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Abstract

In mammals complex interactions between various brain structures and neuropeptides such as corticotropin-releasing factor (CRF)
and urocortin 1 (Ucn1) underlay the control of feeding by the brain. Recently, in the amphibian Xenopus laevis, CRF- and Ucn1-immu-
noreactivities were shown in the hypothalamic magnocellular nucleus (Mg) and evidence was obtained for their involvement in food
intake. To gain a better understanding of the brain structures controlling feeding in X. laevis, the eVects of 16 weeks starvation on neuro-
nes immunoreactive (ir) to Fos and neuropeptides in various brain structures were quantiWed. In the Mg, compared to controls, starved
animals showed fewer neurones immunopositive for Fos (¡55.9%), Ucn1 (¡44.0%), cocaine and amphetamine-regulated transcript
(CART) (¡94.3%) and metenkephalin (ENK) (¡65.0%), whereas CRF-ir neurones were 2.1 times more numerous. These diVerences were
mainly apparent in the ventral part of the Mg, followed by the medial and dorsal part of the nucleus. In the neural lobe of the pituitary
gland a 22.5% lower optical density of CART-ir was observed. In the four other brain structures investigated, starvation had diVerent
eVects. The dorsomedial part of the suprachiasmatic nucleus showed 5.9 times more NPY-ir cells and in the ventromedial thalamic area a
lower number of NPY-ir cells (¡33.6%) was found, whereas the Edinger–Westphal nucleus contained fewer CART-ir cells (¡42.2%); no
eVect of starvation was seen in the ventral hypothalamic nucleus. Our results support the hypothesis that in X. laevis, the Mg plays a piv-
otal role in feeding-related processes and, moreover, that starvation also has neuropeptide- and brain structure-speciWc eVects in other
parts of the brain and in the pituitary gland, suggesting particular roles of these structures and their neuropeptides in physiological adap-
tation to starvation.
  2006 Elsevier Inc. All rights reserved.
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1. Introduction

Corticotropin-releasing factor (CRF) is a 41 amino
acid neuropeptide that in mammals controls a wide range
of physiological responses to physical and emotional
stressors (e.g., Tsigos and Chrousos, 2002; Vale et al.,
1981), including neuroendocrine and behavioral
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responses, inXammatory responses to immunological
agents, and modulation of gastrointestinal (Baigent and
Lowry, 2000) and cardiovascular activity (Parkes et al.,
2001). Urocortin 1 (Ucn1) is a 40 amino acid peptide
structurally related to CRF. It was discovered in 1995
(Vaughan et al., 1995) and although its physiological sig-
niWcance is less extensively documented than that of CRF,
it seems also to be involved in various autonomic and
behavioural stress adaptation processes (e.g., Kórösi et al.,
2005; Kozicz et al., 2004; Skelton et al., 2000). Recently,
roles of CRF and Ucn1 in the regulation of feeding have
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been suggested because their central administration
diminishes food intake (e.g., Heinrichs and Richard, 1999;
Jones et al., 1998; Momose et al., 1999; Spina et al., 1996)
and counteracts neuropeptide Y (NPY)-induced feeding
(Wang et al., 2001).

The profound and widespread physiological actions of
CRF and Ucn1 become even more apparent from
research on amphibians and, especially, on the aquatic
toad Xenopus laevis. CRF and Ucn1 are present in the
amphibian homologue of the supraoptic and paraventric-
ular nucleus in mammals, the magnocellular nucleus (Mg;
Calle et al., 2005a; Ubink et al., 1997; Verburg-Van Keme-
nade et al., 1987). The Mg is activated by acute hyperos-
motic challenge (Ubink et al., 1997), suggesting the
involvement of CRF and Ucn1 in the amphibian stress
response. Furthermore, both CRF and Ucn1 stimulate the
release from the intermediate lobe of the pituitary gland
of �-melanophore-stimulating hormone, a hormone
involved in skin colour adaptation to changed back-
ground illumination (Jenks et al., 2002; Roubos, 1997;
Roubos et al., 2005; Scheenen et al., 1995). Moreover, cen-
tral administration of CRF and Ucn1 suppresses food
intake by X. laevis in a dose-dependent way (Boorse et al.,
2005; Crespi et al., 2004), and the brain content of X.
laevis CRF mRNA varies with the level of the animal’s
nutritional state, strongly decreasing upon food depriva-
tion (Crespi et al., 2004). However, the brain structures
that control feeding-related processes in X. laevis have not
been identiWed, which was the reason to start the present
investigation.

Recently, detailed studies were made of the distribution
of CRF and Ucn1 in the central nervous system of X.
laevis. It appeared that both peptides are widespread,
indicating that they exert a large variety of actions, but
they also show some overlap, mainly in the Mg (Calle
et al., 2005a; Yao et al., 2004). Because of this coexistence
of both feeding-related neuropeptides, we hypothesize
that CRF and Ucn1 in the Mg are involved in the regula-
tion of feeding. Using a long-term (16 weeks) starvation
paradigm, we have assessed the degree of activation of the
Mg by studying Fos expression, and the dynamics of CRF
and Ucn1 using immunocytochemistry. To determine if
the starvation stimulus would have a feeding-speciWc
rather than a general stressor eVect, and would speciWcally
act on the Mg, a number of other neuropeptides and brain
structures were studied as well. These peptides comprised
factors known to be involved in some way in feeding con-
trol in mammals, namely cocaine and amphetamine-regu-
lated transcript (CART; Douglass et al., 1995; Kuhar and
Dall, 1999; Vrang et al., 1999), NPY (Stanley and Leibo-
witz, 1985) and metenkephalin (ENK; Gosnell and Lip-
ton, 1986). In addition to the Mg, we studied the
suprachiasmatic nucleus (SC), a main centre of NPY
expression in the X. laevis brain (Tuinhof et al., 1994), the
ventral hypothalamic area (VH), which is homologous
with the mammalian arcuate nucleus, a main hypotha-
lamic centre involved in the regulation of food intake
(Johansen et al., 2000), the Edinger–Westphal nucleus,
which is the main site of Ucn1 expression in both amphib-
ians and mammals (Bittencourt et al., 1999; Calle et al.,
2005a; Kozicz et al., 1998; Skelton et al., 2000) and is
involved in the stress response in mammals (Kórösi et al.,
2005; Kozicz et al., 2004), and the ventromedial thalamic
nucleus (VM), which served as a negative control as it is
not known to play a role in the control of feeding (ten
Donkelaar, 1998).

2. Materials and methods

2.1. Animals

Twenty young adult aged 6 months specimens of X. laevis, with a body
weight of 32–35 g, were raised under standard laboratory conditions, under
constant illumination, at a water temperature of 22 § 1 °C, on a grey back-
ground, for 16 weeks. Ten control animals were fed weekly on ground beef
heart (Janssen, Nijmegen, The Netherlands) and trout pellets (Trouvit,
Trouw, Putten, The Netherlands). The other 10 animals did not receive any
food. A Wrst group (n D 5) was used for the Fos study and a second group
(n D 5) was used to study eVects of starvation on the immunoreactivities
against various neuropeptides. Brain sections of control and starved ani-
mals were processed in parallel for immunocytochemistry, for each peptide
studied. Studies were carried out in accord with the Declaration of Helsinki
and the Dutch law concerning animal welfare, as tested by the Committee
for Animal Experimentation of Radboud University Nijmegen.

2.2. Immunocytochemistry

Toads were deeply anaesthetized by immersion in 0.1% tricaine meth-
ane sulfonate (MS222; Novartis, Basel, Switzerland) in tap water, and
transcardially perfused with ice-cold 0.6% sodium chloride, for 5 min.
Then they were perfused with 250 ml ice-cold Bouin’s Wxative, for
15 min. After decapitation, the brain and pituitary gland were quickly
dissected and postWxed in the same Wxative, for 16 h at 4 °C, washed in
70% ethanol for 24 h, to eliminate excess of picric acid, dehydrated in a
graded ethanol series, and embedded in paraYn. Coronal serial sections
(7 �m) were mounted on poly-L-lysine-coated slides (Sigma, St Louis,
MO, USA) and allowed to air-dry, for 16 h at 45 °C, deparaYnized, rehy-
drated, and treated for immunocytochemistry, as described before (Calle
et al., 2005a). As to the Fos staining, the antigen retrieval method of Shi
et al. (1993) was used. After deparaYnization, sections were pre-heated
in a microwave oven at 90 °C in 0.3% tri-sodium citrate buVer (pH. 6.0),
for 10 min. After a 10 min wash in cold water, immunostaining was per-
formed. In brief, endogenous peroxidase activity was quenched with
0.1% H2O2 in sodium phosphate-buVered saline (PBS), for 30 min, after
which sections were rinsed twice in PBS, for 15 min. Then they were incu-
bated for 1 h in PBS containing 0.5% Triton X-100 (PBST; Sigma), 2.5%
normal goat serum (NGS; Vector Laboratories, Burlingame, CA, USA),
and 2.5% normal horse serum (NHS, Vector Laboratories), treated with
avidin/biotin blocking solution (Vector Laboratories), for 15 min, and
incubated with the respective primary antisera, diluted in PBST, for 16 h
at 20 °C.

The rabbit anti-c-Fos serum (dilution: 1:100) was from Santa Cruz
Biotechnology (sc-253, Santa Cruz, CA, USA) and shown to speciWcally
recognize Xenopus Fos protein (Ubink et al., 1997). The highly speciWc
rabbit anti-Xenopus CRF (xCRF; dilution: 1:15) (Boorse and Denver,
2004; Calle et al., 2005a; Yao et al., 2004), rabbit anti-rat Ucn1
(1:30,000) (Bittencourt et al., 1999; Kozicz et al., 2002), rabbit anti-
bovine ENK (1:1000) (Calle et al., 2005b) and rabbit anti-Xenopus NPY
(xNPY; 1:8000) (Tuinhof et al., 1994; Ubink et al., 1997) sera had been
used in our laboratories before. The C6-1 F4D4 CART-antiserum
(1:100,000) had been raised in mice against the 109–126 fragment of rat
CART peptide (Koylu et al., 1997; Lázár et al., 2004).
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Immunodetection was carried out with a Vectastain ABC elite kit
(Vector Laboratories). After rinsing the sections in PBS and in Tris–HCl
buVer for 30 min, the reaction product was visualized with 0.04% 3-3�-
diaminobenzidine (DAB; Sigma) and 0.015% H2O2 in Tris–HCl buVer
containing 0.5% nickel-ammonium sulphate. The reaction was terminated
by several rinses in Tris–HCl buVer. Finally, sections were dehydrated in a
graded series of ethanol, cleared in xylene, and mounted in Entellan
(Merck, Hohenbrunn, Germany).

For all of the sera no immunostaining was seen after preabsorbtion
with the respective synthetic peptides (50 �g/ml) for 16 h at 4 °C. Synthetic
ENK peptide was from Bachem (Weil am Rhein, Germany). Omitting pri-
mary antisera also abolished immunostaining.

2.3. QuantiWcation

For each animal, immunopositive neurones were counted in every
tenth section of serial sections of each brain structure, consecutive sections
being stained with the respective antisera. Only cell body proWles with a
clearly visible nucleus were counted. Per antiserum, counts of the left and
the right part of a paired brain structure were summated over all sections
of that structure, per animal. For quantifying the density of CART-,
Ucn1-, and ENK-immunoreactivities in the pituitary neural lobe and CRF
in the median eminence, images were taken of every tenth section of the
lobe or median eminence, with a 20£ objective lens and a Leica DC 500
digital camera mounted on a Leica DMRBE microscope (Leica Microsys-
tems, Heerbrugg, Switzerland). Using Scion Image software (version 3.0b;
NIH, Bethesda, MD, USA), speciWc signal density (SSD) was determined
relative to neutral background density present in the unstained intermedi-
ate lobe of the pituitary gland (for the neural lobe) or the lateral hypotha-
lamic area (for the median eminence). The diameters of ENK-positive cells
in the three sub-areas of the Mg were measured using a 40£ objective lens
and an eyepiece micrometer, over all sections of a sub-area, and averaged
per animal.

To check per peptide and per nucleus for a statistically signiWcant eVect
of starvation on the numbers of immunoreactive cell bodies and on the
size of perikarya, data averaged per animal, were tested for homogeneity
of variance (Bartlett’s test, see Bliss, 1967) and normality (Shapiro and
Wilk, 1965), and entered into analysis of variance (� D 5%), using Statis-
tica (StatSoft, Tulsa, OK, USA).
3. Results

3.1. General observations

The body weight of control and starved X. laevis were
measured at the start and at the end of the starvation
period. During this period, the mean weight of control ani-
mals (46.7 § 2.4) had increased by 35.3% (P < 0.005),
whereas for starved animals (29.0 § 0.5) a clear decrease by
10.9% (P < 0.005) was observed, demonstrating a profound
eVect of starvation on body growth.

3.2. EVect of starvation on Fos expression

In control X. laevis, Fos expression was observed in
many structures throughout the brain (Fig. 1). In the telen-
cephalon scattered Fos-positive neurones occur in the
medial and lateral pallium. The diencephalon shows a high
number of such neurones in the SC (Fig. 1A) and moderate
numbers in the VM, the VH, and the Mg. In the mesen-
cephalon a moderate number of Fos-positive neurones are
present in the torus semicircularis and in the Edinger–West-
phal nucleus. In the cerebellum a high number of strongly
stained Fos positive neurones were found (Fig. 1B).

The Mg of control animals contained about 30 Fos-pos-
itive cells. In the Mg of starved animals, however, the num-
ber of these cells is markedly lower (¡55.9%; P < 0.05)
(Figs. 1C and D). Since three sub-areas in the Mg have been
distinguished, viz. the ventral (MgV), the medial (MgM),
and the dorsal (MgD) area (Ubink et al., 1997), it is rele-
vant to study these areas with respect to their response to
the starvation stimulus. Compared to the controls, in
starved animals the number of Fos-ir neurones is much
Fig. 1. Neurones in coronal sections of the brain of X. laevis, immunoreactive to Fos, in (A) the suprachiasmatic nucleus, (B) the cerebellum and (C) the
ventral part of the Mg (MgV) of a representative control animal, and (D) in the MgV of a representative starved animal. In C and D, dorsal is not on top

and orientation of dorsal (d)-lateral (l) has been indicated. Scale bar A,B D 50 �m, C,D D 20 �m.
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lower in both the MgV and the MgM (¡69.4% and ¡52.1%,
respectively; P < 0.05) while no eVect of starvation is seen in
the MgD.

No eVect of starvation is statistically demonstrable in
any other brain structure quantiWed (SC, VM, VH, and
Edinger–Westphal nucleus; Table 1).

3.3. EVect of starvation on neuropeptides

In the brain of control X. laevis CRF-, Ucn1-, ENK-,
NPY-, and CART-ir neurones can be clearly observed, and
their distributions are in accord with previous descriptions
(CRF and Ucn1: Calle et al., 2005a; ENK: Merchenthaler
et al., 1987; NPY: Tuinhof et al., 1994; CART: G. Lázár, M.
Calle et al., unpubl. results).

In the Mg, starved animals (n D 5) show 2.1 times more
CRF-ir neurones than controls (P < 0.005; Figs. 2A and B)
whereas the numbers of CART-ir neurones (¡94.3%;
P < 0.001; Figs. 2C and D), ENK-ir neurones (¡65.0%;
P < 0.05; Figs. 2E and F) and Ucn1-ir neurones (¡44.0%;
P < 0.05; Figs. 2G and H) are much lower than in controls.
In both control and starved animals only ENK-ir neurones
occur in each of the three sub-areas, whereas CRF-, Ucn1-,
and CART-ir neurones are only present in the MgV and
MgM (Fig. 2). Compared to controls, in starved animals
the peptide antisera reveal the most extensive eVects in the
MgV, where the number of CRF-ir neurones is 1.6 times
higher (P < 0.05) and the numbers of Ucn1-ir (¡44.0%;
P < 0.05), CART-ir (¡86.1%; P < 0.05), and ENK-ir neuro-
nes (¡72.6%; P < 0.05) are much lower. In the MgM,
starved animals show four times more CRF-ir neurones
(P < 0.05) and a much lower number of ENK-ir neurones
(¡58.2%; P < 0.05) than controls. Moreover, in the starved
animals CART-ir neurones are absent from this part of the
Mg whereas they are numerous in controls (18.6 § 7.6;
P < 0.01). In the MgD, starvation only results in a clearly
lower number of ENK-ir neurones (¡67.0%; P < 0.05).

Neurones in the Mg send axons to the pituitary gland
where they form neurohemal axon terminals in the neural
lobe. The lobe clearly stains with antisera against Ucn1,
ENK, and CART and this staining was measured and
expressed as SSD. Starved animals reveal a lower SSD
(¡22.5%; P < 0.05) of CART-ir (Figs. 3A and B) whereas
no eVect was found for Ucn1- and ENK-ir. Since CRF-ir
Table 1
QuantiWcation of the numbers of cell body proWles immunoreactive to Fos, CRF, Ucn1, CART, ENK, and NPY, in diVerent brain structures of control
and starved X. laevis, viz. magnocellular nucleus (Mg) and ventral (MgV), medial (MgM) and dorsal (MgD) subareas, suprachiasmatic nucleus (SC) and
dorsomedial (SCDM), ventrolateral (SCVL) and caudal (SCC) subareas, ventromedial thalamic area (VM), ventral hypothalamic area (VH), and
Edinger–Westphal nucleus (EW-N)

Intensity of immunostaining of Wbres positive to Ucn1, CART and ENK in the neural lobe (NL) of the pituitary gland and in the median eminence (Me)
is measured as speciWc signal density (SSD). Values are expressed as mean per group § standard error of the mean (SEM). Asterisks indicate statistically
signiWcant diVerence between control and starved group (¤P < 0.05 and ¤¤P < 0.001). n D 5 animals per group. a, absent; nm, not measured.

Brain structure Fos CRF Ucn1 CART ENK NPY

Mg MgV Control 7.2 § 1.6* 8.2 § 1.6* 28.6 § 4.4* 13.0 § 3.2* 25.6 § 5.2** a
Starved 2.2 § 0.8 13.8 § 1.8 16 § 2.3 1.8 § 0.8 7 § 1.6 a

MgM Control 14.2 § 2.7* 2.2 § 0.3** 17.8 § 1.1 18.6 § 7.6** 43.6 § 7.2** a
Starved 6.8 § 1.7 8.8 § 1.7 22.2 § 2.2 a 18.2 § 6.4 a

MgD Control 7.2 § 1.7 a a a 50.4 § 2.8** a
Starved 3.6 § 1.1 a a a 16.6 § 5.4 a

Mg total Control 28.6 § 5.5* 10.4 § 1.8* 46.4 § 4.4 31.6 § 7.0** 119.6 § 10.6* a
Starved 12.6 § 3.4 22.6 § 1.8 38.2 § 2.5 1.8 § 0.8 41.8 § 10.7 a

SC SCDM Control 18.4 § 5.3 17 § 1.7 a 78.8 § 3.4 22.0 § 3.6 2.8 § 1.3*

Starved 25.2 § 10.5 17 § 3.3 a 65.2 § 8.3 22.2 § 2.4 16.6 § 4.4
SCVL Control 13 § 5.1 a a a a 4.8 § 2.1

Starved 22.8 § 8.4 a a a a 2.8 § 1.2
SCC Control 5 § 1.3 3.2 § 0.7 a a 4.2 § 2.0 1.6 § 0.9

Starved 7.2 § 2.4 3.8 § 1.2 a a 8.8 § 3.4 6.2 § 1.8

SC total Control 36.4 § 10.3 20.2 § 2.1 a 78.8 § 3.4 26.2 § 4.7 9.2 § 3.0*

Starved 55.2 § 20.9 20.8 § 4.4 65.2 § 8.3 31.0 § 5.5 25.6 § 5.8

VM Control 25.4 § 11.3 7.4 § 1.8 a 165.0 § 21.3 a 94.4 § 9.3*

Starved 14.8 § 6.0 6.2 § 0.7 a 150.2 § 24.5 a 62.6 § 6.4

VH Control 14.6 § 4.8 17.4 § 1.6 a 79.6 § 11.1 59.0 § 7.3 23.2 § 2.9
Starved 12.8 § 4.8 21.0 § 2.1 a 67.4 § 7.4 66.5 § 11.2 24.1 § 3.5

EW-N Control 12.8 § 5.2 a 29.2 § 1.2 47.8 § 5.0* a a
Starved 9.6 § 3.9 a 34.7 § 5.2 27.6 § 3.6 a a

NL Control a nm 1.1 § 0.2 82.0 § 6.3* 48.6 § 4.2 a
Starved a nm 1.7 § 0.8 63.5 § 1.2 55.8 § 9.0 a

Me Control nm 51.1 § 1.6 nm nm nm nm
Starved nm 49.0 § 5.1 nm nm nm nm
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Wbres are very scarce in the neural lobe (cf. Roubos et al.,
2005), their staining could not be reliably assessed. In con-
trast, the median eminence contains many CRF-containing
Wbres, enabling measurement of the SSD of CRF-ir in this
brain structure. However, no diVerence was observed
between control and starved animals (Table 1).

The other brain structures quantiWed show less extensive
reactions to the starvation stimulus than the Mg. NPY-ir
neurones occur in three sub-areas of the SC, viz. in the
dorsomedial, the ventrolateral and the caudal area. The
dorsomedial area shows 5.9 times more NPY-positive neu-
rones in starved than in control animals (P < 0.05; Figs. 3C
and D); the other two areas do not reveal a diVerence
between the experimental groups. Furthermore, starved
animals reveal a lower number of NPY-positive neurones
in the VM (¡33.6%; P < 0.05; Figs. 3E and F), whereas
CART-positive neurones are less numerous in the Edinger–
Westphal nucleus (¡42.2; P < 0.05; Figs. 3G and H; Table
1). In the VH no eVect of starvation on any of the neuro-
peptide-containing neurones was observed.

3.4. Cell size and stainability

In general, the shape and size of neurones in the brain of
X. laevis are rather variable, round, ovoid, and pleomorph
perikarya of diVerent sizes being intermingled within a
given brain structure. Moreover, variability was seen in the
degree of immunoreactivity among such neurones. Pilot
Fig. 2. Coronal sections at diVerent levels of the Mg, in a representative control (left) and starved (right) animal, immunopositive for (A,B) CRF (in MgV),
(C,D) CART (in MgM), (E,F) ENK (in MgM), and (G,H) Ucn1 (in MgV). Scale bar D 20 �m.
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studies have shown before that, because of this variability, 4. Discussion

no accurate measurements can be made to show a possible
eVect of starvation on shape, size, and intensity of immuno-
staining of individual perikarya. Nevertheless, in one case
quantitative assessment of cell size could be carried out reli-
ably, as the diVerence between controls and starved animals
turned out to be very considerable: in the three subareas of
the Mg of starved animals ENK-ir neurones appeared to be
clearly smaller than their counterparts in control animals
(MgV: ¡17.0%, P < 0.05; MgM: ¡22.4%, P < 0.001; MgD:
¡26.0%, P < 0.001). Also, these neurones were clearly less
intensily stained (Fig. 4).
4.1. Methodological considerations

In this study, we have followed a combined physiological
(starvation paradigm) and quantitative immunocytochemi-
cal (neuropeptide and Fos presence) approach to test the
hypothesis that CRF and Ucn1 peptides in the Mg of the
brain of X. laevis are involved in the control of feeding-
related processes. Starvation is a common tool to investi-
gate the role of brain peptides in such processes as it drasti-
cally aVects the dynamics of feeding and gastrointestinal
Fig. 3. Coronal sections of a representative control (left) and starved (right) animal at the level of (A,B) the neural lobe of the pituitary gland, showing
CART-ir Wbers, (C,D) dorsomedial part of the suprachiasmatic nucleus with NPY-ir neurones, (E,F) ventromedial thalamic area with NPY-ir cells, and
(G,H) Edinger–Westphal nucleus with CART-ir neurones. Scale bar D 20 �m.
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activity (e.g., Bertile et al., 2003; Chaillou et al., 2000), but it
may have the disadvantage of evoking strong side-eVects
when it inhibits general metabolism and activates the hypo-
thalamic–pituitary–adrenal stress axis, especially after a
prolonged period of food deprivation (Hervant et al., 2001;
Hervant and Renault, 2002). However, since Crespi et al.
(2004) showed that in X. laevis plasma, corticosterone levels
are not increased after one month of food deprivation and
since X. laevis is well capable to survive long periods of
drastically reduced food supply, up to 18 months (Merkle
and Hanke, 1988), such side-eVects may not be expected in
our study, making our starvation stimulus of 16 weeks a
speciWc factor acting on the feeding control system rather
than being a factor activating the stress axis. Moreover, the
eVects of starvation on the presence of various neurochemi-
cal messengers and Fos are distinct and speciWc for a given
messenger and brain structure, which would not have been
expected when the starvation stimulus would have led to
general inhibition of neuronal secretory activity. Moreover,
some of the eVects observed, like changes in NPY-ir in the
SC and CART-ir in the EW-N have never been shown to be
related to chronic stress eVects (CART in the EW-N only
changes during acute stress in mammals; Kozicz, 2003).
Therefore, the eVects on brain structures observed in the
present study seem to be related to starvation-induced
changes in neuronal control mechanisms of feeding-related
events, rather than to stress- and/or metabolism-related
processes.

Quantitative immunocytochemistry and in situ hybrid-
ization comprise the best techniques to obtain information
about the secretory activity of individual neurones and
their speciWc messengers, in intact brain tissue. Our
approach to count the number of immunopositive cell pro-
Wles yields an impression about the amount of neuropep-
tide present in the brain structure. Obviously, this amount
of stored messenger is not a direct measure for the cell’s
secretory activity, as according to the ‘bath tube’ principle,
this amount depends on the balance between production

Fig. 4. EVect of starvation on mean diameter of neuronal perikarya pro-
Wles immunoreactive to ENK in the Mg subareas, MgV, MgM, and MgD,
in (white bars) control animals and (black bars) starved animals. Values
are expressed as means § standard error of the mean (SEM). Asterisks
indicate signiWcant diVerence between control and starved animals
(¤P < 0.05, ¤¤P < 0.001).
and turnover and, in case of the messengers, also of the rate
of axonal transport (e.g., Siegel, 1999). However, changes in
the amount of stored stainable material indicate that this
balance is changed and, therefore, such changes are good
indicators that the brain structure in question is responding
to the stimulus, in our case to starvation. Moreover, stain-
ing of a neuron with the Fos method is well-accepted to be
a reliable indicator of neuronal activity, so that the Fos
method in combination with immunoreactions to the vari-
ous messengers provides a meaningful picture of the struc-
tures responding to the stimulus. In X. laevis the expression
of Fos was demonstrated previously as being prolonged
and apparently related to events like stimulated neuronal
plasticity and chronic stimulation of secretory activity
(Ubink et al., 1997).

4.2. Starvation and the magnocellular nucleus

Of the Wve brain structures investigated in detail, the Mg
shows the strongest diVerence between starved and control
animals as to the various immunocytochemical parameters.
On the basis of the assumptions made above with regard to
the signiWcance of the parameters for neuronal activity, we
conclude that especially the MgV and the MgM are exten-
sively responding to the starvation stimulus by showing
changed dynamics in storage, and hence, production and/or
secretion of CRF, Ucn1, CART, and ENK. The signiW-
cance of the diVerential responses of the three subareas of
the Mg awaits their detailed functional elucidation. In any
case, these responses are speciWc for the Mg because no
other structure shows a decrease in Fos expression in
response to starvation.

Since the Mg is a well-known centre of CRF production,
it is tempting to relate the decreased Fos activity to a
decreased activity of CRF-producing neurones. Such a
decrease would be in accordance with and extend the obser-
vation by Crespi et al. (2004) that long-term starvation of
X. laevis leads to a decrease in CRF mRNA in the preoptic/
optic tectum/mid-posterior hypothalamus, as this region
contains the Mg. However, to date it is not possible to
relate the decreased amount of Fos in the Mg to CRF or to
any other of the messengers investigated. This will only be
possible by colocalization studies at the cellular level, which
are diYcult to perform because antisera available for
immunodouble stainings are mainly raised in the same ani-
mal (rabbit) and for most peptide mRNAs of interest, spe-
ciWc (Xenopus)in situ probes are not available.

Meanwhile, our data show markedly changed immuno-
reactivities of the Mg to the various antisera, which
strongly indicates that CRF, CART and/or ENK in the
Mg, and particularly in the MgV and the MgM, play a role
in feeding in X. laevis. A main role of the Mg in amphibians
in feeding-related events Wts with the notion that the Mg
homologue in mammals, the PVN, may control feeding as
well (Krahn et al., 1988; Wang et al., 2001). Our results fur-
thermore indicate for the Wrst time a role in feeding-related
processes in amphibians of CART and ENK, peptides



8 M. Calle et al. / General and Comparative Endocrinology xxx (2006) xxx–xxx

ARTICLE IN PRESS
shown before to be involved in this process in mammals
(Glass et al., 1999; Henry et al., 2001; Kristensen et al.,
1998). As we found a low intensity of CART-staining in the
pituitary neural lobe after starvation, it may be that CART
is released into the general circulation to act on peripheral
targets, as is the case in mammals (Vicentic et al., 2004,
2005). On the other hand, the possibility cannot be ruled
out that CART, like many other peptides present in the
neural lobe (Roubos et al., 2005; Wang et al., 2005), has a
stimulatory eVect on the pituitary intermediate lobe, as it
has in mammals (Baranowska et al., 2004; Kuriyama et al.,
2004), regulating (in addition to feeding) the activity of the
melanotrope cells. As to ENK, our observation of a
decreased stainability and decreased cell size underlines the
notion that these cells change, and probably reduce, their
activity during starvation. The possibility that ENK plays a
role in starvation-induced adaptive processes in amphibi-
ans deserves further attention.

Although statistically an eVect of starvation on the num-
ber of Ucn1-ir neurones in the total Mg could not be dem-
onstrated, such an eVect became visible when the subareas
of the nucleus were considered, revealing a much lower
number of Ucn1-positive neurones in the MgV. This result
supports our hypothesis that Ucn1 in the Mg, and more
particularly in the MgV, is involved in the control of food
intake in X. laevis. This conclusion extends the Wnding that
central Ucn1 administration in X. laevis suppresses food
intake in a dose-dependent manner (Boorse et al., 2005) and
is in line with the situation in mammals, where food depri-
vation induces a down-regulation of Ucn1-ir neurones in
the PVN (Hara et al., 1997).

4.3. Starvation and other brain centres

Besides having an eVect on the Mg, starvation also
aVects three other brain structures, albeit in diVerent ways.
Crespi et al. (2004) have shown that food deprivation leads
to changes in the amount of NPY mRNA in the Xenopus
brain. In the present study, we Wnd two centres that respond
to starvation with changed dynamics of NPY as to the
number of neurones containing NPY: the SC (more neuro-
nes immunoreactive to NPY) and the VM (less neurones
immunoreactive to NPY), suggesting changed amounts of
NPY stored in these nuclei. Neither nucleus has been
shown before to be involved in the regulation of processes
related to feeding, neither in mammals nor in amphibians.
Therefore, more evidence is needed to conclude that these
nuclei would play such a role. In case of the SC this role
would be in addition to the control by NPY of melanotrope
cell activity in the pituitary pars intermedia. NPY neurones
in the dorsomedial part of this nucleus are supposed to
inhibit the so-called SMINs (suprachiasmatic melanotrope
cell-inhibitory neurones) in the ventrolateral part, which,
also by releasing NPY, inhibit the melanotrope cells. Fur-
ther research is needed to see if the neurones reacting to the
starvation stimulus are identical with these dorsomedial
inhibitory neurones (Kramer et al., 2001; Scheenen et al.,
1995; Tuinhof et al., 1994). Similarly, it would be of interest
to determine if the neurones in the thalamus that inhibit
tectal pathways controlling prey-catching behavior (Carr,
2005) are identical to the NPY-neurones presently studied
in the VM.

No diVerences between starved and control animals were
found in the VH. The VH is considered to be the homo-
logue of the arcuate nucleus in mammals (Tuinhof et al.,
1998) where it is supposed to play an important role in the
control of food intake (Schwartz et al., 2000). The present
study does not support such a role of the VH in X. laevis
but does not exclude it either as our paradigm probably
covers only a minor part of all activities of this extensive
nucleus.

Finally, we have found a lower number of CART-ir
cells in the Edinger–Westphal nucleus of starved animals.
This oculomotor nucleus has recently gained much atten-
tion as it is the main site of Ucn1, the member of the CRF
peptide family that may play important roles in various
types of stress adaptation in rodents (Kórösi et al., 2005;
Kozicz et al., 2004). The present study represents the Wrst
report of an eVect of starvation on this nucleus. The fact
that in this nucleus no eVect on Ucn1-containing neurones
is seen, is in line with the assumption reached above that
16 weeks of starvation is not a stressor for X. laevis.
Meanwhile, the possible role of Ucn1 in the EW-N of
amphibians in stress adaptation needs to be established
(cf. in mammals: Kórösi et al., 2005; Kozicz et al., 2004).
The change in CART neurones, may indicate a role of this
peptide in feeding, but more research on the role of this
peptide to substantiate this suggestion and to test a possi-
ble relationship between CART and Ucn1 activities in
this nucleus is needed.

4.4. Conclusions

We conclude that starvation has profound eVects on the
neurochemical contents of the three subareas of the Mg,
especially the MgV and MgM, of X. laevis, indicating a role
of CRF and Ucn1 and possibly of CART and ENK in the
regulation of feeding activity. Moreover, we have found
indications that in amphibians CART, ENK, and NPY
may be involved in the regulation of feeding-related pro-
cesses, acting in distinct brain centres.
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