN patients as
AGRPgz-_132)treatment increased food intake in rats on a 1 h compared to controlgl7] and was associated with low body
feeding schedule and partly prevented the starvation-inducedweight in two other populations,33].

decrease in body temperature, resulting in increased survival.  In conclusion, chronic a-MSH treatment enhances ABA
Whereas a-MSH treatment increased FAA, AGE3R 32 by decreasing food intake and increasing FAA and HPA
treatment did not influence FAA or total RWA. Furthermore, axis activation. Together with previous findings showing
AGRPg3_132)treatment did not change HPA axis activity in  that AGRRg3_132)treatment inhibits ABA and evidence for
ABA, similar to results from another study reporting that increased MCR binding in the VMH of ABA rats, these
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